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Summary

The spectral, spatial, and temporal characteristics o f the spontaneous light emission process 

are dependent on the optical environment with which the emitter interacts. Cavity 

structures with dimensions o f the order o f the emission wavelength produce strong 

modifications o f this optical environment and hence the spontaneous emission process o f 

an internal emitter. Such microcavity structures possess the potential for the realisation 

light emitting diodes with increased efficiency, spectral purity, directionality and speed.

In this thesis the emission properties o f a planar microcavity LED emitting in the red 

region o f the spectrum, and o f a novel higher dimensional microcavity structure emitting in 

the infra-red are presented, together with an investigation into the ability o f InAs/GaAs 

quantum dot emitters to reduce the impact o f edge recombination effects in etched 

microcavity structures.

We investigate the design and performance o f planar microcavity LEDs whose emission 

wavelength is matched to the plastic optical fibre transmission window at 650nm. The 

measured electrical and optical characteristics o f a fabricated device are presented, 

showing strong microcavity effects in the spatial and spectral emission properties. Carrier 

leakage, device heating, and non-optimised cavity design are all shown to play a role in 

determining the low efficiency (<L5% ) and low maximum output power (<lm W ) o f the 

device. We present simulation results showing the impact o f cavity resonance wavelength 

position, source emission linewidth, and mirror properties on device efficiency. Optimised 

optical designs o f microcavities emitting at 650nm for maximum emission efficiency into 

air and into a fibre with a numerical aperture o f 0.5 are presented.

The emission properties o f a novel microcavity structure offering full three-dimensional 

optical confinement are discussed. The structure known as a ‘m icroleek’ consists o f a 

circular Bragg reflector etched in a slab waveguide. A distinct threshold is measured in the 

light-light characteristics o f a microleek containing quantum well active layers. This 

observation combined with the sudden changes in both the emission spectrum and 

nearfield at the threshold pump intensity confirm the onset o f lasing. The wavelengths of 

cavity modes o f  known azimuthal component are uniquely identified from the lasing 

spectra and nearfields. These cavity mode properties are successfully modelled for



different sized microleeks using a simple model based on the modes o f a disk resonator. 

Despite the high cavity quality factor o f a  600 (measured from below threshold emission 

spectra) and small modal volume (microleek diameter »3|im ) o f the microleek, time- 

resolved photoluminescence measurements performed on microleek structures containing 

quantum dot emitters at 77K show no cavity-induced modification o f  the spontaneous 

emission lifetime. This failure to observe any enhancement o f the emission rate is seen to 

be consistent with theoretical predictions based on the cavity Purcell factor, when the 

spatial distribution o f emitters in the cavity is taken into account. The combination of 

cavity dimensions and cavity quality factor required to produce an enhanced emission rate 

from a microleek is estimated.

The use o f lateral mirror structures deeply etched through the active layer in multi

dimensional microcavity structures introduces non-radiative carrier recombination effects 

at the etched interfaces. Quantum dot active layers possess the potential to eliminate this 

effect through the trapping o f carriers in discrete dots and thereby preventing their 

diffusion towards the non-radiative centres at the etched interfaces. We investigate the 

emission properties o f InAs/GaAs self-assembled quantum dots and in particular their 

ability to reduce carrier spreading in the activc layer. The roles o f  thermally activated 

carrier escape from dots, and the redistribution o f carriers between different sized dots in 

the active layer are identified from photoluminescence spectra in bulk material in the 30K 

to 297K temperature range. The carrier diffusion length in both the InAs/GaAs quantum 

dot layer and an InGaAs/GaAs quantum well layer in the 77K to 297K temperature range 

are measured. A complete suppression o f carrier spreading is observed in the quantum dot 

layer at temperatures <150K. At room temperature carrier spreading in the quantum dot 

layer matches that expected for an ambipolar diffusion length o f  w6.5fj.m, while a diffusion 

length o f »10|am is measured for the quantum well layer. The variation in emission 

intensity from the centre o f  an etched microcavity containing either quantum dot or 

quantum well active layers with temperature is shown to be consistent with the measured 

difftision lengths. The measured loss at room temperature o f 87% o f carriers that 

recombine radiatively in InAs/GaAs quantum dots in bulk material to non-radiative edge 

recombination in a aS^m  diameter cavity shows the failure o f  InAs/GaAs quantum dots to 

eliminate edge effects in etched microstructures.
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Chapter 1
Introduction

1.1 Background

Radiative transitions involving the transfer o f an electron between an initial and final 

quantum state with the simultaneous emission of a photon represent both one o f the most 

fundamental and most important processes in optoelectronic devices. Photon emission 

can occur by two distinct mechanisms, namely spontaneous and stimulated emission, as 

first postulated by Einstein [1]. In the spontaneous emission process, the radiative 

transition occurs spontaneously without the intervention o f any external stimulus. In the 

stimulated emission process, radiative transitions are induced by photons, with the 

stimulating and emitted photons having the same propagation direction and phase.

In semiconductors, transitions occur between two groups o f  electronic levels known as 

the conduction band and valence band. Electrons excited from the valence band into the 

conduction band leave vacancies in the valence band known as holes. In direct bandgap 

semiconductors there is a high probability o f the recombination o f  an electron and hole 

resulting in the emission o f a photon, while in indirect bandgap semiconductors most 

electron and hole recombination is non-radiative, generating heat rather than light.

The potential for harnessing stimulated emission processes to develop laser devices was 

first realised by Schawlow and Townes in 1958 [2]. By I960 Maiman had demonstrated 

an operational Ruby laser [3] and by 1962 several groups had reported lasing action in 

semiconductors [4,5,6,7]. In 1970 the first room temperature semiconductor laser was 

realised [8]. The intrinsic properties o f the stimulated emission process have been 

exploited to produce high bandwidth, spectrally pure, and highly directional emission 

from laser devices. This combination o f properties has enabled the semiconductor laser to 

play a key role in the explosive growth o f optical communications.



Spontaneous emission processes are employed in light emitting diodes (LEDs). The LED 

is one o f the simplest optoelectronic devices, which in its most basic form consists o f a 

forward biased p-n junction o f a direct bandgap material. The injected minority charge 

recombines with the majority charge in the depletion region leading to the generation o f 

light, a phenomenon known as electroluminescence. The first observation of 

electroluminescence was from a silicon carbide Schottky diode in 1907 [9]. While LEDs 

cannot match laser diodes for emission bandwidth, directionality or efficiency due to 

their reliance on spontaneous emission processes, their relatively simple structure results 

in low fabrication costs. The combined annual market for visible and infra-red LEDs is 

worth several billion dollars and is growing at 10-15% per year. LEDs have found 

applications in short haul fibre optic data links, free space links, visible displays and 

indicators. They are also considered superior to incandescent sources for several 

applications including vehicular lighting (e.g. tail lights, indicators) and traffic lights

[10]. White-light LEDs are expected to ultimately replace incandescent bulbs as the 

standard interior lighting source.

Considerable developments in semiconductor LED technology have occurred since their 

first introduction in 1962 [6]. The evolution in the electronic structure o f LEDs has 

mirrored that o f semiconductor laser diodes; beginning with simple homojunctions, 

through single- and double-heterostructures, to quantum well structures. Further 

improvements have been achieved through advances in material growth, processing and 

packaging technologies, such as reduced non-radiative recombination, improved carrier 

and optical confinement, access to new emission wavelengths, and improved light 

extraction schemes. The currently favoured material systems are GalnN/GaN for blue and 

green emission, AlGalnP/GaAs or AlGalnP/GaP for red and orange emission, and 

GaAs/AlGaAs or InGaAs/InP for infrared emission.

Despite the huge market for LEDs, comparatively little research into improving 

fundamental recombination processes in LEDs has been performed in the last 30 years 

relative to laser diodes. One o f the reasons for this may have been the widely held view 

o f spontaneous emission as an intrinsic unalterable atomic property. However despite the 

implication o f the name, spontaneous emission is not an uncontrollable process, but 

rather can be modified by tailoring the optical environment in which the process occurs

[11]. This was first realised by Purcell in 1946 [12], who noted that the spontaneous

2



emission rate could be enhanced for an atom placed inside a wavelength sized cavity 

(microcavity), and by Kleppner [13], who discussed the opposite case o f inhibited 

spontaneous emission. This field o f research known as cavity quantum electrodynamics 

(CQED) was initially confined to atomic physics and microwave frequencies. In the 

microwave regime wavelength sized cavities are o f the order o f  millimetres and thus 

relatively easy to fabricate. In the past fifteen years investigations into CQED effects 

have been extended to optical frequencies. The drive towards miniaturisation and reduced 

threshold current, principally in the field o f vertical cavity surface emitting lasers 

(VCSELs), has played a key role in the realisation o f wavelength sized cavities in the 

optical region o f the spectrum. Microcavity structures with a wide range o f optically 

active media including organic dyes [14,15], semiconductors [16,17], rare-earth-doped 

silica [18] and organic polymers [19,20] have been realised. In these publicafions clear 

changes in the spectral, spatial, and temporal emission characteristics o f spontaneous 

emission processes were demonstrated.

Current injected microcavity LEDs (MCLEDs) were first demonstrated in the GaAs 

material system in 1992 [21], and subsequently in organic light-emitting materials in 

1993 [19]. In both cases a narrowing o f the emission linewidth due to the cavity was 

observed. Blondelle et al. demonstrated enhanced efficiencies for MCLEDs in 1995 [22]. 

The ability o f  microcavities to modify the spontaneous emission process has resulted in 

the realisation o f MCLEDs with higher brightness, increased spectral purity and higher 

efficiency compared to conventional LEDs.

While enhanced spontaneous emission rates have been demonstrated for semiconductor 

microcavities at optical frequencies [23], these results remain in the realm o f low 

temperature, optically pumped experiments. A semiconductor MCLED with an enhanced 

emission rate has yet to be realised.

As the above discussion shows, the 1990s saw an explosive growth in research on optical 

microcavity structures. Two multi-institutional European projects played a central role in 

the development o f an understanding o f the potential and limitations o f semiconductor 

microcavities. The first project, ‘Semiconductor Microcavity Light Em itters’ (SMILES), 

which ran from 1993 to 1997, investigated both fiindamental and applied concepts 

relating to all areas o f microcavity physics and technology. The second project, 

‘Semiconductor Microcavity Light Emitting Diodes’ (SMILED), which operated between

3



1997 and 2000 focussed on the transfer o f MCLED technology to commercial devices, 

and the development o f higher dimensional microcavity structures. The research 

contained in this thesis was performed primarily within the framework of, and in 

collaboration with partners of, the SMILED project.

1.2 Thesis Overview

The layout o f the thesis is as follows:

Chapter 2 provides a general introduction to both commercial LED technology and the 

operating principles o f MCLEDs. The limitations on LED performance due to their 

reliance on spontaneous emission processes, together with the approaches adopted by 

commercial LEDs to circumvent these limitations are discussed. The ability o f a cavity to 

modify the spontaneous emission process is discussed in terms o f Ferm i’s Golden Rule 

and the Purcell factor. A simple model for the emission from an ideal one-dimensional 

cavity is used to demonstrate the ability o f the microcavity to produce enhanced 

efficiency, directionality and spectral purity o f emission. The final part o f the chapter 

contains a discussion o f the properties o f different mirror structures, and different one- 

and three-dimensional cavity types.

Chapter 3 contains our investigations into planar MCLEDs. The results presented relate 

to the development o f a planar MCLED emitting at 650nm for plastic optical fibre 

applications. The design considerations for a MCLED emitting at this wavelength are 

discussed, and results o f electrical and optical characterisation measurements on an early 

red MCLED are presented. The emission properties o f the characterised device together 

with the expected improvement in performance for an optimised device structure are 

modelled in the second half o f the chapter. Both the measured and modelled results are 

discussed in terms o f general planar microcavity effects. Finally the ultimate limitations 

on the efficiency o f planar MCLED structures are discussed using the model. This 

chapter serves as an introduction to practical microcavity structures, and as a starting 

point for our investigations into more complex microcavity designs.

Chapter 4 contains the results o f our studies on a novel three-dimensional cavity, known 

as a microleek. The design principle o f the microleek structure is introduced, together 

with the specific details on the composition and dimensions o f the structures investigated.

4



A basic model is used to derive expressions for the wavelengths o f the cavity modes and 

to highlight different classes o f confined modes. Experimental results on the lasing 

properties o f the microleek, in particular the emission spectra and nearfields, are used to 

probe the cavity mode structure. Time-resolved photoluminescence measurements on the 

microleek structure are presented in the final section o f the chapter, together with a 

calculation o f the cavity properties required to observe a modified emission lifetime. 

Chapter 5 contains a discussion o f the bulk emission properties o f the InAs/GaAs 

quantum dot (QD) and InGaAs/GaAs quantum well (QW) active layers in our microleek. 

The chapter begins with a general introduction to quantum dots. Different fabrication 

methods for QDs are discussed, with particular emphasis on strain-induced self-assembly 

processes. Photoluminescence spectra from the QD and QW layers as functions o f sample 

temperature and excitation intensity are presented. The temperature dependence o f the 

emission lineshape, linewidth, integrated intensity, and peak wavelength are explained in 

terms o f thermally activated carrier escape processes. The excitation intensity at which 

saturation o f the ground state transition o f the QDs occurs is identified from the 

excitation dependent PL studies.

Chapter 6 is dedicated to our investigations of carrier diffusion in QD and QW active 

layers, and its impact on non-radiative edge recombination processes in etched 

microcavities. Carrier diffusion in both QD and QW layers in the temperature range 77K 

to 297K is quantified in terms o f ambipolar diffusion lengths. An estimation o f the 

trapping efficiency o f the QDs as a function o f temperature is obtained from a 

comparison o f the results for the QD and QW layers. The impact o f non-radiative edge 

recombination processes on the photoluminescence emission intensity from 3.2|j,m 

diameter etched microcavities containing either QDs or QWs is investigated. The 

temperature dependence o f edge recombination effects and carrier diffiision lengths are 

compared. Finally the results o f our carrier diffusion measurements are discussed in terms 

of the thermally activated carrier escape processes identified from bulk PL measurements 

in chapter 5.

Chapter 7 presents our conclusions.

1.3 References
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Chapter 2
Background Information and Theory

2.1 Introduction

The reliance of light emitting diodes (LEDs) on spontaneous emission processes for the 

generation of light introduces a number of limitations on device performance. The first 

half o f this chapter contains a discussion of these limitations, and briefly outlines the 

approach of current LED technology to overcoming these limitations. The second half of 

the chapter contains an introduction to the concepts of photon confinement and 

microcavity structures. The ability of microcavities to modify the spontaneous emission 

process and the potential improvements to LED performance offered by microcavity 

structures are discussed. Finally practical realisations of microcavity structures offering 

photon confinement in one or more dimensions are introduced.

2.2 Limitations on LED performance 

2.2.1 Extraction efficiency

The extraction efficiency of a device is defined as the fraction of photons generated 

internally in the device that are emitted from the device. The relatively high refractive 

indices (n=2.8->3.5) of most semiconductor materials result in small critical angles, 6c, 
for the semiconductor-air interface. For light to escape into air it must be emitted 

internally in the semiconductor material at angles less than the critical angle. Light 

emitted at all other angles suffers total internal reflection at the interface. The internal 

solid angle from which emission can couple to air, Qc = 2ti(1-cos(^c)), represents only a 

few percents of the 4ti steradian total space solid angle. A simple approximation (cos( 6>c) 

^ \ - { 0 c f ' l 2 = \ - \ l 2 r ? ) ,  leads to the fraction Qc/4tt=1/4«^, which is thus the extraction
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efficiency at a single planar face for an isotropic emitter in a semiconductor of refractive 

index n, typically 2-3%. The assumption of isotropic internal emission is valid for the 

bulk active regions of double heterostructure LEDs, with emission from quantum well 

active regions somewhat better coupled to extracted angles [1]. However in either case 

the extraction efficiency is very low resulting in poor external quantum efficiency* and 

power conversion efficiency. The industrial solutions to this issue and their limitations 

are discussed in section 2.3.

air

source

air(b)

Extraction con̂

semiconductor semiconductor
Figure 2.1 (a) Ray diagram showing critical angle fo r  semiconductor-air interface,

(b) Schematic diagram o f  extraction cone, and the coupling o f  emission to angles in

air.

2.2.2 Emission profile

A consequence of the near isotropic internal emission in LED devices, is an external 

angular distribution of emitted power which is well approximated by

/(0 )  = /„cos(^) (2.1)

where 6 is the angle from the normal. A source exhibiting such a cosine dependence of 

emitted power on angle is known as a Lambertian source. The broad angular distribution 

of the emission (full width at half maximum of 120 degrees) means that it is very difficult 

to couple light from an LED into an optical fibre without the use of intermediate lenses. 

In such a coupling configuration, known as butt coupling, the coupling efficiency rjfibre 

from a Lambertian source is approximately given by [2]

* E x tern a l q u a n tu m  e f f ic ie n c y  T j ^ x i e m ,  d e f in e d  a s  ^ number o f  photons emitted from device
“ '‘’™ number o f  electrons flow ing  in external circuit
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(2 .2)

where NA is the numerical aperture o f the fibre. Since typical ranges for the numerical 

apertures o f silica and plastic optical fibres are 0.1-0.3 and 0.4-0.5 respectively, only a 

small percentage o f the emitted power is coupled into the fibre.

2.2.3 Spectral width

The spectral purity or the linewidth o f the emitted radiation is an important characteristic 

o f optical devices. The spectral linewidth o f standard LEDs is determined by the 

spontaneous emission spectrum o f the active layer, which depends on the electron and 

hole occupation probabilities and the density o f states. The distribution o f electron and 

hole energies results in an emission linewidth in energy, AE, roughly equal to l.'^kBT, 

where kg is Boltzmann’s constant and T  is the absolute temperature [2], This can be 

expressed as an emission linewidth in wavelength A/I o f \.%kBT?i}lhc, where X is the peak 

emission wavelength, h is Planck’s constant and c is the speed o f light. While this 

linewidth is dependent on emission wavelength, it represents a broad spectrum at all 

wavelengths. The importance o f the emission linewidth is dependent on the application; 

for display applications it is not an issue but for fibre-optic data links it is o f critical 

importance. The large spectral linewidth o f LED transmitters results in considerable 

material dispersion in the fibre. The extent o f the temporal broadening A/, caused by the 

different spectral components propagating at different velocities in the fibre is given by

[3]

^ t= U l^X  (2.4)

where I is the fibre length, and M  is the material dispersion parameter o f the fibre. 

Excessive temporal broadening of the pulse will result in an increased bit error rate. For 

this reason the use o f LED transmitters in fibre networks is limited to low bit rate, short 

distance optical fibre data links.
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2.2.4 Modulation Bandwidth

Modulation of the optical output of an LED is achieved through the modulation of the 

injected carriers. Ignoring electrical parasitics and assuming that the charge is injected 

instantaneously, the switching speed of the LED is determined by the time taken to remove 

the injected carriers. This time is determined by the carrier recombination time or carrier 

lifetime, Tc. The frequency response function of an LED can be written simply as [4]

where co is the angular modulation frequency. This expression shows that at higher 

frequencies the LED response decreases, with the carrier lifetime determining the 

bandwidth. The 3dB bandwidth, / mb is defined as the frequency at which the output 

power has dropped by 3dB from the low frequency value, and can be determined from

The carrier recombination rate is equal to the sum of the radiative and non-radiative 

recombination rates, giving

where Tr and are the radiative and non-radiative recombination times. For high quality 

materials Xc~Xr. Clearly for a large modulation bandwidth the carrier lifetime should be as 

short as possible. Several methods of achieving a reduced lifetime are mentioned in 

section 2.3.

Ultimately, the modulation bandwidth is limited by the electron-hole recombination time, 

which is typically of the order of Ins for an LED under normal operating conditions [2]. 

Thus, the modulation bandwidth of LEDs can approach IGHz.

2.3 Current LED technology

In the above discussion on the limitations on LED performance we focussed on the 

emission properties o f a planar LED utilising emission through a single surface directly

(2.5)

(2.5) as

f ld B  ~  ™Inr,
C

(2 .6)
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into air. Current commercial LED technology utilises various packaging schemes to 

improve overall performance.

The poor extraction efficiency is improved through the use of emission from the sides of 

the sawn LED chip as well as the top. Figure 2.2 shows schematic representations of two 

such designs. The redirection of emission from the sides of the chip towards the normal is 

achieved by placing the chip in a cup reflector. The extraction cone through each surface 

can also be increased through the encapsulation of the LED chip in a transparent epoxy, 

with a typical refractive index of «1.5. The increased refractive index of the epoxy 

relative to air results in an increased critical angle for the semiconductor-epoxy interface, 

while the dome shape of the epoxy results in a reduced angle of incidence for light at the 

epoxy-air interface. The use of epoxy can increase the extraction efficiency per facet by a 

factor of 2 [5], resulting in an overall improvement for emission from 6 sides using epoxy 

over single sided emission directly into air of a factor of 12. The extraction efficiency can 

be further increased by cutting the chip into a truncated inverted pyramid as opposed to 

the traditional cuboid shape. Extraction efficiencies as high as 55% have been 

demonstrated using the truncated inverted pyramid shape [6]. However in order to access 

emission from all sides of the chip the substrate must be removed, a costly process, in the 

frequent case in which it is absorbing. The incorporation of the cup reflector and epoxy 

also introduce additional packaging costs.

Despite the very high extraction efficiencies of these devices, they are not “brighter” at 

the chip level than a device utilising emission through a single side. This is because the 

increase in optical power P  is accompanied by an equivalent increase in source area S  so

;poxy dome

bond wire
reflector

cup
metal leadsAg epoxy

Figure 2.2 (a) and (b) Schematic diagrams o f different geometric shaped LEDs, (a) 

cuboid LED dice with six escape cones, (b) cylindrical LED with top escape cone 

and side escape ring, (c) A typical hemispherical epoxy dome LED package.
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that the radiance dP/d^d/? remains basically unchanged [1]. The limitation on LED 

radiance introduces major limitations on the fibre coupling efficiency achievable.

While the epoxy dome is shaped to reduce the angular divergence o f the emitted light 

from the device for some applications, more dedicated collecting optics are usually 

employed to improve fibre coupling efficiency. Figure 2.3 shows three possible coupling 

configurations for surface emitting LEDs. Emission from only one side o f the LED chip 

is used in devices designed as fibre sources, since the increased emitting area resulting 

from the use o f emission from all sides o f the chip is considerably greater than the fibre 

core.

fibre

Epoxy resin

Emitting
region

sem iconductor

fibre

microlenS'

Spherical-ended
fibre

Figure 2.3 Schematic diagrams o f different fibre coupling configurations fo r  a surface 

emitting LED. (a) A ‘Burrus type’ LED, with the fibre end directly positioned over the 

emitting region and encapsulated with epoxy resin, (b) use o f  a lens-ended fibre and (c) use 

o f a truncated spherical microlens.

A second generic class o f LEDs known as edge emitting LEDs also exist. The schematic 

diagram o f an edge emitting LED shown in Figure 2.4 shows the similarities to an edge 

emitting laser diode, and similar technology is employed in both their fabrications. An 

important feature o f the edge emitting LED is the wide bandgap (lower refractive index) 

cladding layers that confine not only the electrons and holes to the active layer, but also 

cause the emitted photons to travel along the LED axis and emerge from the edge o f the 

device. This waveguiding narrows the divergence o f the emitted beam to a full width at 

half maximum o f around 30 degrees in the plane perpendicular to the junction. However 

the divergence in the plane o f the junction remains similar to that expected for a 

Lambertian source (a 120 degress). The improved directionality o f the emission from an
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edge emitting LED results in improved butt coupling efficiencies to fibre, which can be 

further increased using lenses in similar configurations to those shown for the surface 

emitting LED in Figure 2.3.

metallisation

oxide

cladding layer 
Active layer 

cladding layer

substrate

^  Confining layers for 
' electrons and photons

Emission area

Figure 2.4 Schematic diagram o f  generic edge emitting LED.

The final limitation on LED performance described in section 2.2 concerned the 

modulation bandwidth o f the device. We saw the bandwidth was determined by the 

carrier recombination lifetime. The carrier lifetime is dependent on the doping 

concentration, the number o f injected carriers into the active region, the surface 

recombination velocity, and the thickness o f the active layer. The two main approaches to 

reducing the carrier lifetime involve increasing the doping o f  the active layer, thereby 

reducing the non-radiative recombination lifetime, and increasing the carrier 

concentration in the active layer. Modulation bandwidths in excess o f 1.5 GHz have been 

demonstrated for LEDs with doped active layers [7]. However the reduced non-radiative 

lifetime also results in a reduction o f the external quantum efficiency and consequently 

the output power.

Alternatively the carrier density in the active layer can be increased by either reducing its 

thickness or increasing the bias current. For high current densities the carrier lifetime 

depends on the current density, J, in the following manner [8]

ed
(2 .8)
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where e is the electronic charge, d  is the thickness o f the active layer and Br is the 

bimolecular radiative recombination coefficient. This relationship has been confirmed for 

a variety o f device structures and materials [8]. LEDs incorporating thin active layers 

have demonstrated data rates o f up to 1 Gbit/s while maintaining high external quantum 

efficiencies o f 29% [9].

Despite the improvements in the emission properties o f LEDs achieved through the 

various approaches outlined above, LED emission properties still suffer in comparison to 

the high efficiency, high power and highly directional emission offered by laser diodes. 

LEDs do however enjoy a number o f significant advantages over laser diodes:

• Simpler fabrication.

• Cost. The simpler fabrication o f LEDs leads to much reduced costs.

•  Reliability. LEDs do not exhibit catastrophic degradation and have proved far less 

sensitive to gradual degradation.

• Less temperature dependent performance. The light output against current 

characteristic is less affected by temperature. Also since the LED is not a 

threshold device, there is no possibility o f a temperature rise increasing the 

threshold currcnt above the operating point.

• Simpler drive circuitry. LEDs generally require lower drive currents, and do not 

require temperature stabilisation circuits.

These advantages make LEDs very attractive sources for many applications. However if 

LEDs could close the gap in terms o f bandwidth and directionality to laser diodes then 

this range o f applications would increase considerably. It appears unlikely that 

developments in packaging or the exploitation o f fast non-radiative recombination 

processes will yield the required improvements in device performance; rather an ability to 

fundamentally alter the spontaneous emission process is required. Such a modification to 

both the spontaneous emission pattern and rate has been demonstrated for an emitter in an 

optical cavity, whose dimensions are o f the order o f the wavelength o f the emitted 

radiation, a so-called microcavity [10,11]. The following section provides an introduction 

to the microcavity concept and its application to LEDs.
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2.4 Introduction to microcavity concept

In 1946 Purcell predicted that the spontaneous emission rate o f an excited atom would be 

altered if  the atom was placed in a cavity with dimensions comparable to the transition 

wavelength, a structure now known as a microcavity. This ability to modify the 

spontaneous emission process by controlling the optical environment o f the excited atom 

can be understood in terms o f spontaneous emission being a specific case o f stimulated 

emission, where stimulation is provided by vacuum-field fluctuations o f the 

electromagnetic field. Cavity Quantum Electrodynamics (CQED) has provided a solid 

theoretical basis as well as impressive experimental support for this concept [12,13,14]. 

Two coupling regimes between the radiating dipole in a cavity and the cavity mode can 

be identified in CQED. The “weak coupling regime” is where the escape time o f emitted 

photons out o f the cavity is much less than the radiative lifetime and reabsorption is 

negligible. In this regime, the light matter interaction can be treated in a perturbative 

manner, with the excited state decaying in an irreversible manner at a rate given by 

Ferm i’s Golden rule. Another regime also exists where the light matter interaction is so 

strong that it cannot be treated in a perturbative fashion. This regime is known as the 

“strong coupling regime”, and is characterised by the periodic exchange o f excitation 

between the dipole and field; a phenomenon known as Rabi oscilladon [15]. Very high 

reflectivity cavities are usually required to observe strong coupling behaviour. All the 

devices and cavities investigated in this thesis operate in the weak coupling regime, 

therefore we will confine our discussion o f cavity-induced modifications o f spontaneous 

emission to this situation.

In the weak coupling regime the spontaneous emission rate o f  a radiating dipole ysp is 

given by Fermi’s golden rule as [16]

where Zsp is the spontaneous emission lifetime, e{r ) i s  the vacuum electric-field at the

location r o f the emitter, d  is the electric dipole and p(cOe) is the density o f photon modes 

at the emitters angular frequency a>e. The averaging o f the squared dipolar matrix element 

is performed over the various modes seen by the emitter. It is clear from (2.9) that the

(2.9)
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spontaneous emission rate can be modified by either modifying the mode density, or by 

modifying the vacuum electric field at the location o f  the radiating dipole. In a 

microcavity both the mode density and the vacuum field intensity will be different from 

those in free space or in a bulk sample.

The microcavity can be used to produce two potentially beneficial modifications o f the 

spontaneous emission process, a modification o f the spatial distribution o f emission and a 

modification o f the emission rate. The modification o f the spatial distribution o f emission 

need not be accompanied by any modification o f the emission rate; this is because the 

emission at certain angles can be enhanced/suppressed through an increase/decrease o f 

the electric field intensity at the dipole o f the modes propagating at that angle without any 

modification o f average electric field o f modes propagating over all angles or the overall 

pi<x>e). This redistribution o f emission can be used to improve the directionality o f 

emission and extraction efficiency o f microcavity structures as described below. In order 

to observe a change in the spontaneous emission rate a modification o f the total p{cOe) or 

the average vacuum electrical field intensity at the dipole over all angles is required. 

While the potential benefits o f an enhanced spontaneous emission rate in the fabrication 

o f LEDs with high modulation bandwidths are obvious, a greater modification and 

control o f the optical environment by the cavity is required.

»

2.4.1 Modification of spontaneous emission pattern

In order to demonstrate the ability o f a microcavity to modify the angular distribution of 

emission and its potential application in improving the efficiency o f LEDs, the emission 

from a source in a planar cavity (Fabry-Perot cavity) is calculated using a classical 

multiple beam interference approach.

A source emitting at vacuum wavelength A, positioned in a cavity o f thickness L  and

refractive index n, at a distance z/ from the bottom mirror (see Figure 2 .5) is considered.

The top (bottom) mirror reflectivity and transmission are denoted Ri=ri^ {R2=r^) and 
2 2Ti=ti (T2=t2 ) respectively, where r/ and r2 (tj and 2̂) are electric field amplitude 

reflection (transmission) coefficients. The source emits rays that interfere before being 

collected in the farfield above the cavity. The summation o f  two series o f waves one
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emitted at ^ an d  the other emitted at k - 6 ,  gives the following expression for the farfield 

intensity corresponding to an internal angle 9

I i 2  I i 2

\E\ = \ E S x -
\\-r^rie

(2 .10)

where (j)'= kzicos9, (p=kLcosd, with k=2nnlA, and Eq is the radiated far-field from the 

source at an angle 9  in the absence o f any mirror.

outer medium z axis

index nL - m ^  —

back mirror

substrate

Figure 2.5 Schematic representation o f  planar cavity o f  index n and length L, with a 

source inside emitting two series o f  waves.

The final term |1 + r^e | in (2.10) is called the antinode factor and corresponds to the

enhancement o f the upward radiated farfield in the presence o f a single bottom mirror. 

The periodic variation o f with (j)\ shown in Figure 2.6, corresponds to constructive and 

destructive interference between the rays emitted from the source at 9  and those emitted 

at n-9, in the presence o f a single bottom mirror. To maximise the farfield intensity at the 

angle 9, for the source wavelength X, we require 2^ ’(=2^z/cos^=2m n where m is a (half) 

integer for (-) +T2. T o  satisfy this condition at ^ 0 ,  we require k z i= m K  or 

zi=mKlk=m{XI2n). Since the only dependence o f the farfield intensity from the cavity, 

given by (2.10), on the source position z/, is contained in the source should be 

positioned at an integer number o f half wavelengths from the bottom mirror for
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maximum on axis ( ^ 0 )  emission (for +^2). This corresponds to the positioning o f  the 

source at an antinode o f  the cavity mode.

T
The second term in ( 2 .1 0 ) ,--------- !------ is known as the Airy factor and accounts for the

|l -

cavity mode structure. It reproduces the intrinsic enhancement/inhibition o f  each mode 

(i.e. each wavelength, angle pair) by the cavity. The Airy fiinction is a maximum for 

(t){=kLcosO)=mji, with the width o f  the resonance around the maximum value determined 

by the mirror reflectivities. This resonance condition determines the wavelength-angle 

pairs that represent cavity modes.

Figure 2.6 (a) Antinode fa c to r  ^ a s  a function o f  (f)' fo r  r2 = + I  (b) A iry fa c to r  as a function oj 

^ fo r  r2 = + ] , ri= + 0 .8 , and Ti=0.36.

For a fixed emission wavelength, k  is constant and (f) can vary from 0 at 0=%I2 to kL at 

^ 0 ,  satisfying the resonance condition o f  the cavity at angles 6  such that kco?,9=mn.lL. 

Therefore the cavity order Wc, defined as the number o f  cavity resonances, is given by 

/Wc=integer[^^L/7i] (where integer[A:] means the value o f  x  rounded down to the nearest 

interger). While the cavity length for a cavity with a resonant mode at ^ 0 ,  is given by 

L-m cA /2n.

The farfield emission for a source positioned at the centre o f  a mc=6 cavity, together with 

the Airy and antinode functions are shown in Figure 2.7. The six modes o f  the cavity are 

clearly visible in the Airy function, while the antinode factor shows that the positioning
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of the emitter at the centre o f the cavity results in emission only coupling to every second 

cavity mode. Depending on the emitter position in the cavity emission into the even or 

odd cavity modes can be equally or unequally favoured. Figure 2.7 shows the capability 

o f the cavity to radically alter the emission pattern o f an isotropic source placed in a 

cavity. This effect can obviously be used to alter the emission profile from microcavity 

LED structures, however the angular redistribution o f emission inside the cavity can also 

be used to improve the extraction efficiency o f LEDs.

(a) Farfield emission (b)
Airy Factor 
Antinode factor401

20

0  (degrees)

Intensity (a.u.)

F igure 2.7 (a) Emission profile o f  an isotropic source (monochromatic emission at 

wavelength X) positioned at the centre o f  an mc=6 (L=3A/n), fo r  r2=+l,ri=-^0.8, and 

T 1=0.36, (b) same emission profile on a polar plot.

The ability o f a microcavity to enhance the extraction efficiency is best demonstrated 

using a A:-space plot o f the cavity modes and Airy function, a scheme developed by 

Benisty et al. [17]. The case o f a monochromatic source is again considered, but in order 

to simplify the discussion we initially assume that ^  is the same for all modes in the 

cavity (this corresponds to a situation where the source is distributed throughout the 

cavity). In this situation the angular distribution o f emission is determined solely by the 

Airy function, whose resonances are periodic in kz=kcos6. The intersection o f the quarter 

circle o f radius k, with the horizontal lines for each resonant kz=mnlL determines the 

angles o f the resonant cavity modes. It can be shown that the total emission in a cone 

between two angles 6\ and O2, accounting for the variation in solid angle with 0, is given
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to within a constant factor by the integration of the Airy function on the left of Figure 2.8 

between kz= kco s6 i and kz= kcos02  [17]. Since all resonances of the Airy function have 

equal area (in the limit RiR2- ^ \ ) ,  equal fractions of emission couple to each of the cavity 

modes. Therefore in the case of sharp, well-separated resonances the extraction efficiency

f]exlra bcCOmeS

number of modes with 0 <0^ 
total number of modes

(2 .10)

In the large cavity limit illustrated in Figure 2.8(a), because the co s^s  of the large 

number of cavity modes are equally spaced from 1 to 0, this ratio tends towards the ratio 

of solid angles Qc^2K=l-cos0c»l/2n . This is the same extraction efficiency expected for 

a single bottom mirror far from the source. However if we consider the microcavity 

regime as illustrated in Figure 2.8(b), when there are only a few cavity modes and 

specifically only one at 0<0c, then

1
^ex tra (2 . 11)

giving rjexira =0.25 for the situation illustrated in Figure 2.8(b). Ultimately we could

(a) Large cavity (b) Microcavity 

^Fabry-Perot mode
Extracted 
to air

Extracted 
to air

guided
modes

guided
modes

Airy 0 , A iry 0 ,

Figure 2.8 Plot in k-space depicting cavity modes, airy function and critical angle. The green 

shaded area under the Airy function at 0<0c is proportional to the extracted emission, (a) 

large cavity limit -  many modes extracted (b) microcavity regime -  one o f  a small number oj 

modes extracted.
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imagine a rjextra =1 value for a cavity with only a single mode whose Airy resonance was 

confined to angles 9<0c, however as discussed later such a cavity is beyond the limits of 

current technology.

At this stage we can re-introduce the antinode factor to allow the possibility of 

different coupling between the source and the different cavity modes due to the source 

location or orientation. If we label each cavity mode i= 1,2,... me, then we can assign each 

mode an antinode factor Q (assuming sharply defined resonances allow the identification 

of a single Q for each mode). Then we can rewrite a corrected form of the generalised 

expression (2.10) as

for the microcavity case with a single extracted mode of antinode factor 

One final issue with regard to the optimisation of the extraction efficiency of a planar 

microcavity structure is the positioning of the extracted mode resonance within the 

escape window. Since the Airy peak of the extracted resonance has some width, it should 

be centred in the escape window in terms of k{. denoting 6o the internal angle of the 

resonant extracted mode, eos^o should lie halfway between 1 and cos^c- This means

Figure 2.9 (a) Optimal position o f  cavity mode in escape window (b) corresponding 

emission pattern showing maximum emission o ff axis at 6 ^ 5  °

I f :
If,

  ex trac tedex trac ted  m odes (2 . 12)

all m odes

which becomes

(2.13)

all m odes

(a) i (b)

kii
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2
cos0o=l-l/4« , and hence 9̂  « Translated to air by Snell’s law, this gives the

maximum emission occurring at 45° from the normal. Therefore a planar microcavity 

optimised for maximum extraction efficiency will exhibit a two-lobed emission pattern as 

shown schematically in Figure 2.9(b). Since the cavity mode shifts to shorter wavelengths 

with increasing angle, the cavity mode wavelength at 9=0 must be located at a longer 

wavelength than the source emission wavelength for the internal emission wavelength to 

be resonant off-axis. This difference between the cavity mode wavelength at 9=0 and the 

source emission wavelength is commonly referred to as the cavity detuning.

This treatment of the ability of a planar microcavity structure to alter the emission pattern 

and extraction efficiency of an isotropic emitter has not extended to include important 

factors in practical structures such as the source emission linewidth, the angular 

dependence of mirror reflectivities, and the distributed nature of reflections from certain 

mirrors. However it does highlight some important generic design 

considerations/operating principles of microcavity structures:

• The positioning of the source at the antinode (node) of a cavity mode to enhance 

(inhibit) emission into that mode.

• The influence of the ratio of extracted modes to total number of modes on the 

extraction efficiency of the structure.

• The dependence the external emission angle on the cavity resonance condition.

The progression from planar cavities offering photon confinement in one dimension to 

cavities offering photon confinement in two and three dimensions results in the 

quantisation of the k component in each of the confined directions. Therefore in the case 

of full three dimensional (3D) confinement in a cavity of dimensions L̂ , Ly and in the 

X, y and z  directions respectively, all three components o f the wavevector k of the 

resonant cavity modes are quantised, with the resonant k values given by

/  \\ 2 m n
L

' Z  J
(2.14)
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where n ix , n iy  and take integer values. As discussed for the planar cavity the impact of 

this quantisation becomes particularly significant when the scale to which the photon is 

confined is comparable to its wavelength, so called microcavity structures. The ability o f 

higher dimensional microcavity structures to modify the emission profile and extraction 

efficiency for an internal source is illustrated in Figure 2.10(b). The emission profile is 

determined by the existence o f cavity modes defined in all three dimensions compared to 

the rings o f allowed modes for the planar cavity. The extraction efficiency is still 

determined by the ratio o f cavity modes in the extraction cone to the total number of 

cavity modes, however the number o f angles at which modes satisfy the more stringent 

resonance condition is reduced compared to the planar cavity case.

Figure 2.10 Diagrams showing quantisation o f  cavity modes in k-space fo r  (a) a planar 

cavity -  only quantised (b) a 3-dimensional cavity -  k ,̂ ky and kz all quantised. The 

escape cone defined by the critical angle is shaded in both cases.

2.4.2 Modification of spontaneous emission rate

As already discussed in the context o f Fermi’s Golden Rule (equafion (2.9)), a 

modification o f the spontaneous emission rate requires a modification o f the total density

k
k
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o f  states at the emitter frequency, /X&'e), or a modification o f  the average vacuum  

electrical field intensity at the source, o f  modes propagating at all angles.

Such modifications o f  the optical environment can be achieved with low order planar 

microcavity structures. Figure 2.11 shows the modified spontaneous emission rate /cav, 

for a horizontal dipole positioned at the centre o f  a planar cavity with ideal mirrors 

(reflectivity coefficients, r/= K2=  ±1) relative to the free-space spontaneous emission rate, 

yo, as derived in reference [18]. For mirror reflectivities r/,2= + l, a factor o f  nearly two 

enhancement in the spontaneous emission rate is predicted for an L=?Jn cavity, while 

even greater enhancement is predicted for very thin cavities L «A J2n . A  factor o f  three 

enhancement in the spontaneous emission rate is predicted for a L=AJ2n cavity with 

mirror reflectivities r u =  -1 (corresponding to a rr phase shift in the reflected wave). 

Figure 2.11 also shows that for L>3A/2n the maximum enhancement factor is less than 

1.5.

^  3 .0 i  
>
«s

f  2.5-

w
"o 1 .0 '<u

C/3I 0.5-

Z 0.0
0 2 3 4

Cavity Thickness, L (A/n)

Figure 2.11 /cav/yo fa r  a horizontal dipole p laced  in the centre o f  a p lanar m icrocavity  

with ideal mirrors (ri = r2 = ±1) as a function o f  the cavity thickness L.

The most successful realisations o f  very thin {L<AJ2n) planar microcavity structures, as 

required to observe enhanced emission rates, have consisted o f  Eû "̂ or Er̂ "̂  doped 

emitting layers embedded between two metal mirrors. Such structures have demonstrated 

enhancement factors o f  »2.3 [19]. However the significant absorption in metals makes it
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difficult to extract light efficiently through a metal mirror, while the fabrication of metal- 

clad microcavities is extremely difficult especially for semiconductor active layers. 

Therefore at least one mirror in most practical semiconductor microcavities is a 

distributed Bragg reflector (DBR), the properties of which are described below. These 

properties prevent the realisation of very low order cavities, and hence the maximum 

predicted enhancement of the emission rate for a planar microcavity structure defined by 

two DBR mirrors in the GaAs/AlAs material system is <1.3 [18].

In order to obtain greater modifications of the spontaneous emission rate in solid state 

microcavities, the increased modification of p{o)) produced by two and three dimensional 

photon confinement, as illustrated in Figure 2.12, is required. In the case of a three 

dimensional microcavity, the enhancement factor of the spontaneous emission rate, 

derived from Fermi’s Golden Rule (see Appendix A l), is given by the Purcell factor Fp 

[10] as

Y e a .  mK'n?r y    /  c a v (2.15)
eff

where Xc is the cavity mode wavelength, Q { = Ac/A/lc, AAc = cavity mode linewidth) is 

the quality factor of the cavity, and Veff is the effective cavity mode volume. A detailed 

discussion these cavity parameters and the applicability of (2.15) is contained in section 

4.7.2.

Impressive enhancement of the spontaneous emission rate from indium arsenide (InAs) 

quantum dots embedded in three dimensional microcavity structures have been observed,

Confinement OD ID 2D
Z _ _

►
CO CO CO

3D

O

CO

Figure 2.12 Schematic representation o f  the photonic density o f  states o f  optically 

confined systems o f  different dimensionality, adapted from [15]
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in agreement with (2.15). Reductions in the emission lifetime o f quantum dots in 

micropillars and microdisks by factors o f up to 5 and 12 respectively have been measured 

[16,20].

2.5 Mirrors

There are several different types o f mirror structures that can be used to confine light in 

cavities. Some o f these reflector types are shown in Figure 2.13, including metallic 

reflectors, distributed Bragg reflectors, and reflectors based on total internal reflection. 

Hybrid metal-DBR reflectors are also commonly used [21].

Metallic
A

\
}

Reflectivity , R = 80 -95  % R < 100 % R = 100 %
Transmission, T = 0 % T = l - R  T = 0 %

Figure 2.13 Illustration o f  different types o f  reflectors.

Metallic mirrors offer high reflectivity (>90%) over a very wide spectral range from the 

visible to the infra-red. However the absorption in metals results in near zero 

transmission for metallic mirrors, unless the thickness o f the metal layer is very thin [22], 

For this reason light cannot be coupled out o f a cavity through a standard metal mirror. 

DBR mirrors consist o f alternate low index («/o) and high index («/,,) layers. High 

reflectivity is achieved through the constructive interference between reflections from 

successive dielectric interfaces. Since the amplitude o f the Fresnel reflection at each 

interface is dependent on the refractive index difference A«=n/,,-n/o , as well as the angle 

o f incidence, the number o f DBR pairs required to produce high reflectivities can be 

large. Each layer should have an optical thickness o f a quarter wavelength in order to 

satisfy the condition for constructive interference as shown in Figure 2.14(a). Clearly this 

condition can only be satisfied for one wavelength denoted A*, however the calculated
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reflectivity spectrum at normal incidence for a 25 period DBR with alternate layers o f 

refractive index «/,, («/„) and thickness Lh,-=A.b/4nhi {Lto=Ab/4nio) shown in Figure 2.14(b) 

displays high reflectivity for a range o f wavelengths centred on A<b. This high reflectivity 

band denoted AAdbr is known as the stopband and is given by

where riejf is the effective index o f the mirror. For small refractive index differences neff 

can be replaced with the average o f «/,, and «/o. The width o f the DBR stopband is 

independent o f the number o f DBR pairs, but a flat stopband is only achieved for a 

sufficiently large number o f periods.

Figure 2.14 (a) Schematic diagram o f  DBR showing phase differences between 

reflections from  each interface in the structure, (b) Calculated reflectivity spectrum at 

normal incidence (0=0) o f  25 period DBR with nhi=3.6 and nto=3.0, showing the DBR 

spectral stopband A X d b r -

A DBR also only displays high reflectivity over a limited range o f  angles, known as the 

angular stopband denoted A O d b r , and approximately given by [23]

The calculated angular dependent reflectivity at A,=Xb o f a 25 period DBR structure with 

Hhi =3.6 and «/o =3.0, surrounded by a medium with «=3.6 is shown in Figure 2.15. At off

(2.16)

(a) (b)

0.8 0.9 1.0 1.1 1.2

Normalised wavelength (A/A. )̂

(2.17)
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axis angles the reflectivities of transverse electric TE, and transverse magnetic TM, 

polarisations are different. For these refractive index values, which are similar to those of 

a GaAs/AlAs DBR, the high reflectivity stopband only extends as far as ±20 degrees 

for both polarisations. The increase in solid angle with 0, means that only a small fraction 

around the normal ( ^ 0 )  of all possible incidence angles are strongly reflected by the 

DBR.

While reflections in an ideal mirror take place at a well-defined plane, reflections in a 

DBR mirror are distributed over a number of interfaces, resulting in a penetration of the 

incident radiation into the mirror structure. This penetration of the incident field can be 

modelled by an ideal mirror positioned at a distance known as the penetration distance 

inside the DBR [17]. Both the limited angular reflectivity stopband and the penetration of 

the field have implications for the design of microcavities using DBRs.

TE
TM0 . 8 -

> 0 .6 -■i—*o
<D

<Dcd, 0.4-

0 . 2 -

0.0
0 20 40 60 80

Angle (degrees)

Figure 2.15 Calculated reflectivity (A=Xb) as a function o f  incident angle (n oj 

incident medium =3.6) fo r  a 25 period DBR with nhi=3.6 and nio=3.0. Both TE and 

TM polarisations are shown.

Mirrors based on total internal reflection provide 100% reflectivity at a single interface 

between media o f different refractive indices for angles o f incidence greater than the 

critical angle. For a critical angle to exist the light must be incident from the high index
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side of the interface, with the critical angle value determined by the ratio of refractive 

indices across the interface. At angles less than the critical angle, the reflectivity is just 

the Fresnel reflection for a single interface.

2.6 Microcavity Structures

2.6.1 One-dimensional microcavities

Three main classes of planar microcavity structures can be identified on the basis of their 

mirrors, (i) metal clad microcavities with two metal mirrors (ii) asymmetric metal-DBR 

microcavities with one metal and one DBR mirror and (iii) symmetric DBR 

microcavities, with two DBR mirrors.

The difficulties in extracting light from metal clad microcavities due to absorption in the 

mirrors, limits the efficiency of such structures, while the difficulty and cost of 

fabricating semiconductor microcavities bounded by two metal mirrors using current 

technology limits their potential as commercial devices. However the properties of metal 

mirrors allow the strong modification of the optical environment inside metal clad 

microcavities as required to produce modified emission rates, as previously discussed. 

Asymmetric metal-DBR microcavities do not suffer from the same difficulties with light 

extraction and fabrication as metal clad cavities. Light can be extracted through a non

absorbing DBR, whose reflectivity can be adjusted by varying the number of DBR pairs. 

The fabrication of a bottom DBR and central cavity region can be achieved with existing 

semiconductor epitaxial growth techniques, allowing the subsequent deposition of the top 

metal mirror. However the limited angular reflectivity stopband of the DBR as discussed 

above results in the transmission of light through the DBR at angles greater than A X d b r  

and less than the critical angle for the interface between successive DBR layers (between 

^w20° and 6 ^ 65°  in Figure 2.15). The unconfmed modes that exist at these angles are 

known as leaky modes. The penetration of the optical field into the DBR structure 

increases the effective cavity length, and prevents the realisation of very low order 

cavities (short cavity lengths). The lower limit on the cavity order achievable, and the 

inability to control emission into leaky modes limit the ability of asymmetric cavities to
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modify the optical environment experienced by an emitter in the cavity. Despite these 

limitations, extraction efficiencies as high as 20% have been achieved from such 

structures [24], however only slight modifications (factors o f <1.3) o f the spontaneous 

emission rate have been reported [25].

Symmetric DBR cavities suffer from the presence o f leaky modes, and the penetration of 

cavity modes into the mirrors, on both sides o f the cavity, further reducing their ability to 

modify the spontaneous emission from an internal source. However as we will see in 

Chapter 3, this type o f structure has to be employed in certain situations were light cannot 

be extracted through the substrate, and still offers improved extraction efficiency over 

non-cavity structures.

2.6.2 Higher dimensional microcavities

Many approaches to obtaining three dimensional photon confinement in solid state 

microcavity structures have been investigated since 1990, including pillar 

microresonators, photonic disks and wires, and photonic bandgap microcavities. All these 

structures display a discrete set o f resonant modes and possess the potential to produce 

modified spontaneous emission rates.

Considerable research has been performed on micropillars structures since the fabrication 

o f  the first vertical cavity surface emitter lasers [26,27]. A schematic diagram o f a 

micropillar is shown in Figure 2.16(a), the three dimensional optical confinement is 

achieved through a combination o f the waveguiding along the pillar (due to the high 

refractive index contrast at the semiconductor/air interface) and o f  vertical confinement

Figure 2.16 Schematic diagrams o f  3 types o f  higher dimensional microcavities 

offering photon confinement in all three dimensions (a) micropillar (b) microdisk and 

(c) Photonic bandgap defined cavity.

(a)
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by the DBRs. The potential of such structures for controlling spontaneous emission was 

first highlighted as early as 1991 [28].

The microdisk structure, as shown in Figure 2.16(b), was first investigated by S. L. 

McCall et al in 1992 [29]. Semiconductor microdisk structures consist of a thin disk 

supported by a pedestal at the centre, and are usually fabricated through a combination of 

reactive ion etching and selective wet chemical etching [30]. The microdisk structure 

supports a series of whispering gallery modes, which propagate around the edge of the 

disk confined by total internal reflection. These modes occupy a small fraction of the disk 

volume around the lateral edge, while the thin semiconductor disk acts as a slab 

waveguide in the vertical direction. This combinadon of confinement allows the 

realisation of effective mode volumes for whispering gallery modes as small as 6{XJrif. 

This small mode volume combined with the high Q values of whispering gallery modes 

(^>10000, for l.Sjum diameter microdisk [30]) has resulted in the observation of strongly 

modified spontaneous emission lifetimes in microdisk structures [20].

Figure 2.16(c) shows a third possible cavity design, using a photonic crystal structure to 

confine light in the two lateral dimensions and a waveguide to provide vertical 

confinement, thereby producing a full three dimensional cavity. The two-dimensional 

periodic refractive index variation produced by the array of etched air cylinders in the 

semiconductor (known as a photonic crystal) can be designed to prohibit the propagation 

of photons of a certain energy range [31,32]. The cavity is created by leaving a certain 

j number of the cylinders at the centre of the array unetched. Hexagonal shaped cavities

I defined by two dimensional photonic bandgap boundaries have been realised with mode

; volumes as small as ^20{XJn)^ and with 0 ’s as large as wlOOO [33], Three dimensional

photonic crystals (require a three dimensional periodic variation of the refractive index) 

represent the ultimate approach to obtaining small cavities, with mode volumes as small
■j

I as 0.3(Ac/«) predicted due to the small penetration of the cavity mode into the photonic
1
I  crystal [30].
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2.7 Photon recycling

One mechanism for improving the efficiency o f all LEDs is known as photon recycling. 

This term refers to the reabsorption of light emitted by the active layer resulting in the 

generation o f a new electron-hole pair, which subsequently recombine to produce a 

secondary photon. Any photons that are initially emitted from the active layer o f an LED 

at angles less than the critical (escape) angle will only spend a short time inside the 

device before being emitted from the structure and therefore are unlikely to be 

reabsorbed. However light emitted at angles greater than the critical angle for escape 

from the device will propagate laterally inside, with a certain fraction being reabsorbed 

by the active layer. The secondary photon resulting from this reabsorption process has the 

same probability o f being emitted at angles inside the escape cone as any other photon 

emitted by the active layer; therefore photon recycling provides a mechanism for 

converting photons initially emitted at angles outside the escape cone into extracted 

photons.

This process has been exploited to produce a very high external quantum efficiency o f 

72% from an optically pumped structure [34], however an estimated 25 recycling events 

were required to produce this efficiency. Such a high number o f  recycling events requires 

an extremely high internal quantum efficiency (estimated at 99.7% for the above 

structure), and a large lateral structure size (>300|j.m diameter for the above structure).

The increase in the extraction efficiency accrued from each recycling event is dependent 

on the probability o f the secondary photon escaping the device, which we have seen is 

increased in microcavity structures. Therefore less recycling events, and hence lower 

i internal quantum efficiencies and device sizes are required in planar microcavity LED
I

j structures compared to conventional LED structures in order to benefit from photon

I recycling processes [35]. However measurements on planar MCLED structures o f
I

I different diameters show that device diameters >100|j.m are still required in order to fiilly

' exploit the benefits o f photon recycling [36]. Such large device diameters, which are

incompatible with certain fibre coupling applications (butt coupling to silica fibre), can be 

avoided while still maintaining strong recycling effects by using side mirrors to confine 

light propagating laterally inside the device to a central region. The size o f the central 

region is determined by the limits on device size and need not approach the wavelength
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scale dimensions required for modification o f the spontaneous emission process in three- 

dimensional microcavities.

Photon recycling slows the light emission process from the structure due to the recreation 

o f carriers subsequent to the initial recombination. The response time o f the structure is 

increased by a factor o f \ ! { \ - A p r ) ,  where Apr  is the fraction o f emitted protons that are 

reabsorbed [37].
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Chapter 3
Red Planar Microcavity LEDs

3.1 Introduction

Fred Schubert and co-workers at AT&T Bell Laboratories first applied the microcavity 

concept to light emitting diodes in 1992 [1]; by placing the active region in a short cavity 

they demonstrated a narrow linewidth, high brightness LED emitting at 860nm. MCLEDs 

emitting at 660nm [2,3], 940nm [4], 1.3)am [5], and 3.2|am [6] were subsequently 

demonstrated by different research groups. All these results focused on the ability o f 

microcavities to produce narrower emission linewidths and less divergent farfield emission 

patterns compared to conventional LEDs. However no attempt was made to optimise the 

cavity design for maximum extraction efficiency, a fundamental limitation o f LED 

technology, and consequently the spectrally integrated emitted power from these MCLEDs 

was low. The potential o f MCLEDs to produce high extraction efficiencies through a 

single surface was first realised Blondelle et al. [7]. The development o f a comprehensive 

model allowing the calculation o f the dipole emission into the various modes o f an 

arbitrary planar structure [8] enabled a systematic study o f the impact o f  cavity-source 

detuning, mirror reflectivities, and source linewidth on the extraction efficiency and 

farfield o f MCLEDs [9]. A MCLED emitting at 980nm, designed for maximum extraction 

efficiency, produced a record efficiency at that time o f  20% for single-side emission into 

air [10]. By the end o f the SMILES project in 1997, a thorough investigation into the 

MCLED concept had been carried out on the InGaAs/GaAs material system, and a basic 

set o f design rules for MCLED structures had been established [11,9]. However no 

enhancement o f LED extraction efficiency or brightness* had been demonstrated using the 

microcavity concept at wavelengths other than 980nm.

Brightness is defined as the optical pow er per unit emitting area per unit solid  angle
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Investigations into MCLEDs emitting at 980nm had shown that the advantage o f MCLEDs 

over commercial LEDs was not in overall efficiency, where the high extraction efficiency 

o f MCLEDs is surpassed by commercial LEDs utilising cup reflectors to collect light from 

all sides o f a sawn chip, but in brightness. The MCLEDs use o f light emitted through only 

one facet results in a considerably reduced emitting area relative to the large spatial extent 

o f  a cup reflector. This small emitting area combined with the ability to tailor the farfield 

emission pattern offered the potential o f high coupling efficiencies from MCLEDs into 

optical fibres. One o f the main goals o f the SMILED collaboration was to transfer the 

MCLED technology to wavelengths compatible with fibre coupling applications; 

specifically the transmission windows at 640-660nm for plastic optical fibre (POP) and 

1300nm for silica fibre.

The results o f the first red (660nm) MCLEDs fabricated in the SMILED collaboration are 

presented in the first half o f this chapter. Prior to this work the maximum reported output 

power for a MCLED emitting at 660nm was 20fiw at 20mA [2], which corresponded to an 

external quantum efficiency o f <0.1%. The goal o f this work was to investigate the 

difficulties faced in transferring the MCLED technology and simulation tools developed at 

980nm to MCLEDs emitting at 2s650nm, and to determine the potential performance o f 

optimised MCLEDs emitting at »650nm. Important design considerations for MCLEDs 

targeting POP applications are discussed in section 3.2, and the results o f characterisation 

tests on the fabricated MCLED are presented in section 3.4. These results are compared 

with simulations o f the grown structure, and the expected performance o f a structure 

designed for maximum efficiency in section 3.5. While all the results presented relate to 

MCLEDs emitting at «650nm, many o f the issues discussed relating to the performance, 

design, and modelling o f these devices are generic to planar MCLEDs.

To demonstrate the need for higher dimensional microcavities, which are the focus o f the 

research presented in the subsequent chapters in this thesis, the ultimate limitation o f planar 

MCLEDs in terms o f extraction efficiency is modelled and discussed in the final section o f 

the chapter.
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3.2 Design considerations for a MCLED source for POF 
applications.

The use o f POF for local area networks is a powerful, low cost alternative to twisted-pair 

cables or silica fibres [12]. POF’s large core diameters, rugged nature, and ability to be 

simply aligned and terminated results in low connectorisation costs [13]. Commercial POFs 

are based on polymethyl methacrylate (PMMA) and exhibit an attenuation minimum of 

=0.1dB/m in the 640-660nm wavelength range (see Figure 3.1). The realisation o f low-cost 

emitters that operate in this transmission window and that are capable o f sufficiently high 

transmission rates is essential to the implementation o f POF based transmission systems. 

MCLEDs offer the potential for higher efficiency, narrower emission linewidths and 

enhanced directionality over conventional LEDs, and lower fabrication costs, less 

temperature sensitive performance, and threshold-less power-current characteristics 

compared to edge emitting lasers. Therefore, in the absence o f  a reliable and temperature 

insensitive vertical cavity surface emitting laser (VCSEL) emitting at these wavelengths, 

MCLEDs possess the potential to dominate the market for POF network sources. However 

the direct implementation o f the MCLED design successful at 980nm, which consisted of 

an asymmetric cavity with a metal top mirror and a DBR bottom mirror with the light 

extracted through the substrate, is not possible at 650nm for structures grown on GaAs
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Figure 3.1 Attenuation o f PMMA POF. At 650nm, the preferred communication 

wavelength, the attenuation is ^ . 1 5dB/km (after data sheet ofToray Industries Ltd.).
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substrates due to the absorption in GaAs. Therefore the light has to be extracted through the 

top mirror requiring a non-absorbing top mirror o f lower reflectivity than the bottom 

mirror. This is achieved by using DBRs as both top and bottom mirrors in the cavity, with 

the bottom DBR mirror containing more periods. The need to avoid absorption o f emitted 

light in the DBRs limits the aluminium concentration in the AlxGai-xAs DBR layers to 

x>0.5. The reduced refractive index contrast in Alo.5 Gao.5As/AIAs DBRs relative to 

GaAs/AlAs DBRs results in a reduced DBR stopband and increased penetration o f the 

optical field into the mirrors. The reduced DBR angular stopband results in increased 

coupling o f emission into leaky modes, while the increased penetration o f the optical field 

results in an increased effective cavity length. Both these consequences o f the need to 

eliminate absorption in the structure reduce the ability o f the cavity to modify the optical 

environment with which the emitter interacts.

Quantum well active regions consisting o f GalnP wells and AlGalnP barriers were 

employed to obtain emission in the 650-670nm wavelength range. The greater bandgap o f 

AlGalnP compared to AlGaAs is necessary to access these shorter wavelengths, however

Figure 3.2 Bandgaps and 

band offsets fo r  the AlGaAs 

and AlGalnP (lattice matched 

to GaAs) material systems as 

a function o f  A l composition. 

AEc and AEv are the 

conduction and valence band 

offsets, respectively, and E f 

and Ex are the gaps relative to 

the r  direct and X  indirect 

conduction band minima, 

respectively, (reproduced from  

ref[14])
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the conduction and valence band offsets in the A lG alnP material system  are considerably  

reduced relative to the A lG aA s system  (see Figure 3 .2), resulting in reduced carrier 

confinem ent in G alnP/A lG alnP Q W s [14],

W hen designing a M CLED for fibre coupling applications as w ell as m atching the em ission  

wavelength to the transm ission w indow  o f  the fibre, the coupling o f  the em itted light into 

the fibre has to be considered. O nly light incident on the fibre core at angles less than the 

acceptance angle o f  the fibre is guided in the fibre. For a butt-coupling configuration (i.e. 

when the fibre core is position directly on top o f  the source without any intermediate lens) 

the em itting area should be less than the fibre core diam eter and the pow er em itted at 

angles less than the acceptance angle o f  the fibre should be m axim ised. The large core o f  

POFs (typically diam eter >250|j,m) makes it easy to produce M C LEDs with smaller 

em itting areas. H ow ever the peak o f f  axis em ission o f  a M C LED  designed for maxim um  

extraction efficien cy  into air m ay not be optim ised for butt-coupling applications, and a 

M CLED designed to produce a less divergent farfield pattern even  at the expense o f  overall 

efficien cy  may result in greater launched power into the fibre when butt-coupling to POF. 

These were the design issues that were being considered at the tim e o f  this research. The 

impact o f  the different D B R  and active layer materials required for 660nm  M CLEDs is 

explored in our m easurements, w hile the issue o f  optimal d ev ice  design  is explored in our 

m odelling.

3.3 MCLED device structure.

The M CLED devices investigated w ere grown by solid  source m olecular beam  epitaxy in 

Tampere U niversity o f  T echnology. The structures were grow n on (100) Si-doped G a A s  

wafers. A schem atic diagram o f  the layer structure o f  the M C LED is show n in Figure 3.3. 

Three Gao.42lno.58P(6 nm)/(Alo.3Gao.7)o.5iIno.49P(6 nm) quantum w ells  w ere positioned in the 

centre o f  a R -th ick  Fabry-Perot cavity. The Quantum w ell region w as surrounded by 

(Alo.3Gao,7)o.5iIno.49P (40nm ) spacer layers and (Alo.7Gao.3)o.5iIno.49P cladding layers, doped  

with Si on the «-side and B e on the /?-side. The top p-doped D B R  consisted  o f  8 pairs o f  

alternating A lo.5G ao.5A s and A lo.9G ao.1A s (or Al0.97Ga0.03As for bottom  pair) X./4 la y e r s .  The 

bottom  D B R  consisted  o f  32.5 pairs o f  alternating n-doped A lo.5G ao.5A s and A lA s  A./4 

layers, w ith lOnm Alo.75Gao.25As barrier reduction layers at each interface.
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MCLEDs with ring top contacts and emitting windows o f 10, 20, 40 and 80|im  diameter 

were processed. Current apertures equalling the emitting areas were formed by lateral wet 

oxidation o f the Al0 .9 7 Ga0 .0 3 As bottom layer o f the top DBR. An ohmic metal contact was 

deposited on the back surface. Full details o f the growth and processing o f these devices is 

contained in reference [15]. The processed wafer was diced into single devices which were 

bonded onto TO headers with conducting epoxy. The header was left uncapped in order to 

allow access to the device surface.

Top Contact

8 Period 
p-doped DBR

lA. -  thick 
optical cavity

32.5 Period 
n-doped DBR

n-doped 
GaAs substrate

Emitting Window

^  Oxide aperture layer 

^ 3  xGalnP/AlGalnP QWs

Figure 3.3 Schematic diagram o f  MCLED structure.

3.4 MCLED Characterisation

The emission characteristics o f an 80^m diameter MCLED are presented in this section. 

The emission properties o f 10, 20, and 40|im  diameter MCLEDs were also measured, and 

similar behaviour was observed from all devices, allowing for the increased current 

densities in the smaller devices.

The device header was attached to a copper block whose temperature was set using Peltier 

devices. Electrical connections were made to the MCLED device via the pins o f the header 

package. The ground pin o f  the header was in electrical contact with the bottom n-
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metallisation of the MCLED, while a through pin, electrically isolated from the header 

surface, was connected to the top ring contact of the MCLED via a bond pad.

3.4.1 Cur rent-Voltage Characteristics

The measured current-voltage {I-V) characteristics o f the 80|j.m diameter MCLED for 

temperatures between 20°C and 70°C are shown in Figure 2.4. The device exhibits a turn

on voltage of approximately 1.7V, with only a small decrease in the tum-on voltage 

observed with increasing temperature. This value is slightly less than the expected tum-on 

voltage of »1.8V for emission at «660nm {Vtum-on~hdeX, /j=Planck's constant, c=speed of 

light, e=electron charge, A=emission wavelength), and may indicate the existence of a 

small leakage current. The diode equation, modified to account for series resistance, was 

fitted to the 10-30 mA region of the I-V  curve to obtain an estimate o f the MCLED series 

resistance. The lower current region of the curve was not fitted due to the possible 

influence of any carrier leakage around tum-on, which is not accounted for by a shunt 

resistance in our diode equation. A good fit to the high current region o f the I-V  curves
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Figure 3.4 (a) Measured current-voltage characteristics fo r  the 80mm diameter MCLED as 

a function o f  temperature, (b) Table showing fitted  values fo r  series resistance Rs oj 

MCLED.
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could not be obtained using (3.1), possibly due to increased carrier leakage from the QWs 

at higher carrier densities, an effect not accounted for by (3.1). The modified diode 

equation used was

I  = I ^Qx^{ e{ V- IR^ ) l nkT - \ )  (3.1)

where lo is a constant, e is the electron charge, Rs is the series resistance, n is the ideality 

factor, k is Boltzmann’s constant, and T is the temperature.

The fitted values for the device series resistance decrease from 8.5Q at 20°C to 4.4Q at 

70°C. The large series resistance of this device at room temperature would result in poor 

power conversion efficiency even if the device possessed high external quantum efficiency. 

The development of a commercial device would require a reduction in this series 

resistance. Optimised doping profiles and concentrations in the DBRs may yield such a 

reduction.

3.4.2 Power-Current & Quantum Efficiency Characteristics
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i  600-
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50°C
60°C
70°C

400-

200 -

0 10 20 30 40 50 60 70 80 90
Current (mA)

Figure 3.5 Power-current characteristics o f  SOjum diameter MCLED device.
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The output power o f the MCLED was measured using a calibrated power meter 

(Photodyne Model 550 (Silicon) Integrating Head). The device was positioned inside the 

integrating head o f the detector to ensure collection o f all the emitted light. The measured 

output power as a function o f current in the 20°C to 70°C temperature range is shown in 

Figure 3.5. At low bias (<5mA) the device displays a linear dependence o f  output power on 

current at all temperatures. No threshold current for the tum-on o f power is evident on this 

scale. Such threshold like tum-on has been observed by some workers and has been 

attributed to current leakage and/or saturation o f non-radiative centres [16].

At all temperatures the output power saturates at currents between 40 and 50 mA 

(decreasing slightly with increasing temperature within this range) and decreases at higher 

currents. This phenomenon, termed radiance saturation, which produces a very non-linear 

power-current characteristic has implications when using the device as a modulated source, 

as well as limiting the maximum light power obtainable from the device. The maximum 

power from the 80|im  diameter MCLED was 820|o.W at 20°C and 300fj,W at 70°C.
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Figure 3.6 Semilog plot o f  output power at 40mA as a function o f  temperature, 

normalised to the output power at 25 °C.

The standard equation describing the temperature dependence o f  an LED’s output power 

takes the form [ 17]
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P(T) = P„exp(-T/r,) (3.2)

where Pq is the output power at a reference temperature (25°C), and Tj is the characteristic 

temperature of the device. The Tj value of the LED should be as large as possible to ensure 

the least temperature dependent performance. A T/ value o f 50.5 ± 0.6°C was obtained for 

the MCLED device from the fit of (3.2) to the temperature dependence of the output power 

at a current of 40mA. This 7/ value would have to improve considerably to match the 

expected Tj values for commercial red LEDs of >100°C.

The external quantum efficiency rjextem, which represents the ratio of photons emitted from 

the device to electrons flowing through the device, was calculated for the MCLED in the 

20°C to 70°C temperature range from the measured current-voltage and power-current 

characteristics using the expression

^ e x te r n  , , (3-3)/  he

where P  is the total emitted optical power and /  is the current (A, e, h, and c have their usual 

meaning as defined in section 3.4.1). The maximum external quantum efficiency, varying 

from 1.7% at 20°C to 0.9% at 70°C, occurred at a bias current of 3mA at all temperatures. 

The external quantum efficiency decreased steadily with increasing current above 3mA, 

with external quantum efficiencies at the peak emission power bias current (w 40mA) of 

only 0.9% at 20°C and 0.4% at 70°C.
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Figure 3.7 The external quantum efficiency o f the 80jum diameter MCLED device.
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3.4.3 Spectral Characteristics

The MCLED emission, collimated using a xlO, 0.25NA microscope objective, was coupled 

into a 62.5)j.m core fibre using a second xlO microscope objective. The fibre output was 

connected to a HP 70951A Optical Spectrum Analyser (OSA), which was set to a spectral 

resolution o f 0.5nm.
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Figure 3.8 Normalised emission spectra o f  80/um diameter MCLED, (a) at a bias current 

o f 5mA and ambient temperatures between 20 °C and 70 °C (b) at ambient room 

temperature (no temperature controlling) and bias currents between 10mA and 70mA.

The spectra shown in Figure 3.8 are o f the integrated MCLED emission at angles less than 

15° from the normal to the device surface due to the limited collection angle o f the 

microscope objective used to collimate the MCLED emission. Because o f the angular 

dispersion in the microcavity emission (cavity mode shifts with angle see Figure 3.11), the 

spectral linewidth o f the total MCLED emission is expected to be greater than the 5nm fiall 

width at half maximum (FWHM) o f the spectra in Figure 3.8, and was estimated at 16nm at 

room temperature and medium bias current (20mA) from integration o f the angular 

resolved spectra shown in Figure 3.13(a). The spectral linewidth for the integrated emission 

at angles less than 30° (corresponding to the typical acceptance angle o f POF) was 

estimated as 9nm. In comparison the emission linewidth o f standard AlGalnP LEDs 

emitting at these wavelengths is «17nm [2] and is independent o f angular considerations.

675
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Figure 3.8 shows that the peak emission wavelength o f the MCLED is relatively insensitive 

to either temperature or bias current -  exhibiting an approximately linear dependence on 

temperature o f 0 .03nm °C ’, and shifting from 661.4nm at a bias current o f 10mA to 

663.3nm at 70mA. These shifts are considerably less than observed in conventional LEDs 

where the shift in peak emission wavelength is determined by the shift in the recombination 

energy in the material. The peak emission wavelength o f the MCLED is determined by the 

wavelength o f the cavity mode, which is determined by the refractive index and thickness 

o f the cavity, properties that in comparison to the recombination energy are only weakly 

dependent on temperature and carrier density.

The narrow emission linewidths for restricted emission angles, and reduced sensitivity to 

operating temperature and current shown for the MCLED structure in Figure 3.8 confirm 

that the spectral characteristics o f the M CLED’s emission are determined by the optical 

properties o f the cavity.

3.4.4 Nearfield Pattern

5mA
10mA
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0 . 0  I— '— I— ■— I— '— I— '— I— '— I—

0 20 40 60 80 100 120
Position across 80|am MCLED diameter (|J.m)

Figure 3.9 Pseudo-nearfield measurement, showing power collected by 7jjm core 

fibre positioned lOj^m above the MCLED surface versus position o f  the fibre across 

the diameter o f the device.
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A uniform carrier distribution in the active layer o f the MCLED is essential to minimise 

carrier leakage and contact shadowing (blocking o f emitted light by contact). The ring top 

contact employed in these 80|j.m diameter MCLED devices requires considerable lateral 

carrier spreading in order to achieve such a uniform distribution. The spatial distribution o f 

carriers in the QWs o f the device was investigated by measuring the nearfield emission 

pattern. The profile o f emitted power across the surface o f the device indicates the profile 

o f  carrier recombination in the underlying quantum well.

Since high resolution imaging o f the nearfield was not required, a simple pseudo nearfield 

measurement technique was employed. A single mode fibre (7|^m core) was scanned across 

the device surface at a height o f lOfim, and the spectrally integrated power coupled to the 

fibre as a function o f position was recorded. The advantage o f  this technique is that no 

dedicated imaging lenses or cameras are required.

The results in Figure 3.9 show the emitted power per unit area at the centre o f the device 

was only 30% o f the emitted power per unit area at the edge o f the device. This indicates 

considerable current crowding around the edge o f the device, which results in increased 

contact shadowing due the presence o f the non-transparent top contact around the device 

edge, and in increased carrier leakage from the active layer due to the increased carrier 

density in the QWs at the edge o f the device.

Possible approaches to improving the spatial uniformity o f the carrier distribution in the 

active layer o f the device include increasing the doping o f  the top DBR, incorporating a 

current spreading layer between the top DBR and top contact, and using an alternative top 

contact geometry to allow carrier injection across the device. However the top current 

spreading layer and alternative contact geometries result in reduced cavity effectiveness 

and increased contact shadowing respectively. Therefore the optimal device design requires 

a balance between light extraction and uniform carrier injection.

The use o f a honeycomb mesh shaped top contact, allowing injection o f carriers within 

wlOfim o f all points on the device surface, combined with a top current spreading layer of 

alOnm  thickness was shown to produce good carrier uniformity with limited impact on 

light extraction efficiency in subsequent 650nm MCLED devices [18].

50



3.4.5 Farfield Pattern

The MCLED device was mounted at the centre of a rotation stage, and a microscope 

objective lens was positioned in the plane of rotation of the device at a distance of 60cm. 

The microscope objective lens was orientated such that its optical axis was directed 

towards the device. Emission from the MCLED device incident on the aperture of the lens 

was focussed onto a power meter (Photodyne Model 550) positioned behind the lens. The 

farfield emission pattern was measured by rotating the device and recording the power 

collected by the stationary objective lens. The 1cm aperture of the lens provided an angular 

resolution of »1 degree.

MCLED 5mA 
MCLED 10mA 
MCLED 20mA 
MCLED 40mA 
MCLED 80mA 
Lambertian Source

Figure 3.10 Normalised farfield emission patterns o f  the 80/j.m diameter MCLED at a 

range o f  bias currents. The simulated farfield o f  a Lambertian source is shown fo r  

comparison.

The farfield patterns of the 80|im diameter MCLED at room temperature and bias currents 

between 5mA and 80mA are compared to a Lambertian emission pattern (emitted power 

proportional to cosine of emission angle) in Figure 3.10. The angular FWHM of the 

MCLED farfield increases with current from 66° at 5mA to 72° at 80mA, but is 

considerably less than the 120° angular FWHM of the Lambertian farfield emission pattern 

observed for most conventional surface emitting LEDs [19].

This significant deviation of the MCLED farfield pattern from that o f a Lambertian source 

is due to the enhancement by the cavity of emission at certain angles, however the two
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lobed farfield pattern observed from MCLEDs optimised for maximum efficiency was not 

seen from our device.

3.4.6 Discussion of Characterisation Results

The encouraging aspect of these results in the context of developing a commercial MCLED 

emitting at 650nm was the clear microcavity effect visible in the narrow spectral emission 

linewidth, the reduced farfield angle, and the reduced temperature sensitivity of the spectral 

characteristics of this device compared to a conventional non-cavity LED. These results 

demonstrated the ability to produce strong microcavity effects at 660nm using a cavity 

defined by two DBRs even with the limited refractive index contrast available in this 

material system at this wavelength.

The disappointing aspects of these results were the low maximum power output, the highly 

non-linear power-current characteristics and the high temperature sensitivity of the power 

output of the MCLED device. The maximum output power, which despite being a factor of 

ten greater than previously reported results for red MCLEDs [2], was poor compared to 

either MCLEDs emitting at 980nm or conventional LEDs emitting at 650nm. The power- 

current characteristics exhibited a saturation of the output power at a bias current of only 

40mA, while the Ti value of the MCLED device was considerably less than that expected 

for commercial devices.

For the future development of MCLEDs at this wavelength it was important to establish the 

origins of this poor performance and to identify the path towards future improvements. At 

this point in the discussion it is convenient to define three further efficiencies whose 

product determines the external quantum efficiency, rjextem, of a device. The carrier 

injection efficiency, r]i„j defined as

^ _ number o f  electrons in the active region per unit time
number o f  electrons flowing in the external circuit per unit time

is equal to the fraction of injected carriers that end up in the active region, and is less than 

unity when there is carrier leakage. The radiative efficiency, rjrad defined as
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_ radiative recombination rate _  1
total recombination rate 1 + /r„^

where Zr and z„r are the radiative and non-radiative recombination lifetimes, is essentially 

determined by the material quality o f the active layer. The extraction efficiency vjextra is 

defined as

_ number ofphotons emitted from  device per unit time
number ofphotons emitted internally from  active layer per  unit time

and accounts for absorption losses and transmittance o f the semiconductor-air interface. 

The ability o f the microcavity to redirect internal emission into angles less than the critical 

angle for the semiconductor-air interface is reflected in an increased rjextra value. 

Combining these three efficiencies we can write

Vextern =  rad ^ ^ e . , r a  (3-7)

Before discussing the specific causes o f the poor temperature sensitivity and low output 

power o f our device in terms of these efficiencies, two alterations to the MCLED design 

that would offer improved rjextem, evident from our characterisation results are mentioned. 

Firstly, the correct positioning of the cavity resonance relative to the QW emission should 

result in the peak QW emission being resonant with the cavity mode off-axis and an 

improved rjextra- The exact improvements in rjextra that could be expected from optimisation 

o f the cavity design are shown in section 3.5. Secondly, an improvement in the spatial 

distribution o f carriers in the active layer o f the device as already discussed in section 3.4.4 

should reduce carrier leakage and contact shadowing effects, improving r/inj and rjextra 

respectively.

To understand the temperature dependence o f the performance o f our MCLED device the 

impact o f temperature on all three efficiencies has to be considered. An increase in 

temperature results in a reduction in the r/rad o f an active layer due to an increased non- 

radiative recombination rate. rii„j also reduces with increasing temperature due to the
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increased probability o f  carrier leakage from the QW . Finally rjextra can either increase or 

decrease w ith increasing tem perature depending on the cavity design. This is because the 

QW  em ission w avelength is expected to exhibit greater tem perature sensitivity than the 

cavity resonant w avelength resulting in the relative positioning o f  the cavity and QW  

em ission w avelengths changing with tem perature. The structure can be designed such that 

the separation o f  the cavity and QW  w avelengths is non-optim al at room  tem perature, but 

improves with increasing tem perature, thereby producing an increase in rjextra with 

increasing tem perature.

It is difficult to accurately determ ine the tem perature dependencies o f  the different 

efficiencies o f  our device, how ever the w idely reported problem  o f  increased carrier 

leakage from G alnP/A lG alnP  QW s at higher tem peratures due to the sm all barrier offsets 

[20,21] suggests that a reduced rjinj at higher tem peratures m ay have been the cause o f  the 

poor tem perature characteristics o f  our M CLED device. This problem  is universal to 

devices based on this m aterial system and em itting at these w avelengths, and not inherently 

due to the m icrocavity structure. Through optim isation o f  the core, cladding, barrier and 

QW  com positions in the cavity, the tem perature dependency o f  the M CLED  device should 

m atch LEDs based on the sam e m aterial system  and em itting at the sam e wavelength. 

Indeed the m icrocavity structure allows the possibility o f  a rfextra tem perature dependence to 

com pensate the tem perature dependence as outlined above, thereby producing an 

overall less tem perature dependent output than a non-cavity LED structure.

In order to determ ine the cause o f  the highly non-linear pow er-current characteristics o f  our 

device, the role o f  current induced device heating due to the series resistance o f  our 

M CLED structure was exam ined. The m agnitude o f  this effect was estim ated from 

com parison o f  the spectral shifts induced by changes in the am bient device tem perature at 

low bias currents and by changes in the bias current at constant am bient room  tem perature 

as shown in Figure 3.8. The estim ated device tem perature as a function o f  bias current is 

shown in Figure 3.11. It suggests significant device heating occurring at bias currents 

greater than 20 mA. H ow ever the fact that the shift in the bias current at which radiance 

saturation occurs w ith am bient device tem perature (Figure 3.5) is only small, indicates that 

device heating is not the only process responsible for this effect.
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Both rjinj and rjextra are also expected to decrease with increasing current due to the 

increased probability o f carrier leakage and the increased spectral linewidth o f the internal 

QW emission (see Figure 3.14) respectively. It is again difficult to determine the exact 

roles played by these effects in determining the power-current characteristics o f this device. 

However the drop in the external quantum efficiency at low currents (< 20 mA), where 

carrier leakage due to heating or high carrier densities is likely to be small, is probably due 

to a decreasing ijextra, an effect previously reported in MCLEDs emitting at 980nm [10,22], 

At higher currents the drop in rji„j caused by heating and higher carrier densities is expected 

to have played a significant role in the saturation o f the output power.
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Figure 3.10 Device heating due to bias current estimated from  spectral measurements.

To summarise, improvements in the series resistance, uniformity o f carrier injection, carrier 

confinement in active region and cavity design are all required for the realisation o f a 

MCLED o f optimum performance. Such a device should offer considerably improved 

temperature dependency and power output characteristics over this device. O f the required 

improvements, only the optimisation o f the cavity design is unique to the MCLED 

technology and is the focus o f  section 3.5.
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3.5 MCLED device modelling

In order to gain a further insight into the performance of our MCLED device and explore 

the improvements that could be expected from optimisation o f the cavity design, a 

numerical simulation tool capable of the exact calculation of dipole emission modifications 

in an arbitrary multilayer structure was implemented. The modelling tool was initially 

developed to simulate the performance of MCLEDs emitting at 980nm [23] and is capable 

of calculating the enhancement or inhibition of emission from the active layer of a 

microcavity, due to the modified optical environment, as a function of angle and 

wavelength given the refractive index (real and imaginary) and thickness of each layer in 

the structure. If the intrinsic spontaneous emission spectrum of the active layer in the cavity 

is also known the extraction efficiency of the microcavity can be calculated through careful 

integration over emission angles and wavelengths.

The details of the model are contained in reference [8], and also in Appendix A2. It is 

based on the transfer matrix technique for propagating electromagnetic waves of a given 

TE or TM polarisation through a multilayered structure, with source terms introduced as an 

additive discontinuity to the electromagnetic field at the dipole (active) layer. The source 

terms are dependent on the polarisation of the wave and the orientation of the emitting 

dipole with respect to the layer interfaces.

The model deals purely with the optical properties of the cavity and takes no account of 

electrical issues such as carrier transport and leakage, and therefore provides no 

information about r]i„j or rjrad- The emission properties of the MCLED device characterised 

above are modelled in Section 3.5.1, while the extraction efficiencies and emission patterns 

for MCLED structures optimised for maximum extraction efficiency into air and into the 

acceptance cone of a fibre o f NA=0.5 are calculated in Section 3.5.2.

3.5.1 Modelling of characterised device

As mentioned above, the input parameters required by the model to simulate the emission 

properties of a MCLED are the refractive indices and thicknesses o f each layer in the 

structure and the intrinsic emission spectrum of the active layer. Values for the refractive 

indices of the layers of our MCLED as fiinctions of wavelength were taken from references 

[24,25], and the target growth thicknesses of the layers in the structure were also known.
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The intrinsic emission spectrum o f the QWs in our device was determined from angular 

resolved measurements, using a deconvolution technique developed by P. Royo et al. 

[26,27,28], and briefly outlined below.

The power emitted per unit solid angle and area outside the MCLED can be expressed as 

[ 1 1 ]

(3.8)

where and A(0,A) are the antinode factor and cavity Airy function as described

before in section 2.4.1. is the spontaneous emission spectrum o f the active layer in an 

unbounded semiconductor and can be expressed as [28]

= (3.9)

where rsponrW is the intrinsic spectrum, and is equal to the product o f the joint density of 

states, their occupation probabilities, and a function describing line shape broadening 

effects. This function is independent o f emission angle. The transition matrix element

|(M,(^,/1))|^ contains the polarisation dependence o f the light-matter interaction.

Using the dipole approximation and representing the active region as a collection o f non

correlated oscillating electric dipoles*, the model can numerically calculate the quantity 

nsim(^,A) defined as

n  (0, (0, A))|'  (3.10)

therefore in theory, rspontW can be obtained by dividing the measured Tlexti^A) by the 

modelled at any given angle. The difficulty in doing this is that any error in the

thicknesses or refractive indices o f the layers, introduces significant errors into nsim(0,A) 

and hence the calculated rspontW, especially at wavelengths away from the resonant mode

* A QW active layer is represented by an isotropic distribution o f  horizontal (orientated parallel to the layer 
interfaces) dipoles in the model. This approach is justified by the predominant role played by heavy-holes in 
the recombination processes o f  many Ill-V  QW materials [9].
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wavelength, where Ylsim{0,X) is small [26]. This difficulty is overcome by comparing 

and Y[sim{0,X) at a range of angles: the shift in resonant wavelength to shorter 

wavelengths with increasing angle allows the accurate determination of rspomi^ over a 

wide range of the spectrum, while the error in rspomQ̂ ) at wavelengths not matched to the 

cavity mode at any angle is reduced by averaging results from different angles.

The angle resolved spectra were recorded using the same experimental setup as employed 

for the farfield measurements, with the collecting lens used to focus light into a fibre in 

place of the power meter. The output of the fibre was connected to the OSA that spectrally

Figure 3.11 MCLED emission spectra from our 80/um diameter MCLED device as a 

function o f  emission angle. The main emission peak due to the Fabry-Perot cavity mode, 

FP, and the smaller side peaks, S, due to the minimum in the DBR mirror reflectivity at 

the edge o f  the stopband are labelled. The amplitude is on a logarithmic scale.
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resolved the emission with a resolution o f 0.5nm. The results obtained from our device at a 

bias current o f 20mA are shown in Figure 3.11.

The expected shift in the peak emission wavelength to shorter wavelengths with increasing 

angle was observed, while two smaller peaks either side o f the cavity mode displayed a 

similar angular dependence. The separation o f these two smaller peaks matched the 

calculated top DBR spectral reflectivity stopband, which shifts similarly with angle, and 

hence the peaks were identified with the top DBR reflectivity minima located at the edge of 

the DBR stopband.

Due to slight differences between the target and grown layer thicknesses in our structure it 

was necessary to adjust the nominal thicknesses o f the cavity spacer layers and the top 

DBR layers to match the spectral positions o f the measured and simulated cavity mode and 

DBR stopband at normal incidence. The required adjustments to the layer thicknesses were 

less than 3% of the target values.

Calculated r (X)spont^ ■'

Fitted function

fe 0.8-

^  0 .6 -
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680 700620 640 660
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Figure 3.12 Calculated rspom( )̂ using equation (3.11). The fitted line used to provide an 

analytic expression for the rspont(̂ ) in subsequent simulations was obtained using a 

Gram-Charlier peak function (this function allows an asymmetric peak shape, which 

can occur in the QW emission spectrum due to band filling effects)
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Using the adjusted layer structure, was simulated at the measurement angles (0°

to 70° in 10° steps), and rsponiW was calculated as follows
70

= ---------------  (3 -11)

0=0

The resulting rspom spectrum following smoothing by adjacent averaging over 4nm intervals 

is shown in Figure 3.12. The peak emission wavelength Xqw, and the spectral FWHM of 

the intrinsic QW emission AXqw, o f our device at the bias current o f 20mA (current density 

» 400 Acm~^) were determined as 670nm and 30nm respectively.

Using the fitted function in Figure 3.12 for rsponi(^) the match between the measured and 

simulated emission spectra at different angles are shown in Figure 3.13(a). The model 

reproduces the measured variation in both the amplitude and wavelength o f the cavity 

mode emission with angle. The agreement between the measured and modelled wavelength 

o f the smaller peak (labelled S  in Figure 3.11) can be seen at large angles (> 50°) in Figure 

3.13(a). The reduced amplitude o f this side peak in the simulated spectrum is attributed to 

uncertainties in the precise thickness and refractive indices o f the grown structure. The 

wavelength integration o f the modelled emission spectra at each angle produces a farfield 

emission pattern, which is compared to the measured farfield pattern in Figure 3.13(b).

The good agreement between the measured and simulated angular resolved spectra and 

farfield patterns suggests that rsponti^), and the refractive indices and adjusted layer 

thicknesses used in the model provide a good representation o f the intrinsic QW emission 

and layer structure o f our MCLED device respectively. Taking the same input parameters 

the extraction efficiency o f our MCLED device can now be calculated. To determine the 

extraction efficiency o f a structure the total extracted power through the chosen side o f the 

structure is calculated as [8]

Pex, = 2;r n^^,(6», A)sin6>t/ai/l = U  J O ,  A) sin 9d6dA  (3.12)

and divided by the total power emitted by the active layer integrated over all internal angles 

in the device and all wavelengths. The simulated extraction efficiency o f our MCLED
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device at 20m A was 4.8% . Com paring this to the m easured r fe x te m  value o f  1.4%, we 

conclude that the internal efficiency o f  the device defined as the product o f  the injection 

and radiative efficiencies is 29%  at a bias current o f  20m A. The probable origins o f  this 

poor internal efficiency were discussed above.
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The dependence o f  the extraction efficiency on A A q w  and the detuning o f  the cavity and 

intrinsic em ission w avelengths 5  { = ^ q w - ^ f p , ^ f p  is defined as the cavity FP mode 

w avelength at norm al incidence), is shown in Figure 3.14. A A q w  was varied betw een 5 and 

50nm  (m aintaining the same line shape as determ ined for the m easured device), while A qiv  

rem ained fixed at 670nm. X f p  was varied betw een 650nm  and VlOnm by m ultiplying all 

layers in the structure by a constant factor; thereby ensuring the Fabry-Perot mode 

rem ained centred on the D BR stopband throughout the sim ulation.

Figure 3.14 confirm s that the 7.5nm  detuning o f  our M CLED  device was not optim al for 

maxim um  extraction efficiency into air. This had already been indicated by the single lobed 

farfield o f  the device in contrast to the tw o-lobed farfield characteristic o f  M CLEDs 

optim ised for m axim um  extraction efficiency into air. The sim ulation results in Figure 3.14

S 50 
c
^ 45O)

3  40 

35
a>C

30
c0
^  25CO

1 20
0
c/2 1 r
c  15

1 10

5

20 10
3 (tirn)

0 -10 -20

650 660

—

-30 -40

\ \

\2

-TO”.v>-----------

00

— 'J-
O  (N|

meas

670 680 690 700 710
C a v ity  reso n an ce  a t 0= 0 , (nm )

/I,FP,
meas

/I,■QIV

Figure 3.14 Contour plot o f  Tjexira (%) into air as function o f  AXqw and S, fo r  Aqw fixed at 

670nm. The Xpp and AAgiv o f  the measured MCLED device are shown as dashed lines, the 

intersection o f  which locate the calculated extraction efficiency o f  the device.
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show the optimal detuning for a MCLED with the same active layer and mirrors is -12nm , 

and the expected extraction efficiency from such a device is 10.8%. Therefore by simply 

adjusting the thickness o f the layers o f our structure to achieve the optimal position o f the 

cavity mode and DBR stopbands, a factor o f more than two improvement in the extraction 

efficiency and hence the external quantum efficiency o f our MCLED device could be 

achieved.

The dependence o f rjextra on the source emission linewidth is clearly visible in Figure 3.14. 

Since there exists an optimal value for the detuning between the internal source emission 

wavelength and the cavity wavelength for maximum rjextra, as the internal emission 

linewidth increases less o f the emission can be optimally matched to the cavity mode 

resulting in a reduced rjextra-

3.5.2 Optimised cavity design for 650nm MCLED

In the previous section the dependence o f rjextra on the intrinsic emission linewidth o f the 

source and the detuning o f the cavity for a MCLED structure with the same Xqw and mirror 

structures as the fabricated device was calculated (see Figure 3.14). The optimised detuning 

5  and the importance o f the intrinsic QW emission linewidth for such a structure were 

noted. However the Xgiv value o f 670nm, taken from the measured device, used in these 

simulations resulted in emission spectra unmatched to the POF absorption minimum at 

650nm, while no attempt was made to optimise the front and back mirror reflectivities.

In this section MCLED structures emitting at 650nm designed for maximum extraction 

efficiency into all angles (//mra) and into angles guided by a fibre with NA=0.5 (rffibre) are 

discussed. The full optimisation o f a generic cavity design allowing for variation in AAqw, 

5, and the refractive indices and the number o f pairs in both DBR mirrors is a complex and 

involved process. The interplay between and optimisation o f  these various parameters with 

respect to rjextra for a generalised microcavity structure has been extensively discussed 

elsewhere both using the same numerical model implemented here [9] and by a more 

analytic approach [29]. In order to simplify the design process we fixed some o f the device 

parameters using our measured results and the limitations on refractive index contrast 

available in this material system at 650nm (see section 3.2). Firstly we set Aqiv= 650nm in
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order to satisfy our requirem ent for em ission at this w avelength, w hile A A q w  was set equal 

to the estim ated value for the QW s in our m easured structure at 20m A  o f  30nm  (the same 

intrinsic em ission lineshape was also used, see Figure 3.12). F inally  the com position o f  the 

top and bottom  DBRs in our grown structure provided near the m axim um  refractive index 

contrast available, subject to the need to avoid absorption and allow  carrier transport 

through the structure, and therefore the same m aterial com position was used for the DBR 

pairs in the sim ulation.

Having fixed these param eters there are three design variables that have to be optim ised 

nam ely the thickness o f  the cavity spacer layers, the thickness o f  the D B R  layers and the 

num ber o f  DBR pairs, which determ ine A f p , the D BR stopband position, and the m irror 

reflectivities respectively. In order to further sim plify the optim isation process the ratio o f 

the cavity and D BR layer thicknesses was fixed so that App  w ould be centred on the DBR 

stopband at all tim es. This resulted in three variable param eters -  the num ber o f  front DBR 

pairs, the num ber o f  back D BR pairs and the cavity m ode/D B R w avelength. The num ber o f 

front and back D BR pairs was adjusted betw een 0 and 10, and 5 and 30 respectively. For 

each com bination o f  m irror pairs A fp  was adjusted by varying the layer thicknesses to 

m axim ise rjexira- The resulting m axim um  rjexira as a function o f  the num ber o f  back m irror 

pairs for different num bers o f  front m irror pairs is plotted in Figure 3.15.
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The consistent increase in rjextra with the num ber o f  back D B R pairs is due to the increased 

bottom  m irror reflectivity reducing the loss o f  em itted light tow ards the absorbing 

substrate, rjextra w ill alw ays increase with increasing num bers o f  back DBR pairs, however 

a dim inishing increase from  each additional pair is predicted, and beyond a certain num ber 

the benefit from  adding another pair doesn’t justify  the increase in series resistance. Figure 

3.15 shows that increasing the num ber o f  back D BR pairs beyond 25 yields only a very 

small im provem ent in rjextra-

The dependence o f  rjextra on the num ber o f  front D BR pairs is slightly m ore surprising; 

JJexira decrcases with increasing num ber o f  front D BR pairs, w ith a m axim um  rjextra 

occurring for no front m irror pairs. Despite the absence o f  any front D BR in this optim ised 

structure, a cavity still exists with the sem iconductor-air interface acting as the front m irror 

with a reflectivity o f  «30% . The im portance o f  the cavity effect is shown by a sensitivity o f 

rjextra to thc thickness o f  the cavity spacer layers. To understand the reason no im provem ent 

in rjextra IS observed for an increased num ber o f  front D B R  pairs, we first have to consider 

the influence o f  the internal source linewidth on rjexira- For a m onochrom atic source 

increasing the front m irror reflectivity reduces the cavity m ode linew idth, allow ing a better 

confinem ent o f  the Airy peak o f  the FP mode in the extraction w indow  (see Figure 2.8(b)) 

and hence an increase in rfextra- W hen the internal source has a finite spectral linewidth, the 

peak o f  the FP m ode for each w avelength is located at a different angle, angles that are 

independent o f  the front m irror reflectivity. Therefore if  the intrinsic em ission linewidth o f 

the source is considerably broader than the FP linew idth, the integrated A iry mode 

linewidth over the internal spectrum  is determ ined by the internal source linewidth rather 

than the cavity FP mode linewidth. In this case increasing the front m irror reflectivity does 

not result in better confinem ent o f  the integrated A iry m ode w ithin the escape cone, and 

hence does not lead to an increased rjextra- The FW H M  o f  the FP m ode linew idth for the 

sim ulated structure with no front DBR pairs was »15nm , w hich is considerably less than 

A ^ q w , therefore the linew idth o f  the spectrally integrated A iry m ode for the sim ulated 

structure is lim ited by the internal em ission linewidth, and any increase in the front m irror 

reflectivity does not result in increased confinem ent o f  the integrated A iry m ode w ithin the 

escape cone. Increasing the num ber o f  front D B R  periods does how ever increase the 

effective cavity order o f  the structure [29], and the fraction o f  em ission directed towards
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the substrate, both o f  which resuh in a reduced vjextra- Therefore the m axim um  rjextra occurs 

for no front DBR pairs. This same trend has been observed in sim ulations on other 

m icrocavity structures defined by DBR m irrors with lim ited refractive index contrast and 

broad internal em ission linewidth [29].

Figure 3.16 shows r}f,bre as a function o f  num ber o f  front and back D B R  pairs. For each 

com bination o f  m irrors the position o f  A fp  was adjusted to m axim ise r/f,bre- rifibre shows a 

sim ilar dependence on num ber o f  front and back m irror pairs as r]extra, but the m axim um  

extraction efficiency into angles defined by the fibre NA o f  0.5 ( 0 < s in '’(O.5)=3O° ) is only 

0.04 com pared to the m axim um  r]exira value o f  0.14.
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Figure 3.15 Maximum rjf,bre as function o f  number o f  m irror pa irs  (AXQw=SOnm)

W hile the m axim um  values for rjextra and rjf,bre were obtained for the sam e m irror structures, 

the thickness o f  the cavity spacer layers and hence the value o f  Xfp was different for the 

optim ised structures in both cases. This is not surprising since the detuning o f  the cavity FP 

mode to longer w avelengths than JIqiv to m axim ise rjexira results in a two lobed farfield {Xqw  

resonant off-axis, 6 ^  0), which will be unfavourable for butt coupling the em ission into a 

fibre. The sim ulated farfield em ission patterns o f  the m icrocavities w ith no front m irror 

pairs and 30 back m irror pairs optim ised for m axim um  r]exira and rjfibre are shown in Figure 

3.16. The structure designed for m axim um  riexira, w hich has a detuning S =  - lO n m  shows
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the expected heart-shaped farfield pattern, however the maximum emission occurs at 

^=28°, rather than at ^=45° as expected for a monochromatic source [11], This difference 

is due to the asymmetric nature o f the source emission spectrum used in the simulations. 

The greater intrinsic emission at A<Xqw compared with A>Agfv results in a reduced optimal 

detuning and hence the maximum in the farfield pattern occurs at a reduced angle 

compared to a cavity with a symmetric intrinsic emission spectrum. In comparison the 

smaller absolute S  value o f-5 n m  for the structure optimised for maximum r/fibre results in 

maximum emission occurring at 0 = \2 ° ,  slightly less than middle o f the 30° acceptance 

cone defined by the fibre NA.
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Figure 3.16 Simulated Farfield emission patterns fo r  structures with no fro n t mirror 

pairs and 30 back mirror pairs, optimised fo r  either maximum rjextra or maximum rjfibre-

The simulation results presented in this section are designed to underline the importance of 

the intrinsic emission linewidth and lineshape, and the role o f  mirror reflectivities in 

determining the optimised cavity design. However both the QW emission linewidth and 

lineshape change with current density in the device, while Xqw and A/r/> also shift with both 

temperature and current. Therefore the optimisation o f a practical device design for 

operation at a range o f currents and temperatures and allowing for electrical design 

considerations is a far more complex task than described here. References [9,29] provide 

information on general trends and considerations involved, while specific details o f the
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optimisation o f a MCLED emitting at 650nm for POP applications are contained in 

reference [18].

3.6 Subsequent developments in 650nm MCLEDs

The MCLED device, whose emission properties have been presented in this chapter, was 

the first MCLED device emitting at these wavelengths fabricated under the SMILED 

collaboration. Considerable improvements in device performance were subsequently 

achieved under the SMILED program, through addressing the problems highlighted by the 

measurements in this chapter and by measurements on subsequent devices, as well as 

through extensive simulations. At this point a very brief summary o f this progress is given. 

Specific details o f the various device designs and performances can be found in the 

referenced documents.

An 84|im diameter MCLED structure emitting at 660nm with near-optimal detuning for 

maximum extraction efficiency, and with a grid top contact, produced a maximum external 

quantum efficiency o f 4.8% at 4mA and a maximum emitted power o f 2.6mW at 80mA

[30], This structure contained 7 top DBR pairs as it was found that reducing the number of 

pairs below this number resulted in reduced current spreading in the top DBR and increased 

series resistance. A data transmission rate o f 350Mbit/s was demonstrated with this device

[31].

The most recent results report external quantum efficiencies o f 10% for an 80|^m diameter 

MCLED emitting at 650nm [32], with the improvement in performance attributed to 

improved internal quantum efficiency. The temperature dependence o f the power is still an 

issue; however narrowing o f the farfield at higher temperatures offsets this effect in fibre 

coupling applications [33].

Even prior to this latest improvement in device performance, SMILED industrial partners 

Mitel were marketing a commercial 650nm MCLED device targeting POP applications. 

Therefore the future o f red MCLEDs appears promising, subject to the absence o f 

improved VCSEL performance at these wavelengths.
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3.7 Limitations on the extraction efficiency of planar MCLEDs

The purpose o f this section is to dem onstrate using our m odel the lim itations on the 

extraction efficiency o f  practically realisable planar M CLED  structures. As before we do 

not present an exhaustive analysis o f  the role played by different cavity and source 

param eters in determ ining this lim it as this as been done elsew here [9], instead the 

emission properties o f  a generic m icrocavity structure w ith near optim al m irror properties 

subject to practical considerations are calculated and discussed by w ay o f  an illustrative 

example.

M etal
(n= 0 .3+ 5 i)

S ource

S ubstra te
n=3

Figure 3.17 Asymmetric microcavity structure used in simulations, showing extracted 

mode profile in blue.

The chosen structure is designed to em it through the substrate thereby allow ing the use o f  a 

metal top mirror, which provides high reflectivity and m inim ises the cavity  length. There is 

no absorption in any layer o f  the structure other than the m etal, w hose refractive index is 

taken as 0.3+5i. The source layer (consisting o f  a horizontal dipole as before) is positioned 

at an antinode o f  the 3X./4 cavity, while the bottom  D BR consists o f  3 pairs o f  alternate n=2 

and n=3 layers. The refractive index difference betw een the D B R layers was chosen as an 

upper bound for that available in m ost m aterial system s, w hile the num ber o f  D BR pairs 

was chosen to provide the m axim um  rjextra- In our sim ulations we consider a 

m onochrom atic source, again providing an upper bound on the rjexira that could be expected 

for a real source.
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In order to understand the emission processes in the structure, the power emitted per unit 

soHd angle at the source layer was calculated. The integration o f  this quantity over all 

angles equals the total emitted power by the source. The plot o f power emitted per unit 

solid angle, as a function o f internal angle in Figure 3.18 illustrates the distribution of 

power between different modes in the structure. Emission at internal angles between 0° and 

the critical angle for an n=3 to air interface either couples to external angles in air between 

0° and 90° or is absorbed in the metal mirror. The fraction that couples to air represents the 

extracted emission from the structure. At internal angles greater than the critical angle for 

an n=3 to an n=2 interface, emitted light undergoes total internal reflection at the cavity 

DBR boundary, and hence is confined to the central cavity region. Modes that exist at these 

angles are known as guided modes and propagate laterally, only damped by their overlap 

with absorbing layers, in this case the top metal mirror. These guided modes exist at sharp 

angular resonances whose width is only limited by absorption in the structure. At internal 

angles between these two critical angles, emitted light undergoes total internal reflection at 

the air interface, but can still penetrate into the DBR, and couples to modes known as leaky 

modes. The balance between emission into extracted, leaky and guided modes together 

with absorption determines the performance o f  any microcavity structure.

Extracted/ Guided
absorbed modes

lO i modes
Leaky
modes

L i<uD.

o
CL,

0 .01 -

0^-sin  (1/3) 0 =sin' (2/3)
lE-3

0 20 40 60 80

Angle at source layer, 0  (degrees)

Figure 3.18 Emitted power per  unit solid angle as a function o f  angle at source layer.
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The fractions o f  the total em itted pow er that couple to each o f  these classes o f  modes, as 

well as the fraction absorbed in the metal m irror, as functions o f  the norm alised source 

wavelength are shown in Figure 3.19. A full explanation o f  the trends shown in Figure 3.19 

is given in reference [9], how ever in the context o f  the lim itations on rjextra for planar 

m icrocavities the follow ing two observations are relevant. Firstly, the fraction o f  total 

em ission extracted, rjextra, never exceeds 0.42, and secondly, at w avelengths where r]extra is 

m axim ised, emission into guided m odes dom inates the non-extracted light. The choice o f 

DBR refractive index contrast, the use o f  a m onochrom atic source and the absence o f  

absorption in the sem iconductor layers in our sim ulation m eans that the maximum  

calculated rjextra is unlikely to be exceeded by any presently realisable planar m icrocavity 

structure incorporating one or two DBRs. H ow ever the large fraction o f  em ission coupled to 

the guided mode o f  the structure suggests that photon-recycling processes, as described in 

section 2.7, but not accounted for in our m odel, may provide a m echanism  for surpassing 

this limit. As previously discussed, the exploitation o f  photon recycling effects while 

avoiding extrem ely large device sizes that are undesirable for m any applications requires 

the developm ent o f  higher dim ensional cavities with lateral m irrors to confine light emitted

Extracted  m odes 
G uided m odes 
Leaky m odes 
A bsorbed

o 0.5-

0.0
0.90 0.95 1.00 1.05

'FP

Figure 3.19 Integrated fractions o f  total emitted power coupled to various classes oj 

modes and lost to absorption in the metal layer as a function o f  source wavelength 

normalised to the cavity FP mode wavelength.



into the guided modes. H igher dim ensional m icrocavities also possess the potential for 

increased extraction efficiency in the absence o f  recycling, and increased recom bination 

rates as discussed in the previous chapter. W hatever the m echanism , it appears the 

developm ent o f  m ultidim ensional structures will be required to extend rjext for m icrocavities 

substantially beyond the limits outlined above w ithout resorting to extrem ely large devices.

3.8 Conclusions

The emission properties o f  a planar M CLED em itting at 660nm  have been presented and 

discussed. D espite evidence o f  a strong m icrocavity effect in the em ission spectrum  and 

farfield pattern, the m axim um  external quantum  efficiency o f  the device was less than 2%, 

and a m axim um  output pow er o f  only 0.8m W  was m easured. This poor perform ance was 

attributed to both a non-optim ised cavity design and problem s w ith carrier leakage from the 

QW s in the device.

The optical design o f  the cavity, an issue intrinsic to the m icrocavity  concept, was further 

investigated using a num erical model. The m odel successfully reproduced the m easured 

angular resolved spectra and farfield patterns and predicted a factor o f  2 increase in the 

extraction efficiency through the correct positioning o f  the cavity resonance wavelength. 

The influence o f  m irror reflectivities, source em ission linew idth, and positioning o f  cavity 

resonance on the extraction efficiency o f  M CLED  structures em itting at this wavelength 

was further investigated using the m odel. O ptim ised cavity designs for m axim um  

extraction efficiency into air and into an NA o f  0.5, assum ing a fixed source em ission 

linewidth and ignoring electrical design considerations w ere presented, with calculated 

efficiencies o f  0.14 and 0.04 respectively.

These m easurem ents and sim ulations played an im portant role in the initial developm ent o f  

M CLED technology at 650nm; a developm ent process that has resulted in greatly improved 

device perform ance and the realisation o f  a com m ercial M CLED  device at 650nm. The 

results also highlight some o f  the im portant design considerations com m on to all 

m icrocavity light em itting structures, such as m irror reflectivities and relative positioning 

o f cavity and source em ission wavelengths, and therefore serve as a valuable starting point 

for our investigations into more com plex m icrocavity structures offering higher 

dimensional photon confinement.
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One o f the motivations for investigating higher dimensional microcavities is highlighted in 

the final section o f the chapter where the ultimate limitation on the extraction efficiency 

achievable with planar microcavity structures incorporating DBR mirrors, in the absence of 

photon recycling effects, was investigated using the model. Simulations o f the angular 

distribution o f emitted power at the source inside such a planar microcavity show the 

significant coupling o f emission to guided modes. These results show the need to 

redistribute light from guided to extracted modes through photon recycling or some other 

mechanism if extraction efficiencies in excess o f 40% are to be realised by microcavity 

structures. The remainder o f the thesis is concerned with exploring aspects o f higher 

dimensional microcavities, structures that possess the potential for achieving such a 

redistribution.
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Chapter 4
Higher Dimensional Microcavity Structure 
(Microleek)

4.1 Introduction

In Chapter 3 the use o f effective lateral mirrors to confine light in the plane o f the device 

was proposed as a mechanism for surpassing the limits on the extraction efficiency o f 

planar microcavities. 3D photon confinement to wavelength scale lengths also offers the 

potential for strong modification o f the spontaneous emission process, and specifically 

the spontaneous emission rate (see section 2.4.2). However, the realisation o f lateral 

mirrors in structures that confine light to wavelength scales in two dimensions is a major 

challenge. Various structures that offer 3D confinement o f light including micropillars 

[1], microdisks [2], and hexagonal photonic bandgap microcavities [3] have been 

demonstrated. Micropillars and microdisks use a single semiconductor/air interface in the 

lateral direction to produce a cylindrical waveguide or confinement by total internal 

reflection (TIR) respectively. However neither structure offers full lateral confinement 

due to the limited range o f angles for which light is guided or reflected respectively. 2D 

photonic crystal structures, which can possess omnidirectional reflection properties have 

been used to produce strong lateral confinement o f light in hexagonal shaped cavities [3], 

however the emission properties o f these structures remain extremely complex. In this 

chapter the emission properties o f a novel structure offering 3D confinement o f light are 

investigated.

The structure consists o f circular concentric deeply etched trenches defined in a planar 

waveguide that act as a circular Bragg reflector around a central cavity. The structure is 

referred to as a “microleek” [4] due to its layered cylindrical structure and small 

dimensions. The lateral mirror structure is designed to confine light incident at the central 

cavity pillar edge at small angles near normal, thereby expanding the range o f confined
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angles beyond the large incidence confinem ent offered by TIR in m icrodisk structures. 

W hile the m icroleek structure falls short o f  the om nidirectional confinem ent prom ised by 

cavities bounded by photonic bandgap structures, the sim pler design o f  the m icroleek 

provides an interesting interm ediate structure with less com plex m irror properties and 

cavity  m ode structure.

Concentric etched lateral structures sim ilar to the m icroleek, term ed “fingerprint” 

structures w^ere im plem ented in circularly sym m etric d istributed feedback lasers (DFBs) 

[5,6]. H ow ever the shallow  etch depth in such “fingerprint” structures results in m odest 

light confinem ent and large m odal volum es, m anifested in broad area surface em ission 

(diam eters (j) »100|am ) [5]. In contrast, the com paratively large etch depth o f  the air 

trenches o f  the m icroleek results in stronger confinem ent o f  the light to m uch sm aller 

volum es {(j) «3(j,m). Therefore the m icroleek structure offers increased lateral light 

confinem ent over conventional 3D optical resonators such as m icrodisks and 

m icropillars, while m aintaining a small modal volum e, m aking it a potentially interesting 

structure for studying enhanced 3D m icrocavity effects.

O ur study o f  the photolum inescence (PL) properties o f  the m icroleek structure is divided 

into two broad sections. The first consists o f  m easurem ents perform ed at high excitation 

densities on structures containing quantum  well active layers. The high reflectivity o f  the 

m icroleek m irror is confirm ed by the observation o f  lasing, w ith the detailed lasing 

properties o f  the structure presented in section 4.6. The above threshold spectral and near

field em ission properties are explained using a m odel based on the m odes o f  a disk 

resonator.

The second part o f  our studies focused on tim e resolved PL m easurem ents on quantum  

dot em itters in a m icroleek structure. The PL lifetim e o f  quantum  dots coupled to a mode 

o f  the m icroleek structure is com pared to the PL lifetim e o f  quantum  dots coupled to 

unconfined m odes, and the PL lifetim e o f  quantum  dots outside the cavity. Finally the 

cavity properties required to produce a m odified spontaneous em ission rate for an em itter 

in a m icroleek structure are discussed.
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4.2 Cavity structure

4.2.1 Design principle

The novel concept of the microleek structure is the use of concentric deeply etched air 

trenches to act as a circular DBR. Along a radius the successive trenches are designed to 

operate at the fourth Bragg order in reflection. The use of fourth-order Bragg periods and 

thin trenches minimizes scattering losses [7], while still giving high reflectivities within a 

limited number of periods. Due to the 8n phase difference o f a round trip between 

successive trenches, light diffracted towards the vertical direction at successive trenches 

interfere constructively {4n phase difference), resulting in the coherent outcoupling of 

light from the cavity towards the substrate and air.

.Circular DBR 
structure

Central Cavit

Air ^  
Trenches

Mirrnr

Quantum Wells / 
Quantum dots

Slab Waveguide in 
vertical direction

Figure 4.1 Diagram o f  the microleek structure, showing the deeply etched air trenches that are 

designed to act as a fourth-order circular Bragg reflector. A scanning electron micrograph oj 

an 8 period microleek is also shown.

80



(a)

70nm r ----------1

_ 5A 1

m n r f ^ : u  II u ; y  1
> A < 1 • 1

l 8 (

f

Phase d ifference\
o f  rays diffracted 1

towards air
<  ̂ > ,

4n on I0 4 ti

Phase difference r ^  
o f  reflected rays Li6ti

(b)

im  1.0 

0 .8 -

..g'
■I 0.6-o o

 ̂ 0.41

0.2 i

0.0
900 1000

Wavelength (nm)
1100

Figure 4.2 (a) Cross section o f  microleek structure showing phase differences between light 

reflected and diffracted vertically at successive trenches, (b) Calculated reflectivity spectrum 

o f a 5 period circular Bragg mirror with A =620nm fo r  light incident in the radial direction 

(normal to the mirror).

The limited etch depth achievable for such fine features prohibits the incorporation o f  a 

top DBR mirror. However three-dimensional confinem ent o f  the light, over the range o f 

angles reflected by the CDBR, is achieved using a slab waveguide to confine the light in 

the vertical direction.

4.2.2 Samples

Two wafers were grown by m olecular beam  epitaxy (M BE) on gallium  arsenide (GaAs) 

substrates at Ecole Polytechnique Federale Lausanne (EPFL). Both wafers consisted o f  a 

planar AlGaAs/GaAs waveguide (see Fig 4.3 for details), w ith three Ino.17Gao.g3As 

quantum  wells (QWs) positioned in the center o f  the w aveguide in one wafer and three 

layers o f  InAs self-assembled quantum  dots (QDs) sim ilarly positioned in the second 

wafer. Nanom eter-scale e-beam lithography and reactive ion etching processes w ere used 

to define the «800 nm-deep and 70 nm -wide trenches [8 ], Structures with different Bragg 

periods (defined as the difference in radius between successive trenches) A= 580, 600, 

620 and 640nm and between 1 and 8  periods w ere etched in both wafers. The central



cavity (defined by the inner diameter o f the first trench) was equal to 5xA in all 

structures.

The different emission properties o f QDs and QWs are a source o f  significant interest in 

both fundamental and applied research [9], and are discussed in more depth in chapters 5 

and 6. The relevant properties o f the active layers in the structures in the context o f this 

chapter are listed below.

• Carrier trapping in QDs at low temperature produces localized emitters.

• Individual QDs have very narrow emission linewidths.

• Variation in the emission wavelength between individual QDs results in a broad

integrated PL spectrum from an ensemble o f dots.

• This large inhomogeneous broadening results in a reduced peak optical gain for

the QD layer, relative to the QW layer.

4.3 Modelling of cavity modes.

Air 
G aA s lOnm 

AlpjGaQgAs 150nm 
A lA s lOnm 

AlpjOaQgAs 150nm

G aA s lOOnm 

G aA s lOOnm

AlQgGaQ2As 400nm

GaA s 500nm

Substrate

AlAs GaAs

0 Calculated guided 
mode profile

0 . 17̂ 0̂.83-̂ ® QWs 
/InAs QDs

Distance from 
surface (|am)

increasing % A1

Figure 4.3 Layer structure o f GaAs/AlGaAs waveguide, with calculated guided mode 

profde at X=1000nm superimposed.
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The modelling of the optical modes of the microleek structure can be reduced from a 3D 

to a 2D problem by considering the 3D guided light propagation in the GaAs/AlGaAs 

waveguide as 2D planar propagation in a medium of effective refractive index Uejyof the 

guided mode. The guided mode profile of the heterostructure planar waveguide is 

calculated numerically using a series expansion method [10] and standard refractive 

indices for the AlxGaj-xAs material system [11]. The calculated mode profile is shown in 

figure 4.3 and confirms the strong confinement of the mode to the section of the 

waveguide above the etch depth. This ensures a strong interaction of the guided light with 

the etched circular Bragg reflector. The variation in of the waveguide mode with X 

was calculated and found to be well approximated over the range 800-1010nm by the 

expression A7e^/l)=3.39-4.0xl0’'*[/l(nm)-1000].

The problem is thus reduced to solving for the optical field y/(r, 6) in the 2D transverse 

direction. To simplify the problem further an ideal optically transparent disk of radius R 

is considered [Note: this is a change in notation from Chapters 2 and 3 where R 

represented reflectivity]. In this case, we require solutions to the Helmholtz equation

(4.1)

where k=nejfColc. The two dimensional Laplacian is expressed in terms of polar 

coordinates r and 9 as

(4.2)

We then write y/(r, ^  as a product of functions of r and 6 :

y/{r,6) = P{r)@{e) (4.3)

substitufing (4.3) and (4.2) into (4.1), we obtain

(4.4)
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where each term in (4.4) has also been multiplied by r^lPQ. Since ^  ^ ^  is only a
0 d d '

function of 6 and + k^r^ is only a function of r, each of these two
P dr^ P dr

functions must be equal to a constant so that (4.4) may remain valid for all values of r and 

9. Therefore,

1 d^P \ dP ,2
 r  + ---------+ k '
P dr rP dr

= M ‘ (4.5)

0  de^
(4.6)

where M  is called the separation constant.

The solution to (4.6), the ^dependent equation, is simply

iM O (4.7)

where M=0, ±1, ±2,....to guarantee that @{0) is single-valued (i.e. 0 (^ = 0 (^ 2 7 r« )  for 

1,2,3....) and .4 is a constant.

To solve (4.5), we first rearrange the terms to get

d^P  1 dP
dr 2  ^r dr

P  = 0 (4.8)

The general solution to the differential equation (4.8) is

P{r) = BJ^{kr) + CN^{kr) (4.9)

where B and C are constants, JM(kr) is a Bessel function of the first kind o f order M, and 

NM(kr) is a Bessel function of the second kind (Neumann function) o f order M [12], The 

singularity in the Neumann fianction at r = 0 means C must be zero for the field to remain 

finite at r = 0. Therefore, the optical field {(/(r, 0) for r<R is given by
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y/{r,e) = A B J^{kr)e ‘̂ ° (4.10)

We now enforce a zero field boundary condition at the edge o f the disk, y/(R,0)=O. To 

satisfy this boundary condition kR must equal a root of the Bessel function of order M. 

The solutions for k satisfying this resonance condition {JfJJiR)=Q) are labeled such 

that Rm.nR = Xm,n , the zero of the order Bessel function.

Therefore the resonant modes of an ideal transparent dielectric disk, assuming a zero field 

boundary condition are uniquely labeled by M  and N  the azimuthal and radial quantum 

numbers, respectively. The optical field of any such resonant mode for r  < ^  is given by

= (4.11)

where Amn̂ is a normalization constant. The optical field o f the mode has M  nodal 

diameters and N  nodal circles. The resonant angular frequencies {comn) and wavelengths 

of the disk are given by

COM. N
^  M, N ^ (4.12)

^  M.N

Having derived expressions for the field, and frequency of the resonant modes of an ideal 

dielectric disk, we can identify the two extreme cases of modes. Modes with M » N  

which propagate about the edge of the disk and are known as whispering gallery modes 

(WGMs), and modes with M « N  which are incident at the disk edge close to normal 

incidence, with only a small tangential component to their wavevector, and are known as 

quasi-radial modes (QRMs). WGMs are confined by TIR at a single semiconductor/air 

interface, and are the lasing modes in microdisk lasers. These modes are confined close to 

the disk boundary and have small modal volumes (Figure 4.4 (b)). Conversely, due to the 

large radial component of their wave vector, QRMs sample the entire disk (Figure 

4.4(a)). Therefore the interaction of emitters evenly distributed across the disk is much 

greater with the QRMs than the WGMs [13], making the control o f the QRMs essential to
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controlling spontaneous emission from the entire structure. QRMs are not confined by 

TIR but should be confined by the circular Bragg leek structure.

(a) quasi-radial mode 
N » M

(b) whispering-gallerv mode 
M » N

M ode Field 
In tensity

M nodal 
d iam eters

N noda 
circles

Ray
trajectory

Figure 4.4 Top - Mode structure o f  (a) a QRM with M=2, N=10 and (b) a WGM  

with M = ll, N=2, o f  an ideal disk resonator. Bottom  -  Corresponding schematic ray 

trajectory fo r  both modes, showing the incident (ki) and reflected (kr) wavevectors.

Having reduced the problem o f modelling the modes o f our structures from a 3D to a 2D 

problem by using the effective refractive index o f the guided mode o f the slab waveguide, 

we have derived expressions for the fields and wavelengths o f the modes o f an ideal 

dielectric disk. However, the zero field boundary condition at the disk edge assumed in 

the derivation is only true for WGMs [14] in the microleek structure. Since the circular 

Bragg reflector used to confine the QRMs in the microleek structure relies on the 

constructive interference o f  reflections from successive interfaces to confine the light, the 

optical field penetrates beyond the central cavity edge into the mirror structure, resulting 

in a non-zero optical field at the cavity edge. In order to model the QRMs o f the 

microleek structure o f central cavity radius R, we calculate the QRMs o f an ideal 

dielectric disk o f refractive index neffand radius R ’=R+d, where the additional term d  

accounts for the penetration o f the field beyond the cavity edge. This approach fails to 

properly account for the multiple reflections utilized in the circular Bragg structure, and
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the role played by the air trenches in the mode structure of the microleek. However it 

provides us with a simple model, with only one fitting parameter d, with which we can 

attempt to simulate and interpret our experimental results.

4.4 Experimental Setup

In order to investigate the emission properties of the microleek we have to selectively 

excite carriers in the central cavity of the structure. To do this using photoluminescence 

techniques requires an excitation spot smaller than the central cavity diameter, and an 

ability to image the surface of the sample.

The experimental setup used to perform photoluminescence measurements is shown in 

Figure 4.5. A mode locked Ti:sapphire laser, pumped using a 12watt Ar^ laser, producing 

2ps full width at half maximum (FWHM) pulses at a repetition rate of 83MHz and a 

wavelength of 830nm was used to excite carriers in the sample. The laser light was 

delivered to the system using a single mode fibre with a core diameter of S.S^m. The use 

of this fibre ensured that the incident light originated from a well-characterized point 

source. The output from the fibre was collimated using a xlO, 0.25 NA microscope 

objective (MOl). The collimated beam was directed using a beamsplitter (BSl) onto a 

x40, 0.65 NA microscope objective (M 02) positioned in front of the sample. The sample 

was positioned in the focal plane of the microscope objective resulting in an excitation 

spot of approximately 1.5|.im diameter on the sample surface. The luminescence and 

reflected laser were collected by M 02, and the reflected laser light was removed using a 

GaAs filter to absorb light with X< 890nm. Approximately half of the collimated 

luminescence beam was directed toward the spectrometer using a beamsplitter (BS2), and 

focused onto the entrance slit of the spectrometer using a 10cm focal length lens. The 

spectrometer consisting of a monochromator (JobinYvon HR320) with a Hamamatsu 

microchannel plate (MCP) photomultiplier tube (PMT) positioned at the exit slit, had a 

resolution of »0.5nm. The portion of the collimated luminescence beam transmitted by 

the beamsplitter (BS2) is focused using a 20 cm focal length lens (L2) onto a 1317x1035 

pixel air-cooled CCD array. The choice of a 20 cm focal length for L2 provides an overall
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system magnification o f x40 between the object (sample surface) and detector (CCD 

array) planes. Therefore one pixel (pixel width = 6.8|0.m) on the CCD camera corresponds 

to 170nm on the sample surface, enabling the accurate positioning o f the excitation spot 

on the microleek cavity centre.

When performing the low temperature measurements on the microleek structures 

containing QDs, the sample was mounted in an open cycle liquid nitrogen cryostat, which 

allowed temperature tuning between 77K-297K. A x40, 0.5NA microscope objective 

with a long working distance o f aSmm was used as lens M 02  when the sample was in the 

cryostat. Since the magnification o f the microscope objective is unchanged from that used 

for room temperature measurements the overall magnification o f the imaging system was 

unchanged. However the lower NA o f the microscope objective used to perform low 

temperature measurements resulted in a slightly larger excitation spot o f FWHM »2.0|am 

on the sample.

The MCP-PMT positioned at the output slit o f the monochromator also formed part o f a 

time correlated single photon counting (TCSPC) system used to perform time-resolved 

PL measurements. In order to achieve single photon detection the MCP-PMT was biased 

to 3000Volts. In a TCSPC system the time difference between a reference signal 

synchronized with the laser excitation pulses and a detected luminescence photon 

collected from the sample is measured [15]. A histogram o f the time differences between 

the laser pulse and luminescence photon produces a plot o f light intensity as a function of 

time. The time resolution o f  the system was «80ps.

This setup enabled the simultaneous measurement o f high resolution near field emission 

patterns, PL emission spectra and PL emission lifetimes from the microleek structure. 

The setup was adapted to perform the same measurements in the temperature range 

(T=77K to 297K) using a liquid nitrogen cryostat.
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Figure 4.5 Diagram o f experimental setup used to perform photoluminescence measurements 

on the microleek structure. M 01= xlO, 0.25 NA microscope objective, M 02= x40, 0.65 NA 

microscope objective (M02= x40, 0.5 NA when using cryostat), L I = 10 cm focal length 

spherical lens, L2 = 20 cm focal length spherical lens, and BS = beamsplitter.

4.5 Emission processes in Microleek structure.

Using the setup described in section 4.4 to perform PL measurements we can selectively 

excite carriers in the central cavity o f  the microleek structure. These carriers can 

recombine either radiatively or non-radiatively. The role o f non-radiative recombination 

at defects in bulk semiconductor material and at the etched interfaces o f the air trenches is 

discussed in Chapters 5 and 6 respectively. In this chapter we focus on the radiative 

recombination processes in the microleek to determine the mode structure o f the cavity 

and the effect this modified mode structure has on light-matter interaction in the cavity.
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Light produced by the radiative recombination o f carriers in the cavity centre can couple 

to either guided or unguided modes o f the vertical waveguide. Light that is emitted into 

unguided modes escapes into air or the substrate. Since these unguided modes do not 

impinge on the lateral mirror structures, emission into these modes does not experience 

any lateral confinement. Therefore any cavity effects will only be experienced by the in

plane guided emission. This in-plane guided emission couples to the modes o f the 2D 

cavity and is out coupled into air through diffraction at the circular Bragg reflector as 

shown in Figure 4.2.

Figure 4.6 Schematic diagram o f  radiative emission processes in microleek structure.

4.6 Microleeks containing Quantum Wells.

4.6.1 Lasing Results

When performing PL measurements at room temperature a sudden and simultaneous 

change in both the nearfield emission pattern and emission spectrum was observed, when 

the excitation power was increased above a certain threshold. The nearfield changed 

from a featureless disk to a distinct lobed pattern (Figure 4.7). This shows that below the

P h o t o c x c i t a t i o n

Unguided em ission
Diffracted in
plane emission

In-piane
guided em ission
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threshold, collected luminescence consisted o f a mixture o f unguided emission from the 

centre o f the microleek, and light diffracted upwards out o f the confined modes o f the 

structure by the circular Bragg mirror, while above the threshold, very little unguided 

emission occurs from centre o f the structure, with the collected luminescence being 

dominated by light diffracted from the circular Bragg mirror. This indicated that the 

emission changed from being roughly isotropic to being highly directional in the plane o f 

the waveguide. The spectrum o f collected luminescence changed at the same threshold 

pump excitation intensity from consisting o f several small, broad peaks superimposed on 

a background emission, to a spectrum dominated by one or two narrow peaks with 

FWHM < Inm.
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Figure 4.7 Typical Measured nearfield and PL spectra below and above threshold.
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To confirm that the threshold behaviour observed was due to the occurrence o f lasing, a 

light-light curve was measured which showed a clear threshold at the same pump power 

o f 0.45mW, corresponding to an average pump intensity o f 14.2kWcm‘ . Given the 

excitation wavelength o f 830nm, the pump beam is not absorbed in the two AlGaAs 

cladding layers, but only in the central GaAs cavity and QWs, whose total thickness, 

L goAs, is 220nm. A typical value for the absorption coefficient o f  GaAs at the pump 

wavelength is apump = 6000cm ''[16], hence apumpLcaAs = 0.132. Combined with the ~ 

30% reflection o f the incident laser at the air/GaAs interface, this gives an absorbed pump 

power at threshold o f 1.3 kWcm'^. As our excitation laser produced mode-locked pulses 

at a repetition rate o f 83MHz, with incident photon energy o f 1.5eV, the peak carrier
13 2density per quantum well at threshold is calculated at approximately 2.2x10 cm’ . This 

carrier density can be converted to an equivalent average current density per quantum 

well, J, o f 3.9 kAcm’ using the expression J=nq/r, where n is the carrier density per unit 

area, q is the electronic charge, and r is  the carrier lifetime, measured as 0.9ns.
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Figure 4.8 Luminescence intensity vs. Pump Intensity fo r  microleek structure, central 

cavity diameter = 3.2jum, surrounded by a 6 period circular Bragg reflector 

with A=640nm. The threshold pump intensity is extrapolated from  a straight line fitted  

to the data points with pum p intensities greater than 16 kWcm'^.
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By treating the quasi-radial modes o f the microleek structure as modes o f a ID cavity o f 

length equal to the diameter o f the central cavity, we can calculate a value for the 

theoretical threshold gain, gth, using the equation [17]

V  ^ C B R  J

(4.14)

where F is the confinement factor, IR  is the cavity diameter, and R cbr is the lateral 

circular Bragg mirror reflectivity near normal incidence. From the calculated guided 

mode profile we estimate F = 0.1. The reflectivity o f the circular Bragg structure is 

estimated at «90% from cavity mode linewidth measurements for similar structures as 

shown in section 4.7.1, and from previously reported values [4]. Using these values, we 

obtain a theoretical estimate for the threshold gain required to observe lasing in the quasi- 

radial modes o f  the microleek structure o f gth = 3200cm’' or a gain o f approximately 

1 lOOcm”' per quantum well. Such a material gain should be observed at the peak gain o f 

InGaAs/GaAs quantum wells at a radiative current density o f 1 lOAcm'^ per quantum well 

[18], The large discrepancy between the calculated threshold radiative current density of 

1 lOAcm'^ and the measured threshold current density o f 3900Acm'^ can be attributed to 

the loss o f carriers through non-radiative recombination at the etched trench surrounding 

the central cavity and the spectral mismatch between the peak in the QW gain and the 

lasing mode.

Since the primary focus o f this project is on the use o f microcavities to control 

spontaneous emission processes in semiconductors, we are more concerned with what the 

lasing properties o f this structure can tell us about the confinement and mode structure o f 

the microleek, than in the development o f the structure as a practical laser device. From 

this perspective, the real benefit o f the above threshold measurements is the unique 

identification o f the nearfield emission profile and associated wavelength o f individual 

modes o f the microleek cavity. The nearfield emission profiles show the number o f nodal 

diameter in the field o f the lasing mode, (i.e. 2 lobed emission profile corresponds to 1 

nodal diameter in the field, and a 4 lobed profile to 2 nodal diameters). Since the number 

o f nodal diameters in the mode field equals the azimuthal quantum number {M) o f the 

mode, we can unambiguously identify the existence o f a mode o f a known M  value at a
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given wavelength. From Figure 4.9(a) we identify an M = 1 (two lobed) mode at 

/l=996nm, and from Figure 4.9(c) we identify an M = 2 (four lobed) mode at A = 960nm, 

in both cases for a microleek structure with a central pillar radius of 1.6fj.m. Taking a 

value o f d = 55nm to account for the penetration of the QRM modes into the mirror 

structure, the mode wavelengths of a disk of radius R'(=J^+d) of 1.655nm were calculated 

using (4.13) and are shown in Figure 4.9(b). This value of d  predicts the existence of 

A^=l 1 modes with the correct M  values and approximately correct wavelengths to agree 

with experimental results.

The occurrence of lasing in the M=\ mode in only one direction indicates a lack of
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Figure 4.9 Above threshold spectra and associated nearfield emission profiles oj 

A=640nm structures with (a) 5 reflector periods and (c) 7 reflector periods. In (b) 

the calculated mode wavelengths o f  a disk o f  radius R ’=l655nm, labeled (M,N) are 

shown.
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azimuthal symmetry in the microleek structure. This asymmetry may be due to slight 

variations in etched trench width in the x  and y  directions, as reported for the 

“fingerprint” structures [5], or a slight ellipticity of the central post. Variations in etch 

trench width would result in azimuthal variations in mirror reflectivity and scattering 

losses. Any ellipticity of the central pillar would also remove the azimuthal symmetry of 

the structure [19]. An asymmetry in the nearfield of the M  = 2 mode in Figure 4.9(c) is 

also observed, with the top and bottom lobes brighter than the left and right lobes as 

shown. This can again be explained by a variation in the trench width in the x  and y  

directions resulting in a higher diffraction efficiency of the lasing mode into the 

collection cone of our microscope objective at the top and bottom of the structure.
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Figure 4.10 Lasing spectra o f  6 period A  = 600, 620 and 640 nm microleeks, 

compared to the calculated wavelengths o f the M=2, N = ll mode.

Lasing was also observed in microleek structures with A  = 600, 620 and 640 nm. The 

lasing spectra of modes, identified as M  = 2 modes from nearfield images, for the three 

different sized devices are shown in Figure 4.10. Also shown are the calculated mode 

wavelengths of the M=2, N - l  1 modes, using the same value of J  = 55nm. The results of 

our measurements on the lasing properties of microleeks are summarized in Table 4.1.
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Radius of 

central pillar, 

(=5xA)

R (nm)

M  number of 

lasing mode, 

(from nearfield) 

M

Measured 

wavelength of 

lasing mode.

^meas (mTl)

Calculated wavelength of 

mode of correct M  number and 

jV = 11 for disk of radius 

R'-R+d, c/=55nm.

A-caic (nm)

1600 1 996.3 ± 0.5 997.7

1600 2 960.2 ± 0.5 960.4

1550 2 934.5 ±0.5 934.2

1500 2 908.0 ± 0.5 907.9

Table 4.1 Summary o f  measurements oflasing properties o f  microleeks.

The final two columns of Table 4.1 show the excellent agreement between the measured 

and calculated mode wavelengths using a value d = 55nm in the model. To check 

whether other values of d, which might give as good or better agreement with 

measurements, exist, the difference between the measured mode wavelength and the 

nearest modelled mode wavelength with the correct M  quantum number was calculated 

for a range of d values. The results in Figure 4.11 show how values of d around 195nm 

and 330nm can produce good agreement between theory (7V=12 and N= 13 modes 

respectively) and experiment for individual modes, however the values of d  required for 

agreement differ for different modes. Figure 4.12 shows how d = 55nm produces the best 

overall agreement between the modelled and measured wavelengths for the four modes, 

with the average difference equaling 0.5nm, which is equal to the resolution of our 

spectrometer. The best fit of the experimental modes to modelled N=\2 {N=\2) modes 

occurs for d = \95 nm (336nm) giving an average difference between modelled and 

measured wavelengths of 1.8nm (3.8nm).

While any error in riejf would translate itself into an error in d  if  results from only one 

sized device were considered, a single value of d  cannot correct for any error in /Zg^when 

microleeks of different diameter are considered. Therefore the success of our model in 

reproducing the mode wavelengths for different sized devices suggests that the error in 

our value of «e^is small and that our fitted value for d is well defined.
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As previously mentioned the fitting parameter d accounts for the penetration of the 

optical field of the quasi-radial modes into the lateral CDBR mirror structure. The 

penetration of the optical field is a consequence of the distributed nature of reflections 

from a Bragg mirror and can be accounted for by an equivalent model of an ideal mirror 

positioned at a distance known as the penetration depth inside the Bragg mirror structure. 

An estimate for the penetration depth can be obtained from the calculated variation in the 

phase of the reflection across the DBR stopband [20], with typical values of 1.5A, 

obtained for A./4 GaAs/AlAs DBRs [21]. The variation in the phase of the reflected light 

from our CDBR across the spectral stopband at normal incidence was calculated using 

the transfer matrix method outlined in Appendix A2, from which a penetration depth of 

150nm was estimated. While this is less than the period o f our CDBR, the high 

reflectivity at each interface of the first air trench of the structure makes such a small 

penetration depth possible. This estimate for the penetration depth is considerably larger 

than the fitted d value of 50nm used to model our measured results, however both our 

model for the modes of the microleek structure and our calculated estimate for the 

penetration depth are simplified approximations of the optical properties of the physical 

structures. Despite this it should also be considered that different modes might penetrate 

different depths into the CDBR, so that different d values may be appropriate for different 

modes, which would allow the matching of 7V=12 modes with slightly different d values 

of «195nm to the measured lasing modes as shown in Figure 4.11. Therefore while a 

single fitted d value of 55nm reproduces the observed lasing properties, it appears small 

in the context of its interpretation as a penetration depth, with calculated estimates 

suggesting a larger value would provide a more physically meaningful value.
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Figure 4.11 Difference between measured and nearest modelled wavelength o f  correct 
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Figure 4.12 Overall difference between measured and nearest modelled wavelength oj 

correct M  number fo r  4 modes listed in Table 4.1 as a function offitting parameter d.
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4.6.2 Summary

Lasing has been observed in a microleek structure containing quantum well emitters. The 

measurement of nearfield emission patterns has enabled the identification of the 

azimuthal component (M number) of the lasing mode. The measured wavelengths of 

modes with different M  numbers (1 and 2) and from different diameter devices have been 

successfully modelled using the modes of an ideal disk resonator. The model contained a 

single fitting parameter to account for the penetration of the QRM fields into the lateral 

mirror structure. The radial quantum number of the lasing modes were determined from 

the model as 7V=11, and hence the lasing modes were clearly identified as QRMs 

( M « N ) ,  which are not confined in standard microdisk structures. The observation of 

lasing in the QRMs of the microleek structures, albeit at high carrier densities, confirms 

the high reflectivity of the etched circular Bragg reflector used to confine these modes. 

The small value of d, which accounts for the penetration of the mode into the mirror, used 

to successfully model the mode wavelengths, highlights the strong conflnement of the 

QRMs to the central cavity of the microleek structure.

4.7 Microleeks containing Quantum Dots

The reasons for incorporating QDs as emitters in microleek structures were threefold:

• they provide a broad band PL spectrum without any sharp features which enables 

the clear identiflcation of the cavity modes over a wide range of wavelengths 

[22].

• carrier trapping in the QDs should reduce the effect of non-radiative 

recombination at the etched walls.

• the discrete electron energy levels in a single quantum dot ensure an electronic 

transition spectrally narrower than the cavity mode, thereby enabling it to 

experience the full enhancement of the cavity mode [23].

Having established the strong 3D conflnement of light in the microleek structure, our 

primary motivation for studying similar structures containing QDs was to establish 

whether the microcavity effect was sufficient to produce an enhanced spontaneous 

emission rate. However as a first step the modes of these structures had to be identified
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since only emission into a cavity mode experiences any cavity effect. The PL spectral 

measurements used to establish the cavity mode wavelengths are presented in section

4.7.1. The time resolved PL measurements on the structures are presented in section

4.7.2.

4.7.1 Photoluminescence spectra

Photoluminescence spectra and nearfields were measured for a range o f microleek 

structures (A=600nm, 620nm, and 640nm) containing QDs, however lasing was not 

observed even at high carrier densities. This can be explained by the lower peak optical 

gain o f the QDs relative to QWs due to the large inhomogeneous broadening in the QD 

layer (see Chapter 5). Since lasing was not observed no insight into the mode structure 

could be obtained from the nearfield patterns, however the spontaneous emission PL 

spectra from the microleek structures displayed clear peaks, not present in the PL 

spectrum from QDs outside the cavity.

Similar spontaneous emission PL spectra o f microleek structures containing QDs were 

first measured at room temperature and explained in terms o f QRJMs by Labilloy et al. 

[4], using the model outlined in section 4.3. However, since cryogenic temperatures were 

required when investigating PL lifetime effects, the mode structure o f the devices had to 

be mapped as a function o f temperature. The spectra were modelled following the 

approach o f [4], with the modes in the simulated spectra weighted by an ad hoc visibility 

factor g(A/)=sinc^[(M+l)/12], to account for the impaired collection efficiency with 

increasing M. This is due to the greater azimuthal component o f a m ode’s wavevector as 

M  increases, resulting in light diffracting out o f the mode at increased angles from the 

vertical, reducing the probability o f collection within the limited NA o f the microscope 

objective. The modelled mode linewidths are a result o f an assumed cavity finesse F  = 

50. {F=FSR!AX where AX is the FWHM o f cavity mode and FSR  is the free spectral range 

between two modes o f the same parity (same value o f M, values differ by 1) [34]).
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The additional temperature dependence of the cavity mode structure is modelled using 

literature values for the temperature coefficient of the refractive index dnIdT of GaAs as 

3x10"^ K’’[24] and AlxGai-xAs (e.g. AlAs value of 1.25x10''* K"') [25], and assuming a 

linear thermal expansion coefficient of 6x10'%  K’’[26].
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Figure 4.12 Measured and simulated PL spectra from 8 period microleek structures 

with (a) A=620nm and (b) A=640nm at T=^125K. The modelled spectra assume a 

cavity finesse o f  50 and the mode amplitudes are weighted to account fo r  the light 

collection efficiency dependence on mode M  number. The numbers in parentheses are 

the mode quantum numbers (M,N). The modelled reflectivity o f  the circular Bragg 

reflector o f  the structures fo r  normally incident light (i.e. light propagating along the 

radius o f the structure) is also shown. The measured spectra are offset by 1 fo r  clarity.
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Good agreement between the measured and modelled PL spectra for two microleek 

structures at an intermediate temperature o f 7’=125K are shown in Figure 4.12, for a value 

o f (i = 360 nm. Both the mode positions and linewidths are reproduced by the model, 

while the general trend o f decreasing intensity with increasing M  number is observed in 

the measured spectra.

The success o f our simple linear approximations in reproducing the temperature 

dependence o f the (M,A0=(1,13) mode wavelength is shown in Figure 4.13, while similar 

agreement was observed for other modes.

The larger value o f c/=360nm required to reproduce the experimental spectra for the 

microleek structures containing QDs compared to <i=55nm for the microleek structures 

containing QWs, indicates greater penetration o f the mode fields into the Bragg reflector 

in the structures containing QDs. This is probably due to a slightly greater trench etch 

depth in the structures containing QWs, which results in a greater interaction between 

light in the guided mode and the etched mirror structure. The reflectivity, R cbr o f the 

circular Bragg reflector can be estimated from the value o f F  used to model the spectra. 

The approximation F  » n / { \ - R cbr ) for a planar Fabry-Perot mode in the limit R c sr  ~  1 

[27] is still valid for the microleek structures since R » ? J { l T i n e j ^  (where R is the 

microleek central cavity radius), giving R cbr ~  1 -  t t /F  »  94%.
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Figure 4.13 Measured (data points) and modelled (solid line) wavelengths o f  (1,13) 

mode o f  A=620 nm microleek structure as a function o f  sample temperature.
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We have measured the spontaneous emission PL spectra from microleek structures in the 

temperature range r=77K  to 297K, and shown that our model can be adapted to 

reproduce the observed cavity mode structure. The measurements confirm the high 

reflectivity o f the circular Bragg reflector and the strong confinement o f the cavity modes 

to the central pillar o f the microleek.

4.7.2 Photoluminescence Lifetimes

The ability o f a cavity to modify the spontaneous emission rate o f a dipole by altering the 

dipole-field coupling and the density o f available photon modes, a phenomenon known as 

the Purcell effect [28], was introduced in Chapter 2. We saw that the enhanced light- 

matter interaction due to the cavity is only sufficient to produce a significant modification 

o f  spontaneous emission rate when the cavity confines light to wavelength scale 

dimensions in all three directions, confirmed by measured enhancement factors for 

micropillar and microdisk structures [29]. Time resolved PL measurements were 

performed on the microleek structures to determine whether a cavity-induced 

enhancement o f the spontaneous emission rate was present.

The correct choice o f emitter in the cavity is essential if  any effect is to be observed. 

Firstly, the spectral linewidth o f the emitter must be narrower than the cavity mode 

linewidth, if  the emitter is to experience the full effects o f  the cavity. Secondly, the 

emitters must be localised within the cavity to prevent non-radiative recombination at the 

microcavity sidewalls dominating the intrinsic cavity effects. InAs/GaAs QDs at low 

temperatures fulfill both these requirements, with individual dots possessing a narrow 

emission line with a FWHM < O.lSmeV [30], and efficient carrier capture and trapping in 

the nanometer scale QDs resulting in localised emitters. However, at room temperature 

carriers have sufficient thermal energy to escape from the quantum dots, resulting in non

localised emitters in the cavity. Therefore, the PL lifetime measurements have to be 

performed at cryogenic temperatures.

An expression for the spontaneous emission rate o f an emitter into the cavity mode, 

relative to the emission rate in a homogeneous surrounding medium can be derived from 

Fermi’s Golden Rule (see Appendix A l), and is given by
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2
(4.15)

cav

for an em itter o f  w avelength X located at re, where tq is the em ission lifetim e in a 

hom ogeneous m edium  o f  refractive index n, and Zcav is the em ission lifetim e into the 

cavity mode. Xc is the cavity m ode w avelength; AXc is the FW HM  o f  the cavity mode; n 

is the refractive index; Q (=Ac/AAc) is the cavity quality factor; Fgj is the effective mode 

volum e, defined as the spatial integral o f  the vacuum  field intensity for the cavity mode, 

divided by its m axim um  value; / ( F )  is the norm alised m ode spatial function; and

em itter, d  and f { r ^ ) .  The second term on the right hand side o f  (4.15) describes the

spectral m atching betw een the em itter and cavity m ode w avelengths, while the third term 

in (4.15) describes the orientational and spatial m atching betw een the em itter and the 

cavity mode. Both term s are equal to unity for a dipole em itting at Ac, located at an 

antinode, and aligned with the electric field o f  the cavity m ode. For such an em itter 

exactly m atched both spectrally and spatially to the cavity m ode, the enhancem ent factor 

is given by the Purcell factor, Fp.

Fp corresponds to the largest enhancem ent the cavity can induce and hence acts as a 

figure o f  m erit for the cavity. H ow ever w hen considering practical structures the spatially 

and orientation distribution o f  all em itting dipoles in the cavity contributing to the 

m easured em ission has to be taken into account.

describes the orientation m atching o f  the electric dipole o f  the
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A cavity induced modification of the spontaneous emission rate is unambiguously 

identified by comparing the measured PL lifetimes from emitters in the cavity at X=Xc 

and at ?^^c- Only emitters with X=Xc will couple to the cavity mode and experience any 

cavity-induced enhancement of the emission rate while emitters at can only couple 

to the leaky modes of the cavity. Since both lifetimes are measured for emitters in the

cavity mode 
leaky mode 
bulk material 
exponential decay fitsT =750ps

0 .0 1 -

0 2 3 4 5

Time (ns)

 ̂=580ps

X =

320ps

0.01
0 2 3 4 5

Time (ns)

Figure 4.14 Measured PL lifetimes at T=77K (top) and T=297K (bottom). 

Measurements were performed on an 8 period A= 620nm (R=1.55fjm) structure, 

using the (3,12) mode as the cavity mode.
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cavity any effects due to the presence o f the etched microcavity sidewalls such as 

increased non-radiative recombination, will be evident in both measurements. Therefore, 

a difference in these two measurements is taken as evidence o f a cavity induced 

modification o f the spontaneous emission lifetime.

While photon recycling effects can lead to an increase in the emission lifetime, the long 

absorption length for light in the guided mode by the QD layer (»100|o,m [31]), combined 

with the small dimensions of the microleek, results in a prediction o f the reabsorbed 

fraction o f emission o f < 0.08 [32], and hence an increase in the emission lifetime by a 

factor o f < 0.09 (see section 2.7).

Figure 4.14 shows the measured PL decays for emission into (i) the (3,12) cavity mode of 

an /?=1.55|am microleek structure, (ii) leaky modes at a slightly shorter wavelength o f the 

same structure and (iii) modes o f  bulk material (away from any etched features). A single 

exponential o f the form

/ ( 0  = /o e x p ( - r / r )  (4.17)

was fitted to the initial portion o f each measured PL decay to determine the emission 

lifetime, r. At T=77K the measured PL lifetimes for the three situations are the same 

(x w750ps). Therefore, there is no Purcell effect in these microleek structures with R » 

1.5|am. At r=297K there is a significant difference between the emission lifetime from 

QDs coupled to the cavity mode ( r  =320ps) and QDs in bulk material ( r  =580ps), 

however a reduced lifetime is also observed for QDs in the structure coupled only to the 

leaky modes o f the cavity due to their emission wavelength. Since any cavity induced

960 965 970 975
Wavelength (nm)

Measured PL spectrum
Lorentzian fits
Sum of fitted Lorentzians

980 985

Mode p̂eak AX Q
(M,N) (nm) (nm)

(1.13) 968.7 1.6 605

(3,12) 970.9 1.5 647

(5.11) 974.8 1.5 650

Figure 4.15 Plot showing best-fit Lorentzian fdnctions to measured PL spectra, and table oj 

mode wavelength, mode linewidth and Qfi-om fitted  Lorentzians.
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enhancement of the emission rate is only experienced by emitters coupled to the cavity 

mode, the reduced emission lifetime at room temperature from QDs in the microleek 

structure is due to carriers reaching the fast non-radiative decay channel introduced by the 

defects in the etched cavity sidewalls.

To explain the absence of a Purcell effect in the microleek cavities, a direct measure of 

the cavity Q, is obtained from fitting a Lorentzian lineshape to the cavity mode. The best 

fit Lorentzian to the (3,12) mode of the measured spectra yields a cavity Q » 650, as 

shown in Figure 4.15. To calculate Kj fwe  need to integrate the spatial mode function 

f{r,6,z) over all space, to do thisy(r,^,z) is first expressed as the product of two separate 

functions, f(r,0,z)=g(r,0h(z). Then we can write:

z)\drdOdz -  [||/?(z)|c?z] (4.18)

h{z) is just the normalised guided mode profile, the integral of which over all values of z 

equals 290nm and is called the effective mode height. The effective mode area which 

corresponds to the integral o f g{r,0) over all values of r and 6, is more difficult to 

calculate since our model does not predict the mode field in the lateral mirror structures. 

We estimate the effective mode area as the integral of (4.11) for a disk of radius R'=R+d, 

from r =0 to r=R-\-d, where R is the radius of the central cavity o f the microleek and d is 

the fitting parameter to account for the penetration of the field into the mirrors. Using this 

approximation we obtain a value of 3.1|am^ for the effective mode area and hence
2 3Fe/=(0.29|^mx3.1|im )=0.9|im , for the microleek structure measured (i?=1.55|am, 

J=320nm). Taking Xcav -  971nm, and riejf = 3.4 we obtain a value of F^,»1.3. Therefore, an 

emitter exactly matched both spectrally and spatially to the cavity mode would expect to 

experience an enhanced emission rate by a factor of 1.3 into the cavity mode, and with 

the twofold degeneracy o f the cavity modes due to the e'*^^ component o f (4.11) [19], we 

would expect an overall enhanced emission rate from such an emitter into the cavity 

modes of 2.6.

However to simulate our experimental measurement we have to average the modified 

enhancement given by (4.15) over all QD’s in the cavity whose emission wavelength lay
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vdthin our spectral resolution. Even if we assume that the spectral resolution of our 

experiment restricted our measured PL lifetime to QDs exactly spectrally matched to the 

civity mode, setting the second term in (4.15) equal to unity for all QD emitters 

measured, we still have to consider the orientational and spatial distribution of emitters in 

tlie cavity. Since the dipole associated with the fundamental transition in the QDs is
2 I — |2essentially randomly orientated [33], ^ «l/3  in (4.15). The average value of |/(^e)| for

QDs in the microleek cavity is estimated as the average value from r=0 to r=R of

|t/(r,^)|^ from (4.11) for a disk of radius R'=R+d giving a value of «0.12. Finally,

qiantum dots spectrally matched to the cavity mode can still emit into leaky modes, 

orresponding to emission angles unguided by the vertical waveguide. From the 

treasured PL lifetimes we know the spontaneous emission rate into unguided modes 

{■/Tteaky) IS approximately equal to the emission rate in bulk material { I / tq).

Combining these effects, we obtain a prediction for the average enhancement of the 

spontaneous emission rate into the microleek cavity mode (1/rcav) of our structure of

T\  cav J

( f^x2 x l/xO.12]
'  free  y

(0 . 1)
free  y

(4.19)

ard an estimate of the overall spontaneous emission rate of QD emitters coupled to the 

cavity mode (1/r) of

1
+

V cav J
T

y  leaky J

1 . 1
v̂ o y v^o y

(4.20)

Therefore when full account is taken of the spatial and orientational distribution of the 

QD emitters in the cavity, theory predicts approximately equal spontaneous emission 

ra.es from QDs coupled to the cavity mode of our microleek structure and QDs in bulk 

seTiiconductor, which agrees with our measurements.
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To obtain an estimate of the combination of cavity dimensions and cavity Q required in a 

microleelc structure to produce an enhanced emission rate, the overall enhancement of the 

spontaneous emission rate (ro/r) into the (3,12) mode of microleek structures was 

calculated as functions o f Q and /?, assuming an unchanged emission wavelength and d 

value. The contour plot shown in Figure 4.16 highlights the very high value of QIR 

required in order to observe an enhanced emission rate in microleek structures. A 

microleek structure with a central cavity radius of 0.6|im and a Q o f  1200 would be 

required to observe a factor of 2 enhancement of the spontaneous emission rate, these are 

similar to the cavity parameters at which a factor of 2 enhancement of the emission rate 

was observed in micropillar structures [23].

The calculation takes account of emission coupling to both cavity and leaky modes. As 

previously discussed in section 4.5, only emission into the guided mode of the vertical 

waveguide couples to cavity modes and experiences the lateral confinement of the CDBR 

structure, while emission at angles unguided by the vertical waveguide couples to

Experimental
structure1.4-

" 3  0 .,

^  0 .6 - •2 .0'

y 0.4- -3.a

•5.0;-4,0'
0.2

200 400 600 800 1000 1200 1400 1600 1800 2000

Cavity Q

Figure 4.16 Contour plot o f  overall enhancement o f  the spontaneous emission rate into 

a QRM o f a microleek structure accounting fo r the spatial and orientational mismatch 

between QD emitters and cavity mode.
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unconfined m odes and does not experience any cavity effects. The em ission rate from a 

quantum  dot in the m icroleek structure is the sum o f  the em ission rates into cavity and 

leaky (unconfm ed) m odes as expressed in (4.20). The enhancem ent factor o f  the em ission 

rate into the cavity mode is calculated based on the Purcell factor as outlined above and is 

independent o f  angular considerations, while we estim ate the em ission rate into leaky 

m odes as being approxim ately equal to the em ission rate in bulk m aterial from  the 

m easured PL lifetime from  QDs at wavelengths where no cavity m ode exists and hence 

the m easured emission rate is the em ission rate into leaky m odes.

It should be noted that since our m odel does not account for the role o f  m ultiple 

reflections at the interfaces o f  the etched Bragg reflector, and hence doesn’t properly 

m odel the penetration o f  the mode field into the lateral m irror, our expression for the 

m ode field, f i r ,  9) is only an approxim ation. Therefore, our calculated values o f  Vejf and

|/(r^ )|^  used to calculate the em ission rate are only approxim ations. The m odes o f  these

m icroleek structures have also been calculated using a 2D cylindrical m odel based on a 

transfer m atrix m ethod and Hankel functions [34], w hich accounts for the m ultiple 

reflections at the interfaces o f  the circular Bragg reflector. The results o f  these 

calculations [34] show good agreem ent with the m ode w avelengths and m ode volumes 

predicted by our simple m odel. This suggests that our m odel provides a good estim ation 

o f  the cavity properties required to produce enhanced em ission rates.

4.7.3 Summary

The PL spectra from m icroleek structures containing QD em itters show ed a num ber o f  

clear peaks that were explained in term s o f  the diffracted Q R M s o f  the structure. The 

tem perature dependence o f  the m icroleek m ode structure was m easured and successfully 

m odelled using linear approxim ations for the tem perature dependence o f  the refractive 

index and expansion coefficient.

The m easured PL em ission lifetim e at 77K showed no cavity-induced enhancem ent o f  the 

spontaneous em ission rate. This was shown to be consistent w ith calculations when 

averaged over the spatial distribution o f  QDs coupled to the cavity  m ode. The observed 

difference in PL lifetime from  QDs in the m icroleek structure and from  sim ilar QDs in
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bulk material at T=297K was attributed to the effect of increased non-radiative 

recombination caused by the presence of the etched cavity sidewalls.

4.8 Conclusion

The emission properties of a novel 2-dimensional microcavity incorporating a waveguide 

to confine light in the third dimension have been investigated. The design principle of the 

etched circular Bragg reflector and its advantages over the single semiconductor air 

interface of an isolated post structure were discussed.

Two sets of structures were investigated, incorporating either QD or QW emitters. The 

observation of lasing in the structures containing QWs enabled the identification of the 

azimuthal component {M number) and wavelength of individual modes from measured 

nearfields and spectra respectively. Modes with different M  values and of different cavity 

sizes were successfully matched with the modes of an ideal disk resonator of slightly 

greater radius than the central cavity of the structure to account for the penetration of the 

mode fields into the Bragg reflector. The radial components of the lasing modes were 

determined from the model, resulting in their classification as QRMs, not confined in 

isolated post structures.

The spontaneous emission spectra from microleek structures containing QDs showed 

clear resonance peaks that were again identified with QRMs, with the reflectivity of the 

circular Bragg mirror estimated at > 90% from the fitted value for the cavity finesse. A 

value of 650 was obtained for the cavity Q from fitted mode linewidths. The temperature 

dependence of the cavity mode structure was also successfully reproduced by our model. 

Despite the high reflectivity o f the lateral mirrors and the strong confinement of the 

modes to the central cavity, evidenced by the size of the nearfield images above 

threshold, no cavity-induced modification of the emission lifetime was observed. Indeed 

calculations showed a considerable decrease in cavity radius and increase in cavity Q 

would be required to observe such an effect.

The negative impact of non-radiative recombination at the air interfaces of the deeply 

etched lateral mirror was highlighted by the high carrier density required for lasing and 

the shortened PL lifetime from the microleek structure at T=297K.



In summary, the lasing measurements have provided a unique and valuable insight into 

the mode structure o f the microleek, and demonstrated the impressive performance and 

enhanced confinement o f light by the etched Bragg reflector. However the failure to 

observe a Purcell effect highlighted the severe requirements on cavity properties required 

to produce enhanced spontaneous emission rates.
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Chapter 5
PL spectral characterisation of InAs/GaAs 
quantum dots.

5.1 Introduction

This thesis is concerned with investigating the emission properties o f microcavity light 

emitting structures, which are not only dependent on the effects o f light confinement as 

explored in chapters 3 and 4, but also on the choice o f active layer in the structure. In 

particular the role o f the active layer in reducing the negative impact o f non-radiative 

recombination at etched sidewalls is essential to the realisation o f enhanced performance 

at room temperature o f higher dimensional optical microcavities incorporating deeply 

etched lateral mirrors. Chapter 6 o f this thesis focuses on the potential and limitations o f 

quantum wells (QWs) and particularly quantum dots (QDs) as emitters in such 

microcavity structures.

However the range o f reported behaviour o f self-assembled quantum dots, o f similar 

composition to those in our microleek structures, in photoluminescence measurements 

[1,2,3] reflects the sensitivity o f the dot formation process to layer thicknesses and 

growth conditions [4], and necessitates the characterisation o f the bulk emission 

properties o f our QDs, before we can interpret their behaviour in etched cavity structures. 

Therefore in this chapter the PL spectrum of our self-assembled QD layer is measured as 

a function o f temperature and pump intensity, to provide insights into the impact o f 

thermally activated carrier escape and excited state transitions respectively. The measured 

temperature dependence o f the PL spectrum o f a QW is also presented for comparison.

5.2 Quantum Dots -  Background
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The effects o f confining Ught to wavelength scale dimensions and the exploitation o f the 

corresponding modification o f the optical density o f states have been the themes of 

chapters 3 and 4. Similarly the confinement o f electrons to wavelength scale dimensions 

produces significant modifications o f the electronic density o f  states [5], however the 

relevant wavelength for electrons is the de Broglie wavelength, which has a value o f 

«10nm at 300K. The realisation o f structures o f such dimensions is clearly a huge 

technological challenge, however the benefits both demonstrated and predicted from the 

quantisation o f the allowed electron energies are so significant that investigations into the 

properties o f novel and refined structures offering quantum confinement o f electrons 

remains one o f the most active areas o f both fundamental and applied research [5].
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Figure 5.1 Schematic comparison o f typical dimensions required fo r  observation o f  bulk, 

quantum optical confinement, and quantum electron confinement effects.

The advent o f novel epitaxial deposition techniques like molecular beam epitaxy (MBE) 

in the 1970’s [6] enabled the growth o f high quality semiconductor layers o f uniform and 

controlled thickness, as thin as a few lattice constants. By inserting a layer o f a 

semiconductor o f a lower bandgap in a matrix with a larger bandgap, a so-called double 

heterojunction structure, an attractive squared potential for both electrons and holes is 

created. Reducing the thickness o f the lower bandgap layer to the order o f the de Broglie 

wavelength results in one dimensional electron quantum confinement, with carrier 

movement restricted to the two other dimensions. Such structures are called quantum
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wells with the thickness o f the lower bandgap layer determining the separation o f the 

quantised electron levels o f the attractive potential. The significant advantages o f QWs in 

optoelectronic devices such as laser diodes [7], and modulators [8] have been clearly 

demonstrated, with QW ’s now essential to the performance o f many commercial 

optoelectronic components.

Bulk ID confinement 
-Quantum well
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-Quantum dot
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|01 1 > i i i >
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Figure 5.2 Nature o f  electronic states in bulk material, quantum wells, and quantum 

dots. Top row: schematic o f  structure, centre row: quantised electronic states, bottom 

row: density o f electronic states, D(E). Adapted from [21]

By the end o f the 1980’s the main properties o f QWs were well understood, and the 

interest o f researchers shifted towards structures offering higher dimensional 

confinement, where the greater modification o f the electronic density o f  states held the 

promise o f further improvements in device performance [9]. With the ultimate goal o f 

full three dimensional electron confinement in QDs resulting in a complete breakdown o f 

the classical band structure model and the recovery o f a discrete electron energy structure 

as observed for individual atoms (Figure 5.2). The comparison with the progression from 

planar to higher dimensional microcavities is striking, with the drive to realise extra 

confinement in the lateral directions the common goal. However the reduced scale to
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which the confinement is required when shifting from photon to electron confinement 

makes the production o f electronic QDs challenging for even the most advanced 

lithographic techniques. The most successful realisations o f QD structures have involved 

the exploitation or adaptation o f naturally occurring clustering processes. The last few 

years have seen considerable success in the production o f nanometer scale QDs using 

self-organisation/self-assembly effects occurring naturally during the epitaxial growth o f 

strained heterostructures [10]. Self-assembled QDs have been successfully incorporated 

as active layers into light emitting diodes [11], microcavity light emitting diodes [12] and 

laser diodes [13], while the emission properties o f microleek structures incorporating self 

assembled QDs were presented in chapter 4.

The particular benefits o f carrier trapping, in reducing non-radiative edge recombination, 

and narrow emission linewidth, in observing a Purcell effect, offered by QDs at cryogenic 

temperatures in microcavity structures were mentioned in chapter 4. However the room 

temperature emission properties o f microleek structures containing QDs highlighted the 

failure o f QDs to completely confine carriers at non-cryogenic temperatures. Since the 

advantages o f QDs as emitters in microcavities incorporating etched sidewalls is 

dependent on their ability to trap carriers, these results raised the question o f the 

suitability o f our QDs as active layers in these structures at practical operating 

temperatures where the thermal energy o f carriers is sufficient to introduce a significant 

probability o f carrier escape.

5.3 QD fabrication processes.

While the QDs incorporated in our microleek structures and further investigated in this 

chapter were created by a self-assembly process, other methods o f producing QDs exist 

and are briefly mentioned here for completeness.

The first realisations o f QDs were nano-size II-VI microcrystals inserted in glass [14,15] 

(Figure 5.3(a)), however the non-conducting nature o f the glass matrix prevents electrical 

injection and hence limits their usefulness in active optoelectronic devices. However II- 

VI nanocrystals remain the focus o f considerable research [16],

QDs have also been successfully realised by patterning QW structures [17,18] (Figure 

5.3(b)). Advanced lithographic techniques such as electron and focused ion beam

119



lithography are used to define the pattern while dry and wet etching processes are used to 

produce the QD. Lithographic based processes have the advantage o f allowing the 

realisation o f QDs o f arbitrary lateral shape, size and arrangement, limited only by the 

resolution o f the technique (wlOnm for e-beam [19]). Despite the demonstrated ability to 

fabricate free-standing etched quantum dots down to a size o f  « 50nm [20], the etching 

processes produce a highly damaged layer o f the order o f lOnm thick at the surface [21], 

which severely degrades the luminescence efficiency o f the material, thus limiting the 

present usefiilness o f such QDs.

The naturally occurring nanometer sized island formation observed during the growth of 

strained heterostructures has produced the most promising QD candidates for 

incorporation in practical devices. It is the combination o f a high QD density, the lack o f 

QD defects and the use o f established epitaxial growth processes that makes the self- 

assembly process so attractive.

(a)

C dSe

M olten silicate

G lass

w 8nm

(b)

(c)

A lG aA s
G aA s
A lG aA s ^

^ A
' ^

G aAs

InAs

Figure 5.3 Schematic representations o f  different approaches to fabrication o f  QDs: (a) 

nanocrystals in glass, (b) Etching o f  QW structures, (c) self-assembled growth. Adapted 

from [21].
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5.4 Stranski-Krastanow growth mode.

The self-assembly process responsible for the formation of the QDs investigated here is 

the result of the strain energy produced when successive layers with unmatched lattice 

constants are grown. Considerable expertise exists on the growth of strained quantum 

wells. Highly strained layers can be grown up to a critical layer thickness. Above the 

critical layer thickness the built-in strain energy releases by either the formation of 

defects and dislocations or by the formation of dislocation free islands (dots). When 

island formation occurs the layer is no longer of uniform thickness and hence the growth 

is referred to as 3D growth.

The particular QDs investigated in this work result from the growth of InAs on GaAs. 

The lattice constant of unstrained GaAs is 5.653A compared to a 6.057A for unstrained 

InAs, resulting in a lattice mismatch of « 7% [22]. The significance of the magnitude of 

the mismatch is highlighted in the following qualitative discussion of 3D growth modes 

based on energy balance.

Two types of self-assembled growth modes can be distinguished, the Volmer-Weber 

mode and the Stranski-Krastanow mode [23]. The difference between the two modes is 

illustrated by considering, (i) the interfacial energy between the strained epitaxial layer 

and the substrate Eepi,sub, (ii) the bulk free energy of the (strained) epitaxial material, 

Eb,strain, and (iii) the interfacial energy between the (top) layer and the vacuum, Egpiy. For 

an epitaxially grown layer the total energy can be written as [24]

E = E  + E  + E  ("snepi,total b,strain ep i.v  epi,sub

If clustering occurs, the bulk free energy may decrease by strain relaxation. However, the 

Eepi.v increases since clustering increases the interfacial area with the vacuum. Egpisub is 

assumed unchanged in both cases. The clustering is contingent on the balance between 

the Eepi,v and Eb̂ strain- Thus, the critical layer thickness can also be defined as the thickness 

at which the decrease in Eb,stram overrules the increase of Egpi.v.

When the lattice mismatch is very high (>8%) [24], the total energy decreases 

immediately by clustering since the energy gain from strain relief is large compared to 

the increased surface energy. This pure 3D growth is the so-called Volmer-Weber (VW)
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mode. In this mode there is no critical layer thickness. The VW mode is typical for metals 

deposited on oxides or graphite [25].

(a) Frank van der Merwe (b) Volmer-Weber (c) Stranski-Krastanov
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Substrate Substrate Substrate

Substrate Substrate Substrate

Substrate Substrate Substrate

Pure 3D growth Layer plus 3D growthlayer by layer 
2D growth

Figure 5.4 Thin film s can grow in three different modes, (a) Frank- van der Merwe or layer 

by layer growth, (b) Volmer-Weber or pure 3D growth, and (c) the Stranski-Krastanow 

growth, which is intermediate to (a) and (b).

The Stranski-Krastanow (SK) mode is an intermediate case between the 2D layer by layer 

(Frank- van der Merwe ) and pure 3D (VW) growth. First a highly strained layer is 

formed on the substrate. The total energy is not decreased by clustering, since the strain is 

less than in the VW-mode (<8%). However, the formation o f  islands becomes 

energetically more favourable as the epitaxial layer thickness increases. This results in 

dots forming on top o f a continuous layer know as the wetting layer (WL). This growth 

mode is observed for the materials investigated here, i.e. InAs on GaAs. Due to the high 

strain value (7%), the critical layer thickness for this material combination is only » 1.5 

monolayers (MLs) [4], Less strained systems (e.g. InGaAs/GaAs) have a greater critical 

layer thickness [26]. While this explanation oversimplifies the dynamics involved in the
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growth o f strained heterostrucutres, it provides an intuitive understanding o f the origins 

o f different growth modes.

5.5 Samples

Since the aim was to characterise the behaviour o f QDs similar to those incorporated into 

our etched microcavities, an unprocessed section o f the wafer in which the cavities 

investigated in chapters 4 and 6 were etched was examined. The section o f the wafer used 

was close to the section in which the cavities were etched, thereby minimising any 

differences in the QD properties due to fluctuations across the wafer. The layer structure 

o f  the wafer is shown in Figure 4.3; the presence o f the waveguide utilised in the etched 

cavities has no impact on our bulk QD measurements since we only collect emission 

through the top surface that results from emission at angles unguided by the waveguide. 

Three identical QD layers are incorporated in the wafer that was grown by MBE on 

(001 )-orientated GaAs substrates. Each QD layer consisted o f 2.0MLs o f InAs deposited 

on GaAs. After the deposition o f the InAs there was a 5 second growth interruption 

before a capping layer o f  GaAs was grown. The growth temperatures were 520°C for the 

InAs layers and 620°C for all other layers in the structure. The lOOA GaAs spacing layers 

between the InAs layers is sufficiently large to eliminate electronic coupling between 

dots in different layers [27],

Self-assembled 
InAs QDs

GaAs

GaAs

2ML InAs InAs 
wetting layer

GaAs

Figure 5.5 Schematic diagram o f 3 layers o f self-assembled InAs/GaAs QDs, as 

incorporated into the investigated structure. The complete details o f  the other layers oj 

the structure are contained in Figure 4.3.



5.6 Electronic structure of self-assembled InAs/GaAs QDs.

The calculation o f the electronic states o f real QDs is a complex problem, with various 

reported approaches to account for the QD shape and the effect o f strain and composition. 

The electronic structure o f pyramidal shaped dots as observed for InAs/GaAs QD ’s [28], 

has been modelled using an effective mass approach incorporating, one, four and eight 

band k-p models [29,30,31,32], and pseudopotential models [33]. An atomistic 

pseudopotential method has also been reported [34]. A full treatment o f these different

WL
-50

200 030
-100

010
020

M O  ^

<0 -200

tS -250

-300

-350

300

^  250

200
210
300

S  200
’110

0) 150 ôp>
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Figure 5.6 Electron and hole levels fo r  InAs/GaAs pyramids o f  different base lengths b, measured 

from the conduction and valence band edges o f  unstrained GaAs respectively, as predicted from  

eight band k-p theory ([32] solid diamonds), other k-p results( six band [30] open up triangles, 

eight band [31] open down triangles) and pseudo potential calculations ([33], open circles). 

(Reproduced from  [21])
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approaches and the various strain models they use in predicting the electronic structure of 

self-assembled InAs QDs is beyond the scope of this thesis. However the variation in 

predicted confined electron and hole energies from even the sophisticated eight band k-p 

and pseudopotential approaches due to different strain models is highlighted by the 

assembled results shown in Figure 5.6.

Despite the lack of definitive literature values for confined electron and hole energies in 

InAs/GaAs QDs there are two consistent trends, (i) increasing confinement of both 

electrons and holes with increasing dot size, resulting in lower energy ground state 

transitions for larger dots, and (ii) the existence of excited electron and hole states in 

pyramidal shaped dots with base lengths as small as lOnm.

1D confmement-{^

3D confinement

P  WL
e

E^GaAs _  Conduction band edge o f  unstrained GaAs

— Electron energy level in wetting layer

e — Electron energy levels in quantum dot

3D confinement 

ID  confinement 

Bulk material

{ p  WL

— Hole energy levels in quantum dot

— Hole energy level in wetting layer

E  GaAs _  Valence band edge o f  unstrained GaAs

Figure 5.7 Schematic diasram o f  Enersv levels in InAs/GaAs self-assembled OD.

5.7 Experimental Setup

The experimental set-up used to perform PL measurements on the InAs/GaAs quantum 

dots is shown in Figure 5.8. The laser excitation source used was a semiconductor laser 

diode providing continuous wave (CW) emission at 790nm. A single mode fibre was
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again used to provide a w^ell-defined and reproducible point excitation source. The 

collimated beam produced by microscope objective M Ol was focused onto the sample by 

microscope objective M 02. The sample was mounted in a closed cycle helium (He) 

cryostat that provided temperature tuning in the 30K-297K range. The sample position in 

the He cryostat limited the choice o f microscope objective M 02  to those with a working 

distance greater than wl5mm. A x5, 0.12 NA microscope objective was used, producing 

a ~15^m diameter spot on the sample surface (measured by imaging onto CCD camera). 

To produce a smaller excitation spot required for the excitation intensity dependent 

studies the sample was mounted in a liquid nitrogen cryostat where the sample was 

positioned immediately behind the cryostat window facilitating the use o f a high NA 

objective lens. Specifically a x40, 0.5 NA lens was used to produce an excitation spot 

with a diam eter« 2.0|am when the sample was in the liquid nitrogen cryostat.

Laser
diode

Single mode 
fiber

Power supply
Current source

Lock-in am plifier

M onochrom ator

Schott
Glass
Filter

'  C losed-cycle  
Helium Cryostat Power

meter

M 0 2
Liquid Nitrogen  

Cryostat

Figure 5.8 Diagram o f experimental setup used to perform photoluminescence 

measurements on InAs/GaAs QDs and InGaAs/GaAs QWs. M O l = xlO, 0.25 NA 

microscope objective, M 02  = x5, 0.12 NA microscope objective (M02 = x40, 0.5 NA 

microscope objective when using the liquid Nitrogen cryostat), L I = 10 cm focal length 

spherical lens, and BS = beamsplitter.

M O l 

Chopper -
G e detector
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A Schott Glass filter (RG 850), which has a transmission o f less than IxlO'"' for light with 

wavelengths < 800nm, was used to remove reflected laser light from the collected beam. 

The PL signal was dispersed by a monochromator, and measured by a North Coast liquid 

nitrogen cooled Ge detector attached to the exit slit. The Ge detector is sensitive to near 

infrared wavelengths between 800nm and 1700nm. The spectral response o f the system 

was calibrated using a white light source o f known emission spectrum. The slow time 

response o f the Ge detector (»10ms) prevented time resolved PL measurements at these 

wavelengths (the microchannel plate photomultiplier tube used in chapter 4 is only 

sensitive to wavelengths < »1000nm). The excitation beam was modulated at lOHz, and a 

lock-in amplifier was employed to improve the signal to noise ratio.

5.8 Results and discussion

5.8.1 Temperature dependence of QD and QW PL spectra

In this section the measured PL spectra from our InAs/GaAs QDs and an 

Ino.1 7Gao.g3 As/GaAs QW in the temperature range 30K-297K are presented and discussed. 

O f particular interest in the context o f the suitability o f these QDs as emitters in etched 

cavities is the role o f thermally activated escape from the dots.

Since the excitation wavelength of 780nm or 1.59eV is above the GaAs bandgap energy 

the pump beam is predominantly absorbed in the GaAs layers surrounding the thin 

QD/QW layer, with the created carriers subsequently relaxing into the QDs/QW. These 

measurements are classified as non-resonant PL since the excitation energy is not 

resonant with any quantised levels o f the QD/QW. The excitation intensity o f SOWcm'^, 

corresponded to a carrier density o f « 6xl0^cm'^ per QD/QW layer, assuming a carrier 

lifetime o f Ins and accounting for the surface reflection, and absorption length o f GaAs, 

as outlined in section 4.6.1. This carrier density is less than the reported density o f similar 

InAs/GaAs QDs o f between 10’°cm'^ and 10’'cm'^ [35,36,37,38]. Therefore we create on 

average less than one electron-hole pair per dot, as confirmed by results in section 5.7.2. 

The PL spectra obtained from the QD and QW layers under these non-resonant low 

excitation intensity conditions are shown in Figure 5.9 and Figure 5.10 respectively.
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Figure 5.9 Measured PL spectra o f  InAs/GaAs QDs in the temperature range 30K-297K.
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Despite the discrete electron levels in a single quantum dot, no narrow lines were 

observed in the measured QD PL spectrum at 30K, which has a full width half maximum 

(FWHM) of approximately llOmeV. Assuming a radiative lifetime of Ins the expected 

homogeneous broadening of the energy levels in a quantum dot from the uncertainty 

principle {AE> h /At) is only a few |j.eV, while measured emission linewidths from single 

InAs/GaAs self-assembled dots of less than 100|aeV have been reported [39]. Therefore 

our QD PL spectrum at low temperatures must be inhomogeneously broadened, with the 

broadening attributed to the size distribution of the dots. At 30K the thermal energy of the 

carriers is sufficiently low to prevent carrier escape from even the smallest dots, so 

carriers recombine in the dot into which they initially relax. Therefore the shape of the PL 

spectrum at low temperatures corresponds to the distribution of QD sizes, provided the 

transition energy is approximately linearly dependent on dot size, as theory has predicted 

(see Figure 5.6). The peak in the PL spectrum at 30K occurs at 1.225eV which matches 

the predicted ground state transition energy for a quantum dot o f wlOnm base length [40],

Figure 5.11 Measured PL spectrum (black line), best f i t  summation o f  two Gaussians 

(red line), and deconvolved individual Gaussian fits  (green lines) fo r  four temperatures.
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while the FWHM variation o f 10% about the peak in the measured spectrum, suggests a 

similar variation in dot size.

The QD PL spectrum at 30K appears to contain a small peak superimposed on the low 

energy side o f the main peak, with two separate peaks clearly visible in the 11 OK 

spectrum. The low excitation intensity employed and the lower energy o f this second 

smaller peak eliminates the possibility o f it being due to excited state transitions. We 

attribute the two peaks to a bimodal size distribution o f QDs, as previously directly 

observed in atomic force micrographs o f similar systems o f self-assembled QDs [35,41, 

42]. This bimodal distribution o f dot sizes has been explained in terms o f two distinct 

thresholds for QD formation, (i) the minimum InAs coverage for dot assembly and (ii) 

the layer thickness corresponding to the optimal dot size formation [35]. To confirm this

Increasing Dot size Increasing Dot size

WL WL
'conf,e 'conf.e 'conf,e'conf.e

'conf.c 'conf,e

'conf.h'conf,h
'conf.h'conf,h'conf.h 'conf,hWLWL

E th^E (;on f,e ,h E th ^E (;o n f,e ,h'conf.e,h

Carrier Capture — ►

Carrier Escape >-
Carrier Retrapping -►

(a) Low temperature (b) Intermediate temperature

Figure 5.12 Schematic diagram o f  carrier dynamics between different sized QDs. (a) at low 

temperature, the thermal energy o f the carriers (Eth) is much less than the confinement 

energy (Econf), carriers are trapped and recombine in all dots (b) at intermediate 

temperatures, E,h>Econf fo r  the smaller dots and Eth<Econf fo r  the larger dots, enabling 

carriers to escape from the small dots into WL states from where they can be recaptured 

into other dots. The efficient trapping o f  carriers in the larger dots results in a higher 

probability o f  recombination occurring in these dots.
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bimodal size distribution o f  dots and to identify the roles o f  both distributions in the 

observed PL spectra, the m easured spectra were fitted by a sum m ation o f  two G aussian 

distributions (when the m easured spectra were fitted by a sum m ation o f  three or more 

Gaussians the resulting fit was dom inated by two o f  the G aussian distributions). The 

results o f the two Gaussian fitting procedure applied to PL spectra at four different 

tem peratures are shown in Figure 5.11. The success o f  the tw o G aussian distribufions in 

reproducing the m easured PL spectra supports the existence o f  a bim odal distribution o f  

dot sizes in our sample. The increase in luminescence from  the low er energy distribution 

relative to the higher energy distribution with increasing tem perature indicates a 

redistribution o f carriers from the sm aller dots to the larger dots at h igher tem peratures. 

These carrier dynamics between dots w ithin the layer are essential to understanding the 

em ission characteristics o f the QDs. We have seen how the relatively large distribution o f  

QD sizes results in a large inhom ogeneous broadening o f  the PL spectrum , but equally 

im portant is the resulting distribution o f  carrier confinem ent energies in the QDs. The 

electron and hole confinem ent energies { E c o n j )  in a dot are the energy differences between 

the QD and WL states for the respective carriers. Larger dots have larger confinem ent 

energies and hence lower em ission energies. The im pact o f  the different confinem ent 

energies on carrier trapping and escape for different sized dots and tem peratures is 

illustrated in Figure 5.12.

The spectrally integrated PL for all QDs shown in Figure 5.13 is relatively stable in the 

tem perature range 30-50K and decreases consistently for tem peratures higher than 70K. 

From  this dependence we conclude that at tem peratures below  «60K , the carriers exist as 

bound excitons in the QDs, however, at this tem perature the therm al energy becom es 

com parable to the QD exciton binding energy [43] and the excitons can dissociate into 

free carriers. These carriers can then be redistributed from  the sm aller dots to the larger 

dots by either carrier tunneling between adjacent dots or by carrier percolation through 

the 2D WL. Carriers can become trapped in m aterial defects during these transport 

processes where they recom bine non-radiatively resulting in a drop in the integrated PL. 

The redistribution o f  carriers betw een QDs is seen by the rapid decrease in the integrated 

PL from the high energy Gaussian distribution and the rise in the integrated PL from  the 

low energy G aussian distribution in the 70-150K tem perature range. A t tem peratures

131



higher than 150K the integrated PL decreases for both Gaussian distributions o f dots 

indicating the thermal energy o f the carriers is sufficient to allow escape from even the 

larger dots.

kT (meV)
0 4 9 13 17 22 26

All QDs
High E Gaussian 
Low E Gaussian

►Jcu
■a
D

150 200 3000 50 100 250

Temperature (K)

Figure 5.13 Spectrally integrated PL intensity from  all QDs, and separated into emission 

from both size distributions o f  dots from  fitted  Gaussians, as a function o f  temperature.

The rate o f carrier escape from a given confinement potential is clearly dependent on the 

thermal energy o f the carriers and hence the sample temperature, with this temperature 

dependence represented by the Arrhenius equation,

AQ xx>{-EJkT) (5.2)

where R is the rate o f escape, ^  is a constant, Ea is the thermal activation energy for the 

process equal to the confinement energy in this case, and k  is Boltzmann’s constant. In 

order to investigate whether the temperature dependence o f the integrated PL fits an 

Arrhenius-type dependence the natural log o f the integrated PL is plotted against 1/kT 

(see Figure 5.14). To obtain a satisfactory fit to the observed behaviour we had to assume 

two thermally activated nonradiative carrier escape process, with activation energies Ei 

and E 2 to compete with radiative recombination, giving [36]

I { T ) ^ -------------------------------------------------    (5.3)
1 + ^2 • exp(-£ [ / kT)  + • ex p (-£ ’2 / kT)

132



where I  is the spectrally integrated PL and B i j j  are constants. Since different sized QDs 

will possess different confinement energies with respect to WL and GaAs states, (5.3) can 

only provide a simplified approximation to the physical situation. The best fit to the 

spectrally integrated PL data yielded values o f £'/=35±2meV and £’2=370±60meV. The 

smaller activation energy o f 35meV corresponds to the smaller sloped region o f Figure 

5.14 between 1 lOK and 190K, while the higher activation energy o f 370meV corresponds 

to the higher sloped region between 250K and 300K. However the failure o f (5.3) to 

account for the role o f carrier recapture already shown to play an important role in the 

11 OK to 190K temperature range renders any interpretation o f  the Ei value as the 

activation energy for a carrier escape process highly speculative. At higher temperatures 

the reduced role o f carrier retrapping allows the tentative identification o f E2 with the 

activation energy for a non-radiative carrier escape process. In this respect, the E2 value 

o f  370±60meV agrees with the predicted combined confinement energy o f the 

electron/hole pair in the QD ground state with respect to the GaAs bandedges (see Figure 

5.6).
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Figure 5.14 Semi-logarithmic p lo t o f  integrated PL intensity against 1/kT, solid line shows 

fit obtained assuming two thermally activated non-radiative recombination processes. The 

dotted lines indicate the regions o f  the fitted  line determined by the activation energies E/ 

and E 2 individually.
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Therefore we conclude that at temperatures less than 70K, carriers remain trapped in 

individual QDs, with very little probability o f escape. As the temperature increases 

through the intermediate temperature range o f 70K to 200K, carriers possess sufficient 

thermal energy to escape from increasingly larger QDs, with the largest dots still 

possessing sufficiently large confinement energies to prevent carrier escape. In this 

temperature range, we observe an increase in luminescence from the larger dots due to 

the recapture o f carriers from WL states subsequent to their escape from smaller dots, and 

the tunneling o f carriers into between dots. This dynamic exchange o f carriers between 

different dot sizes makes the identification o f an activation energy for the dominant 

carrier loss process using (5.3) impossible. At temperatures greater than 200K, carriers 

have sufficient thermal energy to escape from even the largest dots, with the dominant 

carrier loss process at temperatures >250K tentatively identified from an Arrhenius-type 

dependence as direct carrier excitation from QDs to surrounding GaAs states.
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Figure 5.15 Comparison o f  spectrally integrated QD and QW PL normalised to their 

low temperature value, on semi-log plot.

The temperature dependencies o f the spectrally integrated QD and QW PL are compared 

in Figure 5.15. The more rapid decrease in QW emission relative to the QD emission 

wi:h increasing temperature in the 77K to 250K range indicates an increased loss o f
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carriers to nonradiative recombination processes by the QW compared to the QD layer. 

This can be attributed to both the smaller barrier for carrier escape from the QW 

compared to the QDs, evidenced by their different emission energies, and the freedom of 

carriers to move in the plane o f the QW and hence interact with defects. At temperatures 

greater than 250K the rate o f decrease o f the PL from the QDs is similar to the QW, 

suggesting the benefits of the increased confinement energy and the potential for carrier 

localisation in the QDs relative to QWs are less significant at these higher temperatures. 

The shift in peak emission energy with temperature o f the QW, and two deconvolved 

Gaussian peaks of the QD spectra are shown in Figure 5.16(a). The temperature 

dependent energy shift o f bulk bandgaps is phenomenologically described by Varshni’s 

formula [44]

AT^
AE = -------- (5.4)

T + B

where A and B are constants characteristic o f a given semiconductor. The energy changes 

o f the bulk InAs and GaAs bandgaps are depicted by the dotted and dashed lines 

respectively in Figure 5.16(a). The temperature dependence o f the emission energy o f the 

QW agrees well with the expected shift in the GaAs bandgap, and agrees with Varshni’s 

equation (5.4) for A = 0.0005 eVK'^ and B = 183K. The shift in the peak energy o f the 

low energy Gaussian o f the QD distribution is also well described by (5.4) for fitted 

values o f A = 0.00036eVK'^ and B = 67K. This temperature dependence o f the QD 

emission energy lies between the expected behaviour o f bulk GaAs and InAs. Finally the 

change in the peak emission energy o f the high energy Gaussian o f the QD distribution 

falls outside the boundaries o f the GaAs and InAs bandgap shifts, and cannot be fitted to 

(5.3). This can be explained in terms o f the thermal redistribution o f carriers between 

different sized dots in the distribution. As already seen at temperatures above 70K 

carriers can escape from the smallest dots which emit at the highest energy, and be 

retrapped in larger dots emitting at lower energies. Therefore the increased shift o f the 

peak emission o f the high energy Gaussian distribution o f QDs in the 90K to 130K range 

is attributed to a redistribution o f  emission towards the lower energy dots within the dot 

distribution.
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Figure 5.16 Temperature dependence o f (a) peak emission energy (b) FWHM o f Q W , 

and deconvolved Gaussian components o f  QD, PL spectra.

The large inhomogeneous broadening o f the QD spectrum is highlighted in Figure 

5.16(b) where the FWHM of either o f the deconvolved Gaussian components o f the QD 

spectrum is considerably larger than the FWHM o f the QW spectrum. The FWHM of 

both the QW and the low energy Gaussian o f the QDs increase steadily with temperature 

due to increased probability o f thermal population o f excited states. The reduction in the 

FWHM of the emission from the high energy Gaussian distribution o f QDs in the 70K to

136



130K range is consistent with the thermally induced redistribution o f  carriers towards the 

more strongly confining low recombination energy dots in this temperature range, at 

higher temperatures the expected increase in emission linewidth as mentioned above is 

observed.

5.8.2 Excitation Intensity dependence of QD PL spectrum.

There is an increased probability o f carrier escape from excited quantum dot states due to 

their lower confinement energy. Therefore to experience the full benefits accrued from 

carrier confinement offered by QDs, the carrier density must not saturate the ground state 

transition. The reduced area coverage o f QDs relative to the continuous QW layer results 

in a reduced overall number o f electron states available for occupation. Therefore 

saturation o f the ground state transition o f the QD ensemble is expected to occur at a 

lower carrier density. This saturation carrier density is obviously dependent on the 

density o f QDs, which is highly dependent on growth conditions and layer thickness, 

with reported values for similar self-assembled InAs/GaAs QD systems between lO’*’ and 

lO " cm'^ [35,36,37,38]. Since the threshold excitation intensity for saturation o f the 

ground state transition o f the QDs in our sample is important to the interpretation of 

results o f measurements in Chapter 6, we attempt to extract an estimate for its value from 

PL spectra measured at a range o f  pump intensities.

At low temperatures carriers in the ground state do not possess sufficient thermal energy 

to populate excited states, therefore excited state emission is only observed when carriers 

initially created in the surrounding GaAs recombine before relaxing into the ground state 

o f the QD. This failure o f the carriers to relax into the lowest energy states can occur due 

to two reasons, firstly if  the ground state is already occupied or secondly due to an effect 

known as the phonon bottleneck. Carriers release excess energy through the emission o f 

phonons, however the discrete electronic structure o f QDs requires mediating phonons to 

have energy exactly equal to the energy spacing between the levels involved in the 

relaxation. This strict limitation on the permitted energy release processes can create a 

bottleneck for carrier relaxation, and is called the “phonon bottleneck” [45]. There have 

been extensive reported experimental results both supporting [46,47,48] and 

contradicting [37,49,50] the predicted inhibition o f carrier relaxation in QDs. It appears
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the influence o f the phonon bottleneck on carrier dynamics is dependent on the specific 

properties o f the quantum dot system under investigation. Time resolved PL 

measurements o f the ground state emission from our QDs show fast rise times less than 

the 80ps resolution o f the measurement system. This indicates fast carrier relaxation into 

the QD ground state, and the absence o f any significant “phonon bottleneck” effects in 

our QD system. Therefore we only expect to observe excited state emission from a QD 

when it is occupied by more than one electron-hole pair. Due to the random selection of 

the dot into which a carrier relaxes, this can occur at carrier densities less than the areal 

density o f dots [51], however the probability o f it occurring significantly increases as the 

ground states o f the QD ensemble approach full occupation.

3
d

c
<D

Wavelength (nm) 
1100 1050 1000 950

1.10 1.15 1.20 1.25 1.30

Energy (eV)

900 
----- 1-----

140Wcm

280Wcm'^

570Wcm'^

llO O W cm '

2200W cm

4500W cm

7000W cm'

-2

-2

-2

1.35 1.40

Figure 5.17 QD PL spectra at 77K at various pump intensities; the spectra are scaled 

so that the low energy tails o f the different spectra match up.

No distinctly resolved peaks that could be attributed to ground and excited state 

transitions were observed in the QD PL spectrum even at pump intensities greater than 

7kWcm'^, however there was a relative increase in the high energy component o f the 

spectrum at high pump intensities. To determine whether this was due to the excited state
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transitions of the low energy QDs overlapping the ground state transitions of the high 

energy dots, we show the difference between the spectra recorded at the highest and 

lowest pump intensities, after matching the low energy tails of the spectra, in Figure 5.18. 

The shape and FWHM of the difference between the spectra resembles the low pump 

intensity spectrum but displaced to higher energy. This suggests the existence of an 

excited state transition at » 63meV above the ground state transition, and is consistent 

with the lowest excitation intensity spectrum resulting from ground state transitions.
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Figure 5.18 Scaled high and low pump intensity PL spectra from  Figure 5.17, and the 

difference between them. Note the similar shape o f  the difference and the low pump 

intensity spectrum.
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The pump intensity dependence o f the PL yield from the QDs is summarized in Figure 

5.19. The spectrally integrated PL shows an excellent linearity in the excitation intensity 

range investigated, with the fitted value for the linearity co-efficient a (PL yield = c x 

(Excitation Intensity) “ [38]) o f 0.95 ± .02, where a value o f 1 indicates a perfectly linear

(a)

100:

3
C3

-J

■o(U
feb 10:

100

(b) 10

10

6 -

lO"
( fiG0)
”  10' 
cu

10

10

Data points 
Fitted line

Slope =0.95±.02 
(=linearity coefficient)

1000

Pump Intensity (Wcm ̂ )

10000

■ ' 1340meV
— ■— 1305meV

■ 1272meV
■ 1240meV
■ 121 OmeV

llSOmeV
■ 1153meV

100 1000
2

Pump Intensity (Worn )

10000

Figure 5.19 Excitation intensity dependence o f  PL from  QDs at 77K. (a) Spectrally 

integrated PL yield as a function o f  excitation intensity, with showing fitted  line and 

corresponding linearity co-efficient, (b) PL intensity as a function o f  excitation intensity 

for various emission energies (offset in order o f  increasing energy fo r  clarity). The dotted 

lines show a linear dependence on excitation intensity.
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dependence. In order to identify the threshold pump intensity at which the ground state 

transition saturates, the pump intensity dependence o f the PL at a range o f emission 

energies across the spectrum are plotted in Figure 5.19(b). At pump intensities less than 

600Wcm'^, the PL intensity at all emission energies show a linear dependence on pump 

intensity, however at higher pump intensities only the PL intensity at 1272meV continues 

to show a linear dependence, with higher emission energies showing a superlinear 

dependence, and lower emission energies showing a sublinear dependence on pump 

intensity. The sublinear dependence is due to saturation o f the ground state, and the 

superlinear dependence is due to additional excited state emission. Therefore we identify 

saturation o f the ground state emission occurring at « 600Wcm'^, for our sample 

containing three QD layers and our experimental conditions. This pump intensity 

corresponds to a threshold carrier density o f 7 .3el0cm ' per QD layer, assuming a 

lifetime o f Ins. This threshold carrier density lies within the bounds o f  the expected dot 

densities for our QD system

5.9 Conclusions

The purpose of this chapter has been to characterise the carrier dynamics o f the 

InAs/GaAs quantum dot layers in our sample. The understanding o f  the electronic 

properties of the QDs in bulk material is essential to our assessment o f their potential 

advantages as emitters in etched 2D optical microcavities. The range o f reported 

behaviour o f similar self-assembled QD systems makes it impossible to extract reliable 

and consistent predictions for the confinement energies, excitation intensity 

corresponding to saturation o f the ground state transition, and energy separation of 

ground and excited state transitions for our QDs, from previously published results. 

Therefore the measurements presented in this chapter provide both a reliable 

characterisation o f the QDs in our microcavity structures and an additional set o f results 

that contribute to the development o f a more complete understanding o f the 

recombination and carrier dynamics in InAs/GaAs self-assembled QDs.

A bimodal distribution o f quantum dot sizes has been identified, with the temperature 

dependence o f the integrated intensity, peak energy and FWHM o f the PL from the QD
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layer explained in terms o f the dependence o f carrier escape, retrapping and tunneling 

processes on QD size. Three specific temperature ranges were identified, at temperatures 

below 70K carriers are trapped in all QDs and emission properties are not strongly 

dependent on temperature, in the 70K to 150K range carriers possess sufficient thermal 

energy to escape from increasing numbers o f QDs with carrier redistribution towards 

larger dots occurring, finally at temperatures above 150K a decrease in emission from all 

dots is observed indicating carrier escape from even the largest dots. The excitation 

intensity dependent measurements showed saturation o f the ground state transition at a 

pump intensity o f 600Wcm' , with increasing emission from excited state transitions at 

higher pump intensities.
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Chapter 6
Carrier diffusion in InAs/GaAs QD and 
InGaAs/GaAs QW layers and its impact on the 
performance of etched microcavity structures.

6.1 Introduction

Having characterised the integrated emission properties o f our InAs/GaAs QDs 

embedded in bulk semiconductor, this chapter focuses on the benefits o f such QDs as 

emitters in etched microcavity structures, such as the microleek structure discussed in 

chapter 4. A number o f emission properties including internal quantum efficiency, 

emission linewidth and emission wavelength determine the suitability o f an active layer 

for incorporation into any microcavity structure. These emission characteristics have been 

extensively investigated in both fundamental QD research [1,2,3] and in QD laser 

research [4,5,6], while the emission linewidth and wavelength o f our QDs were discussed 

in chapter 5. This chapter focuses on another important potential advantage o f QDs as 

emitters in a microcavity that utilizes deeply etched lateral mirrors, namely their ability to 

reduce the impact o f non-radiative recombination at the etched sidewall interfaces. The 

reduced carrier diffusion in our InAs/GaAs QD layer due to carrier trapping in individual 

dots is quantified in section 6.4, while the impact o f this effect on the emission from an 

etched microcavity structure is shown in section 6.5.

6.2.Non-radiative surface recombination.

At a semiconductor surface the abrupt termination o f the periodic potential o f the lattice 

results in a distribution o f allowed energy states within the bandgap. These surface states 

are predicted to exist even at the boundary o f a perfect crystal [7], however in practice the 

surface states are generally due to the absorption o f impurities by dangling bonds on the
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surface [8], with electronegative impurities such as oxygen acting as electron acceptors. 

An extensive review of the effect of impurities absorbed on the surface of a 

semiconductor is contained in reference [9]. This process results in the creation of surface 

states of a range of energies in the otherwise forbidden energy gap between conduction 

and valence bands. A high concentration of deep and shallow trap states in the bandgap, 

act as non-radiative recombination centres. Therefore we expect that the recombination 

rate will be enhanced near the surface, resulting in a decreased carrier density at the 

surface. Carriers will then diffuse from the body of the semiconductor into the surface 

layer in an attempt to even out carrier differences.

The total number of carriers recombining at the surface per unit area and unit time is 

given by

where n is the carrier density at the surface and S is the surface recombination velocity, 

with the dimensions [LengthxTime"’], and is defined as

where a  is the capture cross-section of the recombination centre, v,h is the thermal 

velocity o f the carriers, and Ns is the total number of recombination centres per unit area 

at the surface.

^ s u r fa c e  = (6 . 1)

S = av„N^ (6 .2)
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Figure 6.1 Electron energy levels at crystal surface.
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The magnitude of the surface recombination velocity varies substantially between 

different materials due in part to the varying stability of surface oxide states [9], Typical 

S  values are lO^cms"' for GaAs, lO^cms'' InP, and lO'cms"' for Si. Due to the high S 

value for GaAs we expect to observe strong surface effects at etched interfaces in our 

GaAs/AlGaAs waveguide samples containing InAs/GaAs QDs or Ino.17Gao.8 3As/GaAs 

QWs.

6.3 Experimental setup

The experimental setup employed for the both the diffusion and cavity measurements 

presented in this chapter was similar to that used in chapter 4. The sample was mounted 

in an open cycle liquid nitrogen cryostat at the focal distance of a long working distance 

x40, 0.5 NA microscope objective (M 02) that produced a «2)am diameter excitation spot 

on the sample surface. A laser diode providing CW emission at X=790nm was used as the 

excitation source for all measurements except the time-resolved PL measurements for 

which a mode-locked Ti-Sapph laser was used to provide pulsed excitation. The same 

optical arrangement and lens (M Ol, L2 and LI) were used as previously discussed in 

section 4.4, which allowed the simultaneous imaging of the sample surface on the CCD 

camera, and measurement of the emission spectrum. The cooled Ge detector (see section 

5.5) was mounted at the exit slit of the monochromator providing spectral sensitivity in 

the 0.8|im to 1.7fim wavelength range.

The microscope objective M 02 was mounted on a piezoelectric translation stage aligned 

parallel to the sample surface. Since the collimated input beam to M 02 overfilled the lens 

aperture, adjusting the position M 02 parallel to the sample surface by up to 50|am (the 

maximum displacement of the piezo stage) simply shifts the excitation spot position on 

the sample by the same amount without affecting the spot size or profile. The 

piezoelectric translation stage was calibrated by imaging the displacement of the laser 

spot on a calibration grid of known size positioned in the sample plane. While scanning 

the excitation spot position on a sample the PL intensity was measured by the 

spectrometer, while a second power meter (PM2 in Figure 6.2) was positioned in front of 

the CCD camera and measured the intensity of the reflected laser light. The pump beam
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was modulated at lOHz and lock-in amplifiers were employed to remove noise from the 

detected PL and reflected laser signals. The piezo translation stage, and both lock-in 

amplifiers were interfaced with a PC using an IEEE GPIB board, and a QBASIC program 

controlled the synchronised scanning o f M 02 and recording o f the output signals from 

the lock-in amplifiers.

Current source

Liquid Nitrogen 
Cryostat

Sample"

Laser
diode

Single mode 
fiber

Lock-m amplifierPower supply

Ge detector
Chopper-

Monochromator

M 02 B S l Schott L i
SL« ni l  n

Filterd i r e c t i o n

p i c / o

t n i n  a t i o n

s l a u c .

Lock-in amplifier

CCD
Camera

Figure 6.2 Diagram o f experimental setup. M O l = x  10, 0.25 NA microscope objective, 

M 02 = x40, 0.5 NA microscope objective, L I = 10 cm focal length spherical lens, L2 = 20 

cm focal length spherical lens, BS = beam splitter and PM  = power meter.

The stripe excitation used in the PL lifetime measurements shown in Figure 6.9, was 

created on the sample surface using the optical arrangement shown in Figure 6.3. Two 

additional lenses, one plano-convex cylindrical and the other spherical o f equal focal 

lengths (= 15cm), were positioned before BSl in the collimated beam produced by M O l. 

The two lenses were positioned the sum o f their focal lengths apart, resulting in the
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formation o f a excitation stripe with a FWHM width o f 2.4fo,m, and length 30)am on the 

sample surface. The PL lifetime measurements were performed using the time resolved 

single photon counting arrangement discussed in section 4.4, with the microchannel plate 

photomultiplier replacing the Ge detector at the exit slit o f the spectrometer.

(a) I (b)

M O l ®
—  Cylindrical lens-----
-focal length (f^)=15cm

 Spherical lens-------
-focal length (f5)=15cm

I  SampleB Sl B SlSample M 02M02
I

Figure 6.3 Optical arrangement employed to create the excitation stripe on the sample 

surface, showing, in two perpendicular planes, the role o f  the two additional lenses in 

the formation o f  the stripe (a) plane in which cylindrical lens focuses light (b) plane in 

which cylindrical lens has no focusing effect.

6.4 Diffusion measurements 

6.4.1 Introduction

Diffiision is a process in which particles disperse, moving from regions o f higher density 

to regions o f lower density. It is an important carrier transport mechanism in 

semiconductors, and plays a significant role in understanding the operation and design o f 

semiconductor electronic devices. The study o f diffusion in semiconductors began with 

the development o f the transistor and the p-n  junction when it was realised that diffiisive
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transport under certain conditions could become more important than the drift current in 

the transition region between the p  and n regions o f  the p-n  junction [10,11], In this work 

the focus is on lateral carrier diffusion in the active region o f an optoelectronic device, a 

process that provides carriers to the surface traps discussed above. By restricting lateral 

carrier diffusion in the active layer, the flow o f carriers from the centre o f devices 

towards the edges can be controlled. Without the supply o f carriers, the trapping sites at 

the sidewalls are made ineffective, and the quality o f the surface is no longer important. 

Clearly the discrete nature o f QDs prevents any carrier transport once the carriers remain 

trapped within individual QDs. However the thermal redistribution o f carriers between 

different sized QDs in our sample observed in the spectral measurements o f chapter 5 

indicated the significant probability o f carrier escape from our QDs at room temperature. 

The carriers escape into the continuous wetting layer, in which they are free to diffuse in 

the two lateral directions before either recombining or being recaptured into another QD. 

Therefore the ability o f our QD active layer to limit carrier diffusion depends on the ratio 

o f time the carriers spend localised in QDs to time spent in the continuous wetting layer 

or surrounding GaAs.

In this section the ambipolar diffusion o f  carriers in the intrinsic self-assembled 

InAs/GaAs QD layer and InGaAs/GaAs QW in our samples are investigated. (We use the 

term ‘QD layer’ to refer to both the distribution o f QDs and underlying wetting layer). 

Ambipolar transport refers to the situation where both electrons and holes move together 

to prevent a large space charge field being established.

Many techniques exist for measuring diffusion in semiconductors including, short circuit 

photocurrent measurements [12], electron beam induced current [13], 

cathodoluminescence (CL) [14], time o f flight measurements [15], and transient grating 

techniques. The diffusion length may also be deduced from optical absorption [16] and 

nonlinear PL [17]. The method we employ exploits the fast non-radiative recombination 

channel presented by the etched surface. A focused laser beam is used to create carriers in 

a small spot close to a straight etched edge. The luminescence intensity is then recorded 

as a function o f separation between the excitation spot and etched edge. The PL intensity 

drops once the excitation spot is close enough to the edge for the created carriers to reach 

the edge through diffusion. The carrier diffusion is quantified by comparing the measured 

falloff in PL intensity with separation to the simulated falloff for different diffusion
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lengths. While this technique is not the most direct method for measuring carrier 

diffusion, it has the advantage o f providing direct results on the effect o f edge 

recombination as a function o f the initial carrier distribution and etched edge separation. 

Also since etched edges already existed on our sample this technique requires no further 

sample processing.

Ambipolar diffusion has been extensively investigated in QW layers [14,18,19] however 

little work has been reported which actually quantifies the reduction in diffusion achieved 

by utilising QDs, despite many references to the importance o f this effect in choosing 

QDs as emitters in etched microcavity structures [20,21,22]. The reduction in carrier 

diffusion produced by InGaAs/GaAs self-assembled QDs at room temperature has been 

measured by CL and its impact on miniature laser performance discussed in references 

[23] and [24]. Our samples contain InAs/GaAs QD layers and we investigate carrier 

diffusion in the 77K to 297K temperature range to provide an insight into the role of 

thermally activated escape from the dots.

Microscope objective (M 02)
Scanning directions

M -

excitation spot
I ' P i

^  QD/QW  layer

Figure 6.4 Schematic diagram showing experimental technique employed to quantify 

carrier diffusion.
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6.4.2 Theory - The Diffusion Equation

In this section the basic equations and terms used to describe carrier diffusion are 

introduced.

Continuity demands that the rate o f change o f carrier density in a region o f the 

semiconductor is equal to the number o f carriers entering that region plus the 

creation/annihilation rate in the region, therefore the continuity equation in the two lateral 

directions takes the form,

N{r,t) is the carrier density as a function o f radial coordinate r, and time, t. 3{r,t) is the 

carrier current density, and g(r) is the rate o f carrier generation. The last term in (6.3) 

accounts for carrier recombination, and assumes an exponential carrier decay 

characterised by a single lifetime r. The carrier current density due to diffusion, J , is 

related to the carrier density, N, by Pick’s law.

which although an approximation is known to be true for many systems [25]. D  is the

As an example o f a situation for which a simple analytic solution exists for the diffusion 

equation, consider carriers being generated at r  = 0 and t = 0 only, and search for a steady 

state solution {dNIdt = 0). Then for t >0 equation (6.5) reduces to

N{r, t )
T

(6.3)

3{r,t) = - D V N ( r , t ) (6.4)

diffusion constant and has the dimensions [Length^ xTime'*]. Combining (6.3) and (6.4) 

yields the well known diffusion equation

(6.5)

(6 .6)
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where we have defined L} = Dr.  The parameter L is called the carrier diffusion length. 

The general steady-state solution to (6.6) is

N{r)  = +Be^'^  (6.7)

where A and B are constants. Assuming the boundary condition ^  0 as r  ^  co, forces B 

= 0. Therefore the solution to the diffusion equation in these conditions is

N(r)  = (6.8)

where A (̂0) is the value o f the carrier concentration at r  = 0. The solution shows an 

exponential decay in the steady state carrier concentration with distance from the source 

at r  = 0, with a decay constant equal to the carrier diffusion length.

This simple example introduces the diffusion length parameter that combines the two 

material dependent properties, D  and r, in the general diffiision equation (6.5). To 

simulate our experimental conditions we have to account for the shape o f our laser 

excitation spot, while the presence o f a straight etched edge boundary on one side o f the 

spot removes radial symmetry from the problem making it difficult to obtain an analytic 

solution. Therefore we employ a numerical simulation based on (6.5) to model the 

diffusion and recombination processes in our experimental system. The details and results 

o f the simulation are contained in section 6.4.4.

6.4.3 Results

Our measurement technique depends on the ability to position our excitation spot at a 

known separation from a well-defined straight etched edge with sub micron accuracy and 

stability. To determine whether our experimental setup offered sufficient spatial 

resolution, the variation in the reflected laser power produced when the excitation spot 

was scanned across the edge was compared to the profile obtained from the measured 

CCD image o f the laser spot. Assuming a Gaussian shaped excitation spot, fitted values 

for the laser spot FWHM were extracted from both measurements. A FWHM value o f 

2.15±0.03fj,m was obtained from direcfly fitting the imaged spot, while a FWHM value o f 

2.1±0.1|im was obtained from fitting the dependence o f  the reflected laser power on edge
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position, assuming constant reflectivity o f the incident laser from the sample surface and 

zero reflectivity beyond the etched edge. Since the value obtained from the scanning edge 

technique agrees with the value obtained from direct imaging, whose accuracy is only 

limited by the CCD resolution, this result confirms the presence o f a sharply defined edge 

on the sample, and the ability o f the experimental setup to provide spatial stability 

sufficient to resolve features with dimensions less than the excitation spot size.

X -section o f  
imaged Laser spot 

Fitted Gaussian

TDu
t/D

o
2

0 . 6 -

~o Reflected Laser
Fitted edge reflectivity scan
(assuming Gaussian spot)

0.4-

0 .0 -

10 -8 -6 -4 -2 0 2 4 6 8 10
Separation of edge and excitation spot centre, d ((jm)

F igure 6.5 (a) Cross-section through CCD image o f  laser spot on sample surface, (b) 

Variation in reflected laser power as function o f  distance between straight etched edge 

and centre o f  laser spot.

Simultaneous reflected laser and PL edge profiles (reflected/emitted power as fiinctions 

o f edge to centre o f spot separation, d) for samples containing both QD and QW active 

layers were measured in the temperature range 77K to 297K. The PL profiles were 

recorded at the peak o f the QD or QW emission spectrum at that temperature. The 

reflected laser edge profile is used to identify the position o f the edge during each scan. In 

Figures 6.6, 6.7 and 6.8 the laser edge profiles are matched up for the different 

temperature/pump intensity results, with only one o f the laser profiles shown for clarity. 

The PL profiles shown in Figures 6.6 and 6.7 were recorded at an excitation intensity o f 

400Wcm'^, which was sufficiently low to prevent overfilling o f the ground state o f the
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QDs. The excitation intensity dependence of the edge profiles in the 140Wcm'^ to 

7kWcm'^ range, at 77K is shown in Figure 6.8. The PL spectra at the same range of 

excitation intensity values and experimental conditions were shown in Figure 5.17.
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Figure 6.6 PL edge profiles fo r  sample containing QD active layer.
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Figure 6.7 PL edge profiles fo r  sample containing QW active layer.
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The PL edge profile o f the QD active layer matches the laser edge profile at temperatures 

less than 170K. At higher temperatures the PL intensity drops before the laser spot starts 

to cross the etched edge, with the distance at which the initial drop off in PL is observed 

occurring at increasing distances from the edge as the temperature increases. The PL edge 

profiles of the sample containing QW active layers show a similar trend with temperature 

however the distances at which the falloff in intensity first occurs is greater and even at 

77K there is a significant difference between the laser and PL edge profiles.

The PL edge profiles from the QD sample at 77K in Figure 6.8 match the laser profile for 

excitation intensities less than 1 lOOWcm'^, at higher pump intensities a drop in emission 

intensity was observed at greater separation of the excitation spot and edge.

140Wcm 140Wcm7000Wcm
280Wcm
570Wcm

OOWcm

=  0.4 2200Wcm
4500Wcm
7000Wcm 
Laser

Figure 6.8 PL edge profiles fo r  sample containing QD active layer at 77K  fo r  a range 

o f excitation intensities.

The fast non-radiative recombination channel presented by the exposed surface produced 

by the etching process not only reduces the overall PL emission intensity but also reduces 

the PL emission lifetime if carriers reach the surface. This fast surface recombination was 

responsible for the reduced PL lifetime from the microleek structure at room temperature. 

As a second approach to trying to quantify the distance carriers diffiase in the InAs/GaAs
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QD layer, the em ission lifetim e as a function o f  separation betw een initial carrier 

distribution and the etched edge was measured.

How ever since the responsivity o f  the m icrochannel plate PM T detector used to perform  

tim e-resolved m easurem ents drops o ff at w avelengths greater than 850nm, w ith a 

m axim um  detectable w avelength o f  » l|j,m , the PL lifetim es w ere recorded at X= 950nm. 

The lum inescence from  the QD sample at this w avelength originates from  small QDs in 

the extrem e tail o f  the QD size distribution. Also the pulsed excitation required for time 

resolved m easurem ents, results in higher carrier densities than the corresponding average 

intensity CW  excitation. In order to reduce the carrier density  w hile m aintaining a 

m easurable PL signal a stripe excitation on the surface o f  the sam ple was em ployed. The 

stripe was orientated parallel to the etched edge thereby providing a greater excitation 

area while still m aintaining a tightly confined initial distribution o f  carriers perpendicular 

to the edge. Figure 6.9 shows a drop in the PL lifetim e from  the QD sam ple at room 

tem perature when the stripe excitation is w ithin l \m \  o f  the etched edge. The

Laser stripe cross-section

0 1 2 3 4 5 6 7

Separation o f  etch and excitation stripe centre (|im)

Large illumination 
spot showing etched 

letter on sample

Focussed stripe 
excitation 

positioned parallel 
to etched edge

Figure 6.9 Effect o f edge recombination on the PL emission lifetime from QD sample at T -  297K

(Excitation intensity = 240Wcm'^, excitation wavelength = 800nm, measurement wavelength = 950nm).
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interpretation of the lifetime results is complicated by the fact that we are only measuring 

emission from the high-energy tail of the QD spectrum where emission from QD excited 

states may be present. Also fluctuations and drift in the excitation stripe and edge 

separation over the long integration period («10-20 minutes) of photon arrival times 

required to measure an emission lifetime, introduces a significant error into the data 

points. For these reasons we focus on the PL intensity edge profiles to quantify the carrier 

diffusion in terms of diffusion lengths.

6.4.4 Simulation

A full simulation of the carrier dynamics in a QD layer would account for the different 

probabilities of carrier capture and escape for the different sized QDs, track the 

population trapped in different sized dots and free to diffuse in the WL layer at any given 

time, and allow for recombination occurring in the WL or any of the QDs. Such a 

simulation would be extremely computationally demanding and would possess too many 

variables for any fit to the measured data to provide accurate values for the various 

material parameters. Therefore we simulated the expected edge PL profiles for a system 

of unconfined carriers assuming different carrier diffusion lengths, which could then be 

compared to the measured results.

The simulation is based on dividing the surface of the sample (xy plane) into a two 

dimensional rectangular grid, with a grid spacing of dx and dy in the x  and y  directions 

respectively, and calculating the number of carriers in each cell o f the grid Nij after each 

time interval dt. The change in the number of carriers in a cell in a time interval dt at a 

time t is calculated from (6.5) as

dN,j(t) = dt (6.9)

in the lateral directions at each cell in the grid is calculated using a finite difference 

technique [26], as
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9 d ^ N j N-  I f  1 1 r 1

(6 . 10)

The carrier generation term gij is calculated assuming a Gaussian shaped excitation spot 

(FWHM = 2.1|^m) a known distance from the edge. The carrier lifetime is determined 

by the bulk recombination lifetime rb, which is independent o f position on sample, and 

the position dependent non-radiative edge lifetime zedgeij.

rb.zedge,
r , , = - ----- ^  (6.11)

rb + Tedge^j

The influence o f surface recombination at the etched edge is accounted for by assigning a 

fast edge recombination lifetime to cells along the etched edge. In order to avoid creating 

a numerical instability in the finite difference technique used in equation (6.10), the 

redgCij term must be made to vary smoothly at the etched edge. This is achieved by 

using a sigmoidal Richards function [27], with the appropriate parameters to produce a r  

value o f 10‘ ns at the etched edge [28], with a continuous variation o f r  between rb and 

this value occurring over a lOOnm region at the edge.

S  IE-9- 

. 1  lE-lOi

Tedge
lE - l l i

lE-12
-100 -50 0 50 100 150 200 250

Distance from  edge (nm)

Figure 6.10 Dependence o f  bulk, non-radiative edge, and carrier lifetimes on 

distance from  edge as used in simulation.
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To calculate the PL intensity for a given diffusion length, L, and edge to excitation spot 

separation, d, the carrier distribution is iteratively calculated until a steady state 

population M,/oo) is established (i.e. dN /dt» 0). The PL intensity, /  is then calculated as

^  N -  . (oo)
(6 . 12)

u *
where /I is a constant representing the fraction of the bulk recombination which is 

radiative.

We simulate the edge profiles for different values of carrier diffusion length, L, from 

which a bulk carrier diffusion constant D is determined using the bulk recombination 

lifetime, as D = L^lvb. The advantage of performing the simulation for different values of 

L rather than different values of D is that it removes the dependence of the result on the 

carrier lifetime and provides a result dependent on only one material parameter. The PL 

edge profile for a given diffusion length is simulated by determining the PL intensity at a 

series of values of d. The simulated PL edge profiles for a range o f L values are shown in 

Figure 6.11.
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Figure 6.11 Simulated PL edge profdes fo r  L values between 1 im  and 10/j.m, with 

experimental results for the QD and QW sample at T =27 OK superimposed.
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The shape of the simulated profiles agrees well with the experimental results as can be 

seen for two typical results in Figure 6.11. However the computational time required to 

simulate a single edge profile prohibits iteratively adjusting the L value until a best fit 

between the simulated and measured PL edge profile is achieved. Therefore the d  value at 

which the PL intensity has dropped to 50% of the bulk PL intensity was chosen as a 

parameter that would allow the fitting o f a diffusion length to each measured profile. As a 

first step the dependence o f the d  value at which a 50% drop in PL intensity is observed, 

on the diffusion length has to be determined from the simulated profiles. Figure 6.12 

shows the linear relationship between these quantities and the fitted line from which the 

diffusion lengths corresponding to the experimentally measured 50% PL distances can be 

determined.

5

^ 3I
C/2 

^ 2

1
O

Oi

0

Simulation points 
Linear fit

6
L(^m)

10

Figure 6.12 Distance from  edge at which simulated PL has dropped by 50%, as a 

function o f  diffusion length.

6.4.5 Discussion

Figure 6.13 shows the distance from the edge at which the measured PL intensity has 

dropped to 50% o f emission intensity from bulk material, and the corresponding diffusion 

length from the fitted line in Figure 6.12, for both the QD and QW  layers as functions of 

temperature. The carrier diffusion is completely suppressed in the QD layer at 

temperatures less than 150K, with a small increase in diffusion observed in the 150K to
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200K temperature range corresponding to a diffusion length a  0.5)^m at 200K. A more 

rapid increase in carrier diffiasion in the QD layer is observed in 200K to 300K range, 

with carrier spreading at BOOK matching that expected for a diffusion length o f « 6.5jj,m. 

The carrier diffusion length for the QW layers increases consistently with temperature 

throughout the entire temperature range investigated from aSjam at 77K to alO|j,m at 

300K.
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Figure 6.13 Results o f  diffusion measurements on QD and QW samples.

Three possible effects that could have impacted on our experimental technique and that 

would have led to an overestimation o f carrier difftision, which were considered and 

subsequently dismissed are discussed below.

(i) The distribution o f carriers created in the active layer o f the sample not

matching the reflected laser spot from the surface o f the sample. I f  the active layer 

had been positioned several microns below the surface o f the sample then the 

incident laser, focused on the surface o f the sample, would have passed through 

focus when the light reached the active layer resulting in a larger distribution o f 

carrier created in the active layer. However since the active layer was situated < 

0.5)am under the surface o f the sample which is less than the depth o f focus o f the 

microscope objective lens (wl|am) forming the excitation spot, no appreciable 

difference would be expected in the laser spot on the surface and at the active
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layer. The calculated laser profiles on the surface and at the active layer 

accounting for the NA of the lens, the excitation wavelength, and the refractive 

index of the sample agreed to within lOOnm [29].

(ii) The existence of a damaged layer of material at the etched surface of the

sample. The existence of such a layer has already been discussed in section 5.3, 

however typical values for the thickness of the damaged surface layer produced 

by etching methods similar to those employed in the fabrication of these samples 

is wlOnm [30], which is less than the resolution to which the sample edge is 

positioned and therefore lies within our experimental error.

(iii) The re-absorption in the active layer of light originally emitted by the active 

layer (photon recycling) would result in the creation of carriers away from the 

initial carrier distribution without any carrier diffusion occurring. The existence of 

a waveguide in the sample makes this a potentially important effect, since a 

considerable fraction of the emitted light couples to guided modes that propagate 

laterally with low scattering losses. However the absorption length of the guided 

mode by the QD layer was measured as alOO)j.m in a very similar structure [31]. 

Therefore the effect of carrier creation through reabsoption of the guided emission 

is negligible in the QD sample over the «15|j.m distances investigated. The shorter 

absorption length expected for the QW sample makes it a potentially more 

significant effect, however the good agreement between the measured QW PL 

edge profiles and the modelled profiles assuming a single diffiision length 

suggests the impact of carrier creation through PL reabsorption is small. Previous 

results have shown the spatial distribution of PL in the presence of significant 

reabsorption effects can only be fitted using two diffusion lengths, one to account 

for carrier diffusion and the other to account for photon diffusion [32].

The elimination of these effects combined with the agreement between the reflected laser 

and QD PL profile at low temperature (implying the expected result of no carrier 

diffusion), support the accuracy of our measurement technique and of the results shown 

in Figure 6.13.

The QW diffusion lengths shown in Figure 6.13 are consistent with the 1.5|am and 2.5|j,m 

ambipolar diffusion lengths measured for two Ino.uGao.geAs/GaAs quantum wells at 85K
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by Huang et al. [33], however the 0.9|j.m ambipolar diffusion length measured by Evoy et 

al. [34] for Ino.1Gao.9As/GaAs QWs at room temperature is considerably less than our 

QW diffusion length at room temperature. This difference is attributed to a reduced 

defect density in our sample, resulting in an increased carrier lifetime and diffusion 

constant; the variation o f  the carrier diffusion length with material quality is shown in 

Huang’s results [33], The ambipolar diffusion length in GaAs/Alo.aGao.yAs QWs at room 

temperature is typically »l|j,m  [14,24], however an increased diffusion length would be 

expected for InGaAs/GaAs QWs due to the larger diffusion constant for both electrons 

and holes in InAs compared to GaAs [35].

In order to obtain some estimation o f  the trapping efficiency o f  the QDs, the diffusion 

length o f  carriers in the QD layer was divided by the diffusion length in the QW layer at 

the same temperature and carrier density. If we assume that carrier transport in the QD 

layer is solely due to carrier diffusion in the continuous InAs wetting layer, that the 

carrier diffusion constant in the wetting layer is the same as the diffusion constant in the 

QW, and that the carrier lifetimes are the same for both the QW and QD layer, then the 

diffusion length in the QD layer divided by the diffusion length in the QW equals the 

fraction o f  time carriers in the QD layer spend in the WL. While these assumptions are 

clearly not completely accurate. Figure 6.14 does provide a broad estimate o f  the fraction 

o f  time carriers in the QD layer are free to diffuse and hence an insight into the efficiency 

o f  carrier trapping in the dots as a function o f  temperature.
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Figure 6.14 QD carrier diffusion length divided by Q W  carrier diffusion length.
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Figure 6.8 shows that carrier diffusion in the QD layer at 77K is independent of pump 

intensity and hence carrier concentration up to llOOWcm'. At higher excitation 

intensities a slight increase in carrier diffusion is evidenced by a reduction in the PL 

intensity at greater separation of the excitation spot and edge. This increased carrier 

diffusion is attributed to saturation of the ground states of the QDs, resulting in carrier 

occupation of less confined QD excited states. The lower confinement energy of excited 

states introduces an increased probability of carrier escape and hence increased carrier 

diffusion. The impact o f overfilling the ground state is only observed in the PL edge 

profiles at excitation intensities above « 2000Wcm'^ compared to the observation of 

excited state emission in the PL spectra at excitation intensities > 600Wcm'^. This 

discrepancy is attributed to the fact that the edge profiles were recorded at the peak 

wavelength of the low pump intensity PL spectrum (k = 1022nm), where the contribution 

of excited state emission to the emission intensity is small relative to ground state 

emission (see Figure 5.17). Therefore higher pump intensities are required before the 

impact of excited states becomes significant. Even at the highest pump intensity 

investigated (7000Wcm‘ ) the carrier diffusion at 77K in the QD sample is only a fraction 

of the carrier diffusion measured for the same sample at low pump intensity for 

temperatures >200K, indicating that the carriers occupying excited states are still strongly 

confined in the QDs at 77K.

6.5 Cavity measurements

6.5.1 Introduction

This thesis is concerned with investigating the design, advantages and limitations of 

microcavity LEDs. Key to the success of higher dimensional microcavities is lateral 

mode control, which requires lateral light confinement to wavelength scales. Smaller 

device sizes are also of interest in laser diode research where the promise of lower 

threshold currents and higher modulation speeds has resulted in a continuous 

miniaturisation of devices. However the increasing surface-to-volume ratio that
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accompanies this miniaturisation process increases the potential influence o f surface 

effects, with the magnitude o f these effects dependent on the carrier diffusion length.

In this section we return to examining etched microcavity structures, to quantify the 

impact o f non-radiative carrier recombination at etched sidewalls. Our study o f the 

emission properties and carrier diffusion in QD and QW active layers was instigated by 

the results o f emission lifetimes from the microleek structures (see section 4.7.2). The 

temperature dependence o f the emission lifetime from QDs in the microleek structure 

relative to QDs in bulk material showed the impact o f fast non-radiative recombination at 

etched sidewalls at higher temperatures. However as already mentioned the high carrier 

densities required for PL lifetime measurements and our inability to measure emission 

lifetimes at sufficiently long wavelengths to investigate the peak o f  the QD emission 

spectrum, makes it difficult to accurately assess the impact o f surface recombination from 

time resolved measurements. In this section the emission intensity from QD and QW 

active layers in etched cavities are compared to the bulk emission intensities from the 

same active layers, under CW excitation and using the Ge detector to access the full 

emission spectrum of the QDs. Cavities containing the same QW and QD active layers as 

used in the carrier diffusion length measurements were investigated. This allowed an 

assessment o f the dependence o f surface recombination effects in etched microcavities on 

carrier diffusion length.

0.7

0.6

2 0.5o
0.4

50 100 150 200 250 300

Temperature (K)

Figure 6.15 Summary o f  PL lifetime measurements on microleek structures (see section 4.7.2 

for details). The decrease in the PL lifetime from QDs in the microleek relative to the bulk 

emission lifetime fo r  T >140K is due to the influence o f  non-radiative edge recombination.
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6.5.2 Cavity structure

The cavities investigated utihsed a periodic array o f etched air holes that create a two- 

dimensional photonic bandgap (PBG) to confine the light to hexagonal shaped central 

cavities. The air holes had a diameter o f 150nm and were arranged with a periodic 

spacing o f 240nm. The central cavity was formed by removing 127 holes from the array, 

leaving a nominal cavity area o f 8.4|^m^. The cavities were etched in the same wafers 

(one containing QDs and one containing QWs) as the microleek cavities, and that the 

diffusion measurements were performed on. Our measurements did not depend on the 

optical properties o f the cavity, since we measured the intensity o f emission from the 

centre portion o f the structure, which consisted o f unguided and hence unconfined 

emission (see chapter 4). These cavity structures were chosen so that our results would 

provide direct input into the design o f similar structures, which are the subject of 

considerable research due to the potential for omnidirectional light control offered by 

PBGs [36].

6.5.3 Results and Discussion

In order to measure the emission intensity from the centre o f the cavity relative to the 

bulk emission intensity, the laser excitation spot was scanned across a device. The same 

experimental setup as was used to measure the edge profiles was employed, providing a 

simultaneous measurement o f both the reflected laser and PL intensities as the excitation 

spot was scanned. The reflected laser profile was used to ensure that the laser excitation 

spot was scanned through the centre o f the device, while the PL intensities at the 

beginning and end o f the scan, when the excitation spot was far from the device provided 

the bulk PL intensity. The same excitation intensity o f 400Wcm'^ as in the diffusion 

measurements was used.

Figure 6.16(b) shows typical reflected laser and PL profiles produced by scanning the 

laser spot across the cavity. Also shown is a simulated reflectivity scan for the excitation 

spot passing through the centre o f the structure, assuming the same constant reflectivity 

from the bulk material and the cavity centre, and a 33% drop in this reflectivity value for 

the etched area. To simplify the simulation the structure was approximated to a circular
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shape with an outer radius of 4|^m and a central cavity radius of 1.6|j.m, with both values 

taken from the SEM image. The magnitude of the drop in reflectivity from the etched 

regions due to the etched air holes was adjusted to fit the experimental data. The 

agreement between the shapes of the simulated and measured reflectivity profiles 

confirms that the laser spot passed through the centre of the structure. The reflected laser 

profile is independent of sample temperature and was used to ensure that the laser spot 

passed through the centre of the structure during all scans.
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Figure 6.16 (a) Scanning electron microscope (SEM) image o f  PBG cavity, with circle 

representing laser spot superimposed fo r  illustrative purposes, (b) Typical normalised 

reflected laser and PL profiles produced when the laser excitation spot is scanned across 

the structure (T = 170K).

The value of the PL intensity from the centre of the structure normalised to the bulk PL 

intensity was extracted from the measured PL profiles produced by scanning the laser 

spot across the structure. Measurements were performed on the sample containing QDs at 

three different PL emission wavelengths corresponding to the peak intensity and the half 

maximum intensity on the long and short wavelength side of the peak, while 

measurements on the structures containing QWs were performed at the peak of the QW 

emission spectrum. The results of these measurements are shown in Figure 6.17, together 

with an approximation to the wavelength-integrated result for the QD structure (dashed
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line) obtained from the sum o f the three individual wavelength results weighted by their 

spectral intensity.

3
CQ

c
(Uo
>0)o

Cu
o
o
Qi

1.0

0.9
0 .8 -

0.7-
0 .6 -

0.5-
0.4-
0.3-
0 .2 -

0 . 1 -

0.0
50

X

X

QDs (long X )  
QDs (peak X )  
QDs (short X.) 
QDs (all I s )  
QW (peak X )

\ X  
X .

— I—

100 150 200 250 300

Temperature (K)

Figure 6.11 PL intensity when laser spot positioned on centre o f  structure normalised to 

PL intensity from  bulk material fo r  structures containing QDs and QWs. For the 

structure containing QDs results fo r  emission wavelengths corresponding to the peak 

and the two half-maximums in the PL spectrum at that temperature are shown.

The estimated wavelength-integrated PL intensity from the centre o f the etched cavity 

containing QDs is approximately constant at 0.75 ± .05 o f the bulk PL intensity, for 

temperatures less than 15 OK. At temperatures less than 90K the cavity to bulk PL ratio is 

independent of QD emission wavelength indicating that carriers are equally trapped in all 

the different sized dots, emitting at different wavelengths, in the layer. The failure to 

recover 100% of the bulk PL intensity when the excitation spot was positioned on the 

centre o f the structure even at 77K when efficient trapping o f carriers in all dots is 

expected is due to the edges of the laser spot extending into the etched regions. The fact 

that the laser spot never fully fitted inside the cavity centre is confirmed by the reduced 

reflected laser intensity relative to the reflected intensity from bulk material when the
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excitation spot is centered on the structure (see Figure 6.16(b)). The removal o f 

semiconductor material to produce the air holes and the damage to remaining material at 

the etched interfaces reduces the PL intensity from the PBG patterned regions even in the 

absence o f carrier diffusion. At temperatures above 90K the cavity to bulk PL ratio 

increases for QDs emitting at longer wavelengths and decreases for dots emitting at 

shorter wavelengths. The differentiation between different emission wavelengths with the 

spectrally integrated cavity to bulk emission ratio remaining approximately constant (for 

T < 150K) indicates that a redistribution o f carriers between dots is occurring with edge 

recombination having a greater impact on the emission from the smaller dots which have 

lower confinement energies. However the origin o f the increase in the ratio o f the cavity 

to bulk emission intensities is not understood. At temperatures greater than 170K the 

cavity to bulk emission intensity ratio drops at the three emission wavelengths measured 

to a value o f » 0.15 at room temperature, with the difference between the different 

wavelengths reducing as the temperature increases. This drop in the cavity to bulk 

emission ratio is due to increased non-radiative surface recombination as a result o f 

increased carrier diffusion. The observation o f this reduction at all wavelengths indicates 

that carriers have sufficient thermal energy to escape from all the dots. The different 

confinement energies o f the different sized dots is less significant as the thermal energy 

o f  the carriers further exceeds the confinement energies o f the dots, resulting in the 

reduced difference between different emission wavelengths.

In comparison the emission intensity from the centre o f the QW cavity structure 

normalised to the bulk emission intensity is only « 0.16 at 77K and drops to « 0.05 at 

297K. The inability o f the QW to prevent lateral carrier diffusion at any temperature 

results in increased loss o f  carriers to non-radiative surface recombination at the etched 

sidewalls o f the structure compared to the QD structure.

6.6 Discussion

Having measured and discussed the carrier diffusion and the impact o f edge 

recombination in etched cavities independently for the same QD and QW layers under the 

same experimental conditions it remains to compare the two sets o f  results. The expected
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correlation between them is seen in Figure 6.18, with any increase in the carrier diffusion 

length accompanied by a drop in PL intensity from the centre o f the structure.

In the case o f the QD layer, the measured carrier diffusion length is effectively zero and 

the normalised PL intensity from the cavity is constant at 0.75 for temperatures less than 

150K, with the carrier diffusion length increasing and the normalised cavity emission 

intensity decreasing at higher temperatures. From the results o f the temperature 

dependence o f the QD PL spectrum in chapter 5 three temperature ranges were identified, 

corresponding to different carrier confinement regimes. Specifically that carriers are 

trapped in all QDs at low temperatures (< 70K), with an intermediate temperature range 

(70K to 150K) existing where carriers possess sufficient thermal energy to escape from 

increasing numbers o f dots resulting in a redistribution o f carriers toward the larger dots 

and finally carrier escape from all dots is possible at temperatures > 150K. Therefore it 

appears that carrier diffusion is suppressed and hence cavity edge effects minimized even 

if  carriers can escape from the smaller dots so long as the confinement energy o f the 

larger dots in the layer is sufficient to prevent carrier escape. The dependence o f the 

normalised cavity emission intensity from the QD structure on wavelength at
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Figure 6.18 Combined normalised cavity PL intensity and carrier diffusion length 

results fo r  both QD and QW active layers as function o f  temperature.
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temperatures > 90K, as shown in Figure 6.17, supports the existence o f carrier escape 

from smaller dots and a redistribution o f carriers between dots occurring at temperatures 

< 150K.

For the QW active layer the continuous increase in the carrier diffusion length with 

increasing temperature is accompanied by a continuous decrease in the normalised cavity 

PL intensity over the temperature range investigated (77K -297K ). At all temperatures 

the QW carrier diffusion length is greater and the normalised cavity PL intensity less than 

for the QD layer.

Finally in order to investigate the relationship between the carrier diffusion length and the 

impact o f surface recombination in the etched microcavity, the normalised PL intensity 

from the cavity is plotted as a fiinction o f the fitted carrier diffusion length in Figure 6.19. 

Interestingly the relationship between these two quantities differs for the QD and the QW 

active layers. For the same value o f carrier diffusion length the normalised cavity 

emission intensity is greater from the QD layer than the QW layer. However the carrier 

diffusion length attributed to the QD layer is only an approximation to the complex 

carrier dynamics between discrete dots and the wetting layer, and cannot be equated to 

the diffusion length in the QW layer where all carriers are free to diffuse during their 

entire lifetime. The cavity containing QDs may lose less carriers to non-radiative edge

I ■ QD
QW

0 .6 -

1 0.4-

0.0

Carrier diffusion length (nm)

Figure 6.19 Normalised cavity PL emission intensity as function o f  carrier diffusion 

length.
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recombination than the cavity containing QWs despite them having the same average 

carrier diffusion length because certain carriers in the QD layer may remain trapped in 

dots and unaffected by surface effects irrespective o f the proximity o f the surface. 

Alternatively the different relationship observed for the QD and QW layers may be due to 

differences in the quality o f the etched surfaces in the two samples, with the QW sample 

possessing an increased surface recombination velocity.

6.7 Conclusion

The ability o f QDs to reduce carrier diffusion and hence reduce the impact o f surface 

recombination in etched microcavities relative to QWs has been investigated. The 

diffusion lengths for carriers in the self-assembled InAs/GaAs QD layer and the 

InGaAs/GaAs QW at room temperature were measured at 6.5)am and 9.5|im  respectively. 

An increase in the PL emission intensity from a 3.2|im  diameter etched cavity at room 

temperature from 0.05 o f the bulk emission intensity for cavities containing QWs to 0.13 

o f the bulk emission intensity for cavities containing QDs was observed. These results 

confirm the ability o f QDs to reduce carrier diffusion through trapping o f carriers in 

discrete dots, however the thermal energy o f carriers at room temperature is sufficient to 

enable carriers to escape from the dots they initially relax into, thereby preventing the 

complete suppression o f carrier diffusion as observed in the QD layer at low 

temperatures. Despite the significant reduction in carrier diffusion offered by InAs/GaAs 

QDs, 87% of the carriers that recombine radiatively in QDs in the absence o f etched 

sidewalls are lost to non-radiative recombination in a 3.2|j,m diameter etched microcavity 

at room temperature. Therefore an alternative active layer or an alternative cavity design 

is required if  edge recombination effects are to be eliminated at room temperature in 

higher dimensional microcavities incorporating deeply etched lateral mirrors.

Since the first signs o f edge recombination in the PL edge profiles for the InAs/GaAs QD 

layer at room temperature were measured when the carriers were created «10|im  from the 

edge, any cavity would have to have a diameter >»20)am and selectively create carriers in 

the cavity centre if  edge effects are to be eliminated while using the same InAs/GaAs 

QDs and etch depths. However in cavities o f this size no microcavity effects would be
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present. Likewise if  the etch depth was reduced so that the active layers were not etched 

through then surface recombination would be eliminated, but the optical confinement o f 

the cavity mode would be too weak to observe microcavity effects. Therefore it is 

difficult to envisage a two or three dimensional cavity design incorporating InAs/GaAs 

QDs that will produce microcavity effects without losing carriers through surface 

recombination.

With regard to alternative active layers, QDs with larger confinement energies, for 

example self-assembled InGaAs/GaAs QDs that emit at «1.3|j.m [37], could reduce the 

probability o f carrier escape from dots at room temperature and thereby reduce carrier 

diffusion. Importantly our temperature dependent results show that complete trapping o f 

carriers in only the deepest dots o f the QD distribution is sufficient to suppress carrier 

diffusion. An alternative approach to the problem would be to try and reduce the surface 

recombination velocity by either surface passivation techniques [38] or by changing to a 

different material such as InP.

While the solution to the problem o f surface recombination in microcavities 

incorporating deeply etched lateral mirrors remains unresolved, our studies have shown 

that the use o f InAs/GaAs QDs as the active layer in the cavity, while offering an 

improvement over QWs, does not ensure the elimination o f undesired edge 

recombination effects.
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Chapter 7
Conclusions

This thesis has been concerned with investigating several aspects o f semiconductor 

microcavity light emitting structures. There has been a progression within the work from 

planar to higher dimensional microcavities, and finally onto sources for higher 

dimensional structures. The main conclusions o f this work are summarised below.

Our investigations into the emission properties o f planar MCLEDs emitting at 650nm for 

POP applications were presented in Chapter 3. The main focus o f this work was to assess 

the potential for transferring the MCLED technology to this wavelength. Clear 

microcavity effects were observed in the spectral emission linewidth, angle-resolved 

spectra and farfield o f a MCLED device emitting at 660nm. The low external quantum 

efficiency (<1.5%) o f the device was attributed to a combination o f low internal quantum 

efficiency (w30%) and a non-optimised cavity design. The poor carrier confinement in the 

QWs o f the device, due to the limited band offsets available in materials required for 

emission at 650nm, combined with the non-uniform carrier distribution, and device 

heating contributed to the low internal quantum efficiency. From spectral measurements 

the occurrence o f  significant device heating at bias currents >20mA was identified. 

Therefore the device characterisation results demonstrated the ability to produce 

microcavity effects in MCLEDs incorporating two DBRs even with the limited DBR 

refractive index contrast available in the AlxGai.xAs material system at this wavelength, 

while also highlighting the difficulty in obtaining high internal quantum efficiency and 

temperature insensitive performance from active layers emitting at this wavelength.

The optical properties o f  the characterised MCLED structure were modelled using a 

dedicated simulation tool capable o f the exact calculation o f  dipole emission in an 

arbitrary multilayer structure. The extraction efficiency o f the characterised device was 

calculated at 5%, with a factor o f two improvement predicted for the correct positioning 

o f the cavity resonance wavelength relative to the QW emission wavelength. Further
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optimisation o f cavity mirror reflectivities produced modelled extraction efficiencies o f 

14% into air and 4% into the acceptance angles o f a 0.5NA fibre, for a MCLED emitting 

at 650nm with the same intrinsic QW emission linewidth as deduced from measurements 

on the characterised MCLED device.

The measured and modelled results on planar MCLEDs emitting at 650nm provided an 

introduction into the emission properties and design considerations o f practical 

microcavity structures, and as such served as a valuable starting point for our study of 

novel microcavity designs.

The ultimate limitation on the extraction efficiency o f planar MCLEDs was also explored 

using the model. The presence o f leaky and guided modes in structures incorporating a 

DBR mirror was shown to prevent the realisation o f extraction efficiencies in excess o f 

40% (in the absence o f photon recycling effects) for even the best-case scenario o f a 

monochromatic source and a large DBR refractive index contrast. This limitation on 

planar microcavity device performance is one o f the motivations for studying higher 

dimensional structures, which are the focus o f the remainder o f this thesis.

The emission properties o f a novel higher dimensional microcavity structure (known as a 

microleek) utilising a circular Bragg reflector to provide lateral confinement and 

incorporating a waveguide in the vertical direction to produce full three-dimensional 

photon confinement were investigated in Chapter 4. Easing was observed from microleek 

structures containing QWs during photoluminescence measurements at high excitation 

intensities. The measured emission spectra and nearfields above threshold enabled the 

identification o f cavity modes o f known wavelength and azimuthal quantum number. A 

simple model based on the modes o f a disk resonator, adapted to account for penetration 

o f the cavity mode fields into the lateral mirror structure, was shown to successfiilly 

reproduce the lasing mode properties. The lasing modes were identified as quasi-radial 

modes, which are not confined in isolated post structures, thereby confirming the 

enhanced confinement offered by the microleek structure.

No cavity-induced modification o f the spontaneous emission lifetime (Purcell effect) was 

observed in low temperature time-resolved photoluminescence studies on QDs in 

microleeks. This was shown to be consistent with theory when correct averaging over the 

spatial distribution o f QDs within the cavity was performed. An increase in the ratio o f
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the cavity quality factor to cavity mode volume would be required to produce a 

measurable effect. We estimate that a microleek with a central cavity diameter o f wl.2|am 

and a cavity quality factor o f «1200, would be required to produce a factor o f 2 

enhancement o f the spontaneous emission rate.

The impact o f fast non-radiative recombination o f carriers at the etched sidewalls o f the 

microleek structure was evident in time-resolved PL measurements on the microleek 

structures containing QDs at room temperature. This failure o f the discrete QDs in the 

active layer to prevent carriers reaching the non-radiative centres at the etched sidewalls 

o f  the structure, prompted our investigations into the suitability o f QDs as active layers in 

etched microstructures, and in particular their ability to limit carrier diffusion.

The photoluminescence emission properties of the InAs/GaAs QD and InGaAs/GaAs 

QW layers in bulk material were investigated as functions o f excitation intensity in the 

30K to 297K temperature range in chapter 5. The temperature dependence o f the 

emission lineshape, linewidth, integrated intensity, and peak wavelength from the QD 

layer was explained in terms o f thermally activated carrier escape processes, with three 

distinct temperature ranges identified; (i) temperatures < 70K, when carriers are trapped 

in all QDs and emission properties are not strongly dependent on temperature (ii) 

temperatures between 70K and 150K, when carriers possess sufficient thermal energy to 

escape from increasing numbers o f QDs starting with the smallest, and a redistribution o f 

carriers towards the larger dots is observed (iii) at temperatures > 150K, when carriers 

can escape from even the largest dots and a decrease in emission from all dot sizes is 

observed. In contrast the integrated emission from the QW layer decreases consistently 

with increasing temperature throughout the investigated temperature range. Saturation o f 

the ground state transition in the QD layer at 77K was observed at a carrier density o f 

7 .3el0cm ' , which is consistent with the expected areal density o f dots.

Carrier diffusion and the impact o f non-radiative edge recombination on the emission 

properties o f etched microcavity structures were quantified for both QD and QW active 

layers as functions o f temperature in chapter 6. Carrier diffusion in the QD layer was 

completely suppressed at temperatures <150K, suggesting complete carrier trapping in 

only the largest dots o f the layer is sufficient to prevent carrier diffusion, while a 

continuous increase in the carrier diffusion with increasing temperature above 15 OK was
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observed. The carrier spreading in the QD layer at room temperature was consistent with 

that expected for an ambipolar diffusion length o f 6.5)^m. Carrier diffusion in the QW 

also increased with temperature, from a diffusion length o f 1.5|j,m at 77K to lO^m at 

297K. Carrier diffusion in the QD layer was less than in the QW layer at all temperatures, 

however the ratio between the two decreased with increasing temperature.

The temperature dependencies o f the measured ratio o f emission intensity from the centre 

o f a 3.2)am diameter etched cavity to the emission intensity from bulk material for both 

QD and QW active layers were consistent with the carrier diffusion measurements, with 

any increase in carrier diffusion matched by a drop in the normalised emission intensity 

from the cavity centre. At room temperature the ratio o f cavity centre to bulk emission 

intensity was 0.13 and 0.05 for QD and QW active layers respectively, indicating the 

respective loss o f 87% and 95% of carriers which combine radiatively in bulk material to 

edge recombination processes in the etched cavity. Clearly the use o f QDs does not 

eliminate edge recombination effects at room temperature in etched microstructures. The 

realisation o f increased efficiency from higher dimensional microcavities utilising deeply 

etched lateral mirrors will require either a reduction in the surface recombination velocity 

or the use o f  an active layer capable o f  preventing carrier diffusion at room temperature. 

A reduced surface recombination velocity could be achieved through either surface 

passivation techniques or by switching to an alternate material system such as InP. 

Alternatively QDs with confinement energies greater than carrier thermal energies at 

room temperature would prevent carrier diffusion and thereby eliminate edge effects in 

etched structures irrespective surface recombination velocities.

Planar MCLEDs are a mature technology at this stage, with established design rules and 

performance limitations. Their particular set o f emission properties position them 

favourably for certain fibre optic and interconnect applications where VCSELs are either 

unavailable or unsuitable.

The realisation o f  the expected improvements in performance for higher dimensional 

structures has proved difficult. While lateral mirror structures providing photon 

confinement to wavelength scale dimensions have been demonstrated, the cavity 

properties required to produce enhanced spontaneous emission rates or increased
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extraction efficiencies are extremely demanding. The enhanced spontaneous emission 

rates reported from QDs in three-dimensional microcavities at low temperatures highlight 

the potential o f cavity effects for improving LED performance, however the realisation o f 

electrically injected devices operating at room temperature with similar enhanced 

emission rates remains a distant prospect. Various approaches to achieving increased 

extraction efficiency from higher dimensional structure are being actively investigated 

including photon recycling o f light from guided to extracted modes and the use o f lateral 

structures to diffract light in the guided modes upwards out o f  the device. One key 

consideration in the design and performance o f structures incorporating deeply etched 

lateral features is the role o f edge recombination effects. While various schemes have 

been proposed to reduce the impact o f this effect, it still represents a serious limitation on 

the performance o f wavelength scale structures at room temperature. The development o f 

an active layer or processing technique capable o f eliminating this effect may well prove 

a catalyst for major advancements in the performance o f etched semiconductor 

microstructures, a field o f research that is sure to remain active for years to come due to 

its wealth o f physics and the exciting potential o f as yet unexploited effects.
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Appendix Al:

Derivation of Purcell Factor from Fermi’s Golden Rule.

(The following derivation is based on the theoretical treatm ent given in reference [1], 
w hich contains a comprehensive discussion o f  the Purcell factor in term s o f  both cavity 
Q ED  and Ferm i’s Golden Rule)

The spontaneous emission rate for a radiating dipole is given by F erm i’s G olden rule as:

w here r  is the emission lifetime, f(?^) is the vacuum  electric-field at the location r^o f the

em itter, d  is the electric dipole and p{cOe) is the density  o f  photon m odes at the em itter’s 

angular frequency cOe. The averaging o f  the squared dipolar m atrix elem ent is perform ed 

over the various modes seen by the emitter.

The insertion o f  the radiating dipole inside a cavity will change its spontaneous em ission 

rate in three ways: the spectral density o f  modes, the am plitude o f  the vacuum  field and 

its orientation with respect to the radiating dipole are all m odified. In the following 

derivation we calculate the change in the spontaneous em ission rate for a cavity 

supporting a single-m ode (angular frequency cOc, linew idth AcOc, and quality factor 

Q=cOclAcOc). In this case, the m ode density seen by the em itter is given by a norm alised 

Lorentzian :

( A l : l )

2
(A l:2 )

and

(A l:3 )
ncô

w hereas the free-space mode density can be written as:
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PfreÂ O) (A 1:4)

where n is the refractive index, c is the speed o f light, and V is the volume.

Field quantisation leads to the following expression for the electric field operator for the 

cavity mode [2]

= f{ r )d { t )  + h.c. (A l:5)

where h.c. means hermitian conjugate, d is the photon creation operator and /  is the

mode spatial function. /  is a complex vector which describes the local field polarisation 

and relative field amplitude. F^^is the effective mode volume and is given by

V ^ ^ = \ \ \ \ n { 7 f \ m \ d ^ 7  (A l:6)
^  r

where in this case n is the refractive index at the field maximum.

Using a normalisation volume V, the field operator for each free-space mode is :

E{T,t) = is (A 1:7)

where ^  is a unit vector describing the polarisation o f the mode, and k  is the mode 

wavevector.

Using Ferm i’s Golden Rule to calculate both emission rates, we can compare the 

spontaneous emission rate o f the emitter in the single-mode cavity to the case o f  a 

homogeneous surrounding medium:

'  fr ee

A<y„

k /^co  ̂ 4 ( co  ̂ - +  A co
Ĉ J

f {7 , )
ho)

2 s q U  V̂jjr J

2ti \\ CO Vn \ hco
(A l:8)

3 2 e y v

where ^  =
f i re)

describes the orientation matching o f  d  and f { r ^ ) ,  and

where 1/3 is the averaging factor accounting for the random polarisation o f free-space 

modes with respect to the dipole. (A l:8) can be rearranged using the substitutions 

Q=cOclAcOc and X=2nclco to give
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'  fr ee i Q ( X J n f
AnV,eff 4{cô  -co^Y +

(Al:9)

Finally for an emitter in exact resonance with the cavity mode {cOe=cOc), positioned at the 

maximum of the cavity mode field [f{r^)  = l), and aligned parallel to the cavity mode

polarisation (4=1), (A 1:9) further reduces to

'  fr ee 38(4 /«)'
4a:K

(Al:10)
eff

The right hand side of (A 1:10) is the cavity-induced spontaneous emission enhancement 

factor first proposed by E. M. Purcell in 1946 [3], and is known as the Purcell factor, Fp. 

Therefore the Purcell factor can be derived from Fermi’s Golden rule for an emitter 

matched to the frequency, positioned at the antinode, and aligned parallel to the 

polarisation, of the cavity mode.

1 “Semiconductor Microcavities, Quantum Boxes and the Purcell Effect”, J. M. Gerard 

and B. Gayral in Confined Photon Systems, Fundamentals and Applications, H. Benisty, 

J. M. Gerard, R. Houdre, J. Rarirty, and C. Weisbuch (Eds.) (Springer, Verlag, 1999)

2 “Basic of Quantum Optics and Cavity Quantum Electrodynamics”, C. Fabre in 

Confined Photon Systems, Fundamentals and Applications, H. Benisty, J. M. Gerard, R. 

Houdre, J. Rarirty, and C. Weisbuch (Eds.) (Springer, Verlag, 1999)

3 “Spontaneous emission probabilities at radio frequencies”, E. M. Purcell, Phys. Rev. 69 

p.681 (1946)
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Appendix A2:

Model for dipole emission in multilayer structure.

(This appendix contains an outline of the theoretical basis for the model as first 
developed by Benisty et al [1,2]. The treatment given here is based on, and uses notation 
consistent with reference [1], A discussion of alternate methods for modelling dipole 
emission as well as the historical basis of this model is also contained in reference [1]).

The originality of this model lies in its incorporation of dipole emission within the 

standard transfer-matrix methods through explicit additive source terms. Our discussion 

of the model is divided into three sections; the first section introduces source term 

expressions for various dipole orientations and emission polarisations that are compatible 

with the transfer matrix formalism. An expression for the emitted power per unit solid 

angle and unit area in an arbitrary layer of the structure relative to the same quantity at 

the source is derived in the second section. The final section discusses the 

implementation of this expression within the transfer matrix framework.

Source Terms
Source terms are introduced as an additive discontinuity of the fields chosen to represent 

the electromagnetic waves of a given TE or TM polarisation across the dipole layer 

according to the general form

where the superscripts > and < denote the +z and -z  sides of the dipole layer ( z is the 

common layer axis).

In the plane wave basis, fields depend on layer indices nj through their complex z- 

wavevector component, k̂ j which obeys the wave equation

where (=<i)n/sin^)/c, with angles Oj taken between the wavevector and the z-axis) is 

conserved through all interfaces (Snell’s law), and k̂ j (=&»«/cos^)/c) is real for plane

[e '’ ) -  {e  ̂) = (source terms) (A2.1)

(A2.2)
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waves and purely imaginary for evanescent waves in a lossless dielectric. The use o f kzj 

is thus convenient to treat plane and evanescent waves on the same footing, as well as 

being compatible with the transfer matrix method as seen later. Therefore we want to 

recast source terms for electric field dipole emission based on and k's  (oc « ’s) rather 

than angles.

We first recall the radiation patterns o f an electric dipole in an unbounded medium. The 

three basic configurations for dipole radiation patterns are depicted in Figure A2.1. The 

vertical dipole radiates only TM waves with a normalised pattern (power per unit solid 

angle)

do.
= — sin  ̂6, 

%n '
(A2.3)

where the subscript 1 refers to the emitters medium, and the total power through 

4n steradians is unity. For the horizontal dipole, we assume random orientation in the xy- 

plane, and take as a basis the two cases depicted in Figure A2.1(b) and (c) for TE and TM 

polarisations. Normalisation o f the total (TE+TM) radiated power per horizontal dipole 

gives

(A2.4)
dP^ (h,TE)

3
dn) 1 6 7 T

dP^ (h.TM)
3

dQj 16/r
cos 0, (A2.5)

The ratio o f TE to TM power is 3:1 for the randomly orientated horizontal dipole.

Horizont^al dipole
Vertical dipole 

(a) ™

Figure A2.1 Emission patterns o f  (a) vertical dipole in TM modes (b) horizontal 

dipole in TM modes and (c) horizontal dipole in TE modes.
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We first have to express the above source terms as functions o f  A:|| and k jj. The field 

source terms (denoted A) are basically the square root o f power per unit solid angle, 

hence

= . 1 ^  sin = . 1 ^  ̂  (A2.6)
V 8;r ' U tt k,

(A2.7)
Vl6;r

= + J ^ c o s 0 ,  (A2.8)
V16;r ‘ \ \ 6 tt k ,

where t  and i  denote the +z and - z  directions, and we have substituted k\\lki for sin^/, 

and kzjiki for cos^/. The origin o f the signs o f the source terms is discussed in reference 

[ 1 ].
Since dipole radiation is a spherical wave it has arbitrarily large wavevectors in its 

Fourier spectrum, therefore in order to provide a proper generalised source terms, we 

have to consider A:|| = 0 to co (this corresponds to letting kzj go from njco/c at normal 

incidence to 0 at 0i=9O° all plane waves, and then letting k~j go from 0 to +ic» all 

evanescent waves). Since we are only interested in the farfield emitted power from the 

structure, we need only consider A:|| values from 0 to rimaxOilc where rimax is the highest 

refractive index o f the multilayers, i.e. we only consider modes which are propagating 

plane waves in some layer o f the structure. The expressions for the source terms given 

above hold for both plane and evanescent waves.

Therefore equations (A2.6), (A2.7) and (A2.8) provide a full description o f emission 

from an electric dipole if  all k\\ values are considered.

Expression for power per unit solid angle in arbitrary layer of structure

When modelling the emission properties o f LEDs the most important result is the power 

emitted from the structure. To calculate this we have to account for the change in solid 

angle that is due to refraction. The power per unit solid angle and unit surface area, n  

=dP/dQdS, in some layer is related to the same quantity at the source layer, 111, as
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n  dP dQ,
n, df; dQ (A2.9)

In this formula the first factor on the right hand side is the plane-wave power 

transmission coefficient. It is related to the Poynting vector flux, S  according to

—  = = S c o s O ^  n \E f  C O S 0  = n\E f k J k  (A2.10)
dS dS  ' ' ' '

where the direction o f dS  is normal to the surface element dS. Therefore we obtain

1̂1 r
(A 2 .ll)

this transfer factor is illustrated in Figure A2.2(a). The second factor in (A2.9), dQi/dQ 

can be calculated directly from Snell’s law as

dQ|
dQ

«^cos^ nk.
«, cos

(A2.12)

The expression for the power per unit solid angle and unit area in an arbitrary layer, 

(including outside structure) can now be rewritten as

dP dP dQ, dP,
dQ d5 dP, dQ dQ ,d5

|£ ,l ' ^

^7—̂  X---- — X (source terms)
(A2.13)

,1

In this expression the source terms appear as modulated by the ratio o f the squared fields 

at the source and in the layer o f interest. It is equivalent to calculate the fields in the layer
'y

o f interest |Eo| directly from normalised source terms and use the following expression:

dP
dQdS

X (source terms)

nk"

nk\

(A2.I4)
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So to calculate the power per unit solid angle and unit area in an arbitrary layer of the 

structure, we have to calculate the square of the field amplitude in that layer of the

nk^
structure using the normalised source terms, and then multiply the answer b y  ^ .

Figure A2.2 (a) Power flux  and Poynting vector crossing a surface: a fixed area 

normal to S  (red circle) carries a fixed power, however the projection o f  this area onto 

the layer interface (green circle) varies as I/cos 6. Therefore dP/dS is given by ScosG 

(b) differential solid angle transfer from one layer to another.

Implementation of this expression within the transfer matrix 
framework.
First let us recall that the field in an arbitrary layer j  from zj to zj+i can be represented by a 

2x1 vector as a sum of two waves, according to

separately for each polarisation, where the Qy.^[\{kxX+kyy-cot)'\ factors have been dropped. 

The transfer matrix technique is a standard method for the propagation of this wave 

through a multilayer structure. The technique uses two types o f matrices, the first 

involving exp[±i^z/zy+/-zy)] to account for the propagation of the field through a layer, 

and the second involving the k\\ and the refractive indices of the layers at the interface to

z
(a)

dQ  ’
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account for the Maxwell boundary conditions for tangential fields [3]. Using the product 

of these matrices (see Figure A2.3) we can calculate the propagation o f the field through 

the structure, accounting fully for all interference effects. A comprehensive discussion of 

the transfer matrix technique is contained in references [4, 5]

For a structure with internal sources, outside field vectors have a single non-zero term, 

the outgoing one, i.e. there are no external impinging waves (see Figure A2.3). Then, a 

2x2 matrix product (a) depicts propagation from leftmost interface to the source layer, 

and a matrix (b) depicts propagation from the rightmost interface to the source. Our 

additive source terms impose the following required relation (equation (A2.1)) between 

the field vectors on each side o f the source layer:

The fields either side o f the source layer can be written in terms o f  the outside fields by 

using the matrix relations:

« I 2

« 2 1 ^ 2 2  _ U o ( ^ o ) .
Z?i2

^ 2 1 ^ 2 2 . I 0 J
Using (A2.16) and (A2.17) one can obtain the following expression for the left outside 

field Eo

^ (source terms)

^ 22^11 “  ^ 21^12 ^ 

and one can obtain similar expressions for the fields in any layer o f the structure from 

these equations. In all cases we find the same denominator characteristic o f the structure, 

A= C22 [where (c)=(a)(b)'' is the structure matrix product], which carries the modal 

properties o f the structure. The numerator takes account o f reflection o f source terms by 

the right side o f the structure through matrix elements b2 i and bn.
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z axis

f ̂ 1 o —
> f  F ^

a
k. J

h
v'^ioi y V. J loJ

sou rce plane

z >

}Matrices propagating 
electric field from 
outside to source

Schematic 
representation of 

counter-propagating 
waves in each layer

► E . ^  exp( / ^^( z- ) )

+

^  exp(-/^y (z -  Zy))

Decomposition of electric field in 
j'*’ layer into 2 counter propagating 

waves.
Figure A2.3 Schematic diagram o f  layered structure with source plane inside and 

matrices describing the propagation o f electric fields from  the outside to the source. 

Only outgoing fields do not vanish iffields come only from source.

Therefore to summarise the procedure for calculating the power per unit solid angle, for a 

given angle 6 ’ in an arbitrary layer of the structure (labelled m)\ the first step is to 

calculate k\\ (=«„sin^). Then kzj is calculated in every layer of the structure, according to 

equation (A2.2). Matrices are then formulated for each layer and interface of the structure 

for these values o f kzj and the nj of each layer. From the product of these matrices in 

suitable order one obtains matrices (a) and (b). The denominator in equation (A2.18), A 

characteristic of the structure can be calculated at this stage. The next step involves the 

calculation of the source fields (A; and At) that couple to the angle ff  in layer m. Since 

we already have k\\ and k^j (k^j in the source layer) we can directly calculate the correct 

source amplitude using the relevant equation (A2.6) , (A2.7) or (A2.8) depending on 

dipole orientation and emission polarisation. We can then calculate the electric field
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amplitude in layer m at angle ff , £„{&), from (A2.18) and hence the power per unit solid 

angle, and unit area at angle ff  in layer m , Ylm{ff), from (A2.14).

In the common case of looking for the total emitted power in some outside layer, we 

calculate n ( ^  for 9=0 to 90° in the outside layer, and then the following integration 

accounts for the variation in solid angle available for emission with 0, to yield the total 

extracted power on the chosen side, Pextrac as

P e . . r a c  = 2 ;d l(^) siu ̂ 10 (A2.19)

Finally the spectral spread of the source can be accounted for by calculating the emission 

pattern at each wavelength using the normalised source terms, and then summing the 

results weighted by their spectral amplitude.

1 “Method of source terms for dipole emission modification in modes of arbitrary planar 

structures”, H. Benisty, R. Stanley, and M. Mayer, J. Opt. Soc. Am. A 15 (5) p. 1192 

(1998)

2 “Impact of planar microcavity effects on light extraction - Part II: Selected exact 

simulations and role of photon recycling”, H. Benisty, H. De Neve, C. Weisbuch, IEEE J 

Quant. Elect. 34 (9) p. 1632 (1998)

3 Principles o f  Optics, M. Bom and E. Wolf (6th Ed., Cambridge University Press,

Cambridge, 1980)

4 Optical waves in layered media, P. Yeh (Wiley, 1988)

5 Introduction to Optics, F. L. Pedrotti, and L. S. Pedrotti, Chapter 19 (Prentice-Hall,

New Jersey, 1987)
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