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Abstract i

Abstract

T'he operation of a new type of light emitting diode (LED) developed in the last
decade is investigated. In the so called “resonant cavity” LEDs (RCLEDs) the ac-
tive region is embedded into a resonator formed by distributed Bragg reflectors. The
devices considered here are for emission at 650nm to coincide with one attenuation
loss of a particular plastic optical fibre (POF) to be used in local area networks.

In this thesis room temperature photo-modulated reflectance and edge elec-
troluminescence measurements have shown to give valuable results in determining
the quantum well (QW) emission wavelength of these structures, where photolu-
minescence cannot be applied. The cavity mode (CM) (resonator) wavelength is
determined with reflectivity (R) measurements on wafers and devices. R spectra are
also fitted with theoretical calculations and reveal differences in the layer structure.

[t has been found that the de-tuning between the QW emission and the CM
has a stronger influence on the light output compared with the reflectivity of
the top mirror. It alsoimproves the temperature stability. Larger devices show
higher maximum efhciencies and are also less temperature sensitive than smaller
devices. All devices are influenced by the carrier leakage into the indirect X-minima
of the cladding, which has been shown to play a major role in the devices at high
temperatures (above 40°C) and for carrier densities higher than ~ 200A4/cm? .
The Ohmic self-heating adds to this, causing the high temperature sensitivity of
these devices. The self-heating increases with decreasing device size and a value of
(0.15 £ 0.02)W/ em°C for the thermal conductivity of these devices was found.

The coupling into POF shows that strongly de-tuned devices only have an
advantage over tuned ones in terms of temperature stability but are much worse
if the total amount of coupled light is compared. For a given operation current

smaller devices could be modulated faster due to the higher current densities but

no intrinsic size dependence was found. From the modulation measurements the
carrier density and values for the different recombination processes, detect related
and radiative current were found showing that at low current densities the overall

current was dominated by non-radiative detect recombination.
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(Glossary

LED Light emitting diode
RCLED Resonant cavity LED

VCSEL Vertical cavity surface emitting laser

DBR distributed bragg reflector
QW quantum well

Aow quantum well wavelength
CM cavity mode

Acym  cavity mode wavelength
POF plastic optical fibre
SI-POF step index POF
GI-POF graded index POF
PMMA polymethylmethacrylate
C.w. continuous wave

DC direct current

PR photomodulated reflectance
R reflectance

EL electroluminescence

LI light-current characteristics
OSA optical spectral analyzer
OPM optical power meter
DDM drift diffusion model

n:n internal efliciency

Neztr €Xtraction efliciency

Neqe €xternal quantum efficiency

RT room temperature (20-28°C)
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Chapter 1

Introduction

Since the first “Let there be light” all kinds of light sources, beginning with the sun.
have played a crucial role in people’s lives. From pure survival to art and technology,
light has always been important and a source of fascination. In the following a brief
overview about one modern application of light, optical communication, will be
given. This is followed by a short description of some of the most topical light-

emitting optoelectronic devices.

1.1 History of Optical Communication

The history of the transmission of information using optical techniques is much
older than the history of electrical communication. Optical communication through
means like fire (via smoke) date back to the early days of mankind [1]. In later days,
the transmission of messages by flag-signals became a very common form of optical
communication. By replacing the human flag-signallers with a set of semaphores
mounted on top of towers at the end of the 18th century a French engineer called
Claude Chappe created the first optical telegraphs [2] and so the “far-writer” was

invented. In his system the message was still relayed by humans but the speed com-
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pared to a purely human messenger was vastly improved. The transmission over
the 425km distance from Paris to Strasbourg took only 6 minutes [2]. This optical
technique was soon to be replaced by electrical telegraphy that allowed faster signal
transmission. A century later the inventor of the telephone, Alexander Graham Bell.
took optical communication a step further by patenting his photo-phone in 1880 3).
However, this device in which speech was transmitted by light did not prove very
successtul and the technology of optical communication was forgotten for a while.

At the beginning of the 20th century the development of a new technology
involving optical fibres took place. The idea of an optical fibre is to transmit light
by total internal reflection. Total internal reflection occurs at the interface between
a material with high optical density and a material with lower optical density for
example from water or glass to air if the angle of incidence exceeds a certain critical
angle depending on the two material refractive indices involved. The idea of total
internal reflection is much older and this principle was first demonstrated by light
being guided by jets of water in the 1850s [4].

In the first optical fibres, a silica core with high refractive index (i.e. high
optical density) is surrounded by a cladding material with a lower refractive index.
The numerical aperture (NA) for optical fibre can be calculated from the retrac-

tive indices of the core n. and cladding n. of the fibre (assuming that the outside

NA = sinag = \/n? — ngl' (1.1)

refractive index ng = 1).

as illustrated in figure 1.1.

All the light that gets accepted in the small fibre NA is then totally internally
reflected and travels along the fibre allowing it to even be bent around corners
(providing a minimum bend radius of ~15mm, depending on n., ng and the fibre
thickness). The applications in the 1940s were fairly limited and included things
such as dental illuminators and special light effects. In 1954 |6] the main application

for fibres was to transport light and images over short distances as for example

needed for an endoscope.
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The development of the laser in the 1960s [7] and in particular the
achievements in semiconductor technology that led to light emitting diodes (LEDs)
and semiconductor lasers focused research back onto optical communication.
Atmospheric disturbances in the air limit the range of free space communications
and had a century earlier hindered the further development ot Bell’s photophone.
The solution to this problem was the introduction of optical waveguides [8|. The
ultimate solution however came by using lasers together with optical fibres [9]. As
soon as the loss in silica fibre could be reduced drastically, the advantages of fibres
over rigid waveguides became clear, as fibres can be bent and fed around things
easily.

The development of the semiconductor laser made it possible to engineer
the wavelength of the laser towards the minimum loss of the optical fibre. 'This
minimum loss of the silica (“glass”) fibre lies at 1.55um as can be seen in figure
1.2. There is another local minimum at 1.31pm which coincides with the point
of zero dispersion in the fibre. These two wavelengths are generally referred to as
the telecommunication windows and a great deal of research has been focused on
these two wavelengths exploring new semiconductor material systems. There are
now new silica fibres available that exhibit low attenuation over a wavelength range
from 1.2-1.6um. However, since many of the original silica fibres remain in place,

1.55um and 1.31pum are still the mainly investigated wavelengths.
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In the same way as laser technology successfully investigated new semiconduc-
tor materials, new materials for optical fibres have also been developed in the last
decade. One of these new materials is PMMA (Polymethylmethacrylate) as used for
one type of plastic optical fibre (POF). A comparison of the wavelength dependence

of the attenuation of different optical fibres can be seen in figure 1.2.

105 I%CFz“\ fCFzﬂ\
PMMA I C/:F C\F 4
| = O
4 S
10 Cytop CF, i
107 /\ J D-PMMA
3 / -
> CYTOD
S 200 < . / (current)
S \
s S0 \ N\
L N \/\\' polymer
é 10 \_‘_ ~ coated silica
© Ny \ - Cytop
o \\ ~. 5/\ N (potential)
e —~— S
silica
0.1
300 500 700 900 1100 1300 1500

wavelength (nm)

Figure 1.2: Attenuation of different optical fibres vs. wavelength

The advantages of POF over silica fibre are cheaper production, the easier
alignment due to the large (1mm) core diameter compared to ~ 6um for single mode
or 60um for multimode silica fibre, the greater ease of terminating and connecting
single fibres and also its robustness. However the (glass) transition temperature f
of currently available PMMA-POF is only ~ 100°C and so may prove problematic if
placed in a harsh thermal environment such as near a car engine. They also cannot
withstand normal soldering temperatures [10]. A more significant disadvantage 1s
the much higher attenuation at all wavelengths which is about 100dB /km at the

£70nm minimum. This compares with only 0.2dB/km at 1.55um in silica fibre.
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Nevertheless plastic fibres prove useful in short range data links where the attenua-
tion is less critical.

T'he plastic optical fibres used in this work are PMMA-based step index fibres.
In recent years, newer plastic fibres such as per-fluorinated fibres (for example Cy-
top 1n figure 1.2) exhibit a much larger region of low attenuation. These fibres are
usually fabricated as graded index fibres. The different modes of propagation and

the underlying refractive index profile of step index and graded index fibres can be

seen 1n figure 1.3.

Index
ProTile

.

Multimode Step Index

Figure 1.3: Propagation and
refractive index profile in a step
index and a graded index fibre

from [11].

ne

—HE & .

MuUltim ode Graded |ndex

i"u

Graded index fibres usually have a smaller numerical aperture and their modal dis-
persion is less than in step index fibres. However step-index fibres do in turn have
the advantage of being easier to fabricate.

The sources used for the first generation of semiconductor based optical com-
munication system were AlGaAs LEDs (in 1977) which emitted at 850nm where
the silica fibre loss is, even today, about 2dB/km. The wavelength was therefore
increased to reach the ideal wavelength for optical communication through silica
fibre. For use in the new plastic fibres the emission wavelength for lasers and LEDs
is instead decreased into the visible to coincide with the low attenuation minima ot
plastic fibre. One minimum of the POF attenuation lies at 650nm as can be seen
from figure 1.2. The absolute attenuation minimum lies at 570nm, a wavelength at

which detectors are less sensitive. Hence devices at 650nm are a good compromise
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between current detector sensitivity and fibre absorption. It still proves difficult to

achieve efficient 570nm devices, but there is a great deal of research in the area of

green and amber emitting devices based mainly on GaN so good devices could be

expected in the next few years. In table 1.1 applications for light sources emitting at

various wavelength are shown, focussing on the different fibres available for optical

communication.
I
A(nm) fibre
R A |
——-—l-—

other applications

active region l

blue displays, medicine [12]

450nm /470nm
B ]
512nm/520nm . Si-POF -

570nm S51-POF
650nm S51-POF
660nm—760nm o
880nm-940nm
730nm |
—850nrn-_ pif ajPOF
-1300nm pf GI-POF
o 986511— . EDFA
~1310nm | silica fibre

~1480nm, 1460nm
~1550nm

EDFA, Raman

green displays

amber displays

In(GaN)
In(GaN)

red displays, printing,
medicine (photodynamic

therapy), storage (DVD)

GaP, GaN, InGaN l
GalnP/AlGalnP

gas sensing (1578nm)

medicine (oximetry [12])

44

AlGaAs
(GaAs

S _

CD

AlGaAs

]
IR remote controls

laser surgery

gas sensing (1321nm)

various

various

InGaAs/GaAs
InGaAsP, AlGalnAs |
GalnNAs

InGaAs(P)/InP
InGaAs(P)/InP

Table 1.1: Applications for various light sources at different emission wavelengths.

Key to fibre notation: SI: step-index, Gl: graded index, pf Gi-POF": perfluorinated POF 13| e.g.

Cytop '™, EDFA: Erbium doped fibre amplifier. See figure 1.2 for fibre attenuation details

It is worth noting here that most of the sources currently available for commercial

datacommunication based on silica fibre are 850nm devices. This 1s despite the fact

that they are away from the minimum of attenuation of silica but rather due to the

use of the more mature AlGaAs/GaAs material system as used for 850nm devices.




CHAPTER 1. INTRODUCTION 7

From table 1.1 it becomes clear that 650nm devices are not only interesting for

communications but have a variety of other applications.

1.1.1 Applications of plastic fibres

T'he main use for plastic fibres and therefore for 650nm devices lies in local area

networks (LAN) for automotive and avionic applications. As can be seen in figure
1.4, plastic optical fibres will replace slower and heavier copper cables due to the
increasing demands of in-car navigation systems and other on-board computer func-

tions. Another advantage is that plastic fibres do not suffer from interference with

other electronic equipment as do the conventional copper leads.

display monitor

7 N\, __CD-ROM unit

e — — A T e ek A e s ——— 4

~rear seat display/ / ,f’_,,/*l’ 2 | |
e car navigation control unit
| r/' Aoveaesrservinsovsors S, e SR e
remote controlunit / plastic optical fiber

Figure 1.4: Automotive applications for plastic optical fibre. [14

Plastic fibres are also already used in CD players, PCs and industrial electron-
ics [15]. In Japan where both the centre of plastic fibre research and the market
lies, plastic fibres have replaced some copper cables and local area networks in hos-
pitals. The standard connector that is used is the IEEE1394b (Firewire) standard.
With this connector and POF it would be possible to connect televisions, digital
cameras and other electronic devices to the PC without switching the computer oft

(“hot-plugging” ). POF together with 650nm RCLEDs have been suggested as a
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standard with the IEEE1394 interface [16]. The key advantage of IEEE1394b over
USB ports, aside from the much higher volume/speed of data transmission, is that

an IEEE1394b connector does not have to be used in conjunction with a computer

but can be used to connect any two digital devices.

1.2 Light Sources

1.2.1 Light emitting diodes

Light emitting Diodes (LEDs) have tended to be used mainly as indicators on com-
puters and other electronic devices. Other uses include opto-switches, IR remote
controls, computer mice and illumination. The situation has changed as LEDs get
brighter and more colours become available. Nowadays LEDs are used in traffic
lights, display boards, bicycle lights, laptop and television screens and also for vari-
ous medical applications. In the last decade they also became available for brake and
indicator lights in cars. The energy saving compared to normal bulbs is enormous
(up to 85% has been reported for traffic lights [17]). This is not only because LEDs
are more efficient but mainly because LEDs are manufactured to produce only the
wanted colour (wavelength), whereas the need to use conventional colour filters for
bulbs means most of the light produced by a bulb is not harnessed [18]. One of the
newer challenges for bright LEDs is to produce white light as direct replacements

for bulbs (for example in car headlights), some of which are already available [19].

1.2.2 Vertical Cavity Surface Emitting Lasers

Light sources for coupling into optical fibre require high directionality (low beam
divergence) of the light output and can therefore not be fulfilled with conventional
[ EDs. First proposed in the late 1970s and first produced in 1979 20|, vertical

cavity surface emitting lasers (VCSELSs) are an ideal source for coupling into any
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optical fibre because of their relatively symmetrical beam when compared with edge
emitting lasers. Therefore it is not surprising that the first VCSELs were produced
tor emission at 1.3um. An additional requirement for VCSEL:s is to find appropriate
materials for the Bragg reflectors. These have to have a sufficient difference in
their refractive indices to obtain high reflectivity but must also be transparent for
the emission. GaAs-based VCSELs, emitting at 780nm, 850nm and 980nm were
developed more quickly and are now commercially available, whereas research into
the optimisation of 1.31um VCSELSs is still ongoing [21].

The main difference between a vertical and a conventional edge-emitter is that
for the vertical emitters the direction of the current (I) is the same as of the photons,

perpendicular to the mirrors (m), as can be seen in figure 1.5.

light

e SR light

ol
e e e e e e e e e i i i, = —— .,a"/’,
e e e ff_//
act]ve relon / aCt1V6 region ) l\"‘\
e m -

—

RN edge emitter

vertical emitter

Figure 1.5: Comparison between a vertical- and an edge-emitting laser.

In a conventional edge-emitting laser the photons travel a distance equivalent

to 1000s of wavelengths through the active gain medium. In contrast, for a vertical
emitter the active region as seen by the photons is only very thin. Hence the
reflectivity of the mirrors has to be at least 99.9% to enable multiple passes of the
photons through the active region. The number of distributed Bragg reflector (DBR)
pairs depends on the difference between the high and low refractive index. As this
i« low for 660nm devices, around 50 pairs of DBR pairs are needed to achieve a

sufficiently high reflectivity. The growth of VCSELSs though requires high precision.
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It has been suggested that whilst a 1% error in the layer thickness would only lead to
a shitt of 0.5nm in the wavelength for an edge emitter, this could shift the wavelength
up to 8.onm for a VCSEL [22]. Due to much research in this field, the quality of
growth and fabrication is being further developed and this disadvantage of VCSELs
compared to edge emitters could soon be resolved.

Apart from the higher directional beam and higher (radial) output symmetry
(as shown in figure 1.5) the main advantage over edge emitters is that VCSELs
can be tested on the wafer before being cleaved and packaged. This is very cost
efficient as poor quality wafers do not have to be fully processed. Hence time and
money 1s saved. Consequently another advantage of VCSELs with respect to edge
emitters is that VCSELs can easily be arranged in two dimensional arrays as they
naturally form such arrays on the wafer. This is important for applications such as

communications and printing.

1.2.3 Resonant Cavity Light Emitting Diodes

Combining both the vertical emission and the LED techniques leads to a new de-
vice the resonant cavity LED (RCLED) first introduced in 1992 by Schubert
et al [23]. Prior to this, the enhancement of spontaneous emission in a microcavity
had been observed by Yokoyama et al [24] in 1990. In a resonant cavity device
the spontaneous emission is enhanced by putting the active region into a resonator.
The advantages of RCLEDs over conventional LEDs include a more directional light
output, higher brightness and a narrower output spectrum in the normal direction.
The resonant cavity also reduces the radiative lifetime [25] and so RCLEDs can have
higher modulation speeds than conventional LEDs. Moreover due to the higher spec-
tral purity coupled into a fibre, the modal dispersion in an RCLED-fibre system will
be lower than in an LED based one.

One of the disadvantages of VCSELs is that they have very temperature sen-

<itive threshold currents. The absence of a threshold in an RCLED gives rise to a

higher temperature stability compared with VCSELs. Thus, in the visible regime
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(650nm, 070nm) RCLEDs become of most technological interest. Carrier leakage
s particularly important in 650nm devices where a temperature dependent leakage
current plays a larger role than in longer wavelength (for example 850nm) devices
26]. The light output of a GaInP-based 650nm devices for a fixed current not only
decreases due to the broadening of the QW emission but also due to the increased
amount of leakage. This effect is particularly pronounced in VCSELs where, for
example, a 650nm VCSEL may not lase continuous wave (c.w.) at temperatures
above 80°C, as the gain will not be high enough at the cavity wavelength. However,
such a temperature induced de-tuning of Acp and Agw has less of an effect on
the light output of an RCLED due to the absence of a threshold and a larger CM-
QW-emission alignment tolerance. This is due to the wider cavity dip in RCLEDs
compared to VCSELs and also their lower finesse that lets light leave the device
at higher angles away from the main cavity mode. As the light output decreases
with increasing temperature, great emphasis was put on the improvement of the
temperature sensitivity of the devices. For even longer wavelengths (> 1um), de-
vices are also very temperature sensitive due to Auger recombination. Since new
graded index POF's have become available RCLEDs are also becoming interesting
in this wavelength range {13|. The speed at which RCLEDs can be modulated is
much lower than for VCSELs. Nevertheless 622Mbps data transmission of 650nm
RCLEDs have been demonstrated {27]. However, in a POF based communication
system using step index (SI) guided plastic fibre, the modulation speed is actually
limited by the modal dispersion of the fibre rather than by the source [28] due to
the high modal dispersion of the fibre. By using SI-(step index) POF the higher
speed that can be obtained by VCSELs is of no advantage. lhis is illustrated in
ficure 1.6 which shows typical modulation bandwidths of normal LEDs, RCLEDs
and VCSELs together with the bandwidth of SI-POF as a function of distance.
As there is also a certain limit for the length of the fibre(approximately 50m) due
to the high attenuation it can be seen from figure 1.6 that the RCLEDs seem the
ideal partner for POF to achieve the best possible modulation bandwidth.

This therefore makes RCLEDs an attractive alternative to VCSELs. Other
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VCSEL over 2Gbps

Figure 1.6: Comparison of
modulation bandwidth of SI

plastic fibre and three devices
after [29].

Bandwidth (Mbps)

Length (m)

advantage of RCLEDs over VCSELS are that they are also easier and cheaper to
fabricate. As fewer layers have to be grown it takes less time and also leads to higher

uniformity. RCLEDs are aslo much more eye safe.

1.2.3.1 Recent Achievements

Since RCLEDs were first proposed in 1992 the concept has aroused much interest.
This is primarily as alternatives to lasers and conventional LEDs for various appli-
cations, especially at visible wavelengths, but also for resonant detectors [30]. The
first RCLEDs developed [23] emitted around 850nm with a GaAs active region. In

the last 10 years various wavelengths, mainly near-infrared and visible, have been

achieved for RCLEDs. This was mainly triggered by the search for optical sources

for use with different optical fibres.

The first red RCLED was reported as early as 1993 by Lott et al [31]. It had a
peak emission wavelength of 670nm and a device diameter of 35um. Its light output
was somewhat low at 93uW. In 1997 Jalonen et al [32] increased the light output for

a 660nm (80um diameter) device to 1.1mW reporting a maximum external efficiency

of 2%.

For infrared materials higher efficiencies had been reported earlier. In 1995
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Blondelle et al [33] reported a maximum quantum efficiency, Nese, of 16% for a
940nm RCLED. For a 980nm device in 1999 Wierer et al [34] obtained an efficiency
of 27%. The advances in device performance in the 900nm-1000nm region are due
mainly to the very suitable material system as opposed to any specific application
in this wavelength range. These advantages include the use of highly reflective
gold mirrors, the transparent GaAs substrate and thus the use of high contrast
AlAs/GaAs or GaAs/AlO, DBRs. Benisty et al [35] showed that a larger difference
between the refractive indices, An, of the DBR layer leads to a higher extraction
efficiency. In addition since An is higher, fewer layer pairs are required to achieve
the high reflectivity necessary. In 1999 Bockstaele et al [36] achieved a maximum
external quantum efficiency, n,:¢%, of 14.67% for 850nm RCLEDs and in 2000 Vilokki-
maz — 14% for 880nm devices. In the same year Depreter et

eqe

al measured nme= = 9% for InP based 1.3um RCLEDs {38§].

eqe

nen et al [37] showed 7

Due to the fact that GaAs, and even Al,Gai_As with low aluminium con-
tent (low x) absorb visible light, the DBRs for 650nm devices are made using
AlAs/AlysGagsAs pairs. However their An is considerably lower than for longer
wavelength devices where AlAs/GaAs pairs can be used in the DBRs. Thus, rela-
tively high efficiencies, albeit not as high as infrared devices have been achieved in
the visible region only in the past three years due largely to the improvements in
the growth quality.

In 1998 Streubel et al [39] achieved a maximum external quantum efficiency of
4.8% for a 660nm device (84um diameter) and also showed that the devices could
be modulated at speeds of up to 512Mbps after being coupled into 1m of POF [40].
Two years later in 2000, Gray et al 41] showed similar efficiencies of up to 6% for
the more important wavelength of 650nm albeit for relatively large devices (400pm
diameter). The high efficiencies of almost 10% obtained by two groups in 2001 {28]
and [42], were due to the use of a coating of transparent epoxy over the devices to
enhance the extraction efficiency. Wirth et al 42] achieved this high efficiency for
both large area (300 x 300)um?* and small aperture 30um devices. Dumitrescu et al

28] achieved a bandwidth of 350MHz for a 40pum aperture device, which decreased
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for bigger devices and for an 34pum device modulation speeds of up to 622\ [bps
were observed. Modak et al [43] showed in 2001 that efficiencies of 5% could also
pe achieved with a germanium substrate allowing the possibility of replacing the

commonly used GaAs substrate by a possible cheaper alternative 44]. The latest

achievements for red RCLEDs are summarised in table 1.2.

group, year and Nege and bandwidth /speed
wavelength(nm) ~ max. _light output temp. coeflicient (0-70°C )

Streubel [39], [40] 4.8% (84um), 250Mbps (30m Pof), |
(1998), 660nm 3.4mW (120mA) 512Mbps (1m POF)

1.3%/°C (tuned)
0.7%/°C (de-tuned)

Gray [41] 6% (400um) -
(2000), 650nm ImW (13mA) -
Dumitre-scu_[Q_S] 9.5% epoxy (84um), ‘ 200MHz (84um), 622Mbps
(2001), 650nm i 350MHz (40um)
15mW (50mA, 500um) 0.5-0.89%/°C for POF coupling [45] !
Wirth [42] 0.6% epoxy (300 300)um ~
(2001), 650nm I 12mW (100mA) !
9.2% (80um), 2.9mW (20mA) -
Modak [43] 5.2%; -

(2001), 640nm II 8mW (100mA) l _

Zarlink [46] || 3.5% > 120MHz

(2002), 650nm | 2mW (30mA) 0.7%/°C (fibre coupled)

Table 1.2: Recent Progress in red RCLEDs. key: n:¢*: maximum external quantum

efficiency. temp. coefficient is a measure of the decrease of the light output with increasing

temperature.

In order to achieve the high efficiencies mentioned in table 1.2, high currents
had to be used. For commercial applications this is not desirable as the power

consumption needs to be sufficiently low. Since 1999 red RCLEDs have become
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commercially available. An example of the performance of devices from Zarlink
Semiconductor (formerly Mitel) is also included in table 1.2 [46]. From the table it
can be seen that, in order to achieve both high light output and also a high band-
width, a compromise for the device size has to be found. Bigger devices have higher
efficiencies but smaller devices show higher modulations bandwidths.

Part of the work for this thesis has been to find if this size dependence can
be explained entirely through the difference in current density, or if any intrinsic
size dependence plays a role. Another focus of this thesis as perhaps apparent from
table 1.2 is the difference in the temperature sensitivity for devices with a de-tuning
between the emission of the active region (often quantum well emission) and the
cavity mode wavelength. The main aim and outline of this thesis shall be discussed

In the next section.

1.3 Thesis aim and outline

The aim of this thesis is to understand how 650nm RCLEDs work, what their prob-
lems are and how they might be improved. The main points are to identify how
certain parameters influence the device performance and how these can be opti-
mised. This is not only to achieve higher light output but also higher coupling
efficiencies into optical fibres, higher modulation bandwidths and a lower tempera-
ture sensitivity. These improvements for the devices will be discussed in particular
with respect to their applications. In the following, the outline of the thesis shall
briefly be discussed.

In chapter 2 the basic theory of LEDs and in particular of resonant cavity

[LEDs is discussed. The structural details of RCLEDs and the experimental tech-

niques to characterise the devices are also introduced.

As one important feature of RCLEDs is the peak of the QW emission (Aow )-
the techniques for determining it are introduced in chapter 3. Here the theory

of edge electroluminescence and photo-modulated reflectance (PR) and associated
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analysing techniques of these measurements are discussed together with the results.

T'he other important feature of an RCLED is the cavity mode wavelength
(Acm). This can be extracted from measurements or simulations of the device
reflectivity. The theory of the reflectivity of a multilayer structure, results from
reflectivity measurements and simulations will be shown in chapter 4. The possi-
bility of fitting R spectra with theoretical calculations is also introduced and results
of these fits are discussed. A newly developed technique of measuring R directly
on a device will also be described in that chapter followed by the results of these
measurements. Measuring Agw with PR and the A\ojs on individual devices helps
to determine the critical CM-QW de-tuning.

I'his is followed by three chapters of results of device measurements. In chap-
ter 5, the eflect of CM-QW de-tuning on the device performance is discussed.
Electroluminescence spectra and light-current characteristics particularly for differ-
ent temperatures are shown. The reasons for the temperature sensitivity, namely
carrier leakage and self-heating are discussed. It shall be shown that the de-tuning
of the devices actually helps to make the devices less temperature sensitive if a 30°
collection angle is assumed (as in POF).

In chapter 6 the influence of top reflectivity and aperture size on the device
performance are discussed. It will be shown that de-tuning has a stronger influence
on the temperature sensitivity than the top DBR reflectivity. The size dependence
of the self-heating leads to a simple model of the heating eftects present in these
devices.

In the final results chapter (chapter 7) device characteristics important for
their applications are investigated. This consists of describing the coupling into and
the transmission along plastic optical fibre and also measurements of the modulation

bandwidth. With a simple model the carrier density and the ratio of the radiative

current with respect to the total current is extracted from modulation bandwidth

measurements.

The thesis concludes with chapter 8 which is a summary of what has been

achieved and an outlook towards the future.




Chapter 2

Resonant cavity light-emitting

diodes: Background

This chapter deals with the general principles of RCLEDs and gives a brief intro-

duction into their fabrication and the experimental details for their characterisation.

2.1 Theory of Light Emitting Diodes

A conventional light emitting diode (LED) is a direct bandgap semiconductor p-n

junction operated under forward bias as illustrated in figure 2.1.

N

electrons
CB

_ J, current D

Figure 2.1: (a) Light emitting diode. (b) Band alignment for an LED (pn-junction)

under forward bias.
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T'he wavelength of the light emitted is largely determined by the bandgap of the

actlve semiconductor material. For example, in the case of the much used GaAs,

this is around 870nm which lies in the near infrared.
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