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ABSTRACT

This thesis concerns the experimental and theoretical optimization of 
electric field-induced optical m odulation in GaAs-AlGaAs m ultiple 
quantum  well (MQW) structures with light incident norm al to the 
quantum  well layers. The basic m odulator device consists of an 
epitaxially-grown p-i-n diode, which contains the quantum  wells in the 
intrinsic region and allows the absorption and the refractive index of the 
MQWs to be modified by the application of small reverse bias voltages.

Room tem perature photocurrent and transm ission spectroscopy have 
been used to determine electric field effects on the absorption in 
GaAs-AlGaAs MQWs, and also to assess the possible improvements to be 
made in MQW m odulator performance by optim um  choice of well and 
barrier thicknesses. The devices investigated have been fabricated from 
material grown by both high-resolution epitaxial techniques, namely 
metal-organic vapour phase epitaxy (MOVPE) and molecular beam 
epitaxy (MBE). The details of device fabrication and measurement are 
discussed briefly.

From the measurements of absorption changes in various MQW 
devices for a range of applied bias voltages, calculations of the 
corresponding changes in refractive index have been carried out by the 
Kramers-Kronig transformation. W ith the inform ation on electro
absorption and electro-refraction the potential for im proved m odulator 
performance by incorporating the MQWs w ithin a Fabry-Perot cavity 
structure has been assessed, where the incident light makes m ultiple 
passes through the MQW structure, resulting in destructive or 
constructive interference depending on the wavelength and bias voltage.

The general modelling of MQW Fabry-Perot m odulators has 
ultim ately led to the experimental investigation of an asymmetric cavity 
device (low front and high back surface reflectivity). This type of 
structure operates solely in reflection, thus avoiding the need for 
substrate removal, and offers large, broadband reflection changes and very 
high on:off ratios with low operating voltages.
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PREFACE

The observation of strongly enhanced electro-absorption in GaAs-AlGaAs 
m ultiple quantum  well (MQW) structures in 1983 [1] and the subsequent 
dem onstration of the MQW optical m odulator [2] were significant 
developments in optoelectronic device physics and technology. For the 
first tim e it was possible to achieve substantial optical m odulation (~ 2:1 
on:off ratio) at low bias voltages (<10V) w ith a non-waveguiding 
m odulator compatible with sem iconductor laser/LED sources and 
existing m -V fabrication/processing.

The im proved performance arises from the confinement of electrons and 
holes in very thin (=100A) GaAs layers, which form potential wells w ith 
quantized carrier energy states when bounded by wider band-gap AlGaAs 
layers. This radically alters the optical properties of the quantum  well 
GaAs compared to those of the bulk material. Briefly, the absorption 
strength at the band edge is increased, along with the red-shift induced in 
the edge by an electric field applied perpendicular to the plane of the 
MQW layers -  termed the quantum-confined Stark effect (QCSE) [3]. The 
resultant electro-absorptive changes near the absorption edge are up to 
ten times greater than in bulk GaAs [4], so the thickness of the MQW 
region in the m odulator need only be * lp rn  to achieve strong 
m odulation of light incident norm al to the plane of the MQWs.
O perating in this norm al-inddence configuration means that coupling 
and background absorption losses can be low.

The standard m odulator structure has the MQWs em bedded in the 
undoped region of a p-i-n diode. Thus the necessary m odulating field 
(» 50-100 kV.cnr1) can be applied w ith low bias voltages. The p-i-n 
structure is also compatible w ith high frequency operation [5], and 
efficient photodetection [6]. The ability to m odulate and detect in the 
same device has led to optical switching applications of quantum  well 
m odulators such as the diode- and transistor-biased self electro-optic effect 
devices (known generally as SEEDs [6-8]). They also appear to be 
prom ising optical:electronic interface devices for the proposed optical 
interconnection of electronics in large processors [9,10].



The purpose of this thesis is to investigate ways of maximizing the 
m odulation which may be achieved in a norm al-incidence MQW 
m odulator. We consider the following param eters: the absolute change 
in transm ission or reflection (AT or AR), contrast (on:off ratio), insertion 
loss and operating voltage, with the aim of maximizing AT or AR and 
contrast, w hilst minimizing insertion loss and voltage.

The original intention from the outset of this project was to investigate 
the possibility of enhancing the optical m odulation in a GaAs-AlGaAs 
MQW p-i-n diode by incorporating it w ithin a Fabry-Perot (FP) cavity.
The proposal was that the electro-refractive effects, which occur 
sim ultaneously with changes in absorption, w ould be strong enough in 
MQWs to detune a high-finesse FP etalon from resonance at low bias 
voltages. The narrow resonances of the high-finesse structure containing 
the MQWs should then permit on:off ratios m uch greater than * 2:1 
which had been observed in the single-pass transmission m odulator.

Before any form of resonant MQW m odulator could even be 
contemplated, let alone fabricated and tested, there were a num ber of 
developmental stages necessary. The first stage was to establish a supply 
of device quality MQW material and instigate the means of processing 
and optically assessing this material. The second stage was the 
optim ization of the design of the MQW structure itself (well and barrier 
widths) for the most efficient electric field response. A th ird  stage 
involved the com puter modelling of the perform ance of resonant MQW 
m odulators in general, in order to determ ine the optim um  cavity 
structure, along with the design and growth of semiconductor quarter- 
wave stack high reflectors as the integrated m irrors for resonant 
m odulators.

The structure of this thesis is as follows:

In Chapter 1 the developments which m ade possible the dem onstration 
of the MQW optical m odulator are reviewed. We outline the basic 
optical and electronic properties of semiconductor MQW structures 
which set them  apart from norm al bulk semiconductors and perm it 
m uch stronger electro-optic m odulation. We discuss also the 
requirem ents for the p-i-n device structure.
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The early work which is contained in Chapter 2 is concerned principally 
with the optical assessment of MQW p-i-n diode devices. Samples of 
MQW m aterial were obtained in collaboration w ith  the SERC Central 
Facility for ni-V  Semiconductors at the University of Sheffield, and 
through an SERC CASE studentship w ith Philips Research Laboratories, 
Redhill. It was soon realised that useful qualitative information about 
the optical and electrical properties of the device structures could be 
deduced from room tem perature photocurrent spectroscopy. This was at 
a time w hen it was not yet possible for us to produce MQW transmission 
m odulators because device fabrication techniques were not sufficiently 
developed. The results of photocurrent m easurem ents on a range of 
MQW structures are described in Chapter 2, w ith emphasis on the effects 
of non-optim ized growth and the w idth of well (GaAs) and barrier 
(AlGaAs) layers on the electro-absorptive properties. It is shown for the 
first time that high quality MQW p-i-n diodes m ay be grown by metal- 
organic vapour phase epitaxy (MOVPE).

In Chapter 3 the problems associated w ith deducing absorption data from 
MQW transmission spectra are addressed, particularly the ever-present 
effect of FP resonance. We assess the accuracy of estim ating absorption 
given a particular degree of FP effect and level of absorption. As a 
convenient way around the problem of m easuring transm ission spectra 
in order to obtain absorption data, we also show how, w ith certain 
approximations, photocurrent spectra m ay be rescaled to represent 
absorption. The calculated electro-absorption spectra are then used to 
generate the corresponding electro-refraction spectra.

In Chapter 4 we examine how  the w idth of the quantum  wells affects the 
m odulation obtainable in MQW transm ission m odulators [11]. To limit 
the operating voltage to a maximum of * 16V, the total MQW thickness 
for a range of devices is kept to * 1pm. The data presented in this section 
include the first for wells which are substantially w ider (145A) or 
narrow er (47A) than the standard ~ 100A. The results are found to be in 
good agreem ent w ith subsequent experimental electro-absorption data 
and projected optim um  performance figures from other authors. An 
initial attem pt is m ade here to improve m odulation by operating a device 
in reflection m ode [12] -  effectively a double-pass transmission 
m odulator.



Having determ ined in Chapter 4 the scope for im proving m odulation 
simply by altering the MQW structure, in Chapter 5 we m ove on to 
consider how much improvem ent can be m ade by deliberately 
introducing FP resonance into the transmission or reflection response. 
Using electro-absorption and electro-refraction data from Chapter 3 with 
the standard absorptive FP cavity equations, we m odel the performance of 
both low and high finesse devices in transmission and reflection [13]. The 
principal result from this modelling is a new device concept -  a resonant 
MQW m odulator which operates in reflection w ithin an asymmetric FP 
cavity, i.e. one with low reflectivity at the front surface and high 
reflectivity at the back. This device makes optim um  use of MQW electro
absorption, rather than the electro-refractive effect which was the original 
intended mechanism, and, despite the fact that it is resonant, has an 
operating linewidth comparable with non-resonant MQW m odulators

We end this thesis in Chapter 6 with a full investigation of the 
asymmetric FP cavity m odulator (AFPM), showing the advantages of this 
type of structure over a high-finesse FP modulator. The characteristics of 
the device are described in detail and we calculate the limits to contrast 
and operating voltage. An initial demonstration of the device is m ade 
using an adapted MQW transmission modulator. We proceed with the 
design of the complete epitaxial structure of the AFPM, which 
incorporates a quarter-wave stack mirror. In initial experiments this 
device shows w hat we believe to be the highest contrast ever reported for 
a normal-incidence electro-absorptive m odulator [14] -  approximately 
20dB (100:1) with <4dB insertion loss and 9V bias.
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The basis for MQW optical modulators

1.1 INTRODUCTION

The work which will be described in the rest of this thesis requires some 
background knowledge of the optical properties of quantum  wells and the 
basic design of the m odulator which exploits them. It is the purpose of 
this first chapter to introduce the relevant properties which make the use 
of GaAs MQW structures attractive for optical m odulation, and to discuss 
the factors which affect device quality.

We begin w ith a summary of the developm ents of the last two decades 
which have led to the enormous present-day interest in quasi-2D 
sem iconductor structures, and, in particular, the dem onstration of the 
MQW optical modulator. This is followed by a brief discussion of the 
optical properties of quantum  wells which set them apart from bulk 
semiconductors. The im portant feature is the existence of strong peaks at 
the absorption edge at room tem perature, due to bound states of electrons 
and holes called "excitons". These m ay be strongly red-shifted by an 
electric field applied perpendicular to the plane of the quantum  well to 
give absorption changes of more than 10 times those observed in bulk 
HI-V semiconductors, and at smaller fields.

H aving set out the principles on which enhanced electro-absorption in 
MQWs is based, we end with a look at how the MQW p-i-n diode device 
is constructed, which allows the necessary m odulating field to be applied 
to the MQW structure in an efficient m anner. We outline the 
im portance of achieving low background doping in the undoped MQW 
m aterial, so as to avoid spectral broadening of the electro-absorption.



The basis for MQW optical modulators

1.2 FROM LPE TO QCSE

1.2.1 INITIAL DEVELOPMENT OF LOW-DIMENSIONAL SEMICONDUCTOR 
STRUCTURES AND DEVICES

For quantum  well devices to be realised required two essential 
ingredients, one being the physical insight to predict the novel properties 
of such structures, the other being a material growth technology capable 
of achieving the layer thickness and doping control necessary.

In the late 1960s Esaki and Tsu [1] at IBM Yorktown proposed the first 
device based on quantum  confinement effects. Their prediction was that 
by introducing a periodic variation in the direct band gap of a single
crystal semiconductor, if the structural period w ere « 100-200A, a 
"superlattice" could be made in which the energy of carriers would be 
restricted to narrow  minibands, according to the well-known model of 
Kronig and Penney [2]. Such a structure w ould exhibit negative 
differential resistance (NDR) when a small voltage was applied to it. 
Furthermore, the authors prom pted, or perhaps foresaw, developments 
in crystal growth by outlining possible m ethods of achieving the 
necessary band gap "engineering"; one option being the alternate growth 
of layers of lattice-matched semiconductors having different energy gaps, 
the other the periodic incorporation of donors and acceptors generating a 
spatially oscillating internal potential in a hom ogeneous crystal -  w hat 
has since become known as the doping superlattice.

At the time the superlattice was proposed, the chief epitaxial growth 
technology was liquid phase epitaxy (LPE), which had been successfully 
used to produce GaAs-AlGaAs single heterostructure lasers [3], but this 
technique is incapable of producing layers m uch thinner than 1000A. 
However, suitable m ethods for the growth of ultrathin layers were at 
hand in the rapidly developing techniques of molecular beam  epitaxy 
(MBE) [4] and metal-organic vapour phase epitaxy (MOVPE) [5]. By 1971 
Cho at Bell Labs, had already succeeded in growing a periodic GaAs- 
AlGaAs structure by MBE [6] with individual layer thicknesses of * 1700A, 
although still too large to produce quantum  effects.

W hile this progress was being achieved at Bell, Esaki and co-workers 
were at the same time attem pting to obtain experimental evidence for 
their NDR predictions. In 1974, with improvements in layer thickness 
control to ± 50A, they were able to report the observation of oscillatory
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The basis for MQW optical modulators

conductance in an MBE-grown GaAs-A1 As superlattice [7].
The first fruits of the new epitaxial methods, in terms of optical 

properties, also came in 1974, when Dingle and co-workers at Bell 
Laboratories observed strong quantization effects in GaAs-AlGaAs 
m ultiple quantum  well (MQW) structures at liquid helium  tem peratures 
[8]. The main features were the modification of the shape of the 
absorption spectrum  from the roughly parabolic 3D (bulk) form to the 
stepped form expected of a system with quasi-2D character, and the 
appearance of sharp excitonic peaks at the edge of the absorption steps. 
Both these effects were ascribed to the confinement of carriers in the 
quantum  well (GaAs) layers; the first due to the formation of discrete 
allowed energy levels, the second due to the increase in the spatial 
overlap of electron and hole wavefunctions. This is discussed in more 
detail in the next section.

The early investigations of Dingle et al. quickly led to work on 
quantum  well lasers, which offered such benefits as reduced threshold 
currents and tem perature sensitivity compared to bulk semiconductor 
lasers. The first dem onstration with an optically pum ped  structure was 
m ade by van der Ziel et al. [9] in 1975. However, it was not until 1978 that 
Dupuis et al. [10] dem onstrated the first room -tem perature, current 
injection laser w ith a QW active region. The device was grown by 
MOVPE, som ewhat surprisingly in view of the respective achievements 
in material quality by the MBE and MOVPE m ethods in the preceding 
years. This was the first evidence that the control of doping and layer 
thicknesses had begun to reach the levels which w ould subsequently be 
needed for the MQW m odulator. Further im provem ents in doping 
control and the sm oothness of the GaAs-AlGaAs heterointerface allowed 
Dingle et al. to dem onstrate increased mobilities w ith m odulation-doped 
heterojunctions [11], w here the spatial separation of electrons from their 
donor sites in the AlGaAs from causes the formation of a narrow  
conduction channel (2D electron gas) close to the interface. This principle 
was then utilised in the high electron mobility transistor (HEMT) [12] 
dem onstrated by M imura et al. in 1980.

Up until the early 1980's the two main areas of research into devices 
employing quantum  confinement effects rem ained the QW laser and the 
HEMT. The effect of an electric field on the optical properties of MQWs 
had not been considered up to this time.
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1.2.2 THE ORIGINS OF THE GaAs-AlGaAs QCSE MODULATOR

It is not obvious when the idea of using high electric fields on MQWs to 
achieve strong optical intensity m odulation was first considered. It m ay 
well be that material quality, although sufficient for QW lasers, 
prevented the investigation of MQW Stark effect devices before the first 
normal-incidence m odulator [13] was dem onstrated by W ood et al. in 
1984. Certainly it was not until 1981 that clear excitonic features were 
observed at room temperature in a GaAs-AlAs superlattice by Ishibashi 
et al. [14]. The same year saw a resurgence of theoretical interest w ith 
calculations of the confinement energy levels of superlattices/M Q W s by 
Bastard [15]. This was followed up  in 1982 by an analysis of the exciton 
binding energy as a function of well w idth [16].

M endez et al., working in conjunction w ith Bastard m ade the first 
observations of the effect of a transverse electric field (perpendicular to 
the plane of the wells) on low tem perature photolum inescence from 30A 
GaAs QWs [17]. They noted the shift to lower energies and quenching of 
the exciton-associated photoluminescence (PL) intensity peak at fields of a 
few tens of kV.cnr1, which was attributed to field-induced separation of 
electrons and holes, along w ith modification of their confinement 
energies due to distortion of the quantum  well potential profile. 
Preliminary variational calculations of the shift of the PL peak [18] by 
Bastard later showed a discrepancy between experiment and theory, 
believed to be mostly due to interwell coupling. A round the same time, 
this enhanced field effect was proposed as a means of tuning the ou tpu t of 
a QW laser by Yamanishi and Suemune [19].

During this period considerable interest arose in the nonlinear optical 
properties of quantum  wells w ith a view to their application in all-optical 
switching devices. Initial m easurem ents of the nonlinearities associated 
w ith the strongly-bound room -tem perature exciton in GaAs-AlGaAs 
MQWs were m ade by D. A. B. Miller and co-workers, who observed 
enhanced exciton saturation [20] and degenerate four-wave mixing [21] 
w ith wells of ~ 100A, m uch w ider than had been used previously. Low- 
pow er optical bistability in a high finesse Fabry-Perot etalon containing 
GaAs quantum  wells was reported by Tam g et al shortly afterwards [22].

W ithin the same research group as Miller at AT&T Bell Labs., Chemla 
et al. then m ade the first measurements of the effect of an electric field on 
the absorption spectrum  of an MQW structure [23]. A lthough the 
orientation of the applied field w ith respect to the quantum  wells was
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rather ambiguous, a m arked red shift of heavy and light hole excitons in 
the transm itted spectrum was observed.

Having achieved some success w ith a fairly crude device, the next step 
was to produce an efficient MQW device structure for electro-absorptive 
optical modulation. This was duly done by W ood et al. w ith the 
incorporation of undoped QWs into the i-region of an epitaxial p-i-n 
diode [13]. The basic structure of this device, which is the starting point 
for the original work in this thesis, can be seen in Figs. 1.4.1 and 4.2.1.1. A 
reduction in transmission by a factor of 2 was achieved with only 8V 
reverse bias; an encouraging figure considering that the absorbing (MQW) 
region of the device was only ljim  thick. The m odulator was shown to 
work w ith rise times down to less than 3ns, this being almost totally 
attributable to the RC time constant. W ith a reduction in the diam eter of 
the device to » 95pm, Wood et al. [24] then m anaged to achieve a 
switching time of 131ps, thus confirming the inherent speed of the 
m odulation mechanism.

1.2.3 GaAs MQW DEVICE DEVELOPMENTS

Since the initial dem onstration of the MQW transmission m odulator a 
considerable amount of interest has arisen in the possibility of using these 
compact, efficient devices as components in optoelectronic processing 
systems, which, it is envisaged, m ay overcome some of the fundam ental 
limitations of purely electronic systems. Many authors have considered 
device requirements and system architectures. Examples can be found in 
Refs. 25-32.

Two schools of thought now  exist as to the best way to incorporate 
optics into the framework of information processing: one suggests using 
optics solely as the interconnection m edium  [27-31], with m odulators 
acting as optoelectronic in p u t/o u tp u t between electronic processor 
"islands", exploiting both the m odulation and photodetection properties 
of the MQW p-i-n diode [33]; the other brings some logic operations into 
the optical domain [27-29, 32], and thus the need for suitable optical logic 
devices. The bistable optical switch known as the SEED (Self Electro-optic 
Effect Device), invented by D. A. B. Miller [34], has received most 
attention from this point of view. The device in its m ost sim ple form 
consists of an MQW m odulator in series with a resistor. U nder certain
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biasing conditions, with incident light at the wavelength of the unbiased 
exciton peak at the MQW absorption edge, the output intensity of the 
m odulator is switched nonlinearly from high to low as input intensity is 
linearly increased. This device uses the photocurrent generated in the 
m odulator as the feedback to control its output state.

Variants on the basic SEED have been developed, notably the D-SEED 
[35], which integrates a photodiode as the resistive load w ith the MQW 
m odulator; the T-SEED [36], which uses a phototransistor load to achieve 
gain; and the S(ymmetric)-SEED [37], where two reverse-biased MQW 
m odulators are linked in series, one acting as the load of the other, and 
vice versa. In this latter configuration, it is possible to achieve "time- 
sequential" gain and imm unity from input intensity fluctuations. The 
SEED approach has now been developed to a relatively high degree of 
sophistication, w ith the group at AT&T Bell recently reporting 16 x 8 
arrays of reflective S-SEEDs with very uniform  operating characteristics 
[38], and an all-optical shift register based on the same device array [39].

As well as the development of the MQW SEED arrays, there have been 
proposals to use MQWs in spatial light m odulator applications [40, 41], 
and a CCD-addressed, linear array of MQW transmission m odulators has 
been dem onstrated [42]. Wood et al. have used a GaAs MQW device with 
a metallic back reflector to operate as a m odulator/detector in a bi
directional optical fibre link at up  to 600Mbit/ s [43].

Considerable thought has also been given to im proving the depth  of 
m odulation achievable w ith the norm al incidence MQW m odulator 
itself. Incorporating a quarter-wave m ultilayer stack (MLS) reflector 
w ithin the epitaxial p-i-n diode structure in order to effectively double 
the interaction length, Boyd et al. succeeded in increasing the on:off ratio 
in reflection to * 8:1 [44], compared to the usual * 2:1 observed in 
transmission. W ith refinements in device fabrication, this reflective 
structure has been operated at up to 5.5 GHz [45].

Attem pts to im prove performance by sim ply increasing the thickness 
of the MQW region in the transmission m odulator have m et w ith 
limited success. An on:off ratio of 10:1 was achieved by H su et al., using a 
4pm-thick structure [46]. However this was at the expense of a large 
insertion loss, the on-state transmission being only 5%.

The idea of using integrated mirrors to increase interaction of the 
incident light w ith the MQWs has been extended. Guy et al [47,48] 
proposed using MLS high reflectors as the p and n regions of the MQW
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diode. The high-finesse Fabry-Perot cavity thus formed could then be 
detuned from resonance using electro-absorptive or electro-refractive 
effects. Contrast ratios of 20:1 in transmission, and reflection changes of 
more than 60% were predicted. In reality, it has proved difficult to 
reproduce m odelled performance. High-finesse MQW m odulators have 
been dem onstrated [49, 50], but with a maximum contrast of « 8:1. As a 
more viable alternative resonant MQW device, the low-finesse, 
asymmetric cavity has recently been proposed and dem onstrated [51] and 
forms part of the original work described in this thesis.

Returning to the theme of optical interconnects in electronic systems, 
another goal has been the integration of ni-V-based optical devices with 
Si-based electronics. There are significant problem s in accommodating 
the large lattice m ismatch between GaAs and silicon. However, despite 
high densities of dislocations, GaAs MQW reflection m odulators have 
very recently been dem onstrated grown on Si [52], w ith initially poorer 
performance com pared to those grown on GaAs. The inclusion of MLS 
reflectors [53, 54] does seem to have beneficial effects on the diode leakage 
currents. It remains to be seen whether the technological problems can be 
overcome sufficiently to w arrant the direct grow th of III-V 
semiconductor devices on silicon. A second point concerns the drive 
voltages required for MQW modulators. Integrated w ith Si electronics, it 
will desirable to reduce the required bias to 5V or less, and  we shall 
address this question in later chapters for the standard MQW structure. 
One alternative suggestion for achieving this reduction, w hilst retaining 
adequate m odulation, is the use of a modified MQW structure with 
coupled pairs of wells [55, 56], where the Stark shift of the MQW 
absorption edge and the reduction in the peak absorption strength are in 
principle m ore sensitive to applied field. The coupled QW structures 
have, however, yet to show performance comparable to that of the 
standard uncoupled structures.

Finally, it is w orth m entioning the work done on QW waveguide 
modulators. By guiding light in the plane of the MQW structure, 
interaction lengths are increased enormously and large on:off ratios can 
be achieved with few quantum  wells, rather small changes in absorption 
and therefore small applied fields. First dem onstrations of GaAs MQW 
waveguide m odulators were by workers at NTT in Japan [57], closely 
followed by a group at AT&T Bell [58]. The polarization sensitivity of the 
m odulation has been noted [59] and strong phase m odulation has been 
reported [60, 61] due to the refractive index changes which accompany the
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field-induced shift of the MQW absorption edge. M any applications have 
been demonstrated, among them a self-biased waveguide SEED [62], a 
segmented m odulator structure as a wavelength dem ultiplexer [63], a 
crossing-channel switch [64], and an integrated laser and external 
m odulator [65]. A comprehensive review of MQW w aveguide 
m odulators, covering both physics and devices, has been given by Wood 
[66].

1.2.4 OTHER QUANTUM WELL MATERIALS

The work on GaAs MQW devices aroused interest in other materials, 
particularly those with narrower band gaps corresponding to an 
absorption edge in the 1300-1550nm range, which is im portant for low- 
loss optical fibre transmission systems. Initial attention was focussed on 
the InGaAs (well):InAlAs (barrier) MQW system lattice-matched to 
transparent InP substrates [67, 68]. Normal-incidence and waveguide 
m odulators [69, 70] were dem onstrated with these materials, bu t showed 
generally poorer characteristics than GaAs-based devices. This was shown 
to be not solely dependent on the m aturity of the growth technology, but 
due to strong alloy broadening effects [71] on the excitonic absorption 
edge.

As an alternative, the InGaAs:InP system has proved popular. Much 
clearer quantum -confined Stark shifts have been observed in this 
m aterial system [72] and, again, both normal-incidence and waveguide 
transmission m odulators [73, 74] have been shown to work. However, 
the exciton absorption edge for this m aterial is fundam entally weaker, 
and the Stark shift smaller than for GaAs:AlGaAs. Consequently, thicker 
structures and larger bias voltages m ust be used to achieve comparable 
m odulation at normal incidence [75]. Just as for GaAs MQWs, SEEDs 
have been produced in InGaAs: InP [76], as well as m odulator arrays [77] 
and Fabry-Perot cavity devices [78].

Other less well established QW materials are GaSbrAlGaSb [79, 80], 
which is also compatible w ith the low-loss fibre w indow , and InGaAs: 
GaAs, where the wells are strained and the absorption edge occurs in the 
900-1OOOnm region [81, 82].

More recently there have been moves towards using quaternary 
materials for long wavelength MQW modulators. By using InGaAsP:InP
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[83-85, 87] and InGaAlAsiInAlAs [85-86], the band gap for the well material 
can be varied independently of the well w idth, by adjusting the 
individual group in and group V mole fractions. The absorption changes 
for a given electric field can thus be significantly increased compared to 
previous long-wavelength ternary material [85, 87].
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1.3 OPTICAL PROPERTIES OF QUANTUM WELLS

In this section we introduce some basic concepts concerning the effects of 
carrier confinement on the optical properties of quantum  wells which are 
relevant to the discussion in later chapters.

1.3.1 ZERO-HELD PROPERTIES

If a layer of semiconductor material, w ith a direct band gap Egl, is grown 
between layers of another semiconductor, with a larger direct gap Eg2, 
then the conduction and valence bands of the composite structure can 
appear as in Fig. 1.3.1.1 below. The direction of growth is from left to 
right, and the layer planes are in the vertical direction.

------- h

AE Or-

-  -el-----
e3-hh3

e2-hh2
(AlGaAs)(GaAs) e l-hh l

hhl
r _  _ hh i -  —
------------- h h 2 ------

h h 3 -------------------

AE

FIGURE 1.3.1.1:
A schematic of the quantized energy levels in a type I quantum well such as occurs in 
the GaAs-AlGaAs material system.

A potential well is form ed in the direction of growth (z) for both electrons 
and holes in the m aterial of smaller band gap. This configuration of the 
band offsets is called a Type I quantum  well and is typical of the GaAs- 
AlGaAs material system, where at room tem perature the values of Egl 
and Eg2 are 1.424eV and 1.798 eV (0.3 A1 mole fraction) respectively [88], 
The band offsets AEC and AEV have been the subject of much debate over
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the last 10 years or so. It is now generally agreed that AEC is 
= 0.65 (Eg2 -  Egl) [89], giving a conduction band well depth of * 243meV 
and a valence band well depth of « 131meV.

W hen the w idth of the well, Lz, is small (< 200A), two im portant 
effects arise from the confinement of carriers. The first is that electrons 
and holes are constrained to well-resolved discrete energy levels for 
motion in the direction normal to the plane of the well layer. These are 
m arked as e l, 2, 3 and h h l, 2, 3 for electrons and heavy holes respectively. 
Here, for clarity, we have marked only the heavy hole energy levels in 
the valence band. Another set of levels exists for light holes. Motion in 
the plane of the layer still retains roughly the character of the bulk 
material, i.e. pseudo-parabolic continuous energy bands. The z-quantized 
states represent the lowest lying levels for quasi-2-dimensional sub-bands 
in a well of finite thickness.

To a first approxim ation the energy levels, E^, Ehh , can be calculated 
by solving the Schrodinger equation for a 1-D finite potential well with 
the appropriate effective mass, me hh, for electron and holes [8]. Carrier 
envelope wavefunctions, \\fhh, are sinusoidal in nature inside the well 
and exponentially decreasing into the barriers. The free particle energy 
levels are approxim ately inversely dependent on m e hh and the square of 
the well w idth, Lz2. More sophisticated calculations, accounting for effects 
such as energy-dependent effective masses and the non-parabolicity and 
intermixing of the valence band states have also been carried out [90].

The probability of absorption at a particular energy is related to the 
spatial overlap of wavefunctions in the corresponding conduction and 
valence band states. The overlap integral is defined as:

K - h = jy]fe( z ) - y h(z)dz

A related quantity is the oscillator strength for the optical transition, 
which ultim ately determines the absorption coefficient. This is 
proportional to the square of the overlap integral.

The im portant point here is that, unlike in the bulk m aterial (GaAs), 
only certain direct transitions may be m ade betw een valence and 
conduction bands, such as those marked el-hhl....en-hhn in Fig. 1.3.1.1, 
since only the wavefunctions for states of equal index, n, are non- 
orthogonal. This has a profound effect on the absorption spectrum. The
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band gap is now larger than in the bulk, being defined by the e l-h h l 
transition, the energy of which is in tu rn  dependent on the well width. 
There are in fact a series of band edges w ith increasing energy, one for 
each of the en-hhn allowed transitions. In a well of finite depth, 
however small, there is always at least one quantized state in conduction 
and valence bands.

The effect of quantization is seen in the density of states (d.o.s) for the 
simple 2-D parabolic band model. In the 3D case the d.o.s is proportional 
to V(E -  Eg3D), whereas in 2D it becomes constant for each individual sub
band [91]. This is shown below in Fig. 1.3.1.2.

n=3

B
Q.V

n=2

n=l

2D case
3D case

Energy, E

FIGURE 1.3.1.2:
Comparison of the density of states for the simple 2D and 3D models.

The second major effect of carrier confinement is the increase in the 
binding energy of excitonic states. An exdton is the result of an electron 
being prom oted from the valence band to the conduction band but still 
rem aining bound by Coulomb attraction to the hole left behind. The 
electron and hole orbit around each other as a hydrogen-like system with 
a diameter in the bulk of = 300A. The energy required to create an exciton 
is less than the en-hhn gap by an am ount equal to the exciton binding 
energy, Eexc Thus the lowest energy for absorption in the QW becomes 
(referring to Fig. 1.3.1.1):

EgQW = Egi + Eei + Ehhi “ Eexc .... (1.2)
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In bulk materials excitons can be observed at low tem peratures [92], but 
the effects are washed out by phonon ionization of the bound e-h pair as 
tem perature is increased. In a quantum  well of « 100A w idth  the spatial 
extent of the exciton is obviously reduced in the z-direction by the effect of 
the confining potential, bu t it also contracts in the plane of the layer [93]. 
The shrinking of the exciton volum e compared to the bulk thus increases 
the binding energy and reduces the probability for phonon ionization. In 
the exact 2D limit the binding energy should be 4 times the 3D value [94]. 
Theoretical calculations by a num ber of authors predict values of ~ 
7-10meV for wells in the 50-150A thickness range [16, 95, 96]. The 
increased overlap of electron and hole wavefunctions produces a larger 
oscillator strength. Hence the observation of strong exdtonic effects at 
room tem perature. The reduced dimensionality also increases the 
exciton to continuum height ratio [94].

The combination of enhanced exciton oscillator strength and the step
like density of states results in an absorption spectrum as shown in Fig 
1.3.1.3. The data were recorded at room tem perature (» 294 K).

e3-

.p
e2-hh2 el-hhl

O
el-lhl

850 900700 800750
WAVELENGTH (nm)

FIGURE 1.3.1.3:
Absorption spectrum for a MQW structure containing * 100A wells. Sample grown by 
Dr. Karl Woodbridge at Philips Research Labs., Redhill.
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Absorption for the n= 1, 2 and 3 sub-bands can dearly  be identified, with 
exdtonic peaks at the edge of each. At the n= l edge a double exciton peak 
is observed due the splitting of the valence band into heavy and light 
hole levels. Note that the absorption edge occurs at * 850nm, compared 
to « 870nm for the bulk material. Absorption coefficients and oscillator 
strengths have been experimentally determ ined at low tem peratures by 
Masselink et al [97] for a range of well widths.

In the chapters which follow we shall generally identify well w idths 
from the wavelength of the e l-h h l exciton peak m easured at room 
tem perature. The theoretical curves, in Fig. 1.3.1.4 below, show how  the 
e l-h h l peak shifts with well width. The solid and dashed lines are for Al 
mole fractions of 0.3 and 0.4 respectively in the AlGaAs barriers. The 
calculation was carried out by Peter Stevens (UCL) using a tunnelling 
resonance numerical model [98] to determ ine confinement energies, and 
incorporating a fitted exciton binding energy variation [99].
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FIGURE 1.3.1.4:
Variation of the wavelength of the band-edge el-hhl exciton absorption peak at room 
temperature. Calculation carried out by Peter Stevens, UCL.

We note that the slope of the curve increases m arkedly as the well w idth 
is narrow ed. Thus we should expect larger exciton linewidth broadening 
effects due to fluctuations in the well w idth for narrow  wells. These
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fluctuations cannot be completely eradicated in real QW samples, and 
generally are of the order of 1 monolayer or 2.8A (r.m.s) [100].

1.3.2 ELECTRO-ABSORPTION IN QUANTUM WELLS -  THE QUANTUM- 
CONFINED STARK EFFECT

The effect of an electric field applied normal to the plane of a quantum  
well is shown schematically in Fig. 1.3.2.1. The potential profile of the 
well is skewed so that the carriers no longer see rectangular barriers on 
either side. Electron and hole wavefunctions are polarized in opposite 
directions. On the low energy side of the well the barrier becomes 
effectively triangular. As a result of this change in the shape of the 
potential, the energies of the lowest confined levels for electrons and 
holes decrease relative to the bottom of the well.

ZERO HELD FIELD ON

CB

AlGaAs AlGaAsGaAs

VB

FIGURE 1.3.2.1:
The effect of an applied electric field on the lowest-lying energy levels in a quantum well.

The shift of the sub-band levels is a direct consequence of the quantum  
well structure and is qualitatively different from the Franz-Keldysh 
electro-absorption observed in bulk semiconductors [101], which is 
dom inated by field-induced tunnelling broadening effects rather than an
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actual shift of the edge.
Because there is still a barrier to free movement of carriers in the 

direction perpendicular to the well, the tunnelling time out of the well 
for electrons and holes still remains significantly longer than the 
characteristic exciton ionization time. This m aintains the Coulomb 
interaction between electrons and holes, and thus the exciton binding 
energy and oscillator strength are retained to a large degree even at quite 
high fields (* 2 x 105 V/cm ). As the exciton peak largely maintains its 
position relative to the sub-band edge with increasing field, the net effect 
is a strong shift of the whole absorption edge, w ith m axim um  absorption 
changes of 10-50 times those seen in bulk GaAs for equivalent fields. A 
qualitative picture is given below in Fig. 1.3.2.2.

6
dN
GO

Zero
bias
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FIGURE 1.3.2.2:
The effect of an applied electric field on the absorption edge in a quantum well.

With light at a wavelength coincident with the foot of the unbiased 
absorption edge, bias absorbing modulation is achieved. If the input 
light is at the e l-h h l exciton peak, then the m odulation is bias 
transmitting. To achieve significant modulation it is necessary to use a 
m ultiple quantum  well structure, consisting typically of 50-100 wells.

This enhanced electro-absorption was first observed by Chemla et al 
[23] and interpreted theoretically by D. A. B. Miller et al [102, 103], who 
nam ed it the "quantum-confined Stark effect" (QCSE). Since the initial 
experimental observations, considerable theoretical and experimental
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effort has been devoted to researching various aspects of the QCSE in 
greater detail. The Stark shift of energy levels has been calculated using, 
for example, the exact Airy function approach [104-106], tunnelling 
resonance [103,107], and a Monte Carlo m ethod [108]. Brum and Bastard 
[109] have analysed exciton dissociation in an applied field. It has also 
been shown that in the limit of very w ide quantum  wells the bulk Franz- 
Keldysh electro-absorption is recovered from a QCSE model [110].
Various attempts have been m ade to model the effects of an electric field 
on the absorption spectrum [111-114]. However, only the w ork of Stevens 
et al [98], which incorporates im portant exciton line broadening effects, 
bears comparison with experimental data. Due presum ably to the 
difficulties in fabricating structures to m easure electro-absorption directly 
in the GaAs-AlGaAs system, the majority of detailed experimental 
investigations of the QCSE have been via associated properties such as 
electro-reflectance [115, 116], photoluminescence [117-119] and 
photocurrent [120-122]. Electro-absorption and the associated electro- 
refraction have been determ ined from electro-reflectance spectra by Kan 
et al. [114], Using a combination of biased transmission and photocurrent 
data, W ood has derived band-edge absorption spectra for MQW 
waveguides [123]. D. A. B Miller et al have obtained experimental 
evidence for electro-absorption sum rules [124] from waveguide 
transmission data. O ur own photocurrent m easurem ents (see Chapters 
2 & 3) confirm the absorption conservation to a high degree of accuracy 
[125].

Im portant in the optim ization of the QCSE for optical m odulation is 
the w idth of the quantum  wells used. In Chapter 4 we shall address this 
problem experimentally [126]. A simple second-order perturbation 
calculation for an infinitely deep well [18] shows that the energy shift of 
the lowest confined state is proportional to the fourth pow er of the well 
w idth (and also the square of the applied field). Figure 1.3.2.3 shows a 
numerical calculation of the field-induced shift of the e l - h h l  exciton 
peak for well widths in the range 50-150A. At a field of 100 kV /cm  the 
shift for a 50A well is only * 2nm, whereas the corresponding shift for a 
150A well is more than 35nm. However, the size of the Stark shift is not 
the sole influence on the choice of well width. We m ust also consider 
how  m uch of the exciton absorption is retained as it is shifted. Fig. 1.3.2.4 
shows a calculation of the field effect on the exciton peak height for a 
100A quantum  well. The absorption is proportional to the square of the
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FIGURE 1.3.2.3:
Illustrating how the sensitivity of the quantum-confined Stark shift to electric field 
increases with well width. Calculation carried out by Peter Stevens, UCL.
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FIGURE 1.3.2.4:
Reduction of the overlap integral for the band-edge el-hhl, el-lhl excitons with 
increasing electric field for a well width of 100A. This is reflected in the loss of absorption 
in the Stark-shifted edge. Calculation carried out by Peter Stevens, UCL.
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overlap integral, and we see that this quantity falls significantly w ith field 
for the e l-h h l and e l-lh l excitons. These are the norm ally "allowed" 
zero-field transitions. Notice that as these transitions fall, the el-hh2 
exciton (which is the closest in energy) gains strength. At zero field, this 
transition is "forbidden" since the electron and hole wavefunctions are 
orthogonal. W ith the tilting of the well, as field is applied, there is a 
spatial redistribution of wavefunctions resulting in increased oscillator 
strength for these previously forbidden excitons. As well w idth increases, 
the unbiased e l-h h l exciton peak absorption falls due to a reduced 
overlap integral. Furthermore, the w ider the well the larger the possible 
spatial separation of electrons and holes w hen a field is applied. Thus the 
oscillator strength of the e l-hh l exciton is lost more rapidly with field. A 
detailed assessment of MQW electro-absorption as a function of well 
width has recently been carried out by Jelley et al [127].
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1.4 THE MULTIPLE QUANTUM WELL p-i-n  DIODE

1.4.1 GENERAL DESIGN CONSIDERATIONS

The most suitable m ethod of applying high fields across MQW structures 
with a total thickness of « l|im  is to embed the wells in the z-region of a 
p-i-n diode. This is the method employed by W ood et al. [13] for the first 
dem onstration of normal-incidence MQW transm ission m odulator.
Prior to this, Schottky barrier diodes had been used to observe the effect of 
an electric field on photoluminescence from QWs [17]. However, that 
type of structure requires a semi-transparent metallic contact in order to 
apply the field to the area on which the light is incident, which would 
cause a significant insertion loss for a transmissive device. Fig. 1.4.1 
shows the typical MQW p-i-n layer structure, which is also discussed 
from a growth point of view in § 2.2.3.

GaAs CONTACT CAP LAYER

30% AlGaAs

® l(im i-M QW

30% AlGaAs

50% AlGaAs ETCH STOP

n+ GaAs BUFFER LAYER & SUBSTRATE

FIGURE 1.4.1: The MQW p-i-n diode layer structure.

Alloyed ohmic contacts on exposed GaAs surfaces, top and bottom, allow 
low resistance electrical connection to the MQW region via the highly- 
doped, AlGaAs cladding layers either side of the MQWs. This means that 
the voltage applied to the whole p-i-n diode is only dropped across the 
MQWs, so that if their total thickness is around 1pm, the necessary field 
for a useful Stark shift 50-100 kV /cm ) can be produced w ith only 5-10V 
bias. Leakage currents are typically reduced to sub-nanoam p levels by
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etching the p-i-n structure away outside the contacted area, to leave a 
small mesa.

The etch stop layer is provided so that the GaAs substrate material, 
which is absorbing at the wavelengths where m odulation occurs for 
quantum  wells, can be selectively rem oved w ith a chemical etch (see 
§ 4.2.1). Thus, m odulated light, propagating normal to the MQW layers, 
can be detected on passing through the device, with little background 
attenuation in the unbiased state since the absorption edge for the 30% 
AlGaAs [88] is more than 250nm lower than that of the MQWs.

Doping levels in the contact regions should be made as high as 
possible (generally 1018 cm-3), in order to reduce the depletion depth in 
the AlGaAs layers, which will lead to lowered fields for a given bias, and 
thus smaller Stark shifts. In addition, the doping in the MQW region 
m ust be low to achieve a uniform electric field and thus avoid 
broadening of the shifted MQW excitonic absorption edge, caused by each 
well seeing a different electric field.

Besides being a convenient way of applying the electric field, the p-i-n 
structure is compatible w ith high-frequency operation [24, 45] and offers 
the additional feature of high quantum  efficiency photodetection [33, 34].

1.4.2 EFFECT OF BACKGROUND DOPING ON FIELD UNIFORMITY

Assuming that the p and n regions are highly doped, the average field 
across the undoped (MQW) region of the diode for a given bias, V, is 
simply Eav = V/ d ,  where d is the thickness of the undoped region. 
However, w ith a finite background doping density, N j, the field will fall 
off from a maximum value, w ith a slope proportional to N j, the direction 
depending on whether the background is p or n-type. The higher the 
level of background doping, the higher the m aximum field which occurs 
at the edge of the intrinsic region for a given bias voltage. This comes 
about simply because the integral of the electric field over the full 
depletion w idth m ust rem ain constant, and equal to the voltage, while at 
the same time the slope of the field is increasing. The effect is to reduce 
the voltage at which the breakdown field of the material is reached.

In Fig. 1.4.2 (over the page) the electric field profile has been modelled 
for a p-i-n structure w ith decreasing intrinsic doping, going from (a) to
(c). The z-region is 1pm thick and the doping in the p and n regions is 
1018 cm-3. In each case the field is plotted for 0-8V bias in 2V steps.
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FIGURE 1.4.2:
Calculated electric field profiles in a p-i-n diode with different background doping 
levels, (a) 1 x lO^cnr3, (b) 5 x 1015 cm-3, (c) 1 x 1015 cnr3. Figures by kind permission of 
Craig Tombling. Note the changes of scale on the field axis.
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The calculation is carried out in the standard w ay [128], using Poisson's 
equation, matching fields at the p-i and i-n boundaries, and applying the 
conservation of space-charge.

These figures illustrate how the slope of the field remains fixed with 
increasing bias, so that as the peak field increases, the field variation as a 
fraction of Eav becomes smaller. Note that the variation in the field is 
down to only « ± 7% of Eav for the highest biases at the lowest 
background doping level of 1 x 1015 cm*3, whereas at the higher doping 
levels the variations are * ± 50% and * ± 72% respectively. So we m ust 
obviously be looking for devices with a background doping level in the 
region of 1 x 1015 cm-3 for good performance.

1.4.3 EFFECT OF HELD NON-UNIFORMITY ON ELECTRO-ABSORPTION

In this last section we consider just how  the background doping affects the 
electro-absorption characteristics via the field-variation across the MQW 
structure. Figs. 1.4.3.1-4 below show calculated absorption spectra for a 
range of bias voltages and background doping levels. The model used is 
one m entioned previously [98], which incorporates the exciton 
broadening due to both well w idth fluctuations and field variation, and 
has been shown to give good agreem ent w ith experiment. The MQW 
structure is « 1pm thick in total, w ith 100A GaAs wells and 60A 
Alo aGao 7As barriers, which is typical of the devices which we shall 
investigate.

30080

10000«cc

830 835 840 845 850 855 880 865 870

HflVELENGTH (na)

FIGURE 1.4.3.1: Modelled MQW absorption spectra for 1 x 1016 cm*3 background doping.
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FIGURE 1.4.3.2: Modelled MQW absorption spectra for 5 x 1015 cm-3 background doping.
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FIGURE 1.4.3.3: Modelled MQW absorption spectra for 1 x 1015 cm*3 background doping.
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FIGURE 1.4.3.4: Modelled MQW absorption spectra for 1 x 1014 cm*3 background doping.
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W hat can clearly be seen from these figures is that reducing the 
background doping from 1016 cm-3 to 1015 cm’3 has m arked effect on the 
appearance of the shifted exciton peaks. The higher the doping the more 
quickly the peaks flatten and broaden, and the smaller the apparent shift 
since the strongest contribution to the sum  of absorption from all the 
wells will come from those wells in the low field region of the intrinsic 
region, where the excitons retain their oscillator strength. This problem  
has been given some consideration by Newson and Kurobe [129], who 
assessed the doping broadening effect on the Stark shift, bu t stopped short 
of calculating the resultant spectra. Very recently, Little et al. have clearly 
observed field inhomogeneity effects in low tem perature photocurrent 
spectra from MQW structures [130].

In Fig. 1.4.3.1, with 1016 cm-3, the doping broadening is severely 
limiting the maximum absorption change off the edge, the largest 
changes occur at the wavelength of the unbiased e l-h h l exciton peak. 
Reducing the doping by a factor of two begins to reveal the true QCSE. In 
Fig. 1.4.3.2. an exciton peak can still be seen, shifted to » 857nm, with 12V 
bias. Once the doping is as low as 1015 cm-3, then the excitons rem ain 
clearly resolved even at the highest bias (equivalent to an average field of 
*120 kV/cm). This of course gives us the largest possible electro- 
absorptive changes. Comparing Figs. 1.4.3.3 and 1.4.3.4, it is interesting to 
note that reducing the doping by an order of m agnitude further 
apparently has no effect on the quality of the electro-absorption spectra.

Thus for wells of * 100A and 1pm total MQW thickness w e have 
found the target background doping level of * 1015 cm-3 for optim um  
electro-absorption.
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2.1 INTRODUCTION

In Chapter 1 the basic optical and electronic properties of MQW structures 
were described. Here we discuss the practical aspects of producing MQW 
devices and some initial measurements of the quantum -confined Stark 
effect (QCSE) in a range of MQW structures. The intention is to provide a 
useful qualitative background for the chapters to follow.

First, a brief outline is given of the epitaxial growth techniques used to 
make MQW p-i-n diode structures. We have studied devices grown by 
both the major technologies -  molecular beam  epitaxy and metal-organic 
vapour phase epitaxy. We then describe the processing steps required to 
make the m ost simple device -  the p-i-n photodiode, which is the basis 
of the MQW m odulators of Chapters 4-6 -  and the details of how the 
optoelectronic properties of the devices are assessed by photocurrent 
spectroscopy. Photocurrent spectroscopy offers a way of observing the 
absorption spectra indirectly, and can provide a wealth of information 
about the electrical quality of the p-i-n diode, and the structural integrity 
of the MQWs. In particular, we chart the developm ent of the MOVPE 
material quality through the photocurrent spectra of a num ber of 
samples.
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2.2 GROWTH OF GaAs MQW p-i-n  DIODE STRUCTURES

It is not the intention here to critically compare epitaxial growth 
techniques for MQW p-i-n diodes; the relative m erits of the two 
methods have previously been considered in some detail by Dapkus [1].
In our case, both MBE- and MOVPE-grown structures achieved the quality 
required to observe a well-defined QCSE and enhanced electro-absorptive 
modulation; that is, the control of layer thicknesses dow n to only a few 
10's of Angstroms and hetero-interface w idths to * 1 m onolayer (» 2.8A). 
This being achieved w ith good uniformity over w ide areas. Also 
essential was the achievement of low background im purity doping levels 
in the nominally undoped MQW layers, and the ability to abruptly 
change the doping level and type to form the p-i-n diode structure.

At the beginning of this work, MBE was already established as a 
proven technology for the growth of low-dimensional structures and 
devices, and, prior to the growth of MQW m odulator structures, the 
system used here had successfully produced QW lasers [2], However, the 
MOVPE system which was used was less well developed, and had 
produced no doped structures containing MQWs, so there was a 
significant am ount of development work to be done [3].

2.2.1 METAL-ORGANIC VAPOUR PHASE EPITAXY (MOVPE)

MOVPE has become popular as a commercial high-resolution epitaxial 
technique because of its inherent capability for large wafer throughput 
and fast source replacement. Growth can be carried out simultaneously 
on several substrates w ithin the same reactor. It is sometimes dismissed 
as a lower resolution m ethod compared to MBE. While this may be true 
for extremely thin layers (« 10A), we clearly show in § 2.5 that, as far as the 
growth of MQW m odulator structures is concerned, MOVPE achieves 
exactly the quality required.

Research into MOVPE was begun in the late 1960s by M anasevit [4], but 
device quality material d id  not become available until 1975. By 1978, 
however, the first QW injection laser operating c.w. at room  tem perature 
was dem onstrated by Dupuis et al. [5] using MOVPE, and the technique 
has since successfully reproduced m ost of the achievements of MBE.

The MOVPE process essentially involves the therm al dissociation of
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volatile metal-organic com pounds containing the group HI elements in 
the presence of the group V hydride. In the case of Ga(Al)As the reagents 
are typically trim ethyl gallium (TMG), trimethyl alum inium  (TMA) and 
arsine, with silane and dimethyl zinc as w-type and p-type dopants. 
Hydrogen is used as a carrier gas to transport the TMG and TMA as a 
vapour from the source liquid into the quartz reaction chamber, which 
for the materials studied here is of the horizontal, atm ospheric pressure 
type.

Mass flow controllers on the input gas lines are used to fix the 
composition and the growth rate. After intermixing, the reagents flow 
through the chamber, dissociating only when the heated region around 
the substrate is reached, and forming the desired ni-V compound. Valve 
control of the gas lines allows the TMA to be switched in and out for 
heterojunction growth. The switching time is of the order of 1 second, so 
typical growth rates for the highest quality material are * 1 m onolayer/ 
sec, which translates to * lp m /h r , in order to keep interfaces sharp.

A thorough review of MOVPE covering a wide range of IH-V 
com pounds has recently been given by Stringfellow [6].

The MOVPE-grown MQW p-i-n diodes, whose characteristics are 
described in § 2.5, were supplied by Dr. John Roberts and co-workers at the 
SERC ni-V Central Facility, University of Sheffield. Initial device 
properties were poor due to high MQW background doping. However, 
this problem  was eventually overcome and all optical m odulation data in 
the chapters to follow are from high quality MOVPE-grown devices

2.2.2 MOLECULAR BEAM EPITAXY (MBE)

MBE has traditionally been used to demonstrate state of the art epitaxial 
m-V semiconductor structures such as QW lasers and high electron 
m obilty transistors (HEMTs), and remains at the centre of fundam ental 
growth work. The origins of this technique go back to the late 1960s to the 
work of Davey & Pankey [7], A rthur [8] and Cho [9], and as early as 1971 
Cho [10] had succeeded in growing periodic GaAs-AlGaAs hetero
junctions w ith layer thicknesses dow n to » 1700A.

In MBE growth heated elemental sources (Ga, Al, As), contained in 
controlled effusion cells, produce beams of atoms or molecules w ithin an 
ultra high vacuum  (UHV) chamber held at * 10_10-1 0 'n  torr background
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pressure. The beams are directed at a heated semiconductor substrate (« 

600-700°C) on which growth takes place at a rate according to the flux of 
the group El elements, in this case Ga and Al. An overpressure of As is 
provided to ensure good growth. The fluxes are determ ined by accurate 

tem perature control of the source cells to » ± 1°C. In order to achieve 
abrupt hetero-interfaces, between GaAs and AlGaAs for example, each 
source is provided with an externally-controlled shutter which can cut off 
the beam  in much less than the time to grow 1 monolayer of material. As 
w ith MOVPE typical growth rates are * l |im /h r  for GaAs. To reduce layer 
thickness variations, caused by spatial non-uniformities in the source 
flux, the substrate is usually rotated at least once in the time taken to grow 
1 monolayer. Doping is provided typically by Si (w-type) and Be (p-type) 
sources.

The requirem ent of UHV conditions for high quality growth m eans 
that the MBE system can also incorporate a num ber of useful diagnostics 
such as RHEED (reflection high energy electron diffraction) and mass 
spectrometry. RHEED allows the structure of the crystal surface to be 
m onitored and can be used to determ ine growth rates [11] immediately 
prior to the growth of a complete structure. A disadvantage of the UHV 
environm ent is the need to open the system to air in order to replace 
exhausted sources, which involves tim e-consum ing "bake-out" 
procedures to restore clean conditions in the growth chamber.

More details of the growth mechanisms, system construction and 
results achieved can be found in a recent review papers by Joyce [12] and 
Tsang [13].

The MBE samples studied here were grown in collaboration w ith Dr. 
Karl W oodbridge at Philips Research Labs., Redhill. Initial growth was 
carried out in a custom-built system, the details of which have been 
reported elsewhere [14]. During the course of this project this system was 
de-commissioned to be replaced by a commercial Varian Gen II M odular 
system. The am ount of down-time obviously lim ited the num ber of 
MBE samples which could be grown. Hence there is no story of 
developm ent as for the MOVPE-grown material. However, the two 
samples reported on in § 2.6 do represent the highest quality material 
available to us at the particular time that they were grown.
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2.2.3 THE STANDARD MQW p-i-n STRUCTURE

The typical layer structure for a simple MQW transmission m odulator is 
shown in Fig. 2.2.3. In the intrinsic region of the p-i-n there will usually 
be 50-60 GaAs quantum  well layers of * 1 0 0 A thickness separated by 
Alo.3oGao.7o As barrier layers of ~ 60-100A. Occasionally, undoped regions 
of Al0 3 0Gao.7o As of * 0.05|im have been included on either side of the 
MQWs as a buffer to protect the undoped quantum  wells from any 
diffusion of dopants from the doped Al0 .3 0Ga0.70 As layers, an idea based 
on the use of superlattice buffers as suggested by other authors [15, 25]. 
However, we have observed no significant difference in the device 
performance by including or excluding these buffer layers. The principal 
effect is just to increase the bias voltage required to produce a given 
electric field across the MQW structure.

GaAs CONTACT CAP LAYER P+ < O.lum

30% AlGaAs P+ «0.5|im

y . ' _ i-MQW U H = lg m ^ =

30% AlGaAs +n »05pm

50% AlGaAs ETCH STOP n* «0.2^im

GaAs BUFFER LAYER ♦n = 0.5|im

GaAs SUBSTRATE ♦n = 3-400fim

FIGURE 2.2.3:
The standard MQW p-i-n diode layer structure.

Doping control is essential for good electrical and optical response. The 
MQW region is nominally undoped bu t will have a background level 
which reflects the technology used, its state of cleanliness, and the purity 
of the group III and group V sources. Both MBE and MOVPE methods 
can now  achieve an intrinsic doping level in the region of 1 - 2  x 1 0 15c n r3, 
which is essential to minimize spectral broadening of the QCSE, as was 
discussed in § 1.4. The p+ and n+ layers are generally doped to a level of 
= 5 x  1017-  lxlO 1 8 cm*3. High doping levels are needed to limit the carrier
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depletion outside of the MQW i-region, thus m aintaining high fields, and 
to allow low-resistivity, ohmic contacting. However, attem pts to increase 
the level m uch above 1018cm"3 can result in diffusion of the dopants into 
the MQWs, resulting in rather poor devices.

Growth of a GaAs buffer layer is a standard technique for smoothing 
the prepared substrate prior to the growth of the device layer. The etch 
stop layer of high A1 mole fraction AlGaAs was included in early device 
structures to allow the absorbing substrate and buffer layer to be removed 
w ith a selective wet etch [16]. With the developm ent of dry  etching 
techniques, which appear to be more sensitive to smaller A1 mole 
fractions, there has ceased to be a need for this layer. Both the buffer and 
etch stop layers m ust be doped to a level similar to that of the substrate in 
order to achieve low resistivity contact between substrate and device.

Because of the tendency of AlGaAs to oxidize on exposure to air, 
which makes the achievement of ohmic contacts difficult and sensitive to 
the A1 mole fraction [17], a p+ GaAs cap layer is necessary to provide a 
good ohmic contact.
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2.3 FABRICATION AND ASSESSMENT OF MQW MESA 
PHOTODIODES

2.3.1 FABRICATION OF THE MQW p-i-n PHOTODIODE

Besides providing a device which allows the QCSE to be observed, the 
process described here, illustrated in Fig. 2.3.1, is also the first stage in the 
fabrication of the complete transmission m odulator.

The main steps in the p-i-n diode process are:

(a) A positive photoresist layer spun on the top surface of the sam ple is 
patterned and developed for the p-contact metallization.

(b) A thin film of chromium and gold (*100A Cr, *2000A Au) is 
evaporated over the whole of the patterned sample.

(c) The p-contact is defined by dissolving the photoresist in acetone, thus 
removing the excess metal. This is known as the "lift-off" technique. To 
allow the free passage of light into the device the contact has a w indow  
400pm square; with an outer dimension of 500pm. The extended area to 
the right of the w indow is the wire bonding pad.

(d) In some structures the GaAs p-contact layer has been up  to 1000A 
thick, which absorbs * 10% of the incident light in a single pass at 
wavelengths close to the MQW absorption edge. The removal of this 
layer from the device w indow  requires a photoresist m asking stage to 
protect the metallization from  the selective GaAs etch. In m ore recent 
p-i-n  structures this GaAs layer has been reduced to *200A, so that 
losses are only *2% and its removal unnecessary.

(e) To define the device electrically, so that we can apply useful bias 
voltages w ithout serious leakage currents or breakdown, a mesa is etched 
around the top contact. A photoresist mask protects the device area.
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FIGURE 2.3.1:
Steps in the fabrication of an MQW photodiode, as described in the text.
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(f) The mesa is etched using one of num ber of non-selective wet etches, 
the favoured one being P ^ P O ^ F ^ C ^t^ O  in the ratio 3:4:1 since it leaves a 
very smooth substrate surface for the n-contact. The w et etches produce 
smoother m esa side-walls, and thus better electrical characteristics, than 
existing in-house dry etching methods, which are used later in the 
transmission m odulator fabrication scheme (see § 4.2).

(g) Photoresist is spun over the whole sample once m ore and patterned 
for the 7i-contact, which is a simple rectangular pad.

(h)The n -metallization («100A Sn, 2000A Au) is evaporated over the 
whole sam ple and the excess "lifted off" as in steps (a)-(c). The metal 
contacts are then alloyed at * 4 4 0 ^  in a nitrogen atm osphere for 120s.

(i) Upw ards of 20 devices are usually fabricated on one piece of material. 
After alloying the sample is m ounted device side dow n w ith wax on a 
polishing block. The substrate is then ground dow n using fine grade 
carborundum  to * 1 0 0 pm to make cleaving up  of the individual devices 
easier. For measurements, pairs of devices are m ounted on standard T05 
transistor headers and electrical connections m ade by bonding 25pm gold 
wires to top and bottom contact pads. W ith devices of this size, in the 
absence of a commercial bonding machine, it has been possible to hand- 
bond the wires using a silver-loaded conducting epoxy.

2.3.2 ELECTRICAL ASSESSMENT OF DEVICES

Prior to being m ounted for optical m easurem ents, each device fabricated 
on the chip is tested for its current-voltage (I-V) characteristics. The 
im portant features of the I-V characteristics which are noted are the 
breakdow n voltage, where the reverse current typically increases above 
the pA level, and the bias voltage required to produce a leakage current of 
lOnA. This latter figure is generally in the 10-20V range for our mesa- 
processed structures with « 1pm intrinsic region. Breakdown voltages are 
norm ally in the region of 20-30V, but will be lowered by high background 
doping as explained in § 1.4. The breakdown and lOnA leakage limits are 
not usually a problem in the MQW devices studied here since we 
generally need to apply only * 10V to achieve the necessary Stark shift of
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the absorption edge for strong m odulation, and the am ount of ohmic 
heating produced by lOnA @ 10V is negligible and, in any case, will be less 
than the power generated due to the absorbed light.

Capacitance-voltage (C-V) measurements, carried out on an 
autom ated 1 MHz Hewlett-Packard C-V profiler, provide an estimate of 
the background doping in the MQW structure and the w idth of the 
intrinsic region of the diodes. As we discussed in § 1.4, it is important 
that we know the background doping to be low, otherwise the device 
performance can be severely degraded by field-induced broadening of the 
excitonic absorption edge.

Some typical C-V data will be shown in §§ 2.5 & 2.6, where they are 
particularly relevant to the device characteristics.

2.3.3 MEASUREMENT OF PHOTOCURRENT SPECTRA

An autom ated experimental facility was constructed for the m easurement 
of biased photocurrent spectra in the first instance. This is shown below 
in Fig. 2.33.1.
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~Z-----
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FIGURE 2.3.3.1:
Schematic of experimental set-up used for a range of optical measurements on MQW 
structures.
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The optical source is a monochromated broad-band quartz halogen lamp, 
which typically delivers * lOOnW of power onto the test device, in a 
linewidth of « 0.6nm. The light is m odulated by a rotating-wheel 
chopper. This generates its own reference signal which is fed to the 
lock-in amplifier and used to extract only the signal (at the same 
frequency) which is produced in the MQW diode by the light from the 
monochromator. The total current from the MQW diode will include 
components due to stray light and reverse leakage.

The output wavelength from the m onochromator and the bias 
applied to the MQW device are controlled via the IEEE interface bus. At 
each wavelength and bias the signal derived from the photocurrent is fed 
into the current am plifier/lock-in combination. The ou tpu t of this is 
sampled 64 times by the ADC and the r.m.s. of the digital values is stored 
by the BBC Microcomputer. For each bias voltage data is normally 
recorded at intervals of either 0.5 or lnm , depending on the spectral 
range.

The "simple focussing optics" (shown in Fig. 2.3.3.2a) consist of a pair 
of lenses -  one for collimation and one for tight focussing onto the MQW 
diode, and a variable aperture (VA) to reduce the beam size. The filter, F, 
cuts out light below « 600nm to prevent any contributions to the 
photocurrent from 2 nd order light from the m onochrom ator grating at 
800-900nm.

The biasing circuit for the MQW diode (Fig. 2.3.3.2b) is kept extremely 
simple. We use a load resistor (10-lOOkQ) to produce a voltage 
proportional to the current flowing through the diode.

Monochromator 
■  slits

MQW 
p-i-n diode Load

resiftor
lOOkfl

Current Amp./ 
Lock-in Amp.

VA

FIGURE 2.3.3.2:
(a) The simple optical arrangement for photocurrent measurements.
(b) The electrical connections made to the MQW diode in order to detect photocurrent.

Bias is applied across both these components, and, provided the input 
power is in the lOOnW range or less and the contact resistances for the 
device are small, virtually all the voltage will be dropped across the
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MQWs. (At « 850nm the m axim um  possible responsivity is « 0.67A.W-1. 
Through the lOOkQ load resistor, current of 67nA produces only 0.67mV).

Depending on the am ount of sensitivity required, the signal extracted 
from across the load resistor can be input into the lock-in amplifier via 
the current amplifier, or input directly into the lock-in. N either of these 
two arrangements perturbs the diode circuit. In the former case the low 
input impedance of the current amplifier, relative to the load resistance, 
effectively means that all the current in the circuit will by-pass the load 
resistor, so the current amplifier will appear to be in series w ith the MQW 
diode as for a standard current measurement. In the latter case the high 
input impedance of the lock-in (~ 100MD) means that it will draw  
virtually no current. All the current in the diode circuit will therefore 
pass through the load resistance and produce the full photovoltage to be 
m easured by the lock-in.

The same experimental system has also been used for other optical 
m easurem ents such as field-dependent transmission and reflection 
spectra. These require only a simple reconfiguration of the optics and the 
use of a separate photodetector. Such measurements will be described in 
§ 4.2 and the results reported in Chapters 4 and 6 .
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2.4 PHOTOCURRENT AND ABSORPTION

W here the drift current dominates over that due to diffusion, i.e. in the 
presence of an electric field, the photocurrent generated at a wavelength X 
by a power P incident on a p-i-n diode can be expressed as:

where V is the bias applied, Rf is the reflectivity of the front surface, q is 
the electronic charge, h is Planck's constant, c is the velocity of light, tj is 
the internal quantum  efficiency, a  is the absorption coefficient of the 
material in the i-region and d is its thickness. P(1 -  Rf) is the power 
which reaches the detection region. The fraction of this which is absorbed 
in a single pass is [ l - e " “a 'V)d]. The factor (qX/hc) converts from absorbed 
power per sec. to the num ber of generated carriers per sec., i.e. current.
The quantum  efficiency, rj, is the fraction of generated carriers which 
actually reaches the contacts and is detected externally as current.

It can be seen from Eq. 2.1 that the photocurrent is roughly 
proportional to the absorbed power, since the variation due to the 
^.-dependence is only * 20% over a typical spectral range of perhaps 750- 
900nm, and any factors which reduce the quantum  efficiency, r\, such as 
carrier capture by the quantum  wells and subsequent recombination, are 
assum ed to be only voltage-dependent. We w ould also expect Rf to be 
reasonably constant over the same spectral range, and, although the 
absorbed pow er term depends on the inverse exponential of ad , the 
deviation from a linear dependence is monotonic and quite slow as a d  
increases. Thus the m ost significant variations in the photocurrent 
spectrum  will be due to the variation in the absorption coefficient, a , and 
the photocurrent spectrum will be a fair representation of the absorption 
spectrum, provided a d  does not become so large (> 3 roughly) that at all 
wavelengths above the absorption edge there is almost complete 
absorption of the incident light w ithin the MQW region. In particular we 
should be able to resolve exdtonic features in the spectrum  and observe 
their behaviour under an applied electric field.

As we discuss in the next chapter, our initial attem pts to observe 
electro-absorptive effects in MQW transm ission spectra were fraught w ith 
problems, but it was soon realised that the same qualitative effects could

(2.1)
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be observed more easily in photocurrent spectra. Around the same time 
other workers were also independently starting to use this convenient 
m ethod in MQW experiments to observe, for example, low-tem perature 
excitonic Stark shifts, tunnelling dynamics of photocarriers and the 
relative oscillator strengths for different excitonic transitions [18-23]

Photocurrent spectroscopy has now become commonplace as a probe 
of Stark shifts and transport in quantum  wells, and is often used in 
tandem  w ith photoluminescence [18, 21]. A lthough photocurrent 
m easurements require metallic contacts and some simple device 
processing, they can be carried out at room tem perature w ithout the need 
for high pow er laser sources (incident powers of significantly less than 
lpW  will suffice, unlike photoluminescence spectroscopy) and with a 
higher degree of sensitivity owing to the detection of current rather than 
re-radiated photons. As an example, we shall show in the next section 
extremely noise-free photocurrent spectra from a single quantum  well.

If certain assumptions are made about Rf and T| it is possible to rescale 
photocurrent spectra to represent absorption [24]. In Chapter 3 we shall 
discuss this further and show some typical calculated spectra.
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2.5 PHOTOCURRENT STUDIES OF MOVPE-GROWN DEVICES

The initial results from the samples supplied by the ni-V Central Facility 
at Sheffield University were rather poor. The early samples were the first 
attempts to grow MQWs as part of a p-n junction device and, 
understandably, there was a period of development before sufficient 
quality was achieved that we could observe the optical m odulation 
properties of the MQWs undistorted by deficiencies in the p-i-n 
structure.

Here we give a chronological account of the modifications which were 
made in order to produce device quality material. Each structure reported 
is referred to by its original (Central Facility) nam e and the im portant 
dimensions of the MQW region and particular grow th features are given. 
Note that the well w idths given here are estim ated from a comparison of 
the room -temperature e l-h h l exciton peak wavelength w ith the 
theoretical curve of X(el-hhl) vs well w idth in § 1.3.1. The barrier widths 
given are the nominal values specified in the design of the structures or 
are calculated on the basis of growth times and known growth rates 
relative to the GaAs well. Figures quoted for the applied electric field are 
simply an average value equal to the bias voltage divided by the total 
thickness of the intrinsic region.

2.5.1 SAMPLE CPM7 (55 x = 97A WELL, = 100A BARRIER)

As we have previously said, the major problem w ith initial structures 
was the high level of free carriers present in the MQW region, due to 
carbon acceptor impurities (NA « 1-2 x 1016 cm*3), intrinsic to the growth 
of the A1q 30 Gao 70 As barriers. In § 1.4 we described the effect of 
background doping on the uniformity of the electric field in the p-i-n 
diode; here in Figures 2.5.1.1 & 2.5.1.2 we can see the effect of the field 
non-uniformity on the absorption spectrum  of the MQWs via the 
photocurrent. The design of this structure was based on that used by 
Wood et al [25] for the first MQW electro-absorption m odulator.
However, we could not observe the distinct red shift of the excitonic 
absorption edge which they had seen. Instead, the differential Stark shifts 
experienced by each well sum to produce an overall broadening of the 
edge, reminiscent of the bulk Franz-Keldysh effect [26], bu t w ith a higher
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FIGURE 2.5.1.1:
Photocurrent spectra for MQW structure CPM7 (100A wells) taken at room temperature.

In Fig. 2.5.1.1 we have plotted the raw  photocurrent spectra. At zero bias 
close to 850nm there are features which w e ascribe to the n = l heavy- and 
light-hole exdtons, but which are not well resolved compared to the data 
for MBE-grown material which existed at the time this structure was 
grown [25]. This loss of resolution m ay be due to the inhomogeneity of 
the internal field, or thickness variations (both w ithin the plane of a 
single well, and from well to well), or a combination of the two. In this 
figure it can be seen that the general level of the photocurrent increases 
from zero bias up to « 5V then saturates. This is a standard observation 
in p-i-n diodes where the intrinsic doping is not ideally low. As bias 
increases, the depletion region will extend further and further into the 
undoped region, increasing the probability that photo-generated free 
carriers will reach the doped contact regions under the influence of the 
applied field.

It is seemingly not necessary for the undoped region to be fully 
depleted for photocurrent to be detected. In Fig. 2.5.1.2 below we show the
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calculated background doping profile in the MQW region of this material 
The calculation is based on the m easurem ent of the bias dependence of 
the device capacitance. Referring back to Fig. 1.4.2, we note that the 
unbiased depletion depth for a device w ith an intrinsic doping level of 
= 1-1.5 x 1016 cm*3, which we see here, is only « 0.5pm, yet we clearly 
observe a photocurrent. There m ust therefore be some transport 
mechanism, for example diffusion, which perm its carriers to pass 
through the undepleted part of the i-region w here there is no driving 
field.

cni
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C 17 —
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CDo

8 96 752 3 41

Distance (m) 
x l0 “7

FIGURE 2.5.1.2:
The doping level in the undoped region of the MQW p-i-n diode CPM7, as determined by 
C-V measurements.

For this particular device C-V m easurem ents indicate full depletion at 
8-10V. The quantum  efficiency, however, has saturated at * 5V. The 
exact nature of the transport process is not clear as the situation is 
complicated in MQWs by the AlGaAs barriers, which obstruct the 
m ovem ent of photo-generated free carriers in the direction of the applied 
field (normal to the plane of the wells). It has been proposed that the 
escape of electrons and holes is via a combination of phonon interactions 
and tunnelling from higher-lying confined states into which the free 
carriers are scattered [27], and from which the tunnelling probability will
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be significantly greater than for the low-lying states. In all the 
m easurem ents presented here we are not specifically concerned with how 
carriers reach the contacts to produce a photocurrent, but we can make 
some qualitative comments on the quantum  efficiency as related to the 
material quality and applied bias.

In Figure 2.5.1.3 we have scaled up  the low bias spectra to account for 
the lower quantum  efficiencies in order to m ake the extent of the field- 
induced changes in the absorption edge m ore clear. The photocurrent 
values for each bias are m atched at a wavelength w here no excitonic 
effects are seen and thus where no significant electro-absorptive changes 
are expected.
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FIGURE 2.5.1.3:
Photocurrent spectra for CPM7 scaled to remove variation due to quantum efficiency at low 
bias.

Even at 4V, where excitonic features are still just visible, there is very 
little apparent shift. It is therefore likely that the wells which contribute to 
the peak which rem ains reasonably well-defined close to 850nm at 4V are 
in the low field region of the MQW structure. These spectra correlate 
well w ith the m odelled spectra of Fig. 1.4.3.1, w ith a background doping 
level of 1016 cm-3.
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2.5.2 SAMPLE CPM147 (25 x -  90A WELL, -  100A BARRIER)

Having seen the problems w ith doping broadening in the CPM7 
structure, we first decided to simply reduce the total thickness of the 
MQW region in order to reduce the extent of the variation in the internal 
electric field over the quantum  wells. However, w ith hindsight, this line 
of reasoning is slightly erroneous. By halving the thickness of the MQW 
region we simply reduce the bias required for full depletion. The slope of 
the electric field is not reduced since it depends only on the background 
doping level. Thus for this device at full depletion we should only expect 
to see roughly the same broadened spectrum as for the CPM7 structure at 
its half-depletion voltage, w ithout the effect of the extra undepleted wells 
which see no field.
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FIGURE 2.5.2:
Room-temperature photocurrent spectra for sample CPM 147 (=100A wells).

This is confirmed in Figure 2.5.2, where it is noticeable that the bias 
dependence of the quantum  efficiency has been elim inated, bu t the 
spectra are still dom inated by field-broadening of the absorption edge. In 
fact the excitonic peak is, if anything, less well defined than for the CPM7 
structure at low bias. One possible explanation for this is that, as w e have
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already suggested, the apparent heavy- and light-hole excitonic features 
just visible in the CPM7 spectra at low biases are due to the quantum  
wells which are experiencing electric fields close to zero. In this sample, 
even at zero bias, all the wells will fall w ithin the depleted (finite field) 
region in which the m axim um  electric field will have increased 
compared to the CPM7 structure. (See Fig. 1.4.2. Assuming that the 
background doping levels are the same in both cases, then the slope of the 
internal electric field rem ains the same. The built-in voltage across the 
intrinsic region m ust also be the same, so the maximum electric field 
m ust increase as the thickness of the i-region goes dow n in order to 
m aintain the total area under the electric field profile.). So for the 
CPM147 sample the net absorption spectrum  will be the sum  of 25 
differentially shifted spectra, the relative shifts being greater than for 
CPM7 because of the higher average field, with no contributions from 
wells experiencing close to zero field.

2.5.3 SAMPLE CPM244 (100 x = 5 lA  WELL, -  60A BARRIER)

The next approach to overcoming the i-doping problem was to reduce the 
quantum  well width. The thinking behind this was that the exciton 
binding energy for the narrow er well w ould be increased and in theory 
should be retained to higher electric fields, which m ight allow a clear 
quantum-confined Stark effect (QCSE) to be observed. W hat we see in 
Fig. 2.5.3. is obviously not the case. The bias dependence of the quantum  
efficiency has been re-introduced by growing * l|im  of MQWs once more. 
In this case the barrier thickness was also reduced to keep the average 
intrinsic doping at the same level as in previous devices.

The heavy- and light-hole excitons are now clearly resolved, which is 
as expected since their energy separation increases w ith decreasing well 
width. Also, the broadening at low  fields due to field variation will be 
reduced in this case since the shift of the exciton is reduced for narrow er 
wells. However, the broadening due to well w idth fluctuations will 
increase, since a typical wellibarrier interface roughness of ± 1 monolayer 
represents a larger fractional well w idth  fluctuation the narrow er the 
well.
It m ay well be that the underlying excitonic linewidth for the wells in this 
structure is broader than for the CPM7 structure. If we consider the
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height of the hh  excitonic transition relative to the flat continuum, it is 
reduced here compared to the low bias CPM7 data, indicating perhaps a 
loss of oscillator strength, when we m ight have expected an increase (The 
reduced dimensions of the well should give a greater spatial overlap of 
electron and hole wavefunctions).
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FIGURE 2.5.3:
Rcx)m-temperature photocurrent spectra for sample CPM244 (51A wells).

Again we see no shift of the absorption edge, merely a broadening, and 
the changes which do occur are over a noticeably smaller spectral region 
than for the CPM7 device, where the field per volt is the same. However 
a m axim um  bias of only 10V was applied to the devices which were tested 
from this sample, so it is probable that the maximum applied field was 
not high enough to induce a significant Stark shift of the excitons in all 
the wells.

2.5.4 SAMPLE CPM363 (60 x = 100A WELL, -  60A BARRIER)

Being still unable to directly engineer a reduction in the MQW intrinsic 
doping at this time, we then attem pted to effectively reduce it by reducing
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the barrier w idth relative to the well w idth, the AlGaAs barrier being the 
source of the background impurity. It was felt that the reduction of the 
AlGaAs barrier to * 60A would still prevent electronic coupling between 
wells and preserve the QCSE, since with the CPM244 sample, where any 
coupling should be stronger because of the narrow er wells, excitons were 
still resolvable w ith this reduced barrier width. W ith the corresponding 
increase in the proportion of the essentially undoped GaAs material, the 
average intrinsic doping should be only « 75% of its previous level, and 
therefore reduce the exciton broadening under bias.

The photocurrent spectra in Fig. 2.5.4 show an im provem ent in the 
zero-bias spectrum, with light and heavy hole excitons m ore clearly 
resolved compared to the previous structures w ith this well width. The 
e2-hh2 exciton (at « 800nm) is also more prom inent than before. This 
suggests some improvement in sample quality, especially in view of the 
fact that this MQW structure is * l |im  thick.
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FIGURE 2.5.4:
Room-temperature photocurrent spectra for sample CPM363 (100A wells).

However, the biased spectra do not show any significant improvement. 
There is no clear shift of the excitonic edge -  broadening still dominates, 
although it appears to be not quite so severe as for the CPM7 structure for
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example. Again the background doping is the problem. The C-V profile 
for this sample indicates that the doping is as low as 4 x 1015 cm ' 3 in some 
parts of the i-region, but climbs to the high 1 0 15s in other areas, the effects 
of which will be more prominent.

2.5.5. SAMPLES CPM401 & 405 (50/60 x -  85/87A WELL, « 60A BARRIER)

The conclusion from the data which have already been presented in this 
section was that the only way of obtaining clear, strong quantum-confined 
Stark shifts in p-i-n m odulator structures was to som ehow produce 
significantly lower doped AlGaAs than had been observed so far. This 
was eventually achieved by securing a supply of purer metalorganic 
reagents for the Ga and Al, drying of the arsine source and a lowering of 
the growth tem perature for the MQW part of the structure. The full 
details of the growth optimization have been described by Roberts et al. 
[28].
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FIGURE 2.5.5.1:
Room-temperature photocurrent spectra for sample CPM405 (=87A wells).

In Fig. 2.5.5.1 we see the first evidence of im proved growth. The CPM405
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spectra show an obvious sharpening up  of the biased excitonic features 
and a clear shift in response to an applied field. This was, to our 
knowledge, the first clear observation of the QCSE in a GaAs-AlGaAs 
MQW p-i-n diode grown by MOVPE and is reported in m ore detail in 
Ref. [29].

The splitting of the light- and heavy-hole excitons at the absorption 
edge is now very clear and they rem ain resolvable up  to fields of more 
than 105 V .cnr1. Another indication of the m aterial quality is the 
emergence of so-called "forbidden" excitons in the 800-81Onm range w ith 
increasing bias. These peaks are due to transitions between the hh and lh 
n= l levels and the electron n=2 level (e2-hhl, e2-lhl). They are forbidden 
in the flat band condition because of the orthogonality of wavefunctions 
for a transition requiring An=l. The presence of an electric field, 
however, tilts the quantum  wells, polarizing electron and hole wave 
functions towards opposite sides of the wells in such a w ay that increasing 
spatial overlap of wavefunctions occurs for these previously disallowed 
excitons. Another forbidden transition can be seen growing on the high 
energy side of the e l-lh l exdton. This can be identified as the el-hh2 
exciton.
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FIGURE 2.5.5.2:
Intrinsic doping profile of the improved MQW p-i-n CPM405, with the MQW grown at a 
lower temperature in order to reduce impurity levels.
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That the im proved performance is due to the reduction of background 
im purities is confirmed by C-V m easurem ents (see Fig. 2.5.5.2) which 
indicate a doping level of * 3-5 x 1015 cm-3. The differences between the 
spectra for this sample and those for CPM7 agree well with the previously 
modelled effects of background doping (§ 1.4).

As an indication of the am ount of field-broadening which still 
rem ains in the CPM405 photocurrent response, a sample w ith the same 
well and barrier dimensions, bu t 1 0  fewer wells, was grown just prior to 
this. The photocurrent spectra for this structure, CPM401, are shown in 
Fig. 2.5.5.3.
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FIGURE 2.5.5.3:
Room-temperature photocurrent spectra for sample CPM401 (=85A wells).

According to C-V measurements the background doping is very sim ilar to 
that of CPM405. However, there are some obvious differences in the 
spectra for the two samples grown under almost exactly the same 
conditions. The excitonic peaks in the CPM401 spectra are better resolved 
at zero bias and remain so w ith bias if we compare, for example, the 10V 
curves for the two cases. Also, the quantum  efficiency for the sample 
w ith fewer wells requires significantly less bias to saturate. The simple 
calculation of Fig 1.4.2 predicts that full depletion should occur in
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structures of this doping and thickness (« 0.73-0.88|im) at only » 1-2V, 
which agrees well with the CPM401 data.
It w ould appear that even after this reduction of the intrinsic doping, 
though the optical response of the devices has significantly improved, the 
doping level is still not quite low enough to avoid field-broadening effects 
w hen the total MQW thickness begins to approach 1pm, which as we 
shall see later is a typical device requirement.

2 .5 .6  SAMPLE MV245 (45 x -  145A WELL, = 53A BARRIER)

W ith material quality improved, at this stage of our investigations we 
were interested to determine whether there were any advantages to be 
gained from using quantum  wells of w idths other than the standard 
90-100A which had been used by m ost other workers in this field up to 
that time. It was known theoretically that the w ider the well, the greater 
the shift of the absorption edge w ith field, but also the greater the loss in 
strength of the exdton at the edge. W ith this sam ple containing 145A 
wells and the following one of 47A wells it was possible to make some 
initial qualitative comparison of the QCSE w ith the data for the 
CPM401 /405 samples.

The photocurrent data for the 145A wells is show n in Fig. 2.5.6 (over 
page). We notice that there is no longer a resolvable splitting of the light- 
and heavy-hole excitons at the absorption edge, which is reasonable to 
expect considering the increased well w idth. Having increased the ratio 
of well to barrier material the effective background doping should be 
even lower than in the CPM401/405 structures. C-V measurements 
confirm this, giving a figure of « 2-3 x 1015 cm*3, and only 2-3V are needed 
to raise the quantum  efficiency up  to its m axim um  level. Even before 
reaching this point there are changes taking place in the photocurrent 
spectrum .

At only IV the height of the n= l exciton(s) relative to the n=2 
continuum  has decreased considerably, and other peaks, due to 
previously disallowed transitions, have begun to appear. The richer 
structure here compared to the case of the 87A  wells is due to an increased 
num ber of quasi-bound states w ithin the w ider wells.

As the bias is increased the QCSE manifests itself more as a broadening 
of the absorption edge rather than a discernible shift, w ith the n= l exciton
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FIGURE 2.5.6-:
Room-temperature photocurrent spectra for MQW sample MV245 (145A wells).

virtually disappearing at only 6 -8 V (» 67-90 kV.cm-1). The m ost likely 
reason for this is that, even with the low background doping which is 
evident in this sample, the variation in the internal field is enough to 
separate spectrally the excitonic absorption in each well because of the 
increased sensitivity of the Stark shift to applied field w ith the w ider 
wells1. A dded to that the excitonic oscillator strength will be reduced 
more easily w ith field as the electron and hole are m ore strongly 
polarized to opposite sides of the well.

The low-field shift and loss of oscillator strength in the exciton which 
exists at zero bias suggests the idea of using this type of structure in a 
different m anner than the normal MQW transm ission m odulator, which 
switches off w ith bias as the exciton is Stark-shifted into the operating 
wavelength. That is, we operate at the wavelength of the unbiased 
exciton, quenching the absorption w ith bias, to make the device switch 
on. The potential of this m ode of operation is assessed in Chapter 4.

11n his Ph. D. thesis, my colleague Peter Stevens has calculated that by reducing the background 
doping for a l(im MQW structure with 150A wells from cm3 to » 2 x lO1* cm3, the maximum
transmission change can be increased by a factor of 2. This is simply due to the reduction in 
background doping broadening. The same structure containing 100A wells shows little improvement
in performance with this doping reduction.
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2.5.7 SAMPLE MV246 (75 x -  47A WELL, = 53A BARRIER)

In m arked contrast to the spectra for the previous sample, and  in line 
w ith theoretical predictions, w ith the reduction of the well w idth to only 
47A we see in Fig. 2.5.7 that the zero-field excitons rem ain well resolved 
on the application of a field, bu t high bias voltages are needed to induce 
any sort of spectral shift. There is only a small shift of 3-4nm below 12V 
(~ 160kV.cm_1), and to observe any appreciable absorption changes at a 
wavelength well into the tail of the unbiased absorption edge we need to 
apply 16V 213 kV.cnr1).

OV
6V

8V
12V
16V

DU
g
Oh

750 770 790 810 830 850 870
WAVELENGTH (nm)

FIGURE 2.5.7:
Room-temperature photocurrent spectra for MQW sample MV246 (47A wells).

The MQW structure here is very similar to that of sam ple CPM244 
(§ 2.5.3) in which we were unable to observe any Stark shift due to the 
limiting bias of 10V (« 90 kV.cm-1) and the high background doping. 
Having achieved a general lowering of the background doping in the 
intrinsic region, and using only * 0.75 pm  of MQWs, we can actually 
discern a Stark shift at 10V with this sample, although the average field is 
» 133kV.cm_1 in this case.

It is noticeable here that the quantum  efficiency once again requires a
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significant am ount of bias to be applied before it saturates, levelling out at 
8-1 OV compared with only 2-3V for the previous sample. This effect may 
be explained to some extent by the increase in the average background 
doping because of the higher proportion of barrier material in this MQW 
structure, alm ost twice that in the MV245 structure for example.

One problem which arises w ith narrow  quantum  wells is that the 
position of the absorption edge is more sensitive to well width. At only 
= 50A thickness there are less than 2 0  monolayers of GaAs per well, so 
typical thickness fluctuations of around 1 monolayer have more effect. 
For this particular sample, in photocurrent and transmission 
m easurem ents, we have found that the wavelength of the n= l e-hh 
exciton was anywhere between 813-820nm, depending on the part of the 
sam ple from which devices were made.

This sample is assessed for its transmission m odulation properties in 
Chapter 4, but it is already apparent from these photocurrent spectra that 
significant m odulation will only be achieved at the expense of a high 
operating voltage, if at all.

2.5.8 SAMPLE MV301 (SINGLE -  83A WELL)

A num ber of single well p-i-n diodes were grown with different well 
w idths in order to observe the QCSE in the absence of the usual field- 
variation broadening associated w ith m ultiple wells. Fig. 2.5.8 shows the 
data for a single 83A well clad on either side by * 0.4pm of undoped 
Alo.3Gao.7As.

The spectra are generally similar to the m ultiple well CPM401 
structure (§ 2.5.5) but notice that the exciton peaks are better resolved and 
higher relative to the continuum  even under bias; a consequence of the 
reduced field-variation. The bias at 8 V is equivalent to an average 
applied field of * lOOkV.cm-1. For this particular sample we see no bias 
dependence of the quantum  efficiency, w ith an estim ated background 
doping level of 2-3 x 1015cm '3.
In the limit of very thin absorbing regions, where a d « l ,  the expression 
for the photocurrent generated in a p-i-n diode (see Eq. 2.1) becomes:

Iph= P ( l - R , ) ^ < x d   (2.2)
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since 1 -  e « ad . Thus, over a typical range of interest of around 60- 
lOOnm, w ith a flat input power spectrum  and adjustm ent for the bias- 
dependence of the quantum  efficiency, the photocurrent from a single 
quantum  well will be a direct m easure of the absorption coefficient,
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FIGURE 2.5.8:
Room-temperature photocurrent spectra for a single quantum well sample, MV301. The 
well width is estimated to be « 83A.

neglecting the small variations in Rf and X. Furthermore, the biased 
spectra will be free of the field-variation broadening observed in samples 
w ith m ultiple wells. Providing the well is at the centre of a fully-depleted 
intrinsic region, the field at the quantum  well will be simply the average 
electric field, given by V/(Intrinsic width), irrespective of the level of the 
background doping.

The growth of single QW p-i-n diodes is a useful technique for the 
assessment of the QCSE in material systems which are not yet fully 
developed enough to provide the very low doping or high structural 
uniform ity which has been achieved in GaAs-AlGaAs MQWs, e.g. 
InGaAs-InP [30], which is the popular choice for devices intended to 
operate at the wavelengths of lowest loss in optical fibres. M easurements 
cannot be m ade accurately using transmission spectroscopy since the a d  
factor is far too low. Data such as that displayed here are useful in
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m odelling the ultim ate performance of m odulators containing multiple 
wells. As we shall discuss in Chapter 3, the single well photocurrent 
spectra can easily be rescaled to represent absorption, and  broadening 
factors such as background doping and well w idth  fluctuations 
incorporated into the m odel [31].

2.5.9 SAMPLES MV367 (77 x -  100A WELL, = 35A BARRIER) & MV370 (50 x = 
85A WELL, -  67A  BARRIER)

These two samples are considered together as an indication of the limit to 
which the AlGaAs barriers between the quantum  wells m ay be reduced 
before the QCSE is lost, or at least severely degraded. We know that at 
zero field the coupling of quantized carrier states will increase as the 
barrier w idth decreases, and thus the excitonic oscillator strength will be 
reduced with the decrease in the overlap integral of the electron and hole 
wave functions.
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FIGURE 2.5.9.1:
Room-temperature photocurrent spectra for MQW sample MV367 (=100A wells), showing 
the exciton broadening effects of reducing the barriers to 30-35A.
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As an electric field is applied we expect the broadening due to tunnelling 
of electrons and holes to become dom inant, since at some point the 
tunnelling time for one of the carriers out of the well will become 
comparable w ith the characteristic ionization time of the exciton due to 
phonon interactions, and the exciton will effectively cease to be created.
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FIGURE 2.5.9.2:
Room-temperature photocurrent spectra for MQW sample MV370 (®85A wells). The 
barriers in this case are sufficiently thick to retain the quantum-confined Stark effect. To 
be compared with MV367 in Fig. 25.9.1.

The spectra for sam ple MV367 in Fig. 2.5.9.1 (previous page) clearly show 
broadening effects due to the reduction of the barrier to only 35A. The 
resolution of light- and heavy-hole excitons has been lost, although some 
evidence of the two separate transitions can still be seen. The height of 
the rem nant excitonic peak has been strongly reduced relative to the n=l 
continuum , and the absorption tail now  extends well beyond 870nm. 
There is no visible shift in the absorption edge; instead the electro- 
absorptive changes appear as a broadening of the edge, very similar in fact 
to the first structure we looked at, CPM7. In this case, however, the lack 
of clear QCSE is not due to the background doping. This w as estim ated to 
be even lower than norm al for this sample, being « 1 - 2  x 1 0 15cm-3, and
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presum ably improved by the lower than usual proportion of barrier 
m aterial (which is effectively the sole contribution to the intrinsic 
doping).

Just to confirm that there were no m aterial growth problems 
contributing to the MV367 properties, sample MV370, which was grown 
very soon after MV367, has barriers of 67A and in Fig. 2.5.9.2 on the 
previous page shows exactly the same clear QCSE as other MQW samples 
which have barriers thick enough for isolation of the individual wells. 
Interestingly, the quantum  efficiency in this sample is very close to its 
maximum value at zero bias. The photocurrent only begins to be reduced 
when more than » 0.6V is applied in the forward direction.

2.5.10 SAMPLE CB93 (100 x * 100A WELL, * 60A BARRIER)
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FIGURE 2.5.10:
Room-temperature photocurrent spectra for MQW sample CB93 («100A wells). Shows the 
effect of growing a thick structure (100 wells) at too high a growth rate (« 3|im/hr), even 
when the intrinsic doping level is as low as 2xl015 cm*3.

This final set of data illustrates the problem of growing MQW p-i-n 
structures too thick and at too high a growth rate. The field-variation
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broadening becomes apparent, even though the C-V profile indicates a

background doping level of only 2-4 x 1015cm-3, simply because we are 
once again in a situation where the internal field falls to zero w ithin the 
MQW region. As we see in Fig. 2.5.10 (previous page), the effect is a loss 
of resolution of the light- and heavy-hole excitons, a lowering of the 
height of the exciton relative to the n = l continuum , and a Stark shift 
which, although just apparent up  to 4V, rapidly becomes dom inated by 
field-variation broadening. The results are not dissimilar to the data for 
sample MV367, where the strong broadening is due to a reduced barrier 
thickness leading to interwell coupling of the confined states.

The first problem is that the whole structure is now  ~ 1 .6 pm thick and 
even w ith the lowest estimate of the background doping the depletion 
distance is only * 0.9pm at zero bias. Hence, w hen bias is applied the 
variation in the electric field will be similar to that in previous, more 
highly doped structures with thinner MQW regions (e.g. CPM7, CPM363). 
This will be one broadening component. Further exciton line broadening 
will be due to non-abrupt interfaces and well w idth fluctuations. The gas 
switching in the MOVPE system is only capable of ~ Is cut-off for the Al 
source (trimethyl aluminium). In this case the growth rate was » 3 p m /h r 
or roughly 8A /s, so if the growth time is defined as 13 ± 1 seconds the well 
w idth will be somewhere in the range 96-112A, and the interfaces will 
become rather ill-defined. This introduces a broadening of the excitonic 
features, due to well-width fluctuations both in the plane of each 
individual well and from well to well through the whole MQW 
structure.



Fabrication and assessment of GaAs M Q W  structures

2.6 PHOTOCURRENT STUDIES OF MBE-GROWN DEVICES

We shall restrict the discussion of MBE-grown m aterial to tw o particular 
samples, the first of which provided useful source data for calculations of 
electro-absorption and electro-refraction (see §§ 3.4, 3.5), and the second of 
which is of the highest quality required of MQW p-i-n diode structures 
for optical m odulation.

2.6.1 SAMPLE KLB461 (25 x -  100A WELL, » 100A BARRIER(40% A l ))

This was the first MQW sample in which we w ere able to observe the 
QCSE clearly. It was known at the time that the MBE system in which 
this structure was grown was capable of producing high quality QW laser 
material [2 ] w ith background impurity levels of » 5 x 1015 cm-3. This is 
confirmed by the C-V profile for the KLB461 sample shown below in Fig. 
2.6.1.1.
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FIGURE 2.6.1.1:
Doping profile of MQW region of sample KLB461 as derived from C-V measurements.

H aving already observed strong excitonic broadening in the photocurrent 
spectra of MOVPE-grown samples, we were aware that even this lower
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level of doping for the MBE material would broaden the spectra for thick 
MQW structures. Therefore the sample was grown w ith only 25 wells as 
a compromise between reducing doping broadening and having enough 
absorbing material to observe a strong photocurrent signal or 
transm ission change.

The room -tem perature photocurrent spectra, displayed below in Fig. 
2.6.1.1, clearly show the e l-h h l and e l-lh l excitons at the unbiased 
absorption edge, with the e2-hh2 peak at the n=2 sub-band edge close to 
790nm.
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FIGURE 2.6.1.2:
Un-normalized room-temperature photocurrent spectra for sample KLB461 (=100A wells). 
Sample grown by M.Whitehead under the supervision of Dr. K. Woodbridge.

There is little change in the spectral features at wavelengths below 
* 780nm, which is as expected, the lowest lying confined levels being 
m ost sensitive to the changes in the potential. We tentatively ascribe the 
peak at * 720nm to the e3-hh3 transition. Between the n= l and n=2 sub
band edges at zero bias there is evidence of two further transitions. The 
lower energy one w ould appear to be the el-hh3 exciton, which is weakly 
allowed for a finite potential well even at zero field. The higher energy 
transition is the norm ally forbidden e2-hhl exciton. The peak appears
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even in the unbiased spectrum  because of the built-in field of the p-i-n 
diode in which the wells are embedded. As the electric field is increased, 
the strength of this transition grows m arkedly, whilst the originally 
allowed excitons lose their strength to the extent that the spectra at the 
highest biases are dominated by the e2-hhl peak. At 10V the average 
applied field is estimated to be « 167kV/cm, since the total w idth of the 
intrinsic region is padded out by buffer regions of 500A undoped 
Alo ^Gao gAs either side of the MQWs.

These effects have previously been observed in MQWs at low 
tem peratures [19, 20] and are due to changes in overlap integral between 
the various electron and hole wavefunctions as the potential profile of 
the well is skewed by an applied bias and carriers are polarized to opposite 
sides of the well.

For some of the MOVPE-grown samples we observed photocurrent 
spectra even though the diodes were not fully depleted. The depletion 
region should, in principle, extend completely across the MQWs in this 
structure even at zero bias (see Fig 1.4.2 for the zero bias field profile for a 
5 x 1015 cm-3 im purity level). However, there is a significant bias 
dependence in the quantum  efficiency which only saturates at about 5V, 
suggesting that the barriers are preventing carriers escaping from the 
wells before recombination. This is possibly due to the increased barrier 
height in this sample compared w ith the MOVPE-grown structures. We 
chose an Al mole fraction of 0.4 for the 100A barriers in an attem pt to 
minimize any coupling betw een adjacent wells. The higher barrier will 
reduce the probability of carrier escape from the well for both therm al and 
tunnelling mechanisms. It m ay also explain the stronger forbidden 
excitons seen in these spectra compared to other samples. Increasing the 
Al mole fraction from the usual 0.3 should make the n=2 states in the 
well m ore highly confined, w ith longer tunnelling lifetimes.

Although the spectra for this sam ple show a clear QCSE, the response 
of the absorption to an applied field is not ideal. The excitons at the 
absorption edge are of m ost interest to us for m odulation purposes, and 
there is still doping broadening apparent in the biased spectra, even for 
this doping level with only 25 wells. Low tem perature (4K) photocurrent 
spectra [32] have confirmed this by showing increasingly asymmetric 
exciton lines with applied field.

There have also been problems in fitting the observed QCSE with
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theory. A m odel for the MQW absorption spectrum  [31] was developed by 
Peter Stevens of UCL, based on tunnelling resonance calculations which 
had previously been shown to give accurate field-dependent energy levels 
[33], and incorporating broadening effects such as phonon interactions, 
well w idth fluctuations and background doping. In the next section we 
show the model to give good agreem ent w ith the spectra for a m uch 
higher quality sample. Here, however, we see in Fig. 2.6.1.3 that there is 
some discrepancy between the experimental and theoretical Stark shifts 
for the e l-h h l exciton peak. The well w idth has been derived from the 
unbiased e l-h h l photocurrent peak. The actual shape of the curve is 
reasonably correct and a good fit can be obtained if a voltage offset of 1.4V 
is subtracted from the experimental bias, shifting the data points to the 
left by ~ 20kV/cm. The reason for this offset has not become clear, bu t it is 
not required for higher quality samples
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FIGURE 2.6.1.3:
Calculated and observed Stark shift of the el-hhl exciton peak for the KLB461 MQW 
sample (» 100A wells). Calculated data supplied by Peter Stevens, UCL.

One final point which becomes relevant in the absorption calculations of 
the next chapter is the apparent wavelength dependence of the quantum  
efficiency for the low bias spectra in Fig. 2.6.1.2. If we compare the
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photocurrent levels for the n=l and n=3 continuum  regions we find that 
at 700nm the photocurrent increases by a factor of ~ 2.2 as bias changes 
from OV to 6V, whereas the increase at 830nm is only « 1.9. At these two 
wavelengths the change in absorption with field should be very small, 
since there are no field-sensitive excitonic peaks. Therefore the difference 
m ust be due to quantum  efficiency variation. It is not clear w hat the 
reason for this is. For shorter wavelengths w e w ould expect a higher 
escape probability for carriers out of the well as they see less of a barrier, 
especially at low fields, but the difference in the photocurrent scaling 
factors seems to suggest that the quantum  efficiency at short wavelengths 
is lower than that at the n= l continuum at low bias. The alternative is 
that somehow the quantum  efficiency around 830nm is enhanced at low 
bias, which is equally difficult to contemplate. We are assuming that the 
quantum  efficiency is roughly the same for the whole of the spectrum at 
high bias. W hatever the reason for this effect, it means that we cannot 
simply scale up  the low  bias spectra in order to eliminate the quantum  
efficiency variation for the calculation of absorption spectra. This will be 
discussed further in §§ 3.4.1, 3.4.2. As with the Stark shift discrepancy, this 
effect has not been seen in higher quality samples.

2.6.2 SAMPLE M33 (20 x = 100A WELL, -  100A BARRIER)

We saw in § 1.4 from the modelled spectra provided by Peter Stevens [31] 
that, at least for wells of * 100A and total MQW thicknesses of « 1pm or 
less, the electro-absorptive effects should become independent of 
background doping at levels below « 1 x 1015 cm-3. This sample, grown in 
w hat was a newly-commissioned Varian Gen II MBE system at Philips 
Research Labs., has a background doping as low as » 5 x 1014 cm'3. The 
profile from C-V m easurements is shown over the page in Fig. 2.6.2.I. 
W ith only 20 wells in the intrinsic region the field variation across the 
MQW is very small at this doping level. Hence, in the biased 
photocurrent spectra in Fig. 2.6.2.2, we find that the e l-h h l exciton 
remains m uch better resolved as it is field-shifted than is the case for the 
KLB461 sample. A lthough not shown here, we have observed a well- 
resolved e l-h h l exciton shifted as far as 900nm a t « 20V bias. At zero bias 
the e l-h h l peak stands higher above the continuum , indicating also that 
well w idth fluctuation broadening is reduced, giving a higher average 
absorption for the peak.
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FIGURE 2.6.2.1:
Doping profile of MQW region of sample M33 as derived from C-V measurements.
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FIGURE 2.6.2.2:
Un-normalized room-temperature photocurrent spectra for very low doped MQW sample 
M33 (« 100A wells) grown by Dr. Karl Woodbridge at Philips Research Labs, Redhill.
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We note here that the quantum  efficiency is again bias dependent, despite 
the full depletion of the intrinsic region at zero bias, although in this case 
the saturation voltage is only * 2V. The barriers in this case were * 100A, 
which as we found in § 2.5 is thicker than absolutely necessary to retain 
the QCSE. In device applications it will be desirable to operate at the 
lowest possible bias voltage, and so, in the case where the photodetection 
properties of the MQW diode are used, the barrier thickness should be 
m inim ized to achieve the highest quantum  efficiency.

Apart from the increased sharpness of the shifted peaks the bias 
response for this structure is qualitatively similar to the KLB461 sample. 
The intrinsic region in this sam ple included « 0.3 |im  undoped AlGaAs 
buffers either side of the wells, m aking a total thickness of » l|im , so 
voltages are not directly comparable w ith those for KLB461. In Fig. 2.6.2.3 
we again compare the experimental and m odelled Stark shifts, w ith 
excellent agreement this time. No offset voltage is required now.
W ith the im proved quality of this sam ple it becomes clear that, even 
w hen free of doping broadening, the loss in the height of the e l-h h l peak, 
which is theoretically expected, is quite considerable for 100A wells.
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FIGURE 2.6.23:
Calculated and observed Stark shift of the el-hhl exciton peak for the M33 MQW sample 
(= 100A wells). Calculated data supplied by Peter Stevens, UCL.
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M odulation off the unbiased absorption edge will thus be limited to 
absorption changes of, at best, roughly half the height of the unbiased e l-  
h h l exciton.
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.7. SUMMARY

In this chapter we have discussed the assessment of GaAs MQW p-i-n 
diodes using photocurrent spectroscopy, relating w here possible the 
observed field effects to growth parameters, in particular background 
doping. We have shown that, if the background doping level is reduced 
to levels of » 2 x 1015 cm-3, MOVPE can be used as successfully as MBE to 
grow  MQW structures suitable for optical m odulation, at least in terms of 
the observed quantum -confined Stark shifts.

A variety of MOVPE-grown devices have allowed us to draw  some 
conclusions concerning optimization of the MQW structure for 
m odulation purposes. Compared to the traditionally-used well w idth of 
« 100A, the absorption edge for wider wells of « 150A begins to shift at 
lower fields (« 2 x 104 V /cm  cf « 7 x 104 V /cm ), bu t also loses the strength 
of the exciton more quickly. With wells of « 50A the excitonic strength 
appears to be retained at very high fields (> 2 x 105 V /cm ). However, the 
shift of the edge is much reduced and the 16V+ needed to achieve this 
field becomes rather unattractive.

Barrier thickness appears to be im portant in determ ining the diode 
quantum  efficiency at low bias voltages. A device with barriers of 60-70A 
(§ 2.5.9) has shown saturated quantum  efficiency even at zero bias, 
whereas thicker barriers of « 100A introduce a bias dependence into the 
photocurrent response, requiring 2-6V for saturation (§ 2.6.1-2). We have 
also seen that the reduction of the barriers still further, to « 30-35A, loses 
the QCSE (§2.5.9), presum ably due to strong coupling between wells.

W ith a very high quality MBE-grown structure (§ 2.6.2) we have 
observed good agreem ent between experimental and theoretical Stark 
shifts confirming the suitability of the fairly sim ple m odel for the 
theoretical optim ization of MQW m odulators [34].
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3.1 INTRODUCTION

This chapter details how electro-absorption and electro-refraction data are 
obtained for GaAs: AlGaAs MQWs; the principal sections being:

(i) A discussion of the difficulties of m aking accurate estimates of 
absorption coefficients in GaAs MQWs, due to the need to remove the 
absorbing GaAs substrate, which results in strong Fabry-Perot oscillations 
in the transmission spectra. We include a quantitative analysis of the 
Fabry-Perot interference effects on transmission. Calculated absorption 
data are presented, derived from the transm ission m odulation 
measurem ents of Chapter 4, for varying degrees of resonance.

(ii) An explanation of how  reasonably accurate absorption spectra m ay be 
derived from photocurrent m easurements. From the spectra calculated 
for an MBE-grown MQW structure w e are able to verify that even when 
large changes take place in the absorption spectrum  under the influence 
of an applied electric field the total absorption is conserved [1, 2].

(iii) The Kramers-Kronig (KK) transform ation of MQW electro-absorption
spectra to provide estimates of the electro-refractive effect. Data derived 
from both photocurrent and transm ission m easurem ents are shown.

In the context of this thesis there were two reasons for the interest in 
m easuring absorption in MQW structures. The first was that, although 
some theoretical analyses existed [3, 4], there was little experimental data 
in the literature, apart from photolum inescence [5], showing the well 
w idth  dependence of the QCSE and, m ore importantly, none showing the 
associated absorption changes. Most devices which had been studied 
contained wells of * 100A, so we w ished to know  how  strongly the 
absorption changes in MQWs w ere dependent on well w idth, and 
w hether the optim ization of well w idth  m ight significantly im prove 
m odulation. This idea is pursued in Chapter 4.

The second reason was a need for reasonably accurate electro- 
absorption spectra for device modelling. In Chapters 5 and 6 we shall 
m odel the performance of Fabry-Perot cavity m odulators containing 
MQWs. In that case, particularly for high-finesse structures, as well as the 
MQW absorption spectra, a(X, V), it is necessary to include the change in
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refractive index, An, which occurs when the absorption edge is field- 
shifted. According to the KK integral, the index changes can be calculated 
from the absorption changes given sufficient spectral range.
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3.2 LIMITS TO THE ACCURATE MEASUREMENT OF 
ABSORPTION

3.2.1 THE PROBLEM OF UNWANTED FABRY-PEROT EFFECTS

(i) The simple m ethod of determ ining absorption spectra involves the
m easurem ent of transmission, which is the ratio of transm itted intensity 
to input intensity. W here interference effects do not occur, transmission, 
T, is given by:

T = T0 exp (-ad) .... (3.1)

where a  is the absorption coefficient, d  the thickness of the absorber and 
T0 the limiting transm ission as a  —> 0, which is a function of the 
reflectivity at the entrance and exit facets of the sam ple under test.

With GaAs MQWs there is a two-stage barrier to the accurate 
measurement of absorption. Firstly the MQW structure always has its 
absorption edge at a shorter wavelength than that of the GaAs substrate 
on which it is grown, so the substrate m ust be completely removed from 
the optically-probed region. Fortunately there exist highly selective 
chemical etches -  both w et and dry [6,7] -  which will remove GaAs in 
preference to AlGaAs. Thus we can incorporate an abrupt etch-stop 
w ithin the epitaxial structure. However, the ability to cleanly remove the 
absorbing substrate leaves us with a second problem. The MQW p-i-n 
structure left behind is typically 2-3Jim thick, w ith  extremely smooth, 
parallel surfaces front and back, which act as m irrors w ith » 30% 
reflectivity and cause very strong interference effects according to the 
simple Fabry-Perot (FP) cavity model [8]. The equations governing 
transmission and reflection in an absorptive FP cavity can be found in the 
appendix. Figure 3.2.1.1. below shows the typical effect observed w ith an 
MQW sample containing 25 x 100A wells. A piece of the sample roughly 
2-3mm square was m ounted epitaxial side down w ith epoxy adhesive on 
a sapphire disk for support. The substrate was ground dow n to 80-1 OO^m 
thickness (from typically * 400}im) using a fine grade carborundum , then 
the rem ainder etched away using a selective w et etch consisting of a 
mixture of 30% H 2C>2 and N H 4OH in the ratio 19:1 [6]. The etch-stop layer 
of Al0.6Gao 4As included as part of the n+ layer of the MQW p-i-n was 
left microscopically smooth after complete removal of the substrate.
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FIGURE 3.2.1.1:
Unbiased, room-temperature transmission spectrum of an MBE-grown MQW sample (KLB 
461) containing 25xl(X)A GaAs wells. The spectrum is strongly modulated by Fabry-Perot 
interference effects due to substrate removal. (Sample grown at Philips Research Labs., 
Redhill by M. Whitehead under the supervision of K. Woodbridge).

The two highest transmission peaks at 875nm and 940nm are in the 
region w here MQW absorption is roughly zero. M aximum and 
m inim um  values of transm ission in this region are in good agreem ent 
w ith a front surface reflectivity of * 30% (air:semiconductor interface) and 
a back surface reflectivity of * 10% (semiconductor: epoxy interface). The 
relevant equations for Tmax and Tmin can be found in § 3.2.4.

Strong absorption is expected in the MQWs at wavelengths below * 
850nm. However, this is insufficient to dam pen the FP resonances, and 
evidence of the e l-h h l excitonic absorption peak is only just observable at 
851nm. The positions of the transm ission resonances are dependent on 
the cavity thickness and the refractive index, which is in turn  dependent 
on tem perature and wavelength. This factor, coupled w ith uncertainties 
in the actual values of the surface reflectivities, makes the calculation of 
absorption rather difficult. In § 3.2.4 we discuss the accuracy of estimating 
absorption from spectra with residual FP effects.



Absorption, electro-absorption and electro-refraction...

3.2.2 PROBLEMS IN THE FABRICATION OF MODULATORS

Aside from the problem of interference effects in transmission, the 
fabrication of GaAs MQW samples for unbiased measurements is 
straightforward compared to making a device structure for electro
absorption or transmission m odulation experiments. The m odulator 
obviously requires the removal of the substrate. However, to retain some 
mechanical strength in the device the substrate m ust be windowed, rather 
than being completely removed over the whole of the sample.

The m odulator is electrically defined by the p-i-n diode mesa process 
described earlier in § 2.3.1. The difficulty comes in accurately aligning a 
photolithographic mask with this mesa on one side of the wafer in order 
to produce a w indow etch pattern in photoresist on the other side. 
Commercial mask aligners do exist w ith  IR illum ination and m onitoring 
to allow features on the back of semiconductor substrates to be viewed, 
bu t this facility was not available to us.

In the next chapter a method of obtaining reasonably accurate w indow  
alignm ent is described. Once this has been achieved there is 
unfortunately the further problem  of etching uniform, clean windows 
w hen the substrate thickness is roughly the same as the diam eter of the 
hole being etched. In this case it appears to be difficult to keep a uniform 
flow of the etchant around the hole being etched in order to rem ove etch 
products and maintain the reaction rate. With the simple w et selective 
etch, distortion of the w indow  profile due to preferential etching along 
certain crystal axes, and non-uniformities due to the formation of bubbles 
in the etch mixture have been observed.

The final drawback with the fabrication of MQW devices for electro
absorption measurements is the fragility of the structure which is left 
w hen all the other problems have been surm ounted. Devices w ith 
w indow s large enough (200-400pm square) to allow easy assessment in 
the autom ated monochromator set-up are prone to damage. The stresses 
induced (in the sample and the student!) simply in handling the devices 
w ith tweezers during the m ounting stage are enough to cause the active 
’’membrane" which remains after etching to crack or fall out completely, 
rendering the device useless.
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3.2.3 THE USE OF ANTI-REFLECTION COATINGS TO REDUCE FP EFFECTS

A standard m ethod of reducing FP interference effects is to apply dielectric 
anti-reflection (AR) coatings to one or both facets of the cavity by a 
vacuum  technique such as plasma deposition or sputtering. The AR 
layer m ust have a refractive index somewhere between 1 (air) and » 3.6 
(GaAs) in order to smooth the index discontinuity. The simplest form of 
AR coating is a single layer of index n w ith a thickness X/(4n).  In theory 
zero reflectance may be achieved w ith such a coating when

n = V(w2w2)  (3.2)

where n1 and n2 are the indices of the two m edia to be matched. So for 
air : GaAs at 850nm we require a matching index of « 1.897 and a layer 
thickness of 1120A. However, it is not usually possible to satisfy Eq. 3.2 
exactly, and the compromise matching layer will give a residual 
m inim um  reflectance given by [9]:

(n n -  n 2)2 
R min =  7  L  ^  .( 3 3 >(nf i2 + n2)

There is obviously only one wavelength at which the quarter-wave 
condition is satisfied, so how much does the reflectance increase away 
from this m inimum? In Fig. 3.2.3.1 (over page), we have modelled the 
reflectance spectrum  of a typical silicon nitride AR coating, as used in the 
fabrication of the m odulators to be described in Chapter 4. The 
calculation has been carried out using the m atrix form ulation of § 6.5.1.

The reflectance reaches a m inim um  of * 0.0003 at 838nm, and does not 
rise above 1% between 760-930nm, which is generally w ider than the 
range over which we m easure the electro-absorptive effects in MQWs. 
There will norm ally be some uncertainty in the exact index and thickness 
of a silicon nitride coating, bu t w ithout being too concerned about the 
exact position of Rmiry we can be reasonably certain that the front surface 
reflectance will be at most 1% over the range.

A prelim inary attem pt to AR-coat a transm ission sample was m ade by 
therm ally evaporating « 1000A of SiO on the front surface of the MQW 
structure KLB461, as described in Fig. 3.2.1.1. Oxidation occurs during 
deposition leaving a mixed oxide of S iO /S i02.
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Simulated reflection spectrum of an 1120A AR layer of silicon nitride (n = 1.87) on GaAs (n 
=3.62).
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FIGURE 3.2.3.2:
The room-temperature transmission spectrum of the MQW structure of Fig. 3.2.1.1 after the 
deposition of » 1000A of a mixture of SiO/Si02 on the front surface.
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The refractive indices for the monoxide and dioxide at 850 nm  are * 1.92 
and 1.45 respectively [10]. If we assume an average index value for the 
mixed oxide of 1.685, then the theoretical Rmin is ~ 1.5% according to 
Eq. 3.3. In Fig. 3.2.3.2 we see that the AR coating, although far from 
optimized, has significantly reduced the FP effects compared to Fig. 3.2.1.1. 
Excitonic absorption peaks can now  clearly be seen for the n = 1, 2 and 3 
sub-bands at * 850, 790 and 720nm respectively, with the splitting of light 
and heavy holes at the n= l absorption edge. Distortion of the 
transmission spectrum  still occurs in the region w here absorption falls off 
beyond « 850nm, and this will be considered in detail in the next section.

Finally, it is worth noting that an elegant m ethod for adjusting AR layers 
after deposition has been recently published by Jelley and Engelmann [11]. 
The m ethod was specifically designed for GaAs MQW transmission 
m odulators and involves back etching of the AR coating whilst 
monitoring the transmission spectrum , stopping when FP oscillations are 
minim ized at the m ost appropriate wavelength.

3.2.4 ANALYSIS OF THE EFFECT OF FP RESONANCE ON TRANSMISSION 
SPECTRA

Fabry-Perot oscillations

max

aveo
mm

H
T a v  =  ( T m ax + T m i n ) / 2  

^^X rtax  ~  ^max — ̂ m inmax
MQW excitonic 
absorption edge

W avelength

FIGURE 3.2.4.1:
Schematic of the MQW transmission spectrum with residual Fabry-Perot effects.
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Consider the standard GaAs MQW transmission m odulator w ith its thin 
active region as a low finesse FP cavity. We can only AR-coat the front 
surface of the device because of the fragility of the structure left behind 
when the substrate is etched away. H ow  low m ust the front reflectivity 
(Rf) be in order to make reasonably accurate absorption calculations, or so 
that the transmission m odulation is not significantly dependent on the 
FP characteristics?

Figure 3.2.4.1 (previous page) shows schematically the im portant 
points in the MQW transmission spectrum  w hen FP oscillations are still 
present.
In the absence of absorption, the FP equations (see Appendix) for 
transm ission at resonance (<}> = 0, mrc, T = Tmax) and anti-resonance (<J) = 
m(7t/2), T = Tmin) can be reduced to:

( l - R f) ( l - R J
“  ( l -V R fRb>2

and
(1 -R fX l-R b )  
(l+VR(R„)z

nunIn this case, as the front reflectivity, Rf, tends to zero, Tmax and Tr 
converge towards their average, Tav, which has the limiting value of 
(1-Rb). It is interesting to see how  large the am plitude of the FP 
oscillations remains even w hen an anti-reflection coating is applied to 
lower the front reflectivity. The am plitude, (AT)max, is simply (Tmax-T min) 
and is given by:

_ 4 V R ^ ( 1 - R f) ( l - R b) 
( l - R fRb)2(A T )_ = ^ f ,.b „ f/:2----- -   (3.6)

In Figure 3.2.4.2 (over page) we have plotted this amplitude as a function 
of Rf for the case where the back reflectivity of the cavity, R& rem ains at 
0.30. The dotted line marks the 1% reflectivity point, which perhaps 
m ight have been considered low enough to eradicate the FP effects. 
However, the am plitude of the oscillations is still around 15% even for 
such an apparently low-finesse cavity. This is typical of the MQW electro- 
absorption m odulators described in Chapter 4.
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FIGURE 3.2.4.2:
The dependence of the amplitude of Fabry-Perot oscillations on the cavity front 
reflectivity in the absence of absorption. The back reflectivity is fixed at 0.30.

As Rf decreases, (AT)max is dominated by the VRf term  in the num erator 
of Eq. 3.6, so the oscillations will only be reduced by a factor of 10 when Rf 
is reduced 100-fold. Should we wish to reduce the am plitude to * 1% 
then Rf m ust be lower than 0.0001, requiring very accurate control of the 
AR layer thickness and a refractive index very close to that prescribed by 
Eq. 3.2.

We now  consider the situation when both absorption, a , and FP 
interference effects are present and we wish to calculate a  from the 
transm ission spectrum . The maximum distortion of the transm ission 
spectrum , and therefore the largest error in calculating absorption, will 
occur either at resonance or anti-resonance. Tmax and Tmin now  become:

( l - R t X l - R J e ^ 1 
S£ (lTVRfRbe_ad)2

where d  is the absorber thickness.
As an example, if we let a d  = 1, we can calculate the maximum and 

m inim um  possible transmission from Eq. 3.7. If w e imagine that these 
values are experimentally observed, on the assum ption that the sim ple 
non-resonant equation for transmission (Eq. 3.1 w ith T0 = (1 - R^ or Tav),
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holds good, we can then back-calculate values of a d  corresponding to Tmax 
and Tmirv and compare them  with the real value. Table 3.1 shows the 
results for a range of Rf, w ith R̂  as usual fixed at 0.3.

R f R b Tmax T .mm a d  T* mm a  d T

0.30 0.30 0.228 0.146 1.123 1.566

0.10 0.30 0.264 0.205 0.974 1.229

0.05 0.30 0.268 0.224 0.959 1.139

0.01 0.30 0.266 0.245 0.969 1.050

0.001 0.30 0.261 0.257 0.988 1.014

TABLE 3.1:
Calculated values of ad based on the assumption that FP effects can be neglected. To be 
compared with the real value of ad=l, which is used to calculate Tmaxand T,^.

The error w hen at anti-resonance is noticeably larger than w hen on 
resonance. This is presum ably due to the fact that, in the former case, 
absorption and FP effects both act to reduce transmission, whereas in the 
latter case the FP effect raises transmission, opposing the absorption. A 
point w orth noting here is that provided a d  £ 1, the maximum possible 
error is down to < 5% once Rf is reduced to 0.01.

Since increasing absorption will dam pen the FP oscillations, the 
m inim um  Rf needed to reach a certain accuracy should increase also. To 
quantify this w e have repeated the above calculation for four different 
values of ad . In Figure 3.2.4.3 (over page) the results have been plotted as 
the maximum fractional error, which is defined by ( a d j  -  a d ) /a d , as amin
function of Rf, w ith again Rb = 0.30.

W hat these curves indicate is that it is not possible to calculate low 
absorption coefficients to a high degree of accuracy even w hen Rf has 
been reduced to « 1%. A typical MQW structure w ould contain upw ards 
of fifty 100A wells, w ith a  * 22-24000 cm-1 at the absorption edge excitonic 
peak. This gives us a d  * 1.10-1.20 and an error between 3-5% with 
Rf« 0.01. So the estimate of a  at the exciton peak will be good. However, 
moving into the absorption tail, as a d  falls off rapidly to * 0.2-0.3, we
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w ould be faced w ith errors of m uch more than 10%.
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in calculated 
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FIGURE 3.2.4.3:
The maximum fractional error in calculating absorption from experimental transmission 
spectra, on the basis that Eq. 3.1 is still valid even when FP oscillations are present.

It may be possible to attem pt to fit suitable values for Rf, Rf, and the 
product of the cavity index and thickness, riL, to the full expressions for 
the transmission of an absorptive FP cavity (see Appendix). Complete 
absorption spectra could then be extracted free of FP effects. One problem 
which m ay occur w ith this technique is the effect of assigning a fixed 
value for wL. The refractive index m ay vary slightly over the spectrum  
producing a mismatch of the real and modelled resonance wavelengths 
which could give rise to oscillations in the calculated absorption spectra 
and apparent negative values of a.

Finally, let us consider how  the FP oscillations m ay affect the m easured 
transmission m odulation. Suppose we operate at a wavelength off the 
unbiased absorption edge, with T being reduced as a voltage, V, is applied. 
Inserting the following param eters in Eq. 3.7, Rf=0.01, Rb=0.30, ccdo=0.1, 
ady=1.0, we find that:

Tmaxfado) = 0.694 Tmax(adv) -  0.266 —> ATmax= 0.428
Tmin (ado) = 0.569 Tmin (adv ) = 0.245 -> ATmin = 0.324
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So the transmission change for a fixed Aa can vary by = 0.1 even w hen the 
device is reasonably AR-coated. This depends on where the absorption 
edge lies relative to the nearest FP resonance, w ith m ost of the variation 
occurring in the on-state (high T) level. In the non-resonant case, w ith 
Rf = 0, the transmission change obviously m ust lie m id-way between the 
two extremes, so the deviation is ATnon_res± 0.05.
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3.3 CALCULATION OF ABSORPTION FROM TRANSMISSION 
MEASUREMENTS

Having looked in the previous section at the problem s of ascertaining 
accurate absorption coefficients from MQW transm ission spectra in the 
presence of FP effects, here we present some calculations based on data 
obtained from MQW transmission spectra for a range of samples with 
and w ithout rem nant FP oscillations.

Let us firstly consider the AR-coated KLB461 sample of Fig. 3.2.3.2. In 
this case the average level, Tav, of the transm ission in w hat is essentially 
the non-absorbing region is close to 0.90. This is due to the reduction of 
the reflectivity at the back surface of the sample, by being partially index- 
matched by the epoxy adhesive which holds the sample to the sapphire 
disc support, in addition to the reduction of the front surface reflectivity 
by the AR coating. By iterating Eq. 3.6 w ith suitable test values for the 
front and back reflectivities, we find the best solution is Rf = 0.040 and 
Rb = 0.088, which from Eqs. 3.4 and 3.5 gives Tmax = 0.989, Tmin = 0.780, 
close to the experimental values. The F figure (see Appendix), which is a 
m easure of the cavity finesse, for these calculated reflectivities is very 
close to that for the case of the standard AR-coated FP cavity of the 
previous section, w ith Rf = 0.01, Rf, = 0.30. Therefore we m ay consider the 
errors in estim ating absorption values for this particular sample to be 
close to those displayed in Fig. 3.2.4.3.

Looking at the e l-h h l exciton peak in Fig. 3.2.3.2, the transmission, T, 
is « 0.49. Making the approximation from Eq. 3.1 that:

we find that a d  = 0.583, with a m aximum possible error, based on the 
m ethod of calculation used for Fig. 3.2.4.3, of * 18%. The MQW structure 
contains 25 x 100A quantum  wells. Thus we obtain an absorption 
coefficient, a , of around 23,320 cm*1 at the exciton peak, calculated for the 
wells only. The same calculation for a wavelength of 658nm, where T is 
~ 0.24, gives a d  = 1.295, which puts us in the region of only 5-6% error. 
The corresponding a  value is 51,780 cm-1. This estimate of absorption 
will be used in following section to rescale photocurrent spectra to 
represent absorption.

(3.8)
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In the chapter which follows, where we shall discuss transmission 
m odulation in MQW devices, we find in some cases that FP resonances 
are successfully suppressed by the application of a front AR-coating, 
whereas in others there are rem nant oscillations in line w ith front and 
back reflectivities of « 0.01 and 0.30 respectively. Here we estimate 
absorption coefficients for some of the devices.

From the CPM405 transmission spectra in Fig. 4.4.2.1 we find Tav 
« 0.70, and at the e l-h h l exciton peak T = 0.22, giving a d  « 1.157. The 
structure contains 60 x 87A wells, so the peak excitonic absorption 
coefficient is » 22,160 cm-1. The maximum error is around the 4% mark. 
Perhaps a more useful point to estimate the absorption is in the n= l 
continuum  region to the high energy side of the e l- lh l excitonic peak. 
Here the absorption will not be affected so strongly by such line 
broadening mechanisms as tem perature, high background doping and 
well w idth fluctuations, which would tend to reduce the peak exciton 
absorption strength in m ultiple wells. The comparison of absorption 
values for different well w idths is then more valid [12]. Again from Fig. 
4.4.2.1, the unbiased T value in the continuum  at « 835nm is * 0.34, 
giving a d  = 0.72, and an absorption coefficient of * 13,800 cm*1, w ith a 
maximum error of 8-9%. This is somewhat different from the low 
tem perature m easurem ents of Masumoto et al [12], w ho found 
continuum  absorption values of ~ 13400 and 16400 cm*1 for wells of 96A 
and 83A respectively. O ur figure is significantly lower for the m ost 
comparable well w idth. This m ay simply be due to error in the 
assignment of the well width. Unfortunately, the data in Ref. 12 was 
recorded at 2K, and for unbiased structures only, so it is not possible to 
compare excitonic peak positions which we use as the indicator of the 
well width.

Calculated absorption coefficients based on the zero bias transmission 
spectra of §§ 4.4-4.6, together with the values we have already mentioned 
here are sum m arized in Table 3.2. The m axim um  error figure is obtained 
by using Eqs. 3.1 and 3.7 just as in § 3.2.4.

The continuum  absorption coefficient for the 145A quantum  well 
sample is in good agreement with Ref. 12 (8,580 cm-1 compared to 8,570 
cm*1 for 154A wells). However, there is again a discrepancy between the 
results for narrow  wells. Their measurements give a continuum  value of 
» 24,000 cm*1 for 43A wells, which is far outside the error range for the 
figure of 18,870 cm*1 which we find for the 47A wells.
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TABLE 3.2:
Calculated absorption coefficients at various points in the spectrum for a range of MQW 
structures.

Sample Wavelength ad d(A) a(cm Maximum
error

KLB461 el -  hhl 0.583 25x100A 23/320 18%

KLB461 n = 1 continuum 
835nm

0.343 25x100A 13,700 35%

KLB461 658nm 1.295 25x100A 51,780 5-6%

CPM405 el -  hhl 1.157 60x87A 22,160 3-4%

CPM405 n = 1 continuum 
835nm

0.722 60x87A 13,800 8-9%

MV245* e l- h h l 0.847 45x145A 12,980 = 1%

MV245* n = 1 continuum 
853nm

0.560 45x145A 8,580 = 1%

MV246 e l - h h l 1.117 75x47A 31,700 4%

MV246 n = 1 continuum 
790nm

0.622 75x47A 17,630 11%

MV246* el -  hhl 1.204 75x47A 34,150 »1%

MV246* n = 1 continuum 
785nm

0.665 75x47A 18,870 = 1%

The most accurate calculations, based on transmission data unaffected by 
FP oscillations are denoted by *. There is a difference of * 5nm in the 
position of the e l-h h l exciton for the two sets of m easurem ents on 
sample MV246, probably due to a combination of well w idth  variation 
over the wafer and tem perature. Hence the n= l continuum  absorption is 
estim ated at two different wavelengths.

We conclude this section w ith the complete electro-absorption spectra for 
samples MV245 (145A wells) and MV246 (47A wells) which are derived 
from the biased transmission spectra of § 4.5 and § 4.6. These data are the
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only ones which we have been able to observe free from FP effects. They 
are included here to give an accurate picture of the practical w ide and 
narrow  well electro-absorption limits.
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FIGURE 3.3.1:
Biased absorption spectra for MQW sample MV245 (145A wells).

In Fig. 3.3.1 it can be seen that by far the strongest absorption changes 
occur at the unbiased exciton peak wavelength a t ~ 862nm. The heavy 
and light hole state splitting is not large enough to be resolvable here. 
Quite m odest voltages change the absorption coefficient by as m uch as 
-9000 cm-1. The excitons at the absorption edge quickly become 
unresolvable as the bias is increased. This is due to some extent to the 
loss in oscillator strength due to increased polarization of the electron and 
hole wave functions tow ards opposite sides of the quantum  well, bu t is 
more strongly affected in this case [13] by the increased sensitivity of the 
Stark shift for wide wells, which results in a greater spread of shifted 
absorption edges for each well in the MQW structure. There is generally 
good correlation betw een these spectra and the corresponding 
photocurrent spectra in Chapter 2, apart from the scaling required for 
quantum  efficiency.

In Fig. 3.3.2 (over page) the increased absorption at the excitonic edge
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in the narrow  well structure is immediately apparent (Note the change of 
scale on the vertical axis compared to Fig. 3.3.1). Separate light and heavy 
hole absorption peaks can clearly be seen at « 808nm and 819nm 
respectively. This is due to the increased energy splitting of confined 
states w ith reduced well width. The narrow  well w idth also leads to 
greater spatial overlap of electron and  hole w ave functions, hence the 
m uch larger absorption coefficient at the e l-h h l exciton peak for this 
sample compared to the 145A well structure. In this case the exciton 
rem ains well resolved, even when subject to very strong field, again an 
effect of the narrow  well, which prevents a large polarization of electron 
and hole wavefunctions when a field is applied. Thus the largest electro- 
absorptive changes occur at the wavelength of the field-shifted e l-h h l 
exciton. Maximum absorption change is m ore than 14,000 cm-1.
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FIGURE 3.3.2:
Biased absorption spectra for MQW sample MV246 (47A wells).

Com paring w ith the photocurrent spectra in Fig. 2.5.7 it is noticeable that, 
although the Stark shifts at 16V are the same for the two sets of data, the 
height of the heavy hole peak is considerably less than that of the light 
hole in the absorption spectra, whereas they are of similar height in the
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photocurrent spectra. The position of the unbiased heavy hole peak is 
also different in the two cases, being at » 813nm for the photocurrent 
spectrum. The m easurem ents were carried ou t on devices from different 
parts of the same wafer, so it is possible that growth variations are the 
reason for the discrepancies. Small well w idth  variations will have a 
more profound effect on the exciton w avelength the narrow er the well 
width. There could also conceivably be some well to well coupling effect 
due to barrier thickness reduction in some parts of the wafer. This would 
result in a loss of oscillator strength in the biased excitons.
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3.4 CALCULATION OF ABSORPTION SPECTRA FROM 
PHOTOCURRENT MEASUREMENTS

We have outlined the problems of accurately determ ining absorption by 
the usual m ethod of transmission spectroscopy. Here we shall describe an 
alternative m ethod of obtaining electro-absorption spectra from 
m easurem ents of the photocurrent. Since photocurrent is an alm ost 
linear function of absorbed power, by making certain assum ptions we can 
rescale photocurrent spectra to represent absorption.

3.4.1 THE FACTORS AFFECTING THE PHOTOCURRENT:ABSORPTION 
RELATIONSHIP

Taking Eq. 2.1, which relates the photocurrent in a p-i-n diode to the 
absorption coefficient, we can re-cast it thus:

where we have replaced (hc/q) with the constant C which is equal to
1242.4 J.nm /Coulom b.

In the discussion of photocurrent m easurements in Chapter 2 it was 
observed on a num ber of occasions that the quantum  efficiency, T ] ,  was 
dependent on bias voltage up  to a certain saturation level. We also saw 
that above the n=2 sub-band edge there is little change in the spectral 
features in the photocurrent spectrum  with applied bias. Therefore, 
assum ing that rj is not wavelength dependent w e can rescale our 
photocurrent spectra to m atch up  at an appropriate wavelength well 
above the band gap.

The reflectivity at norm al incidence for GaAs and AlGaAs has been 
m easured by Aspnes et al. [14] and found to increase from 0.298 to 0.325 
between 1.5 and 1.9eV (826 to 652nm) for AlGaAs w ith 0.3 Al mole 
fraction. The increase over the same range for GaAs is even smaller, 
being only 0.327 to 0.344. So the maximum variation in the term  (1-Rf) 
above will be « 4%. We neglect this and assume that (1-Rf) is constant 
and equal to 0.68.

Having norm alized photocurrent spectra to account for both the

(3.9)
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wavelength dependence in the optical source intensity and T| variation, if 
we obtain a value for the absorption coefficient at a suitable wavelength at 
zero bias by an alternative m easurem ent, such as transmission, we can 
then find the corresponding value of P r\ in Eq. 3.9. Using this value for 
all other wavelengths we can generate a series of biased absorption spectra 
from the normalized photocurrent spectra.

This may appear to be som ewhat convoluted, but the reason for 
employing this approach was that at the time we were particularly 
interested in obtaining electro-absorption data, the fabrication of MQW 
transmission modulators was proving to be difficult because of the need 
to etch away the substrate from the active part of the device. It was a 
m uch simpler process to obtain the unbiased transmission spectrum  for a 
sam ple with no contacts, and to m easure the photocurrent spectra for the 
sam e material.

3.4.2 EXAMPLE CALCULATIONS OF ABSORPTION SPECTRA (KLB461 & 
M33)

In order to model resonant device characteristics, absorption spectra at 
biases between zero and « 10V are needed. The problem w ith the 
photocurrent spectra for sample KLB461, as shown in Fig. 2.6.1.2, is that 
there is quite a strong bias dependence in the quantum  efficiency. The 
general level of the photocurrent does not saturate until * 6 V. W orse 
than this, the spectra, when norm alized (scaled to match) at the shortest 
wavelengths, where w e expect m inimal electro-absorptive effects, have 
values which appear to be far too large at wavelengths close to the e l-h h l 
exciton. This indicates that there m ay well be a wavelength dependence 
in the quantum  efficiency at low bias voltages. W ith the photocurrent 
spectra normalized in the standard way, the resultant low-bias absorption 
spectra do not agree well w ith the sum  rule for electro-absorption [1 ], 
which we shall discuss in § 3.4.3.

For modelling purposes, where we w ish to evaluate the optim um  
performance of a m odulator, we really only need to be confident that the 
absorption changes involving the heavy and light hole exdtons at the 
absorption edge are in reasonable agreement w ith existing electro
absorption data [15], rather than concern ourselves with the spectra over
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the full range of Fig. 2.6.1.2. We can achieve the necessary agreement by 
arbitrarily matching the photocurrent spectra at a wavelength m uch 
closer to the absorption edge (in the n = 2  sub-band) and ignoring the 
m ismatch which then occurs at higher energies because of the anomalous 
variation of ti with wavelength. Fig. 3.4.2.1 shows the photocurrent 
spectra for sample KLB461 close to the absorption edge in their raw  form. 
To calculate absorption spectra we scale up the OV and 2V spectra to 
m atch those at 4 and 6 V at 785nm. At the latter bias the quantum  
efficiency has saturated in the higher energy part of the spectrum.
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2V
4V
6V
8V

10V

a3
JO

780 860800 840 880 900820
WAVELENGTH (nm)

FIGURE 3.4.2.1:
Un-normalized room temperature photocurrent spectra for MBE-grown MQW sample 
KLB461. (Well width -  lOOA).

For this sample at 835nm we determ ined an absorption coefficient of ~ 
13,700 cm -1 in § 3.3. This was based on a transmission m easurem ent in an 
unbiased sample and was subject to some error due to Fabry-Perot effects. 
However, a similar absorption value was also obtained for a similar 
MQW sample (CPM405) but w ith smaller possible error. Therefore w e 
use this figure with some justification. Inserting the Iph, a  and X values 
into Eq. 3.9, with d  = 25 x 100A = 0.25pm, (1-Rf) = 0.7, we calculate Pr|.
This value is then inserted back into the equation, and all the
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photocurrent data are converted to absorption values for the whole range 
of bias. The calculated absorption spectra are show n below in Fig. 3.4.2.2. 
830-890nm is the limit over which useful absorption changes occur from 
a device point of view and we restrict all the m odelling based on this data 
to this range. A maximum positive absorption change of slightly less 
than 8000 cm"1 occurs at * 858nm for 4V bias o r * 67kV /  cm. At the 
wavelength of the unbiased exciton changes are even higher, exceeding 
14,000 cm"1 for 8 V bias.
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FIGURE 3.4.2.2:
Absorption spectra of MQW sample KLB461 as calculated from the photocurrent spectra of 
§ 2.6.1. Well width is estimated to be « 100A The average applied electric field at 8V is 
®133kV/cm.

A theoretical calculation of the KLB461 absorption spectra (see Fig. 3.4.2.3 
over page), supplied by Peter Stevens of UCL and based on the tunnelling 
resonance m odel m entioned previously [16], show s generally good 
agreem ent w ith the spectra derived from photocurrent. In the m odel the 
well w idth  is fitted to match our observed e l-h h l peak wavelength. A 
value of 98A gives the best agreement. Other param eters used in the 
model are an estim ated background doping of « 5 x 1015 cm -3 and an r.m.s. 
well w idth fluctuation of 1 monolayer. The m agnitude of the absorption
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changes and the increased broadening in the field-shifted exciton are 
reproduced very well, although the forbidden e l-h h 2  transition, which 
appears on the shoulder of the e l-h h l and e l-lh l peaks, is a little too 
strong.
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FIGURE 3.4.2.3:
Modelled absorption spectra for the KLB461 structure (=100A wells). Calculation by Peter 
Stevens, UCL.

To give some idea of the ultimate electro-absorptive m odulation which 
m ay be achieved using quantum  wells of ~ 1 0 0 A, we have also rescaled 
the photocurrent spectra for the high-quality M33 sam ple of Fig. 2.6.2.2. 
The same absorption value as for the KLB461 sam ple was used to "seed” 
the calculation of the absorption spectra, since the wells are of roughly 
equal dimensions in the two cases, and at the continuum  the absorption 
level should be insensitive to broadening mechanisms.

Fig. 3.4.2.4 (over page) shows the calculated M33 absorption spectra. 
The first thing to notice is the increased height of the e l-h h l peak above 
the continuum. There is an increase of * 3000 cm -1 com pared to the 
KLB461 sample due to the reduced doping broadening in this structure. 
Background doping was shown in § 2 .6 . 2  to be in the region of 5-6 x 1014 

cm-3. The shifted e l-h h l peak therefore remains m ore clearly resolved as 
field is increased, resulting in a larger maximum absorption change off
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the edge than for KLB461. Between 4-5V the absorption change is as high 
as 1 1 ,0 0 0  cm-1, although this is not show n here.
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FIGURE 3.4.2.4:
Absorption spectra of very high quality MQW sample M33 as calculated from the 
photocurrent spectra of § 2.6.2. Well width is » 100A. The average applied electric field 
at 12V is ® 120kV/cm.

As for the KLB461 sample, the M33 spectra have also been modelled. Fig. 
3.4.2.5 (over page) shows once m ore the good agreement between the 
m odelled absorption spectra and those derived from photocurrent 
m easurements, especially for the e l-h h l exciton. There seems to be more 
loss in oscillator strength than theoretically predicted, even though the 
original e l-h h l peak is higher. However, as we saw in § 2.6.2, the Stark 
shift agreement is almost exact. Again there are discrepancies in the 
region of the e l-lh l and e l-hh 2  peaks where absorption falls strongly with 
bias, but the accuracy of these transitions is less crucial to the m odelling of 
device performance.
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FIGURE 3.4.2.5:
Modelled absorption spectra for the M33 structure (« 100A wells). Calculation by Peter 
Stevens,UCL.

3.4.3 AGREEMENT WITH THE ELECTRO-ABSORPTION SUM RULE

A num ber of sum  rules pertaining to the absorption in QW structures 
subject to an applied electric field have been derived by Miller et al [1].

The simple statement of the first electro-absorption sum  rule is that 
the integrated absorption, A, over the whole spectrum  should rem ain 
constant, i.e.

AA= i[ a w(tico)-a0(fiQ))]d(fiG)) = 0 .... (3.10)
Jo

This rule actually applies to the more general case of electro-absorption in 
bulk m aterials and for electric fields applied in the directions other than 
perpendicular to the plane of the quantum  wells.

Here we use absorption spectra derived from the KLB461 photocurrent 
data to examine how quickly the sum  rule converges over the absorption 
spectrum. The absorption calculations are carried out over a much wider 
wavelength range (650-920nm) than for the spectra in the previous
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section.
We have previously rem arked on the apparent wavelength 

dependence of the quantum  efficiency for photocurrent at low bias 
voltages in the KLB461 sample. In order to avoid this problem, for the 
sum rule calculation we consider only the photocurrent spectra for bias 
voltages > 5V (see Fig. 2.6.1.2), where the quantum  efficiency appears to 
have levelled out and no scaling is required. These spectra are converted 
into absorption spectra by the m ethod explained above. In this case the 
"seeding11 value of absorption is 51,780 cm -1 at 658nm which is taken from 
the AR-coated transmission spectrum  in Fig. 3.2.3.2.

In Fig. 3.4.3 we have plotted the calculated absorption spectra for 5V 
and 10V bias only for clarity. It can be seen that the e2-hhl forbidden 
transition is already appearing strongly (at » 810nm), and that the major 
electro-absorptive changes are confined to wavelengths greater than 
» 800nm, which coincides with the n = 2  sub-band edge at zero bias (see the 
photocurrent spectra in Fig. 2.6.1.2).
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FIGURE 3.4.3:
Absorption spectra for MQW sample KLB461 showing the regions where strong electro- 
absorptive effects occur.
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The integrated absorption for the spectra above and those at the 
intermediate bias voltages has been calculated for three wavelength 
ranges, with the appropriate conversion of the integrand in Eq. 3.10 for 
the integration over X rather than co. Results are tabulated below. All 
values have been norm alized to the integral at 10V.

TABLE 3.3
Normalized integrated absorption for MQW sample KLB461

650-920nm 770-920nm 830-920nm
A(5V) 0.990 0.997 1.132
A(6V) 0.997 1.003 1.105
A (7V) 0.999 1.003 1.074
A(8V) 0.999 1.002 1.044
A(9V) 1.000 1.001 1.018
A(10V) 1.000 1.000 1.000

There is excellent conservation of the absorption over the full range of 
650-920nm and the reduced range of 770-920nm, w ith less than 1% 
variation. W hen we ignore the contribution of the forbidden transitions 
which grow just below the n = 2  sub-band edge, the sum  rule breaks down 
and the variation in the integral is more than 13%. It appears that 
oscillator strength is being transferred from the e l-h h l and e l-lh l 
"allowed" excitons to the initially forbidden e l-hh 2 , e2 -hh l and e2 -lhl 
excitons as field increases. We are careful to include the forbidden 
transitions w hen calculating the electro-refractive effect in the next 
section.

Sum rule calculations have also been carried ou t for the M33 sample, 
w ith absorption conservation being observed for 2V and upw ards, which 
coincides w ith the saturation of the quantum  efficiency in this higher 
quality sample. The same spectral convergence is seen as for the KLB461 
sam ple.
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3.5 CALCULATION OF ELECTRO-REFRACTION

3.5.1 GENERAL POINTS CONCERNING ELECTRO-REFRACTION

(i) The change in absorption, Aa, induced by an applied electric field is 
simultaneously accompanied by spectral changes in the real part of the 
refractive index, n. The two properties are linked by the Kramers-Kronig 
(KK) relations, which can be sum m arized as follows:

For any material a complex dielectric function can be defined thus:
e = £j + i£ 2  (3.11)

which is simply related to the complex refractive index, w, by e = n1.
The complex index is usually expressed as:

n = n - ik  (3.12)
where n, the real part, is the term which is commonly m eant w hen 
referring to refractive index, and k is called the extinction coefficient, 
defined as:

k = olX /4k  (3.13)
w ith X as usual the optical wavelength.

So the components of the complex dielectric function are:
6 ! = w2 -  k2 .....(3.14)
6 2  = -2«k .....(3.15)

The KK relations are the link between Ej and e2 and are norm ally cast in
the following form, as a function of the angular frequency, co (co = IncfX , c
= velocity of light).

and

/  \  1  2  _  f ** co'e2(co') , ,;,(co) = l  + —P I  r - d — j-dco 
It J„ [co'] -CO2

, ((0) — * ° p f  e f > : >  Hco'
it Jo [ c o f - c o 2

.(3.16)

.(3.17)

P represents the Cauchy principal value of the integral, which means 
avoiding the critical point co’ = co in the integrand by integrating in two 
parts, from 0 to co-8 , and from co+ 8  to ®°, with 8  —»0. A tutorial 
discussion of these integral relationships can be found in Ref. [17].

A more practical form of the KK integral, based on Eqs. 3.13-3.17, 
which relates the directly measurable properties of absorption and the real
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part of the index is also given in standard texts [18].

(3.18)

In theory, knowledge of the complete absorption spectrum is required to 
compute the real part of the refractive index, or vice versa, since the 
integral covers the range 0 to <». In practice, for the MQW structures, we 
shall only be interested in the possibility of using the changes taking 
place to produce a m odulation, and so we restrict the range of integration 
to the region of the absorption spectrum  close to the fundam ental 
absorption edge, where the notable changes in absorption occur.

Substituting X, which we m easure experimentally, for co, the change in 
refractive index, An, caused by an applied voltage, V, becomes:

where 7^ > Thus, given a reasonably wide range of absorption data for 
different bias voltages, we can compute the corresponding electro- 
refractive effects.

The electro-refractive effect or quadratic electro-optic effect has been 
calculated by Weiner et al [15] using the KK transformation of directly 
m easured electro-absorption data, w ith good agreement with some of our 
results in the following sections. O ther authors have determ ined QW 
electro-refraction from m easurem ents of the field-induce phase shift in 
waveguides [19-21] or by electro-reflectance [22], all of whom  observed the 
strong quadratic behaviour of the index changes associated w ith the 
excitons at the absorption edge. The actual m agnitude of the index 
changes reported shows some variation, but the effect is seen to be 
considerably stronger than the linear electro-optic effect close to the MQW 
absorption edge, with peak changes of up  to 1% at fields of * 105 V /cm .

The thickness of the active region in normal-incidence MQW device 
structures is generally around 1pm in order to obtain a substantial 
absorption. If the refractive index were to change by 1% ( n » 3.4-3.5 for 
GaAs MQWs) on the application of an external electric field, then the 
phase change im parted to a transm itted beam of light would be

(3.19)
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A<|> * InAriL/X, which at * 850nm, w ith L = 1pm, w ould still only be n/12. 
To determ ine noise-free spectra of refractive index change, using for 
example a Mach-Zehnder interferometer [21, 23, 24] to m easure phase 
changes of the above m agnitude and less, requires both a stable, tunable, 
coherent optical source and a thermally and mechanically stable 
experimental environment. It was therefore decided to avoid direct 
m easurem ent and proceed with calculation of the index changes in 
MQWs by KK transformation of existing absorption data.

The index change at any wavelength is influenced by absorption 
changes at all other wavelengths according to Eq. 3.19. However, the 
absorption changes at wavelengths away from the MQW absorption edge 
either tend to zero (longer X) or are dim inished by the denom inator of the 
integral (forbidden transitions), so that we can confine the integral to a 
fairly small spectral region and retain accuracy.

3.5.2 CALCULATION OF INDEX CHANGES BASED ON PHOTOCURRENT 
DATA

In this section we use the absorption spectra determ ined from 
photocurrent m easurements on the two MBE-grown samples, KLB461 
and M33, to generate spectra of refractive index change. For all the KK 
calculations in this and the following section we take electro-absorption 
spectra (defined as the absorption changes from unbiased to biased state, 
a(X, V) -  a(k , 0)) and integrate the absorption changes numerically 
according to Eq. 3.19. A simple trapezoidal rule is used, which is adequate 
for the 0.5nm point spacing in our spectra. The integral is split into two 
parts, one either side of the singularity at X' = X and truncated one point 
spacing aw ay from it. We ignore any contribution to the integral from 
the region X-A  to X+A, where A is the point spacing, since for small A the 
contributions will tend to cancel each other out on either side of the 
singularity, especially when Aa is slowly varying.

Table 3.4 (over page) shows how  the integral converges for decreasing 
point spacing. The test calculation is for a linearly decreasing positive Aa 
over the range 850-880nm, with the singular point at 865nm. We see that 
for the 0.5nm spacing used here the integral is only 3-4% dow n on the 
asym ptotic limit.
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TABLE 3.4:
The convergence of the Kramers-Kronig integral with point spacing for the trapezoidal 
integration rule.

Point Spacing(nm) Normalized integral
3.0 0.799
1.5 0.900
1.0 0.934
0.5 0.967
0.2 0.987
0.1 0.994
0.05 0.997
0.01 1.000

Looking at the denom inator in the integrand of Eq. 3.19, the contribution 
of an absorption change at 770nm to the index change at 860nm will be 
more than a factor of 17 smaller than the contribution from the same 
absorption change at 855nm. Therefore, in the following KK calculations 
we shall restrict the integral to the wavelength range 770-920nm, where, 
as we have already seen, the major absorption changes occur, including 
the forbidden transitions.
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FIGURE 3.5.2.1:
Calculated electro-refraction spectra for sample KLB461 based on electro-absorption data 
derived from photocurrent measurements.
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The calculated An spectra for sample KLB461, on the previous page in 
Fig. 3.5.2.1, show an extremely large negative change of more than 2% of 
the index. However, this maximum change appears in all cases very close 
to the position of the unbiased e l-h h l exdton, thus we could not expect 
obtain phase m odulation w ithout accompanying large changes in the 
signal intensity due to electro-absorption. Of more interest for phase 
m odulation are the positive changes in the 860-880nm region which red 
shift with increasing electric field, driven by the shift of the e l-h h l 
exdton absorption peak. The index changes here are still large by 
comparison w ith the linear electro-optic effect for bulk GaAs. The linear 
electro-optic coeffident, r41, is * 1.1 x 10_1° cm /V  close to 900nm (quoted 
in Ref. [21]). This gives an index change of » 2.5 x 10-4, almost two orders 
of m agnitude smaller than the peak electro-refractive effect calculated.

0.05

W
§

0.00
Xw

-0.05

3V
6V
9V

12V
- 0.10

830 840 850 860 870 880 890
WAVELENGTH (nm)

FIGURE 3.5.2.2:
Calculated electro-refraction spectra for MQW sample M33 based on electro-absorption 
data derived from photocurrent measurements.

To compare w ith the KLB461 spectra, the KK calculations have also been 
carried out for the M33 sample. The spectra are show n above in 
Fig. 3.5.2.2. M aximum index changes in both senses are increased by the 
sharper absorption peaks for this sample, bu t the qualitative appearance is
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very similar.
In the two samples above the index change is limited to a maximum 

of * 0.02-0.03. To achieve a phase change of % radians will therefore 
require a total thickness of quantum  wells of at least 20|im. This is not 
practical in a normal incidence m odulator, but by using a w aveguide with 
light propagating along the QW layers to increase the interaction length, 
efficient phase modulators can be designed [23-26]. The m ain problem  in 
the optim ization of such devices is to avoid as m uch as possible the 
intensity m odulation which occurs due to electro-absorption at the same 
wavelengths as the m axim um  index changes.

3.5.3 CALCULATION OF INDEX CHANGES BASED ON TRANSMISSION 
DATA
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FIGURE 3.5.3.1:
Calculated electro-refraction spectra for MQW sample MV 245 (145A wells) based on 
electro-absorption data derived from transmission measurements.

Using the same KK integration m ethod as above, we calculate here the 
electro-refraction spectra for the w ide and narrow  well MQW samples for 
which we derived the absorption spectra in § 3.3. The aim is sim ply to
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show how the spectra differ from those for the more standard 100A wells.
As m ight be expected, for the MV245 sample w ith « 145A wells, where 

the electro-absorption is m uch reduced in the region just off the unbiased 
edge (Fig. 3.3.1), we see that the maximum index changes in Fig. 3.5.3.1 are 
about a factor of 4-5 down compared to the 100A well structures, although 
in this case the peak value of 0.005 is achieved at very low field.

W ith the 47A well MV246 sample the peak index changes are large, in 
line w ith the electro-absorption, being as m uch as * 4% in the negative 
sense. The maximum positive change is, however, no bigger than that 
for the M33 sample and requires 3-4 times the field.
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FIGURE 3.5.3.2:
Electro-refraction spectra for MQW sample MV246 (47A wells) based on electro-absorption 
data derived from transmission measurements.

For all the calculated electro-refraction spectra in this section it is quite 
clear that it will not be possible to access the m axim um  index changes 
w ithout the attendant effects of background absorption, which will cause 
both insertion loss and intensity m odulation in the case where only 
phase m odulation m ay be desired. This is a significant problem in 
w aveguide m odulators [23-26], w here the operating wavelength for 
optim um  phase m odulation m ust be well away from the QW absorption
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edge, thus dim inishing the enhanced m odulation expected of the QW 
structure. In Chapter 5, where we consider FP cavity m odulators we will 
examine w hether the electro-refraction and electro-absorption can be 
successfully combined.
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3.6 SUMMARY

In this chapter, as in the previous one, w e have investigated the optical 
properties of GaAs MQWs. In this case we have attem pted to quantify the 
m ore fundam ental properties such as absorption, the changes in 
absorption which m ay be induced by an electric field, and the associated 
change in the refractive index. All of these are of interest for optical 
m odulators.

We first discussed the effect of Fabry-Perot oscillations on the accuracy 
of calculating absorption coefficients because this is an effect which is 
intrinsic to GaAs-AlGaAs MQW transm ission device structures. The 
problems encountered in rem oving the FP effects by AR-coating have 
been outlined and we have determ ined the reduction in surface 
reflectivity required to reduce them  to acceptable levels, such that 
transmission spectra are not strongly distorted. Following on from  this 
we have defined accuracy limits for calculated absorption according to the 
am plitude of the rem nant FP oscillations and the product of the 
absorption coefficient and absorber thickness, ad . Typically, w e find that 
w ith a front surface reflectivity reduced to 0.01 (from * 0.30), we can 
calculate a value of a d  from the transmission spectrum  w ith  errors of 
only a few % possible.

Absorption coefficients have been calculated at certain points in the 
spectrum for a range of samples w ith well w idths betw een 47A and 145A, 
and varying degrees of rem nant FP oscillations, and  w e have found 
general agreem ent w ith the results of other workers, apart from the data 
for the narrow est quantum  wells. For transm ission spectra w hich were 
free from FP effects we have calculated complete absorption spectra for a 
range of bias voltages. For a structure containing wells of * 47A the 
m aximum absorption change occurs off the unbiased absorption edge and 
is * 14,000 cm*1 at a field of * 213 kV /cm . W hen the wells are increased to 
* 145A the m axim um  absorption changes occur at the w avelength of the 
unbiased e l-h h l exdton. W ith an applied field of » 67 kV /cm  the 
absorption falls by m ore than 8000 cm-1. These well w idths are likely to 
represent the practical limits for MQW m odulators. A t the narrow  well 
w idth end the fields required to shift the exciton by at least its own 
linewidth lead to rather unattractive bias voltages of around 20V. W hilst 
at the wider well end, although the absorption is m ore sensitive to field, 
the osdllator strength is lost very rapidly in the shifted exdton.
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M aximum absorption changes at the unbiased exciton peak are also 
lim ited by the reduction in oscillator strength as the well w idth  increases, 
tending tow ards the bulk m aterial characteristics.

Absorption spectra for « 100A wells have also been calculated from 
photocurrent spectra using supplem entary data obtained from 
transm ission measurements. These spectra agree well w ith data  on 
* 100A wells determ ined previously from transmission spectra by other 
authors, and also with a theoretical m odel for MQW electro-absorption 
developed by Peter Stevens at UCL. Wells of this size offer a good 
compromise between the absorption change achievable and the field 
required. For high quality m aterial we estimate a maximum Aa of 
~ 11,000 cm-1 at a field of only = 50 kV/cm .

We shall use the calculated absorption spectra in Chapter 5 to simulate 
MQW devices where FP cavity characteristics are deliberately 
incorporated. Such devices can be m ade to m odulate strongly on the basis 
of phase changes induced in the cavity. Therefore we have also calculated 
the electro-refractive effects which go hand in hand with the electro
absorption. The maximum usable index changes for 100A wells appear to 
be about 0.01-0.02, which means in principle that efficient MQW cavity 
m odulators can be designed and constructed. Derivation of electro
absorption and electro-refraction spectra by the m ethod described here has 
also been used successfully in the optim ization of MQW w aveguide 
m odulators [26].
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4.1 INTRODUCTION

In the preceding chapter we investigated the field-induced changes in 
absorption and refractive index in MQWs in order to provide data 
necessary to m odel the performance of devices, be they am plitude or 
phase m odulators or a combination of the two. For example, as we shall 
see in Chapter 5, absorption and index changes will both cause amplitude 
m odulation in a high-finesse Fabry-Perot cavity. Typical values of the 
peak absorption change, Aamax, were estim ated to be « 9-15,000 cm-1 for a 
range of well w idths at an applied field of » 1-2 x 105 V.cm"1. In a single
pass transmission m odulator, w ith a total quantum  well thickness, d, of *

* n A
0.5|im, this translates to a contrast ratio, e , of betw een 1.6 and 2.1:1, or 
* l-3dB (see Eq. 4.2).

If we are constrained by limitations on the operating voltage of the 
modulator, dictated for example by some integrated application, such that 
we may use no more than 10V, then the total thickness of quantum  wells 
plus barriers will be lim ited to roughly 1pm in order to m aintain the 
electric field required to produce a significant shift of the absorption edge. 
Therefore it is necessary to achieve the right balance betw een using a 
thicker MQW structure in order to increase the A ad factor, and reducing 
the thickness to reduce the operating voltage (or m aintain the necessary 
electric field).

Even w ith a fixed thickness for the MQW region of our m odulator we 
are still allowed the choice of well and barrier w idths. As we saw in 
Chapters 1-3, in theory and practice w ider wells exhibit a greater Stark 
shift for a given field, b u t have reduced absorption coefficient at the 
im portant e l-h h l excitonic peak, and  increased field-ionization 
broadening. In narrow er wells the opposite is the case. However, for 
device purposes we m ust also consider the effect of the barrier material 
which is essentially "dead", optically speaking. The ratio of well to barrier 
material m ust ultim ately decrease as well w idth decreases. W e cannot 
simply keep on reducing the barrier in proportion because there is a lower 
limit at which the barrier can no longer prevent significant electronic 
coupling betw een neighbouring quantum  wells (in the lim it the m aterial 
becomes a superlattice), and at this point the QCSE is severely degraded. 
Witness in Chapter 2 the photocurrent spectra of sam ple MV367, which 
was nominally a 100A/30A MQW structure, w here the biased spectra are 
dom inated by broadening effects. This is im portant to rem em ber when
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the total MQW thickness is fixed -  we obviously wish to have as large a 
proportion of active m aterial w ithin the MQW as possible w ithout losing 
the essential MQW properties.

Typical MQW structures in previous studies of the QCSE [1,2] have 
consisted of wells and barriers of « 100A -  even thicker barriers being 
used in some cases, w ith the aim of m inim izing quantum  mechanical 
coupling of carrier states between wells. We choose 60A as our barrier 
thickness for these experiments to increase the proportion of well 
material that can be packed into the whole structure. Photocurrent 
spectra (see Chapter 2) indicate that the quantum -confined Stark effect is 
adequately retained w ith this reduced barrier.

After some prelim inary m easurem ents on the first MQW m odulator 
produced by the MOVPE process, which suffered from the effects of high 
background doping, we examine devices with three different well widths: 
47, 87 and 145A, to determ ine the qualitative and quantitative effects on 
the transmission spectra under reverse bias. The total thickness of wells 
plus barriers is kept roughly constant in the three different structures to 
allow a comparison of perform ance on a m odulation per volt basis.

The results presented here for the transm ission m odulators have been 
published previously in a less detailed form [3].

We conclude the experimental section of this chapter w ith an attem pt 
to im prove the m odulation achievable w ith a given thickness of MQWs 
by operating in reflection, thus m aking a double-pass through the 
absorber.

Finally the experimental results obtained here are com pared w ith the 
work of other authors concerning the limits of electro-absorptive 
m odulation in MQW devices.
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4.2 FABRICATION AND CHARACTERIZATION OF MQW 
TRANSMISSION MODULATORS

As discussed in the preceding chapter, there are significant problem s in 
producing transmission m odulators in the GaAs-AlGaAs MQW m aterial 
system because of the need to rem ove the absorptive substrate. H ere we 
describe the details of how the aligned w indow  is achieved in the 
substrate beneath the p-i-n mesa w hich defines the m odulator, the 
deposition of single quarter-wave layer SiNx anti-reflection coatings in an 
attem pt to rem ove the unw anted FP effects from the transm ission 
spectrum , and the m easurem ent of transm ission m odulation. All the 
m odulators studied were of the standard p-i-n diode structure as 
described in Chapters 1 & 2, and grown by the MOVPE process.

4.2.1 MODULATOR FABRICATION

The first stage in the process is to define the MQW p-i-n mesa as 
described in Chapter 3. Figure 4.2.1.1 shows the form of the device at this 
point.

20(MQ0nm Metallic ohmic 
contacts

I i - MQW I 

AlGaAs nH

GaAs buffer if

This area to be etched away 
to allow transmission of 

light
GaAs substrate n4

FIGURE 4.2.1.1:
The GaAs-AlGaAs MQW modulator structure prior to window etching.
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An anti-reflection (AR) layer of SiNx is form ed on the top surface of the 
mesa by plasm a-enhanced chemical vapour deposition from a m ixture of 
5% silane in argon and pure nitrogen. The exact composition of the 
nitride is unknow n -  bu t it is certainly not the stoichiometric form,
Si3N 4. The thickness is intended to be A./4 at « 850nm, which for the 
nitride, w ith an index of * 1.85, means « 1000-1100A. The thickness is 
determ ined by a controlled time deposition according to a prior 
calibration. In theory, zero reflectivity w ith a single quarter-wave AR 
coating can be achieved when nAR = V(wjn2), w here n2 and n2 are the 
refractive indices of the two m edia to be m atched [4]. W ith our particular 
nitride layer on GaAs (w = 3.62) we can expect a m inim um  reflectivity, 
according to Eq. 3.3:

_ (3.62-1.852)2 
(3.62 + 1.852)2

which is less than 0.1%.
The AR coating is deposited over the surface of the whole sample, 

patterned w ith photoresist to leave the w indow  areas of the mesa diodes 
covered, then the excess nitride is rem oved by plasm a etching using a 
Freon-14: 0 2 (92%:8%) m ixture to leave behind AR "caps" on the mesas.

The rest of the fabrication process, illustrated in Fig. 4.2.1.2 (i)-(viii) over 
the next two pages, is as follows:

(i) The back of the GaAs substrate is ground dow n using a fine grade 
carborundum . The final thickness is * 100-120pm -  thick enough to 
prevent the sam ple from shattering, and thin enough to avoid excessive 
etch time.

(ii) The sam ple is fixed device side dow n, using photoresist, onto a thin glass 
microscope cover slip. More photoresist is then spun over the back of the 
sample, extending out over the surface of the cover slip, and pre-baked.

(iii) Observing the devices through the glass cover slip, the photo-lithographic 
mask for the back w indow  pattern is aligned w ith the mesas. The 
photoresist is then exposed through the glass.

(iv) The photoresist pattern  is developed in the area surrounding the sample.
(v) Turning the sam ple and cover slip over, the sam e mask is aligned w ith 

the developed pattern surrounding the sample, and  is therefore also 
aligned w ith the device mesas on the hidden side of the sample.
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FIGURE 4.2.1.2:
Stages in the fabrication of MQW transmission modulators



Electro-absorptive M Q W  Modulators

(v) u.v.

I 11I I11 111
-jd tmm nnm

miiiiiiiiiiiiiimiiiiinillliiimiiiimuiiiiLim
nnrra nnnn rm»

1 0 0 p m

(vii)
Freon-12 plasma

(viii)

FIGURE 4.2.1.2:
Stages in the fabrication of MQW transmission modulators
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The photoresist on the back of the sam ple is then exposed w ith the 
w indow  pattern. W ith the separation of ~ lOOpm of the m ask from the 
registration m arks in the photoresist there are obviously lim itations to 
the accuracy of this alignm ent method. However, devices w ith mesa 
w idths from 800|im dow n to 200pm have been fabricated successfully.

(vi) The photoresist pattern is developed to open up the areas of the substrate 
which are to be etched away.

(vii) Using Freon-12 in a reactive ion etching (RIE) system, the w indow s in the 
substrate are dry etched. The etch is selective, w ith the rate for GaAs 
reported as high as 200 times that for AlGaAs [5], and so stops abruptly at 
the interface between the GaAs n+ buffer and A l^ G a ^ A s  n + layers. This 
stage was originally carried out using the wet selective etch described in §
3.4.1 [6]. W ith the wet process the etching is often prone to problems such 
as incomplete GaAs removal due to oxide formation, loss of selectivity 
due to pH  imbalance and severe distortion of the w indow  profile due to 
preferential etching along certain lattice planes. However, the dry  process 
has been found to offer m uch cleaner etch profiles, selectivity and 
reproducibility.

(viii) The rem aining photoresist is dissolved in acetone to rem ove the finished 
devices from the glass cover slip. Great care m ust be taken w hen blowing 
the sample dry  w ith nitrogen, especially with large area devices, because 
of the inherent fragility of the final m odulator structure, the active area of 
which is a "membrane" only 2-3 |im  thick.

It should be pointed ou t that m ost of the developm ent of this process to 
its current level of sophistication has been carried out at UCL by Tony 
Rivers, based on initial w ork by Malcolm Pate at the m -V Central Facility, 
U niversity of Sheffield.

The appearance of the finished transmission m odulator is show n in Figs.
4.2.1.3 & 4 over the page. (The photographs were supplied by Tony Rivers 
of UCL and taken using a scanning electron microscope (SEM)).
Fig. 4.2.1.3 shows the diode mesa as seen from the usual light-input side. 
Fig. 4.2.1.4 shows a m odulator cleaved in half to display the cross- 
sectional structure, in particular the very thin MQW "membrane" left 
after substrate etching. This results in the bowing of the w indow  which 
can be clearly seen in the second photograph of Fig. 4.2.1.3.
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FIGURE 4.2.1.3:
SEM photographs of MQW transmission modulator (Plan view and angled top view).

FIGURE 4.2.1.4:
SEM photograph of MQW transmission modulator in cross-section. Angled view shows the 
smoothness of the etch stop surface. Normal view shows the mesa height
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4.2.2 MEASUREMENT OF TRANSMISSION MODULATION

Transmission measurements were m ade using the autom ated scanning 
m onochromator system, as described previously in Chapter 2 for 
photocurrent measurements, for the broadband optical source and data 
acquisition. Figure 4.2.2.1 shows the sim ple optical arrangem ent used.

We measure calibrated transmission using a sample in: sample ou t 
m ethod, rather than having two detectors operating simultaneously to 
record source and transmitted intensity spectra. Although this requires 
an extra scan w ithout the sample in position, it removes the need to 
calibrate the splitting ratio of beamsplitters (BS) and detector respcnsivity.

Move detector to this ■
position for measurement ! 
of reflection spectra J..

BS

D J

t
Monochromator 4

VA F BS

Photocurrent
Monitor

BS = Beamsplitter D = Si detector
VA = Variable aperture F = Filter

Infra-red
Camera

o o
To bias source

To Monitor

MQW 
Modulator

To
Lock-in
Amplifier

FIGURE 4.2.2.1:
The experimental set-up routinely used to measure transmission spectra, also adaptable for 
reflection spectra.

Small variable apertures (VA) are used to cut dow n the focussed spot size 
and confine light w ithin the m odulator w indow  and also to prevent 
excessive background light from reaching the Si detector. A Schott colour 
glass filter, F, which passes wavelengths above * 700nm is used to remove 
2nd order light from the monochromator, i.e. in the 800-900nm band 
there is a measurable am ount of b lue/near UV light transm itted.

-149-



Electro-absorptive MQVJ Modulators

The devices are m ounted in a variety of ways -  some on a glass 
microscope slide w ith a large-area A u contact pattern; some on a sapphire 
disk, also pre-metallized, in turn fixed on a standard TO5 transistor 
header for simpler biasing. Electrical connections to the m odulator are 
made by hand-bonding 25|im diam eter Au w ire w ith Ag-loaded epoxy 
adhesive out from the on-chip contact pads to larger rem ote metal pads 
on the device mount. The whole package is then m ounted on an x,y,z 
translation stage for fine control of the device position.

Alignment of the m odulator w ith the optical signal is not difficult to 
achieve due to its large size (« 500|im mesa typically). It is possible to use 
the photocurrent signal to align -  we simply maximize the signal by x,y,z 
movement. There is also an IR camera available to view reflected light 
from the front surface of device. However, w hen light is actually 
focussed onto the device and stopped down, then it is not possible to view 
the whole of the device. The condition for light being focussed 
simultaneously on device and camera was found difficult to achieve.

M easurements are all taken at room tem perature (in the range

20-25°C) with DC bias applied by a computer-controlled voltage source, 
which provides lOmV resolution. The ou tpu t from the m onochromator, 
generally « lOOnW or less when stopped down, is mechanically chopped 
to reduce noise in detection. Chopping frequencies are kept to below * 
1kHz in order to obtain good response from the lock-in amplifier and 
keep well below the roll-off frequency of the m odulator, which is 
estimated to be of the order of a few MHz for a 500pm square device 
which is not 50Q-m atched. No m easurem ent has been m ade here of the 
high-speed response of these devices [7], w here it has recently been found 
that m odulation is ultim ately dependent on the transport tim e of excess 
photo-generated carriers ou t of the quantum  wells [8,9].

Norm alized transmission spectra are obtained by first m easuring the 
transm itted intensity spectra for the desired range of wavelength and bias 
voltage. The m odulator is then m oved out of the path  of the beam and 
the source intensity spectrum  measured. The transm ission, T, is simply 
the transm itted intensity spectrum  divided by the source spectrum. Care 
m ust be taken to ensure that all the light incident on the device falls only 
within the w indow ed area, so that no light transm itted through the 
MQWs is lost in the GaAs substrate. In some cases the normalized spectra 
show lower transm ission than expected in the non-absorbing region.
This can be attributed to scattering from roughness at the selectively 
etched w indow  surface or perhaps to absorption in GaAs if the substrate is
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incompletely etched away. W here this was found to be the case the 
spectra have been scaled to an average transmission of « 70% in the non
absorbing region, which is the limit for a device w ith one side perfectly 
AR-coated (Tmax = 1 - R; R « 0.30, see § 3.2.4). By "average" we mean the 
average of the m axim um  and m inim um  transm ission in  the region 
where FP oscillations rem ain present.

4.2.3 MODULATION: TRANSMISSION CHANGE AND CONTRAST

Before going on to describe the experimental results it is perhaps 
worthwhile clarifying w hat we mean by "modulation". There are usually 
two adjacent spectral regions in which significant field-induced effects 
occur w ith MQWs -  around the unbiased e l-h h l exciton peak, and in the 
10-15nm band to the long wavelength side of this peak. In the former 
case transmission will increase with applied field due to the red shift and 
loss of oscillator strength, so here we can term the m odulation bias 
transmitting (BT). In the latter case transmission falls w ith applied field 
as the excitonic absorption is shifted into the operating wavelength, 
therefore m odulation is term ed bias absorbing (BA). For both these 
modes of operation the m odulation can be defined as transm ission 
contrast, CT, or transm ission change, AT. Contrast is the on:off ratio,
"on" being the high transmission state, which m ay be expressed as the 
simple ratio or in dB (10 log (CjO). Note that we m ay sometimes refer to a 
contrast w ithout specifying w hether the device is switching on or off with 
applied bias -  this depends on whether the device is being operated in BA 
or BT mode.

Neglecting Fabry-Perot effects, AT and CT are given by the following 
equations:

AT = T(0) -  T(V) = (1 - Rt) (e-a<0>d - e"a<V)d) (4.1)

Cj. = T(0)/T(V) [bias absorbing (BA)]
= T(V)/T(0) [bias transmitting (BT)]
_  e  la(0)- a(V)ld _  e  lAald (4.2)

I AT I = T(0)[ 1 - 1  /C T ] (4.3)

(0) and (V) refer to the unbiased and biased states respectively, a  is the
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absorption coefficient, d the total thickness of quantum  wells and R*, (« 
0.30) the reflectivity of the exit (back) facet of the m odulator. We assume 
the front surface to be perfectly AR-coated.

Quoting only the contrast for a m odulator can be m isleading in that it 
says nothing about the on and off levels, both of which m ay be low whilst 
still giving a high contrast ratio. For example, a contrast of 5 could be 
achieved by switching between 50% and 10% transmission, or between 5% 
and 1%. The former case is preferable because the insertion loss, i.e. the 
ou tpu t "on” state in dB relative to the input signal, is rather high for the 
latter, and w ould require more amplification stages for the optical signal. 
Also, if w e only consider transmission changes, then AT of 60% could 
mean a contrast of 4 (80% to 20%) or 61 (61% to 1%). Which of these is the 
best device characteristic depends on the application in m ind. High 
contrast would, for example, be required in a spatial light m odulator or 
where signals are combined such as in an optoelectronic logic gate, in 
order to discriminate between 1's and 0's. In a communications link, 
however, it is more im portant for the absolute transmission change to be 
high to achieve highest signal to noise ratio at the detector.
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4.3 THE CPM7 (100A WELL) TRANSMISSION MODULATOR

This was the first attem pt to dem onstrate an MQW m odulator grown by 
MOVPE. The MQW region consists of 55 x 100A GaAs wells w ith 100A 
A l^ G a ^ A s  barriers. Unfortunately the performance was seriously 
affected by background doping in the i-MQW region, which as we stated 
in Chapter 2 was «1.3 x 1016cm-3. This was confirmed by photocurrent 
and C-V measurements. In Fig. 4.3.1 the transmission spectra have been 
plotted for up  to 6V reverse bias. The voltage range is limited by the low 
breakdow n observed w ith this device -  a feature of the imm ature 
m odulator fabrication process at the time, and to some extent due to the 
high background doping level.

100
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4V
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FIGURE 4.3.1:
Room-temperature transmission spectra with reverse bias for MQW sample CPM7.

Evidence for the exdtonic absorption is seen only as a fairly broad 
m inim um  around 854nm, w ith no clear resolution of the expected heavy 
and light hole effects. This is thought to be due to the field-broadening 
effect of background doping, present even w hen no bias is applied (see 
§§ 1.4, 2.5.1), and m ade worse by well:barrier interface roughness and 
interwell thickness variations. There is a distinct lack of FP oscillations in
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the spectra, despite there being no AR coating applied, which is probably 
due to a roughened back surface a n d /o r  absorption in GaAs not 
completely rem oved by the window etch. The spectra have been scaled so 
that the transmission in the non-absorbing region lies at * 70%. The 
maximum transmission as measured was « 53%. In this case the bias 
response is qualitatively similar to that of a bulk GaAs m odulator [10] in 
that we see no distinct shift of the absorption edge, instead strong 
broadening occurs due to each quantum  well experiencing a different 
electric field. However, as we shall show at the end of this chapter, for 
comparable fields the m odulation is still stronger even for this poor 
MQW device.

Figures 4.3.2 and 4.3.3 show the m odulation achieved as transmission 
change and contrast respectively. Maximum transm ission changes are 
only in the 10-15% range, with contrast limited to 0.90dB (BA) and 1.76dB 
(BT).
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FIGURE 4.3.2:

Transmission changes for the CPM7 modulator.
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FIGURE 4.3.3:

Transmission contrast for the CPM7 modulator.

By current standards this is a poor example of an MQW m odulator. 
Nevertheless it is useful to include the data here as an indication of a 
lower limit to performance and to underline how  grow th optim ization 
has significantly im proved devices.
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4.4 THE CPM405 (87A WELL) TRANSMISSION MODULATOR

To our knowledge, this was the first MOVPE-grown MQW p-i-n 
structure to show a dear quantum-confined Stark shift [11]. The 
improvements in growth which led to this have already been described in 
Chapter 2. The most crudal achievement was the lowering of 
background im purity concentrations in the MQW region to * 3-4 x 
1015cm"3. The MQW region consists of 60 wells w ith an estimated 
thickness of ~ 87A and AlGaAs barriers (0.3 A1 mole fraction) of = 60A. 
The estimate of the well w idth  comes from comparison of the observed 
e l-h h l exciton peak wavelength w ith the theoretical curve in § 1.3. 
Spectra from two different devices from the same sample are presented 
here. The first has no AR coating applied to the front surface, and 
therefore exhibits pronounced FP resonances. The second has an AR 
layer of * 1000A of SiNx which reduces the resonance effects to a level 
which is tolerable according to the analysis in Chapter 3, bu t does not 
elim inate them. We discuss the m odulation in the light of these effects.

4.4.1 DEVICE WITH NO ANTI-REFLECTION COATING

As w e saw in the photocurrent spectra from this sample, there are dearly  
defined heavy and light hole excitonic absorption peaks which account 
for the two minim a either side of 840nm in the unbiased transm ission 
spectrum  of Figure 4.4.I.I. The other im portant feature of the optical 
response is the fairly strong FP transmission peak at about 880nm, which, 
however, is not quite consistent w ith the reflectivities expected at the 
front and back surfaces -  Tmax should be closer to 1, and Tmin closer to 0.30. 
As w ith the CPM7 device, transmission is probably slightly affected by 
scattering and absorption in unetched GaAs substrate. W ere there no 
absorption in this cavity structure then we w ould expect to see another FP 
transmission peak very close to where the MQW absorption edge is seen 
here. W ith a resonance situated almost on the absorption edge, as we 
shall show in the next chapter, the transmission spectra are strongly 
distorted and, in this case, the transmission changes reduced compared to 
w hat w ould be expected from a device with a reasonable AR coating (see 
§4.4.2).
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FIGURE 4.4.1.1:
Room-temperature biased transmission spectra for MQW modulator CPM4Q5 with no AR 
coating.

The FP peak can also be positioned so as to im prove the m odulation.
This depends on the thickness of the cavity, which for this type of 
m odulator is determined by how far the substrate w indow  etching process 
penetrates into the w-AlGaAs layer of the p-i-n.

Despite the non-optimal FP effects, this device shows larger 
transm ission changes than the CPM7 device, w ith  m axim um  values of 
* ± 20% (shown in Figure 4.4.1.2). The im proved quality of the p-i-n 
allows us to apply higher biases than previously and thus clearly observe 
the shift of the e l-h h l exciton by alm ost lOnm. At the unbiased exciton 
w avelength (» 845nm) the contrast is close to 3dB w ith 12V applied. As 
w ith all the devices operating in the BT mode, the insertion loss is m ore 
than 3dB. These are typical figures for quantum  wells of this size, w ith or 
w ithout the FP effects, which are dam ped out by the high background 
absorption at the BT wavelengths.
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FIGURE 4.4.1.2:
Transmission changes for the uncoated CPM405 modulator.

4.4.2 AR-COATED MODULATOR

With the application of a silicon nitride AR coating the FP structure 
evident in Fig. 4.4.1.1 is noticeably reduced in the transmission spectra of 
Fig. 4.4.2.1. From the calculations of § 3.2.4. the rem aining oscillations are 
consistent w ith a front reflectivity of » 1% (with 30% at the back). The 
separation between heavy and light hole exdtons appears to be less well 
resolved in this case than in Fig. 4.4.1.1. This may be to some extent 
caused by the position of the excitons relative to the underlying FP 
structure, b u t more likely due to some variation in the sam ple over the 
wafer. How ever the exciton peaks and the absorption edge are much 
more clearly visible w hen shifted under bias than before.

It appears that the FP structure is m ore advantageously sited with 
respect to the absorption spectrum here -  an FP peak coinciding roughly 
with the foot of the absorption edge, rather than w ith the peak of the 
exciton, as was the case in § 4.4.1.
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FIGURE 4.4.2.1:
Room-temperature transmission spectra with bias for the AR-coated CPM405 MQW 
modulator.

Consequently the changes in transmission, plotted in Fig. 4.4.2.2, show an 
im provem ent of about 5-7% at both BT and BA wavelengths. The 
insertion loss at both operating points has also im proved, the on state for 
BT m odulation being 0.49 compared w ith 0.39. The m odulation 
bandw idth is just determ ined by the linewidth of the band-edge excitons, 
so that in the BA case it increases as field is applied, although the 
m aximum m odulation eventually falls. Between 6V and 10V a change in 
transmission of -20% is achieved over at least 3-4.5nm.

In contrast terms BT operation offers the largest m odulation of * 3.4 
dB, but at 12V and w ith a greater insertion loss than the BA case (Figs. 
4.4.2.3-4). In fact at 6V bias, where the best BA contrast occurs, the contrast 
is roughly the same for both modes, being close to 2dB. The linewidth for 
2dB contrast is * 7.5nm for bias > 10V in the BA mode. However, in the 
BT m ode it is a m axim um  of 5nm for only 1.5dB.
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FIGURE 4.4.2.2:
Transmission changes with bias for AR-coated MQW modulator CPM405
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Transmission contrast with bias for AR-coated MQW modulator CPM405.
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FIGURE 4.4.2.4:
Transmission change and contrast as a function of bias at the optimum bias-absorbing and 
bias-transmitting wavelengths for the CPM405 AR-coated modulator.
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4.5 THE MV245 (145A WELL) TRANSMISSION MODULATOR

The MQW region of this device was designed to  have 45 x 160A quantum  
wells w ith 60A AIq 3Gag 7As barriers. The optical evidence from the 
unbiased transmission spectrum in Fig. 4.5.1 indicates that, as w ith the 
CPM405 structure, the as-grown well w idth is slightly less than specified, 
the position of the exciton peak being consistent w ith * 145A. The real 
barrier thickness will therefore be less than 60A, and is estim ated to be « 
53A, based on the apparent well w idth, the know n relative growth rates 
for GaAs and Al^GaQ 7As and the specified grow th time of the barriers.
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FIGURE 4.5.1:
Room-temperature transmission spectra with bias for the AR-coated MV245 MQW 
modulator.

The fact that the FP effects are undiscem ible means that the AR coating is 
close to optim um  and the net front reflectivity m ust be * 0.01% or less 
(see § 3.2.4). The maximum transmission level of * 70% needed no 
scaling in this instance. Accurate absorption data have been calculated for 
this structure and are to be found in § 3.3. N ote the general decrease in 
the depth  of absorption compared to the 87A well structure, i.e. the
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minimum transmission at the unbiased exciton (» 860nm) is about 10% 
higher, and this for an MQW containing * 25% m ore absorptive material. 
This loss in strength of the exciton is in qualitative agreem ent with 
theory -  we expect the overlap integral between electron and hole, which 
determines the oscillator strength for the optical transition, to become 
smaller as the well w idth increases and electron and holes are allowed 
greater spatial separation. A further consequence of the increased well 
width is the convergence of light and heavy hole states in the valence 
band. Hence it is not possible here to resolve lh and hh exdtons.

The estimate of well w idth becomes less accurate here because the 
variation in the wavelength of the exciton peak is reduced at larger well 
widths -  tending asymptotically towards the bulk optical characteristics. 
The QCSE is very m uch m ore field-broadened than  in § 4.4, w ith 
immediate loss of exciton oscillator strength with bias. Therefore BA 
m odulation is poor (Figure 4.5.2). A maximum transm ission change of 
12% is observed in this mode, however this is achieved at only 3V.
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FIGURE 4.5.2:
Transmission changes with bias for the AR-coated MV245 modulator.
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In the BT mode the transmission change is dose to that for the 87A well 
device, with a lower insertion loss (<3dB), and contrast is a respectable 
2.58dB at only 8V (Figures 4.5.3-4). We cannot expect any better than this 
w ith increased bias, even though the spectra are not show n here, because 
of the red shift of the "forbidden" transitions into the operating 
wavelength. This can be seen as a shoulder in the 8V transmission 
spectrum  at * 850nm.
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FIGURE 4.5.3:
Transmission contrast with bias for AR-coated MQW modulator MV245.
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FIGURE 4.5.4:
Transmission change and contrast as a function of bias at the optimum bias-absorbing and 
bias-transmitting wavelengths for the MV245 AR-coated modulator.
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4.6 THE MV246 (47A WELL) TRANSMISSION MODULATOR

In this section we shall again compare tw o different modulators fabricated 
from the same MQW structure. However, unlike in § 4.4, both devices 
are AR-coated. The difference is in the quality of the coating -  in one case 
there are rem nant FP effects, in the second these are almost totally 
removed. This enables us to comment on the effect of a small am ount of 
resonance on the modulation. The m odulator in question contained 75 
quantum  wells with a nominal w idth of 60A, separated by 60A barriers. 
From optical measurements we deduce that the real well w idth is 47 ± 3A, 
and from relative growth rates and times the barrier w idth is estimated to 
be closer to 53A. It should be pointed out that at this reduced well width, 
the wavelength of the e l-h h l exciton (which we use to identify the well 
width) can vary more significantly w ith small fluctuations in the well 
width. We therefore expect some noticeable variation in the exciton peak 
wavelength for devices from different parts of the same sample, as is the 
case for the two m odulators tested here.

4.6.1 DEVICE WITH IMPERFECT AR COATING

Looking at Figure 4.6.1.1 where we have plotted transmission spectra for a 
range of bias voltages, one difference between this narrow  well device and 
the previous m odulators is in the am ount of bias required to induce 
significant transmission changes. Very little happens until more than 
»10 volts are applied, equivalent to a field of « 1.3 x 105 V.cm"3, which 
agrees qualitatively with theory. It is apparent that a large increase in the 
absorption coefficient has occurred by reducing the well thickness down 
to 47A. Even w ith only « 0.32 pm  total well thickness, the transmission 
at the exciton absorption peak still drops to ~ 20% -  the same as for the 
CPM405 device (with 0.52pm) and lower than for the MV245 device (with
0.65pm).

It appears from Fig. 4.6.1.1 that the exdtonic oscillator strength is 
retained at higher fields for this structure, so that in Fig. 4.6.1.2 the 
transmission change spectra are dom inated by the bias-absorbing 
modulation. This device shows the largest transmission change of any of 
the devices studied -  almost 34% at 825nm and 16V, and the lowest 
insertion loss, bu t the effect may be enhanced by a fortuitous positioning 
of the rem aining FP oscillations.
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FIGURE 4.6.1.1:
Room-temperature transmission spectra with bias for the AR-coated MV246 MQW 
modulator (with remnant FP effects).

Just as for the AR-coated CPM405 device, the FP effects here are roughly 
consistent w ith a residual front reflectivity of * 1% (30% at the back). The 
m inim um  transm ission a t 16V seems to occur at alm ost the same 
wavelength as an FP m axim um  in the zero bias spectrum , giving rise to 
such a large m odulation. Indeed this is the only m odulator to achieve 
close to 3dB contrast in the BA m ode (Fig. 4.6.1.3). In Fig. 4.6.1.4 we note 
that the contrast in BA m ode at low biases rem ains well above that for the 
BT m ode and is * 2dB at 9V, which is not m uch less than observed in the 
w ider well devices. The m odulation in this case seems due not to field- 
induced loss of exciton strength, but to the large separation of the heavy 
and light hole excitons -  the heavy hole shifts bu t the light hole does not 
follow imm ediately behind it, giving a noticeable increase in 
transm ission.
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FIGURE 4.6.1.2:
Transmission changes for AR-coated MQW modulator MV246 (with remnant FP effects).
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FIGURE 4.6.1.3:
Transmission contrast for AR-coated MQW modulator MV246 (with remnant FP effects).
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FIGURE 4.6.1.4:
Transmission change and contrast as a function of bias at the optimum bias-absorbing and 
bias-transmitting wavelengths for the MV246 AR-coated modulator (with remnant FP 
effects).

4.6.2 DEVICE WITH FP EFFECTS REMOVED

In Fig. 4.6.2.1 we see the transmission spectra for the MV246 m odulator 
almost undistorted by FP oscillations. There is still a small am ount of 
curvature in the part of the spectrum  where there is effectively zero
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absorption. This is consistent w ith a front reflectivity of only 0.1% or less.
Com paring with Fig. 4.6.1.1 the m ain thing to notice is the apparent 

loss of resolution of the effect of absorption peaks in the shifted spectra. 
We conclude that the clear appearance of the excitons in the previous 
spectra is enhanced by the remaining FP oscillations. If the two sets of 
spectra are overlaid and the zero-bias absorption edges aligned we find 
that the Stark shifts at 12V and 16V are identical, and the transmission 
level due to the continuum absorption and at the exciton peak is roughly 
the same in both cases, so there is no problem due to variation in the 
sample quality across the wafer. The biggest difference occurs in the on 
state level at the wavelength of m axim um  transm ission change (825- 
830nm). By rem oving the FP effects the on state transmission is reduced 
from « 70% to ~ 61%, and consequently the m axim um  BA transmission 
change falls from « 34% to 24% (compare Fig. 4.6.2.2 w ith Fig. 4.6.1.2).
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FIGURE 4.6.2.1:
Room-temperature transmission spectra with bias for the AR-coated MV246 MQW 
modulator (without FP effects).
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FIGURE 4.6.2.2:
Transmission changes with bias for AR-coated MQW modulator MV246 (No FP effects).
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FIGURE 4.6.2.3:
Transmission contrast with bias for AR-coated MQW modulator MV246 (No FP effects).

-1 7 1 -



Electro-absorptive MQW Modulators

As a result of the reduction in BA transmission change the contrast is also 
smaller than before (Figs. 4.6.2.3-4), w ith a maximum value of * 2.2dB, 
which is similar to that of the AR-coated CPM405 m odulator, except that 
the bias voltage required is more than twice as high.
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FIGURE 4.6.2.4:
Transmission change and contrast as a function of bias at the optimum bias-absorbing and 
bias-transmitting wavelengths for the MV246 AR-coated modulator (without FP effects).
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4.7 THE CPM405 (87A WELL) REFLECTION MODULATOR

In an attem pt to improve the m odulation attainable w ith the basic MQW 
p-i-n structure a highly-reflective gold coating was deposited on the back 
surface of a CPM405 device originally fabricated to operate in 
transmission. If one assumes that the gold acts as a perfect reflecting 
surface, then the contrast ratio for this type of device, which is effectively 
like a double-pass transmission m odulator, will be the square of that for 
the single pass device since the optical path length is doubled in the 
simplest approximation. A device of this type was used as a combined 
m odulator and photodetector in a fibre-optic transmission system by 
Wood et al [12].

A GaAs-AlGaAs MQW m odulator operating in reflection w ith an 
integral quarter-wave stack reflector was dem onstrated by Boyd et al. in 
1987 [13]. Contrast of 8:1 was achieved but at the expense of a relatively 
high insertion loss (Ron was only « 25%), the device operating best at the 
unbiased exciton peak wavelength. The metal coating used here to 
realize a reflection device was the simplest alternative available at the 
time, having ourselves not yet investigated the grow th of sem iconductor 
m ultilayer stacks.

Figure 4.7.1 shows the result of this first rough attem pt at m aking a 
reflection m odulator. Unfortunately, the effects of FP resonance were not 
considered, and the possibility of applying an AR coating to the front 
surface of the m odulator was not available in this instance. We used the 
experimental apparatus of Figure 4.2.2.1 w ith the detector suitably 
positioned to record spectra of reflected intensity at various bias voltages. 
The absolute reflection was calibrated by norm alizing the reflected 
intensity spectra from the MQW device to that from a freshly-deposited 
gold film. It is immediately obvious from the reflection spectra that 
strong interference effects are occurring which not even the absorption in 
the MQWs can dam p out. The effect of the e l-h h l absorption peak can be 
seen as a reflection m inim um  at about 846nm. The strongest m odulation 
occurs between 850-860nm, w ith an apparent m axim um  reflection change 
of only *15%  and a contrast ratio of * 2:1. The fact that these figures are 
not better than those for the single-pass transmission device can be 
ascribed to the depth of the FP resonance which coincides exactly w ith the 
wavelength band in which the largest absorption changes occur, and  
reduces the on-state reflection to only « 25%. We w ould norm ally expect
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the metallic coating at the back of the device to provide a reflectivity of at 
least 90% in this part of the optical spectrum. This, coupled with a front 
reflectivity of * 30%, should produce m uch shallower interference 
fringes, where absorption is low, than observed here.
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FIGURE 4.7.1:
Room-temperature reflection spectra for MQW modulator CPM405 with gold coating on 
back surface.

For example, w ith Rf = 0.30, Rb = 0.90, we can calculate a reflection 
m axim um  and m inim um  of * 0.97 and  * 0.70 respectively, where a  = 0 
(see Eq. A19). This is obviously not the case experimentally. One reason 
for this may be that the gold layer, which was estimated to be « 160A, is 
not thick enough to make the back reflectivity as high as 90%.

Further calculation indicates that the observed reflection values in the 
low absorption region of the spectrum  are consistent w ith Rf = 0.30,
Rb = 0.73. From the transmission spectra in Fig. 4.4.2.1 we can deduce that 
the a d  factor for this material is « 0.56 at » 817nm, the wavelength at 
which an FP resonance occurs in Fig. 4.7.1. In theory, w ith this am ount of 
absorption, we should observe less than 1% reflection at resonance (see 
Eq. A17). In subsequent m easurements on reflection m odulators it was
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discovered that there was a significant am ount of background scattered 
light (see § 6.6.2) and this is certainly the most likely reason for the 10% 
m inim um  reflection observed for this device. H ad  the background light 
been rem oved then the real contrast for this device w ould probably have 
been at least 15:1 (11.8dB), but with an insertion loss of m ore than 8dB, 
m uch larger than that of the CPM405 transm ission m odulator for 
example.

We shall consider MQW reflection m odulators further in the next two 
chapters.
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4.8 LIMITS TO MODULATION AT NORMAL INCIDENCE IN 
MQWS

Recently Stevens and Parry [14] have theoretically assessed the ultimate 
performance of normal-incidence GaAs-AlGaAs MQW m odulators. The 
model which they used has previously been used successfully to predict 
Stark shifts and absorption changes in MQW structures, as deduced from 
some of the room -tem perature photocurrent m easurem ents reported in 
Chapter 2 [15]. Extending this basic work, the m odulation achievable in 
single- or double-pass MQW devices, w ith line-broadening effects such as 
well w idth fluctuations and background doping, was optim ized. The 
devices under consideration were confined to the BA m ode of operation,
i.e. the operating point is at a longer wavelength than that of the unbiased 
e l-h h l absorption peak. It was found that for a given operating voltage 
there exists a m axim um  transm ission/reflection change (or contrast) 
defined by an optim um  num ber of quantum  wells. This is illustrated in 
Figure 4.8.1.
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FIGURE 4.8.1:
Calculated maximum transmission change as a function of the absorber thickness and bias 
voltage for an MQW transmission modulator with one surface perfectly AR-coated. 
(Adapted from Stevens and Parry, Ref. 14).

W ith a lower num ber of wells than optim um  the m odulation is reduced 
by the decrease in the am ount of absorbing material (although the change
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in absorption coefficient can rem ain high), while a higher than 
optim um  num ber begins to reduce the electric field and thus the Stark 
shift of the absorption edge to the extent that the absorption change is 
reduced. The edge-broadening effect of background doping is also 
increased.

This calculation is for a device w ith 2 x 1015cm"3 background doping in 
the MQW region, r.m.s. well w idth  fluctuations of the order of 1 
monolayer (« 2.8A) and the front surface perfectly AR coated.

In the case of 100A wells w ith 60A AlGaAs barriers, which is the 
nearest comparison with our CPM405 (87A well) device, the maximum 
calculated transmission change for 60 wells is around the 26% mark, at 5V 
bias. This is shown in Figure 4.8.2, where we have plotted the "envelope" 
of maximum transmission change, optim ized for a given bias voltage. It 
is w orth noting that, although the optim um  num ber of wells increases 
almost linearly w ith bias voltage, there is little to be gained in 
m odulation by using m ore than *70 wells and 6V bias. The transmission 
change limits because of background doping broadening of the excitonic 
absorption edge.
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FIGURE 4.8.2:
Optimum number of quantum wells and maximum transmission change as a function of bias 
voltage for an MQW transmission modulator with one side AR-coated. Well width is 100A 
and barrier width 60A, with 0.3 A1 mole fraction (adapted from Stevens and Parry, Ref. 
14).

In practice we have observed a maximum AT of 26.3% w ith a bias of 6V,
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which is in excellent agreement w ith the data above. The small 
discrepancy in bias voltage could be due to the difference in well w idth 
betw een the experiment and the model. For our smaller experimental 
well w idth we would expect to need a slightly higher field to obtain the 
optim um  Stark shift, hence the higher bias, and also achieve a slightly 
higher m axim um  absorption change because of the higher peak exdtonic 
absorption w ith narrower wells, hence the larger transmission change.

We m ust also consider the possibility that the good agreement m ay be 
due to an enhancement of the underlying m odulation by the residual FP 
oscillations. Since we have no spectra for the CPM405 m odulator which 
are unaffected by resonance we cannot directly check this. However, 
when we consider the MV246 device, w ith * 47A wells, we find there is a 
m arked difference in the maximum AT achieved with or w ithout FP 
effects, even though the m agnitude of the oscillations is consistent w ith 
only * 1% reflectivity remaining at the front surface. W ith FP effects left 
in we get 33.9% maximum AT, w hen they are rem oved this is reduced to 
24.0%, in both cases at 16V (see Table 4.1, Figs. 4.6.1.2,4.6.2.2). Stevens and 
Parry calculate that, with an optim um  bias of 15V for 75 x 50A quantum  
wells, we should expect a maximum transm ission change of 24.5-25.6% 
[14], which is in better agreement w ith the data  for the m odulator which 
has the FP effects removed.

A com plem entary experimental study of the effect of well w idth on 
electro-absorption in GaAs-AlGaAs MQWs has recently been carried out 
by Jelley et al [16,17]. They investigated 5 well w idths in the range 
50-260A, and  in all devices held the total GaAs (quantum  well) thickness 
constant at 0.5|im, with all wells separated by 100A Alo.3 2 Gao.68As barriers. 
The em phasis in their work was on the optim ization of well w idth  for 
m axim um  absorption change, which as we have outlined is not the only 
factor determ ining the m odulation achievable, however it is useful to 
compare our experimental absorption changes w ith theirs.

In Fig. 4.8.3 we have plotted the data of Jelley et al. for maximum 
absorption change as a function of applied field. The well w idths of 105A 
and 50A are closest to our CPM405 and MV246 devices respectively, for 
which we have also plotted the estim ated m axim um  absorption change 
taken from Table 4.1 ( see § 4.9). The agreement for the w ider well is quite 
reasonable, our device requiring a slightly higher field to achieve 
m axim um  Aa, which can simply be explained by the well w idth 
difference (our 87A compared w ith their 105A).
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FIGURE 4.8.3:
Maximum absorption change as a function of applied electric field for two 
different well widths (after Jelley et al., Reference 16) with experimental data 
from this chapter superimposed for comparison.

For the narrow  well Aamav is much lower for our m odulator with the best
I l i a  X

AR coating (§ 4.6.2). However, if we consider the device w ith rem nant FP 
effects (§ 4.6.1) the agreem ent is m uch better. The problem is that in this 
case the assum ption m ade in calculating the absorption change is less 
accurate, so the agreement is likely to be coincidental. It m ay be that the 
disagreement is simply due to inaccuracy in assigning the well width. If 
the well w idths are in actual fact significantly different, e.g. 55A & 43A, 
rather than 50A & 47A, this could strongly affect the electro-absorption, 
since the exciton peak height and QCSE change m ore rapidly with well 
w idth w hen the wells are narrow.

Figure 4.8.4 shows more data taken from reference [16], which gives 
some indication of the optim um  choice of well w idth  for an MQW 
m odulator. The interesting point is that there is a fairly broad maximum 
in the curve of Aamax per unit electric field, which suggests that an 
optim um  well w idth m ay be * 120A. The question rem ains whether the 
decrease in Aamax due to using a slightly w ider well w idth is more than 
offset by being able to use a larger num ber of wells for a given bias (since 
the field for Aot v is lower).

I I l a A
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FIGURE 4.8.4:
Well width dependence of the maximum absorption change for GaAs quantum wells 
separated by Alo.32Gao.68 As barriers (after Jelley et al., Reference 16).
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4.9 SUMMARY

4.9.1 COMPARISON OF MQW MODULATION WITH BULK GaAs

The performance of the devices studied in §§ 4.3-4.6 is sum m arized below 
in Table 4.1. Maximum absorption changes are based on the m easured 
maximum contrast and Eq. (4.2). Operating wavelengths are dependent 
on the well w idth used and cover the range * 820-870nm, the particulars 
for each device being given in the relevant section of this chapter.

TABLE 4.1:

Summary of the characteristics of the MQW transmission modulators reported in §4.3-4.6.

Device
Name

Absorber
Thickness

(|im)

Maximum
Contrast

(dB)

Maximum 
Transmission 
Change (%)

Insertion 
Loss (dB)

Operating 
Voltage (V)

Maximum Change 
in Absorption 

Coefficient (cm1 )

CPM7
0.550 BT 1.76 +14.5 3.76 6 » -7,370

(55xl00A) BA 0.90 -12.5 1.80 6 » +3,770

CPM405* 0.522 BT 3.38 +26.3 3.19 12 *-15,220

(Rf«l%) (60x87A) BA 2.21 -26.3 1.80 6 » +9,750

MV245 0.652 BT 2.58 +242 2.65 8 »-9,110

(Good AR) (45xl45A) BA 0.87 -12.0 1.77 3 » +3,070

MV246* 0.353 BT 2.62 +19.0 3.75 16 *-17,090
(Rf» 1%) (75x47A) BA 2.91 -33.9 1.61 16 » +18,980

MV246 0.353 BT 2.19 +13.7 4.60 16 « -14,280

(Good AR) (75x47A) BA 2.19 -24.0 2.00 14-16 * +14,280

* signifies devices for which there were still noticeable -  ®ias transmitting, i.e. transmission
Fabry-Perot effects in the transmission spectra, even after increasing with bias
AR coating BA = Bias absorbing, i.e. transmission

decreasing with bias

We have clearly dem onstrated the im provem ent in m odulation to be 
gained from using MQW GaAs-AlGaAs rather than bulk GaAs in 
normal-incidence electro-absorptive optical m odulators. The MQW 
devices all outperform their bulk counterpart, regardless of the w idth of 
the quantum  wells used, in  contrast and transmission change. In Table
4.2 we show some projected optim um  performance figures for GaAs 
transmission m odulators based on recent m easurem ents on high purity
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GaAs p-i-n diodes by W ight et al. [10].

TABLE 4.2:
Performance of bulk GaAs normal-incidence modulators

GaAs
thickness

(pm)
ot(0) 

(per cm)
a(V) 

(per cm) Ton(%) TrfW AT (%) Contrast
(dB)

Insertion 
Loss (dB)

Bias
(V)

1.0 940 2500 64 55 -9 0.64 1.94 * 8.5

2.0 940 2500 58 42 -16 1.35 237 = 17

1.0 9400 4600 44 27 +17 2.12 3.56 *20

1.5 9400 4600 35 17 +18 3.13 4.60 *30

BA = bias absorbing, BT = bias transmitting,
Operating wavelength » 877-880nm (F=85 Operating wavelength * 868-870nm (F=200
kV/cm) kV/cm)

The modulation figures are calculated for a device with a perfect front anti-reflection 
coating. Electro-absorption data have been taken from Wight et al., Ref. 10.

Referring back to Table 4.1 we find that the MQW devices generally 
achieve higher m axim um  contrast ratios and m axim um  transm ission 
changes than a bulk modulator. Furtherm ore smaller bias voltages are 
needed. M odulation achievable w ith MQWs is as high as 0.37dB per volt 
and typically 0.2-0.3 dB per volt, w ith transmission changes of up to 4.4% 
per volt, whereas with bulk GaAs we can only expect a maximum of 
O.lldB per volt and 1.1% per volt respectively.

The m ost recent available m odulation data for a high quality, 
epitaxially-grown bulk GaAs m odulator working at normal incidence 
further underlines the superiority of MQWs. Leeson et al [16] have 
observed a maximum transmission change of 20% with 20V bias in the 
BA mode. They also suggest that the performance of their device was 
enhanced by Fabry-Perot effects.

MQW m odulators exhibit lower insertion losses, w hether w orking in 
the BA or BT mode. In the first case this is due to the sharpness of the 
excitonic absorption edge (particularly in the case of narrow  quantum  
wells), and in the second case due to the ability to Stark shift the exdton  
strongly from its zero-bias wavelength, w ith the quantum  confinement 
helping to m aintain the oscillator strength up to high fields.
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4.9.2 OPTIMUM WELL AND BARRIER WIDTHS

The choice of well w idth for an ideal m odulator depends very m uch on 
w hat is required of the device. It is not possible to say that a particular 
well w idth  is the absolute optim um  because no single structure offers the 
best perform ance in terms of contrast, transm ission change, insertion loss 
and operating voltage simultaneously (see Table 4.1). In fact, because the 
total thickness (wells + barriers) of the MQW structures used here was 
kept to less than 1pm, there is not a huge variation in performance of the 
three different devices. We note that there are qualitative changes in the 
appearance of the excitonic structure with increasing bias, but because the 
expected reduction in the achievable change in absorption coefficient 
with increasing well w idth is roughly offset by the increase in the ratio of 
wellibarrier thickness, the im portant factor for transmission, e_ad, changes 
less dramatically.

Barrier thickness is an im portant consideration. As far as m odulation is 
concerned the barriers are excess material, and only serve to increase the 
total thickness of the MQW structure and hence the bias required for a 
given Stark shift. However, in minimizing the thickness of the barriers 
one m ust also consider the limit at which significant electronic coupling 
starts to occur between adjacent wells. This is an undesirable effect which 
will sim ply degrade the QCSE. Thus we are faced w ith a lower limit to 
the barrier thickness which we estimate to be in the region of 40A1, and 
which w ould tend to discourage the use of well thicknesses of less than 
« 80A, firstly to keep the welkbarrier thickness ratio high, and secondly 
because the probability of coupling increases as well w idth is reduced.

We can m ake one or two points about limits to the choice of well width.
If low voltage operation is required, e.g. 10V or less, then firstly the total 
MQW thickness m ust be kept to about 1-1.5pm so that the fields being 
applied are in the 70-lOOkV.cm"1 range, and secondly the well w idth m ust 
be in the range * 80-150A, depending on w hether the device is operated as 
BA or BT. The only justification for using narrow  wells is to obtain the 
m axim um  BA transm ission change. The draw back is the 16-20V

* Very recently we have observed well resolved excitons in an MQW structure consisting of 9 5 A  

quantum wells separated by 4 0 A  barriers. With bias, significant absorption changes occur far from 
the absorption edge, unlike the MV368 sample of Ch.3 where the barriers are =35A. It therefore 
appears that we have found roughly the minimum barrier width to avoid strong inter-well coupling 
-  at least for wells of *100 A.
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required to achieve this. Narrower wells would further exacerbate the 
problem and m ay result in poorer m odulation because of the reduction in 
well:barrier ratio.

To emphasise further the point that there is not a great deal to be gained 
by changing the well w idth from the usual 90-100A, in a very recent 
theoretical optim ization of m odulation, Cho and Prucnal [18] concluded 
that the bias-absorbing contrast ratio for a single-pass transmission 
m odulator could in principle be im proved by only * 20% using a 1pm 
thick 75A/78A GaAs/AIq ^ G a ^  As MQW structure, rather than a more 
conventional 95A/98A GaAs/Alg^oGaojoAs structure. This, however, 
requires a two-fold increase in the required electric field /b ias voltage, in 
line w ith w hat we find on reducing the well w idth  from « 87A to * 47A.

4.9.3 GENERAL COMMENTS

Comparison w ith modelling by other authors [14,18] shows good 
agreement between predicted and m easured device performance, with the 
appropriate scaling. Even though the devices tested here m ay have fewer 
wells than prescribed for maximum m odulation, their perform ance is not 
significantly less than optim um , as w e have show n in transm ission 
change. Furthermore, if the operating voltage is lim ited, then the 87A 
well device does indeed achieve the ultim ate perform ance for MQW 
transm ission m odulators.

Although a comprehensive investigation of a w ide range of well 
w idths has not been carried out here, the recent w ork of Jelley et al. [16], 
which defines the m axim um  absorption changes per un it applied field, 
leads us to conclude that the devices investigated here roughly represent 
the practical upper and lower well w idth limits (= 150A and 50A) for 
MQW m odulators, w ithin our specified voltage constraints.

It appears that FP effects may have noticeably enhanced the maximum 
transmission change for one of the devices w ith a non-ideal AR coating, 
namely the MV246 structure. We can compare the perform ance of 
MV246 with and w ithout the FP effects, and see the reduction in 
m odulation as resonance is removed. Of course it is also possible for 
interference effects to reduce the m odulation. Simple calculations already 
described in Chapter 3 show that, for typical changes in absorption (see
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Table 4.1), the transmission change can deviate by « ±5% w hen the FP 
oscillations are of the am plitude which we have observed experimentally.

In the chapter which follows we shall pursue the idea of modulators 
based on MQWs within Fabry-Perot cavities, where, in this case, the use 
of resonance effects is intended to be beneficial.
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5.1 INTRODUCTION

The results from the work described in the previous chapter show that 
the m odulation achievable, w ithin certain operating constraints such as 
low bias voltage, using only a single pass in a MQW transmission 
m odulator is limited to around 2-3dB w ith a m inim um  of * 6V bias. It 
was noted that using various well w idths affects the bias voltage needed 
and the optim um  operating wavelength. However, it does not help to 
increase the contrast. Therefore we m ust seek a way of im proving the 
device performance (contrast or T /R  changes) other than altering the 
MQW structure itself. Merely increasing the total num ber of quantum  
wells can obviously give higher contrast [1], bu t this is achieved at the 
expense of increased bias and insertion loss. Ideally we wish to keep the 
thickness of the region over which the m odulating field is applied, i.e. the 
MQWs, as small as possible in order to minimize bias voltage and the 
detrim ental effect of background doping, whilst m aking the incident light 
interact as strongly as possible w ith the MQWs. Hence we m ust increase 
the path  length for light passing through the device.

One m ethod of increasing the interaction region for an optical 
m odulator is to use a w aveguiding structure in which the light is 
confined to propagate parallel to the plane of the quantum  wells, and in 
this case, perpendicular to the direction of the applied field [2, 3].
However, this m ode of operation presents its ow n particular problem s in 
getting the light into and out of the device (by end-fire or grating 
coupling), and makes the fabrication of 2-D arrays of m odulators 
extremely difficult. Because the interaction length of w aveguide devices 
is typically of the order of 100’s of microns, and propagation is restricted to 
discrete modes, the optim ization [4, 5] of such structures incorporating 
quantum  wells is m arkedly different from that of normal-incidence 
m odulators, and further discussion is beyond the scope of this thesis.

The alternative m ethod of increasing the effective optical path 
through a normal-incidence device is to incorporate it into a resonant or 
Fabry-Perot (FP) cavity, which in the m ost general sense means having a 
finite reflectivity at the input and ou tpu t facets to the device. Light 
travelling through the device is m ade to bounce back and forth through 
the active MQW layer, incurring increasing field-induced attenuation 
(electro-absorption) and phase shift (electro-refraction) as the cavity 
m irror reflectivities are increased. The basic MQW transm ission
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m odulator w ith no anti-reflection coatings is intrinsically a low-finesse 
FP cavity. To achieve maximum effect it is norm ally considered 
necessary to use reflectivities as high as possible, and indeed, initially, the 
ultim ate aim of this project was to investigate the properties of an MQW 
m odulator built in to a high-finesse cavity. It was expected that as the 
electro-absorptive effects were known to be strong, then, because of the 
link through the Kramers-Kronig integral, electro-refraction w ould be 
likewise. Efficient m odulation would therefore be achieved by the phase 
shift of sharp transmission or reflection resonances due to electro
refraction as shown in Figure 5.1.1.

With bias 
applied 

(An + Aa)

OV

AR

Wavelength, X

FIGURE 5.1.1:
Schematic of modulation principle in a high finesse FP cavity. Electro-refraction 
shifts the cavity resonance. Electro-absorption raises the reflection minimum.

During the course of this work this particular idea was independently 
proposed and investigated by a num ber of other research groups, both 
theoretically [6, 7] and experimentally [8,9].

In this chapter we shall investigate theoretically how  combining a variety 
of front and back surface reflectivities with the electro-absorptive and 
electro-refractive properties of MQWs may im prove the perform ance of 
both transm ission and reflection modulators. We discover that, in the 
case of high finesse devices, it is not possible to consider only electro- 
refractive effects. The presence of even small am ounts of electro
absorption can have a m arked effect on device performance, increasing
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insertion loss and decreasing modulation. As an alternative, we shall 
dem onstrate how  efficient m odulation m ay be achieved in a low-finesse 
cavity, w ith only one high reflector at the back of a device and optimized 
use of resonant electro-absorption.
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5.2 SIMULATION OF MQW FABRY-PEROT CAVITY 
MODULATORS

5.2.1 BASIC FEATURES OF THE CAVITY MODEL

We have modelled the MQW FP cavity m odulator in a sim ple way, 
choosing to concentrate on the way the electric field-induced changes in 
absorption and refractive index w ithin the MQWs combine w ith the 
resonances of the cavity to im prove m odulation, rather than considering 
in detail the subtleties of the optical properties of the m ultiple 
semiconductor layers which may make up the cavity. Here, for example, 
we avoid the m atrix-type calculations [6, 7] required to sim ulate the high 
reflectivity band for cavity m irrors constructed from semiconductor 
m ultilayer stacks (MLS), which consist of m ultiple quarter-wavelength 
layers of two materials of differing refractive index. That problem is 
addressed in Chapter 6.

Figure 5.2.1.1 shows the structure of the Fabry-Perot cavity for which 
we have m odelled the transm ission and reflection m odulation 
characteristics for light at normal incidence.

Incident t 
Intensity

Reflected T? T 
Intensity

R,

P*
AlGaAs

i-MQW

AlGaAs

Transmitted T T  
Intensity

d nwLw

FIGURE 5.2.1.1:
Schematic diagram of the Fabry-Perot cavity model used in the calculations.
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The cavity thickness, L, is set at 20 half-wavelengths, which is in the 
region of 2.5|im -  the exact value depending on the desired position of 
the resonant wavelength relative to the MQW absorption edge. Note that 
this is not the same as the total thickness of the MQW region, which is 
given by (nwLvv + n^*), where nw(b) is the num ber of wells (barriers) and 
Lw(b) is the well (barrier) thickness. Also nb= nw ± 1. W here we refer 
subsequently to the absorber thickness, d, we mean the total thickness of 
the quantum  wells only, i.e. n^yL^.

For a Fabry-Perot cavity, such as in Fig. 5.2.1.1, with a linear absorption 
coefficient a  (in the quantum  wells only), and a mean refractive index nm 
(calculated for the whole p-i-n), in the plane wave approxim ation w ith 
light incident normally, the transmission T and reflection R can be 
expressed as follows:

T =
(1 + F sin <|>) .(5.1)

( B + F sin <|)) 
(1 + F sin2<j>) .(5.2)

w here

F = 4R(X
( 1 ~ Ra)2  (5.3)

A  = (1 -  Rf) (1 -  Rb) exp (- ad)

( 1 - R a ) 2  (5 .4 )

B = RfL 1 V R / J["©]
(1 -R a)2   (5.5)

and

R<x = VRfRb exp (- cd)
.(5.6)

. 2rc«_L
4> = — r 21-   (5.7)
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The cavity finesse, % is expressed as:

j  = JiJI
2  (5.8)

Absorption spectra for * 100A quantum  wells at various applied electric 
fields have already been determ ined in Chapter 3 from room -tem perature 
m easurem ents of photocurrent in an MQW p-i-n diode (sample KLB461 
in § 2.6.1). Using this set of data we have calculated absorption changes 
and hence electro-refraction spectra according to the Kramers-Kronig 
integral, as described in Chapter 3. Figures 5.2.1.2 & 5.2.1.3 show the 
spectra which have been used in the modelling of the response of the FP 
cavity modulator. This range of fields is sufficient to include the 
m axim um  values of Aa and An in both positive and negative senses and 
thus allows the maximum m odulation to be modelled.

30000
0.0

33.3 
66.7

100.0
133.320000 -

Field (kV/cm)

C/5

< 10000

880830 840 850 860 870 890
WAVELENGTH (nm)

FIGURE 5.2.1.2:
Absorption spectra for =100A quantum wells derived from room temperature photocurrent 
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We use these spectra, w ith chosen values of Rf and Rb, to calculate the 
transm ission or reflection m odulation from the unbiased state for an 

MQW FP cavity according to equations 5.1-5.7. W ith a  -» a  + Aa and n -» 
n + An sim ultaneously, both the internal loss factor, e _ad, and the phase 
term, <|>, in the FP equations are affected.

It should be pointed out that the calculated absorption spectra in this 
case do not give particularly good agreement w ith the electro-absorption 
sum  rule (as explained in Chapter 3) due to bias and wavelength 
dependence of the quantum  efficiency for fields less than * lOOkV/cm. 
There is * 10% variation in the integrated absorption over the bias range. 
However, the calculated maximum absorption changes are in reasonable 
agreem ent w ith the data from the 87A well transm ission m odulator of 
Chapter 4. O ur calculated electro-absorption and electro-refraction data 
are also in close agreem ent w ith the calculations of W einer et al. [10], 
based on direct m easurem ent of transmission m odulation.

It was known that the absorption changes in the KLB461 sample 
would be affected by excitonic broadening due to background doping in 
the quantum  well region. This was estimated to be * 5 x 1015 cm '3 in 
Chapter 2. W ith m ore recent MQW samples, which have show n lower 
background doping and therefore noticeably sharper excitonic spectra 
w ith applied bias, slightly larger Aa's could be expected, and so the 
modelled spectra perhaps ought to be regarded as a fairly conservative 
estim ate of resonant device performance.

The num ber of quantum  wells can be selected in the program  -  fewer 
wells giving smaller m odulation but the advantage of lower bias voltage 
for a given field. However, here we have chosen a fixed MQW structure 
of 62 GaAs wells, 100A thick, and 61 barriers of 60A Alg 3GaQ 7As. This 
gives a total thickness of * l|im . We select this particular structure as a 
suitable compromise in order to keep bias voltages < 10V for the fields 
which give the largest absorption changes in our data.

The applied field and cavity length, L, are varied to produce the 
optim um  m odulation for a given pair of m irror reflectivities. This is 
subject to the constraints that insertion loss m ay not exceed 3dB, i.e. the 
"on" state, w hether in transmission or reflection, m ust be a t least 0.5, and 
the bias voltage m ust rem ain below 10V. This target specification is of 
course som ewhat arbitrary, but we believe that a num ber of applications 
for MQW m odulators will require at least this level of performance.
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The m ain approximations m ade in the modelling are:
(a) Spectral dispersion and spatial variation of the unbiased refractive 

index of the cavity are ignored. By spatial variation we m ean the change 
in index as one passes from AlGaAs to GaAs layers through the structure, 
which produces small reflected components according to the simple 
Fresnel equation. These reflections are considered to be negligible because 
of the small index mismatch (An * 0.2). A weighted m ean index, n ^  of 
3.37 was calculated for the cavity at a wavelength of 850nm, based on the 
effective AlGaAs content of the typical MQW p-i-n diode used in our 
experiments and published experimental index data [11,12]. This cavity 
index was kept constant throughout. The justification for this is that in 
the small wavelength band (« lOnm) where significant m odulation 
occurs the dispersion of the index is so small that it has no significant 
bearing on the m odulation characteristics. Furthermore, as long as the 
calculated nm lies between that of GaAs and AlGaAs at the operating 
wavelength there is no effect on the m agnitude of the m odulation 
achievable with a cavity of a given finesse. Any discrepancy between the 
real index of the cavity and that used here will simply cause a shift in 
operating wavelength for a particular chosen cavity thickness, which 
ultimately, in practice, will need to be optim ized over several grow th 
runs. The effect of the changes in index induced by an applied electric 
field is a more im portant consideration in calculating m odulation spectra.

(b) For the purpose of simplifying the definition of the cavity thickness 
the cavity mirrors are assum ed to be "hard" reflectors, i.e. w e assum e that 
all reflections take place at the interfaces between the p-i-n structure and 
the external mirrors. This is certainly the case w here the m irror is simply 
the semiconductor : air interface (R « 0.30), or a metallic coating on the 
semiconductor. It is not so w hen the reflector is distributed as in the 
MLS, which could be incorporated as one of the doped contact layers. 
However, the details of how  the m irrors are formed are not critical to the 
m odulation calculations. We assume that any arbitrary reflectivity can be 
fabricated by some technique, and also ignore any spectral variation for 
the same reasons that the index dispersion is neglected in (a).

(c) The linear electro-optic (LEO) effect has not been included. At 
wavelengths close to the absorption edge of the MQWs, w here enhanced 
effects due to the QCSE are observed, the quadratic electro-optic effect 
associated with the shift of excitonic transitions is significantly stronger. 
Glick et al. have observed little dispersion in the linear electro-optic
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coefficient, r, and close agreement with the bulk GaAs value of « 1.3 x 
10~10 cm /V , in an MQW waveguide structure at ~ 20nm away from the 
unbiased heavy-hole exdton peak [13]. The refractive index change due to 
the linear effect is given by An = n3rE /2 , where E is the electric field.
For a field of 100 kV /cm  and an index of ** 3.5 this gives us a An of ~ 3 x 
10-4. The calculated spectra above (Fig. 5.2.1.3) show peak positive index 
changes of « 1 x 10~1, roughly 30 times larger, when scaled to represent the 
whole MQW structure.

(d) The modelling has only been carried out for light at normal incidence, 
in which case there is no polarization dependence. For off-normal 
incidence the reflectivity of MLS cavity mirrors will have both angular 
and polarization dependence [14], as will the phase change on reflection 
in the case of metallic layers. Also, the phase change on reflection from 
an MLS is only n at the mid-point of the high reflectance band [14]. 
Although we have not taken account of phase changes other than n at the 
mirrors, the effect will only be to change the apparent thickness of the 
cavity -  something that will require optimization in the growth process 
rather than a detailed computer simulation.

5.2.2 OPTIMIZATION OF MODULATORS

(a) The M Q W  Structure, Fields and Bias:
In the sections which follow we shall present calculated m odulation 
spectra for a range of FP cavity devices in which the MQW structure is of 
a fixed thickness. In this case the bias voltage is determined for a given 
applied field and we can compare the range of cavities for one particular 
operating regime. This does not necessarily mean that all the devices are 
optimized, it is just a convenient way of assessing varying degrees of 
resonance. Optimization depends very much on what is required of the 
m odulator, so the calculations here are only intended to give a general 
feel for w hat can be achieved.

Should a more comprehensive optimization be necessary, then, for a 
cavity whose front and back reflectivities and length, L, are specified, it is 
a reasonably straightforward matter to optimize the m odulation for a 
given maximum bias voltage. For each of the biased spectra in our MQW 
electro-absorption and electro-refraction data files the average electric 
field is fixed, ranging from 16.7 to 100 kV.cm"1. This sets an upper limit
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on the num ber of quantum wells (each 100A thick) for each field, 
according to the desired bias voltage in the model. We assume that the 
field non-uniformity effects due to background doping, which can become 
very marked for large numbers of wells, can be ignored for the total 
MQW thickness considered here. Thus the voltage "applied" to the 
modelled device is simply the product of the average electric field and the 
total thickness of wells + barriers. In keeping with the devices studied in 
the last chapter the barrier thickness has been fixed for these calculations 
at 60A. As already mentioned, the barriers should be m ade as thin as 
possible, w ithout well to well coupling occurring, so as to minimize the 
bias voltage. Recent modelling and m easurement has indicated that 
barriers as thin as 40A could be successfully used [15].

Once the maximum number of wells is determined, for each field we 
can calculate and compare biased and unbiased transmission (T) or 
reflection (R) spectra to decide which combination of field and total MQW 
thickness offers the best modulation, which may be in terms of AT, AR or 
contrast. In practice, the choice will be dependent on the application. 
Obviously, to keep the voltage fixed, as the chosen applied field increases, 
the maximum num ber of wells allowed m ust decrease, which results in a 
trade-off between the amount of absorption change and the Stark shift of 
the absorption edge.

(b) The Cavity Length:
The optimization of the cavity length, L, is very im portant since the 
cavity length determines the position of the FP resonance relative to the 
MQW absorption features in the spectrum. Thus it will have a bearing 
on how  much modulation may be achieved, and we shall show that this 
may be significant even with fairly low-finesse cavities.

Once we have decided on the m irror reflectivities and MQW structure 
for which we w ant to obtain the optimum modulation characteristics, it is 
still possible to select a range of values for the cavity length which, for a 
given input wavelength, will set the initial (unbiased) detuning from 
resonance somewhere between ± iz/2 radians. It is therefore necessary to 
find the wavelength at which the presence of an FP resonance will have 
the m ost beneficial effect. To do this with a m inim um  of computing time 
we make the assumption that the maximum m odulation occurs at the 
unbiased resonant wavelength. This is not always exactly the case, e.g. 
when electro-refractive effects come into play and shift the cavity 
resonance the largest effects may occur at the biased resonance, but even
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in this case the approximation allows us to home in more quickly on the 
optim um  cavity length.

Having m ade the assumption above, we then calculate the biased and 
unbiased transmission or reflection -  whichever is more im portant 
according to the m irror reflectivities used -  across the whole spectrum 
where significant absorption and index changes take place, with the phase 
term, <[>, set to zero at all wavelengths. We call this a zero-detuning  
(ZD) spectrum, since it is equivalent to putting a resonance at every 
wavelength, and thus gives us an envelope of maximum modulation 
from which we can select the wavelength at which modulation is greatest 
to be the resonant wavelength for the cavity. The optim um  cavity length 
is simply determined from this wavelength and the refractive index. The 
spectra can then be recalculated for the fixed cavity (FC) case.
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FIGURE 5.2.2.1:
Zero-detuning and fixed cavity transmission spectra for an MQW FP cavity modulator 
with RfsO.50 and Rb=0.70. Applied field is lOOkV/cm and the cavity length is 2J571jim.

The optimization is illustrated in Figures 5.2.2.1-2, where both the ZD 
spectra and the optimized FC spectra are displayed to show their 
relationship. The calculations are for an arbitrary cavity w ith Rf = 0.50, Rb
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= 0.70, the standard MQW structure m entioned above (62 x 100A wells), 
and a cavity length (in the fixed cavity case) of 2.571pm.

In Fig. 5.2.2.1 (previous page) we show the transmission spectra with 
and w ithout bias for the ZD and FC calculations. The former curves are 
generated simply by setting the cavity length to 0, which although 
unphysical has the same effect as m aking the phase, <)>, equal to an 
integral m ultiple of k radians. It can be seen that the unbiased curve for 
the FC case, which has a resonance peak at * 866nm, only touches the ZD 
curve at the resonance. Similarly, the biased FC curve crosses the biased 
ZD curve at the same wavelength. In the biased case the transm ission 
resonance has shifted due to the electro-refraction leaving a lower level of 
transm ission at the unbiased resonant wavelength than if only electro- 
absorptive effects had occurred. Because electro-absorption and electro
refraction both reduce transmission at the unbiased resonance, one by a 
straightforward attenuation, the other by a shift of the peak, the ZD 
approxim ation will always hom e in on the optim um  m odulation point.
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FIGURE 5.2.2.2:
Zero-detuning and fixed cavity reflection spectra for an MQW FP cavity modulator with 
Rf=0.50 and Rb=0.70. Applied field and cavity length are the same as for Fig. 5.2.2.I.

The situation in reflection is more subtle. If the cavity is asymmetric, i.e.
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lower reflectivity at the front surface than at the back, m axim um  
m odulation can occur close to the biased resonance, where electro- 
refraction and electro-absorption combine to shift the resonance from the 
unbiased wavelength and reduce the level of the reflectance m inim um  
respectively.

It is clear in Fig. 5.2.2.2 that the m axim um  m odulation, w hether 
contrast (on:off ratio) or reflection change, occurs at a longer wavelength 
than the unbiased resonance. This is som ething which the ZD 
calculation cannot immediately pick up , and is due to the electro- 
refractive shift of the resonance and the effect of electro-absorption which 
lowers the reflectivity minimum. In this case we have to m ake a series of 
FC calculations, usually only 2-3 iterations, each time resetting the cavity 
length so as to p u t the zero-bias resonance at the wavelength of, for 
example, maximum contrast (Cmax)* It is found that Cmax increases 
initially from the value given by the zero-detuning calculation to a new 
m axim um  for the FC calculation, then decreases as the unbiased 
resonance is m ade to shift to longer and longer wavelengths, "chasing11 
the Cmax of the previous calculation.

H aving defined the optim ization procedure we shall now proceed to 
investigate MQW m odulators w ith a variety of in p u t/o u tp u t facet 
reflectivities. Although the initial aim  was to assess the possibility of 
enhancing optical m odulation by use of a high-finesse cavity, w ith high 
reflectivity m irrors front and back, it is instructive to consider also the 
effect of FP resonance in other devices of lower finesse. In the sections to 
follow w e shall look at three categories of MQW FP cavity m odulators 
w ith a trend towards increased finesse. All the devices m odelled have 
the same fixed MQW structure. By initially comparing the m odelled 
results w ith experimental data for low-finesse structures the validity of 
the sim ple cavity model is dem onstrated, and thus we can regard the 
results for higher finesse devices w ith reasonable confidence.
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5.3 LOW-FINESSE MQW TRANSMISSION MODULATORS

This section covers the simplest MQW modulators, with only the 
exposed semiconductor surfaces as mirrors. This is the form in which 
they were first demonstrated [16] and typical of the devices investigated 
experimentally in the previous chapter [17]. Because of the nature of the 
GaAs-AlGaAs material system and the device fabrication process (see § 
4.2.1), which leaves only a very thin active layer with smooth front and 
back surfaces, the basic MQW transmission m odulator shows Fabry-Perot 
oscillations in its optical response spectrum. Anti-reflection (AR) 
coatings are normally applied to reduce the reflectivity of the front surface 
in order to remove these effects, which have been regarded as undesirable 
due to the non-uniformity of optical response [18,19] which they may 
introduce from process to process, or indeed from device to device on a 
single processed wafer. Here we shall consider the possible benefits of a 
small am ount of residual finesse and the effect of leaving out the AR 
coating altogether. The fragility of the MQW transmission modulator, 
once the w indow is etched in the substrate, makes it rather difficult to 
apply an AR layer to the back surface of the device because of the 
mechanical and thermal stresses involved in the extra processing, hence 
we keep the back reflectivity, Rt> fixed a t » 0.30 for these calculations, 
whilst we may choose a value of front reflectivity, Rf from close to zero to 
* 0.30 to simulate various AR coatings.

5.3.1 AR-COATED TRANSMISSION MODULATORS (Rf < 0.01, Rb= 0.30)

The upper limit of 1% for the front reflectivity has been chosen to 
compare with the experimental data of Chapter 4, where the Fabry-Perot 
effects in transmission spectra were consistent with this figure. It was 
shown in Chapter 3 that even at this apparently low level of reflectivity 
there remains sufficient finesse to noticeably distort the transmission 
spectra and make the calculation of low absorption coefficients subject to 
large errors. Here we wish to determine whether the modulation is 
influenced by the device being of low finesse, as opposed to no finesse.

Modelled spectra for the non-resonant MQW transmission modulator 
with Rf reduced to 0.0001 are shown below in Fig. 5.3.1.1. It was seen in 
§ 3.2.4 that the front reflectivity m ust be decreased to this level in order to
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reduce the amplitude of the FP oscillations in the non-absorbing part of 
the spectrum to only 1%. There is good qualitative agreement between 
these spectra and those for the AR- coated CPM405 modulator which 
contained 60 wells (§ 4.4.2). If anything the experimental results show a 
more prom inent e l-h h l exciton for the biased state (Fig. 4.4.2.1), the 
difference being due to the slightly poorer quality of the sample from 
which the absorption spectra in the model were derived, and so we may 
expect slightly smaller maximum transmission changes and contrast for 
the modelled structures.
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FIGURE 5.3.1.1:
Calculated transmission spectra for a non-resonant MQW modulator with Rf = 0.0001 and 
Rb = 0.30. Device contains 62 x 100A GaAs wells with 60A AlGaAs barriers.

The m odulation spectra for the non-resonant transmission m odulator 
are shown over the page in Fig. 5.3.1.2. Maximum transmission change is 
* -26% at 6.7V.

The contrast is more than 3dB if we operate at the unbiased heavy 
hole exciton. However, the insertion loss at this point is also more than 
the 3dB limit which we set ourselves earlier, being » 4.7 dB, determined 
by the biased absorption. Moving to the biased exciton wavelength we
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FIGURE 5.3.1.2:
Calculated spectra of transmission change and contrast for a non-resonant MQW modulator 
with Rf = 0.0001 and Rb = 0.30. Derived from Fig. 5.3.I.I.
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find a peak contrast of « 2.4dB, with an insertion loss of only 1.7dB. 
Modulation linewidths are * 5-6nm for the 20% and 2dB limits.

We now consider the case of the AR-coated device where the residual Rf 
is * 0.01. This is to compare with the results of Chapter 4. The modelled 
transmission spectra, in Fig. 5.3.1.3 below, exhibit the characteristic 
oscillation in the low absorption region. The position of the peak of this 
FP resonance is set in the calculation scheme (see § 5.5.1) to give the 
optim um  modulation. Generally speaking, the resonance m ust be close 
to the foot of the absorption edge. That way, insertion loss is reduced and 
the device makes full use of the largest electro-absorptive effects.
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FIGURE 5.3.1.3:
Calculated transmission spectra for a non-resonant MQW modulator with Rf = 0.01 and 
Rf, = 0.30. Device contains 62 x 100A GaAs wells with 60A AlGaAs barriers.

W ith this small amount of finesse we find that the maximum 
transmission change has increased, but only to * -0. 30, and the contrast 
has not noticeably altered. The spectra are shown in Fig. 5.3.1.4 (see over). 
This is in line with the simple calculation at the end of § 3.2.4 which 
indicated an increase of about 0.05 in the size of the transmission change 
with a finesse equal to that here.
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The main consequence of including some resonance is an improvement 
in the insertion loss, as the operating point is now  at a transmission peak. 
In this case the loss falls to * 1.35dB. Linewidths for both transmission 
change and contrast are unaffected.

From this initial modelling we can now be confident that the 
experimental m odulation results are a good representation of the 
properties of the quantum wells alone, with only a small perturbation 
due to rem nant FP effects. That there is good agreement with the results 
in § 4.4.2 is comforting, since the electro-absorption spectra used in the 
model are not derived from the same MQW structure. This should give 
us some confidence in the predictions for devices for which we have no 
experimental data as yet.

5.3.2 THE UNCOATED TRANSMISSION MODULATOR (Rf -  0.30, Rb« 0.30)
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FIGURE 5.3.2.1:
Calculated transmission spectra for a resonant MQW modulator with Rf = 0.30 and 
Rt, = 0.30. Device contains 62 x 100A GaAs wells with 60A AlGaAs barriers.

In its most basic form, i.e. without any form of AR coating, the MQW 
transmission m odulator is a symmetric FP cavity with a low finesse of
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* 2.5. This amount of finesse is sufficient to strongly alter the 
transmission spectrum, as can be seen for the uncoated CPM405 
modulator in § 4.4.1. In that particular case the cavity resonance was 
rather unsuitably placed to enhance the device performance. The result 
of correctly siting the FP resonance can be seen in Fig. 5.3.2.1 on the 
previous page. The dom inant feature in the spectrum is now the 
resonance rather than MQW absorption edge. This effect becomes more 
marked as finesse is increased.

Because of the symmetry of the cavity and the low absorption at the 
selected resonant wavelength the insertion loss becomes very low -  only
* 0.4dB in this case.
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FIGURE 5.3.2.2:
Calculated transmission change spectra for a resonant MQW modulator with Rf = 0.30 and 
Rb = 0.30. Derived from Fig. 5.3.2.I.

The effect on transmission change is shown above in Fig. 5.3.2.2. The 
optimum modulation now requires 10V, in order to shift the absorption 
edge to the resonance, but, along with the improvement in insertion loss, 
the peak transmission change is now more than -48%, increased by a 
factor of « 1.8 compared to the non-resonant modulator. A corresponding
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improvement occurs in the linewidth for transmission change. 
Comparing with the non-resonant device, the linewidth is now more 
than lOnm for a -20% change, while at -40% it is still 4.6nm. Even at the 
6.7V bias the transmission change is increased to about -40%.

There is also an increase in the contrast to a peak value of * 3.2dB, 
with a linewidth of just under 4nm at the 3dB level (seen below in Fig. 
5.3.2.3). The contrast ratio actually increases by almost the same factor as 
the transmission change due to most of the increase occurring in the high 
transmission level. This is just the effect which we saw in Chapter 3. As 
absorption increases, the finesse of the cavity falls, and whether we are at 
resonance or anti-resonance begins to have less and less effect on the 
transm ission level.
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FIGURE 5.3.2.3:
Calculated transmission contrast spectra for a resonant MQW modulator with Rf = 0.30 and 
Rb = 0.30. Derived from Fig. 5.3.2.I.

To achieve the improvements shown here, in practice it will be necessary 
to etch the windowed structure described in § 4.2.1 with a high degree of 
accuracy. Additional calculations show that variations in the cavity 
thickness of only ± 200A (less than 1%) will reduce the maximum 
transmission change and contrast to less than 40% and 3dB respectively.
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At present this accuracy cannot be provided purely by the epitaxial 
growth, so the only conceivable way to intentionally produce a high 
performance device is to etch controllably into the AlGaAs etch stop layer 
which usually forms part of the MQW p-i-n diode. The optical response 
of the cavity w ould need to be m onitored during the process to stop at the 
optim um  thickness.
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5.4 LOW-FINESSE MQW REFLECTION MODULATORS

The major advantage offered by operating in reflection is that there is no 
need to remove the absorbing GaAs substrate, thus avoiding some 
difficult processing and also retaining the mechanical strength of the 
structure. Further benefits are that the contrast ratio is squared for the 
simple non-resonant case, or alternatively, the same contrast as for the 
transmission m odulator can achieved w ith a thinner MQW structure, 
thus reducing the bias voltage. A high reflectivity quarter-wave 
multilayer stack (MLS) can be integrated epitaxially [20] to form a back 
mirror within the basic MQW p-i-n diode. Here we examine two 
possible reflection modulators which use only a back reflector stack. In 
the first case the front surface is AR-coated to form a simple double-pass 
modulator. The second case is the uncoated structure, which leaves a 
low-finesse asymmetric cavity

5.4.1 THE AR-COATED REFLECTION MODULATOR (Rf = 0.0001, Rb= 0.95)
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FIGURE 5.4.1.1:
Calculated reflection spectra for a non-resonant MQW modulator with Rf = 0.0001 and 

Rt, = 0.95. Device contains 62 x 100A GaAs wells with 60A AlGaAs barriers.
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A modulator of this type was first demonstrated by Boyd et al. in 1987 [21]. 
A maximum contrast ratio of « 8:1 (9.0dB) was observed for a bias of 14V 
at the wavelength of the unbiased e l-h h l exdton peak, with the 
reflectivity increasing to ~ 25% for the biased state. The device in 
question had a very similar MQW structure to that used in our model, 
with only 3 more wells. At a bias of 9V a contrast ratio of ~ 5.3:1 (7.2dB) 
was measured, with « 20% on state reflection. This agrees quite well with 
the calculated spectra for 0V and 10V on the previous page in Fig. 5.4.1.1, 
where the reflectivities are 0.05 and 0.22 respectively. Notice that the on 
state for the device now tends towards 95% (= , compared to 70% for
the transmission modulator, whilst the extra absorption from the double 
pass reduces the off-state to 20-30%.
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FIGURE 5.4.1.2:
Reflection change spectra for a non-resonant MQW modulator with Rf = 0.0001 and 

Ri, = 0.95. Derived from Fig. 5.4.1.1.

Above, in Fig. 5.4.1.2, are the reflection change spectra. The maximum 
value of » -53% occurs at 10V, with a linewidth of over lOnm for a 40% 
change. We can also achieve a 50% reflection change at 6.7V, but w ith a 
smaller 40% linewidth of « 5nm.
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From the contrast spectra, in Fig. 5.4.1.3 below, it can be seen that 
although the linewidth is largest for the 10V bias, just as for the reflection 
changes, the maximum contrast of 4.9dB occurs at 6.7V, with a 4dB 
linewidth of just under 5nm. At the highest bias the 3dB linewidth is 
alm ost 12nm.
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FIGURE 5.4.1.3:
Calculated reflection contrast spectra for a non-resonant MQW modulator with Rf = 0.0001 

and Rf, = 0.95. Derived from Fig. 5.4.I.I.

Despite the improvement in performance compared to the transmission 
m odulators, the non-resonant reflection m odulator considered here can 
only offer high contrast approaching lOdB at wavelengths which are 
undesirable because of the insertion loss. Higher contrast at the biased 
exciton wavelengths will only be achieved at the expense of thicker 
MQWs and larger bias voltages. Therefore, we shall now consider 
whether the modulation can be significantly improved by leaving the 
original resonance in the structure.
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5.4.2 THE UNCOATED (ASYMMETRIC CAVITY) REFLECTION 
MODULATOR (Rf = 0.30,11*,= 0.95)

If the basic MQW reflection m odulator is not AR-coated on the front 
surface, then we have an asymmetric FP cavity formed between the air: 
semiconductor interface at the front and the MLS at the back. The finesse 
of the cavity, given by Eq. 5.8, is * 5, which is only twice that of the 
uncoated transmission modulator. Thus it is unlikely that electro- 
refractive effects will play a major part in the modulation. However, we 
could perhaps expect some enhancement in performance, due to multiple 
pass electro-absorption, compared to the uncoated reflection modulator 
where there is only a double pass of the light through the MQWs.

There is a striking effect on the reflection spectra, as seen below in Fig.
5.4.2.I. The asymmetric cavity resonance is situated at « 865nm, just off 
the unbiased absorption edge. When biased to 10V the reflection falls to 
very low values at the centre of a broad resonance. The contrast is now 
very high and we also have broad-band large reflection changes.
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FIGURE 5.4.2.1:
Calculated reflection spectra for an MQW asymmetric FP cavity modulator with Rf = 0.30 

and Rb = 0.95. Device contains 62 x 100A GaAs wells with 60A AlGaAs barriers.
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The device characteristic cannot simply be ascribed to multiple pass 
absorption, since the biased reflection is well below that at the unbiased 
heavy hole exciton (at » 851nm), at which we know the absorption 
coefficient to be significantly larger than that at the biased exciton. It is 
sufficient here to conclude that a subtle combination of electro-absorption 
and resonance is responsible for most of the incident light being retained 
by the cavity. For example, it is known that in the case of the high-finesse 
FP reflection modulator [8, 9], to be discussed in the next section, 
absorption at resonance raises the minimum reflection when the cavity is 
symmetric. The effect here appears to be the exact reverse of this. 
Absorption is induced at the resonance to "correct" for the asymmetry, 
and the reflection is lowered. A detailed explanation for the behaviour of 
this device is given in the next chapter.
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FIGURE 5.4.2.2:
Calculated reflection change spectra for an MQW asymmetric FP cavity modulator with 
Rf * 030 and Rb = 0.95. Derived from Fig. 5.4.2.I.

Above, in Fig 5.4.2.2, the reflection changes for this asymmetric cavity 
device are shown. At 10V there is a peak reflection change of » -72%, 
which, incidentally, does not occur at the actual resonant wavelength,
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where the biased reflectivity is a minimum and contrast highest, but at a 
slightly longer wavelength. This is due to a small electro-refractive shift 
(< 2nm) of the resonance, along with a broadening caused by electro
absorption. The modulation linewidth is more than 6nm for a reflection 
change of -0.60. There is no trade-off between reflection change and 
linewidth when comparing with the previous m odulators. For the same 
linewidth as the non-resonant transmission and reflection modulators, 
the change here is greater by 0.4 and 0.2 respectively. Insertion loss at this 
point is less than ldB, although this would increase if the device were 
operated at the wavelength of maximum contrast.

Contrast spectra are shown in Fig. 5.4.2.3, with maximum values far 
higher than seen previously. At the biased resonance the contrast is * 
16dB, which is an on:off ratio of almost 40:1. lOdB contrast is achieved 
over a range of * 4nm.
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FIGURE 5.4.2.3:
Calculated reflection contrast spectra for an MQW asymmetric FP cavity modulator with 
Rf = 0.30 and Rb = 0.95. Derived from Fig. 5.4.2.I.

At both 6.7V and 10V the contrast linewidth for 4dB is greater than lOnm. 
Since the optimization of the cavity in this case was for the largest 
reflection change, it is possible that these contrast figures can even be
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im proved upon by m oving the cavity resonance to a wavelength where 
the biased absorption is stronger.

In subsequent reference to this device we shall call it the AFPM 
(asymmetric Fabry-Perot cavity modulator).
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5.5 HIGH-FINESSE MQW MODULATORS

The devices considered in this final modelling section are intended to 
utilise the electro-refractive effects in MQWs, avoiding, if possible, the 
absorptive effects. Unlike all the previous FP cavity devices considered 
they operate in a normally-off mode, with the reflection increasing at the 
operating wavelength as the resonance is phase-shifted to a longer 
wavelength. For convenience we shall generally refer to such devices as 
SFPMs (symmetric Fabry-Perot cavity modulators), even where the 
m irrors reflectivities are slightly mismatched, since they all exhibit 
characteristic narrow and deep resonances. MQW SFPMs have recently 
been investigated experimentally by Simes et al. [8] and Lee et al. [9] with 
contrast ratios of up to 8:1 being reported.

5.5.1 THE SYMMETRIC CAVITY MODULATOR (Rf = 0.95, R*, = 0.95)

A look at Eq. A17 in the Appendix shows that if the front and back mirror 
reflectivities are equal and there is also some background absorption, then 
the resonant reflection minimum for the FP cavity cannot reach zero.
The maximum contrast is thus limited by absorptive effects. For a lOdB 
contrast ratio, with a maximum 3dB insertion loss (50% m inimum 
on-state), the unbiased reflection minimum m ust be < 0.05. For this 
particular structure the maximum background absorption coefficient 
(from Eqs. 5.5,5.6) is therefore <240 cm-1. Similarly, Eq. A16 shows that 
the on-state, which is in the wing of the resonance when phase-shifted 
with bias, will be reduced by absorption, increasing the insertion loss. 
Because of this, the optimum wavelength for the SFPM is well away from 
the unbiased MQW absorption edge, where background absorption is as 
low as possible (few cm-1) and electro-absorption is minimal. Hence the 
position of the cavity resonance out beyond 880nm in the reflection 
spectra of Fig. 5.5.1.1. (next page). Note that the wavelength range is now 
only 20nm for these figures, and the FWHM of the resonance is reduced 
to « lnm . At the unbiased resonance the reflection is very close to zero, 
bu t as the bias is increased and the resonance shifts to longer wavelength, 
the reflection minimum rises. This is caused by an increase in the 
absorption. (The apparent increase in the resonant reflection for the 3.3V 
spectrum is due to noise in the absorption tail of the data file amplified by
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the high finesse of the cavity). W orking so far from the MQW absorption 
edge, the desired electro-refractive effects are significantly reduced, which 
means that, even at 10V, the resonance only shifts by its own linewidth. 
Thus the insertion loss will be sensitive to the position of the biased 
resonance.
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FIGURE 5.5.1.1:
Calculated reflection spectra for a high-finesse symmetric FP cavity MQW modulator 
with Rf = 0.95 and Rb = 0.95. Device contains 62 x 100A GaAs wells with 60A AlGaAs 
barriers.

It is clear from Fig. 5.5.1.1 that the SFPM is capable of large modulation, 
with insertion loss of less than ldB, provided that absorption at the 
unbiased resonance can be avoided. However, the most notable feature is 
the severe narrowing of the modulation linewidth. In Fig. 5.5.1.2 (next 
page) the reflection change spectra show that although the maximum 
change at 10V is more than 0.8, the linewidth is only 0.4nm for a change 
of 0.6. This is 16 times smaller than the corresponding linewidth for the 
AFPM in the previous section. The same problem occurs with the 
reflection contrast spectra, also in Fig. 5.5.1.2, where the maximum value 
is close to 30dB, but the linewidth even as low as lOdB is only 0.4nm -  a 
factor of 6 smaller than that for the AFPM.
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FIGURE 5.5.1.2:
Calculated spectra of reflection change and contrast for a high-finesse symmetric FP 
cavity MQW modulator with Rf = 0.95 and Rb = 0.95. Derived from Fig. 5.5.1.1.
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5.5.2 THE ABSORPTION-COMPENSATING CAVITY (Rf = 0.90, Rb = 0.95)

In order to compensate for background absorption, and achieve high 
contrast with the high-finesse SFPM operating closer to the MQW 
absorption edge, where the electro-refractive effects are stronger, a small 
am ount of asymmetry m ust be introduced into the cavity mirrors. The 
front reflectivity is lowered relative to the back, so that with a small 
amount of absorption the effective back reflectivity is reduced to the same 
level as the front. The cavity is then effectively symmetric again and zero 
reflectivity at resonance can be obtained.
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FIGURE 5.5.2.1:
Calculated reflection spectra for a high-finesse, absorption-compensating FP cavity MQW 
modulator with Rf = 0.90 and Rb = 0.95. Device contains 62 x 100A GaAs wells with 60A 
AlGaAs barriers.

In this case we have reduced the front reflectivity to 0.90 and the critical 
absorption coefficient for zero reflection is now * 440 cm-1. Figure 5.5.2.1 
shows the reflection spectra, again optimized for maximum reflection 
change. For a contrast of lOdB with 3dB insertion loss, the background 
absorption can now be in the range 927 cm-1 > a  > 124 cm-1. With the 
device operating much closer to the absorption edge, although absorption
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is compensated for in the unbiased state, electro-absorptive effects start to 
increase the insertion loss. In fact, the electro-absorption and electro
refraction are competing against one another. Electro-refraction shifts the 
resonance to longer wavelengths, thus increasing reflection at the 
unbiased resonant wavelength, whereas electro-absorption reduces the 
cavity finesse, thereby broadening the resonance and pulling down the 
on-state reflection. This can be clearly seen in Fig. 5.5.2.I. The phase shift 
of the resonance is greater at a given bias than for the previous symmetric 
cavity, but the biased resonance is strongly broadened and the minimum 
level raised.
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FIGURE 5.5.2.2:
Calculated reflection change spectra for a high-finesse, absorption-compensating FP 
cavity MQW modulator with Rf = 0.90 and Rb = 0.95. Derived from Fig. 5.5.2.I.

The reflection change spectra in Fig. 5.5.2.2 show reduced maximum 
values due to electro-absorptive effects. Hence the linewidth at a 
reflection change of 0.6 is only -  0.25nm at 10V. It is unlikely that 
increasing the bias will further increase the reflection changes and 
contrast since it is the broadening of the resonance which prevents any 
increase of the on-state reflection beyond 6.7V. Contrast spectra, in Fig.
5.5.2.3 (over page), show the same characteristics as in the previous
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section. Peak contrast is more than 20dB, but the linewidth even at lOdB 
is still rather narrow , being only ~ 0.6nm, despite the reduction in the 
finesse of the cavity which actually broadens the resonance linewidth at 
the half-m axim um  point.
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FIGURE 5.5.2.3:
Calculated contrast spectra for a high-finesse, absorption-compensating FP cavity MQW 
modulator with Rf = 0.90 and Rb = 0.95. Derived from Fig. 5.5.2.1.
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5.6 SENSITIVITY OF FP CAVITY MODULATORS

The use of a resonant cavity to enhance optical m odulation brings w ith it 
the undesirable side-effects of sensitivity of resonant wavelength to 
changes in the unbiased refractive index and cavity thickness. Aside from 
the fundam ental dispersion of the refractive index close to the absorption 
edge and electro-refractive effects, the index will be dependent on the 
operating tem perature of the device, since the band edge will shift w ith a 
coefficient of * 3A /K  [22, 23]. Assuming that the refractive index is 
known accurately at a specified operating wavelength, errors in the 
thickness of the cavity from growth will mean that the device operates at 
a non-optim um  wavelength. Furthermore, variations in the grown 
thickness of the cavity over the area of a wafer will have the same effect.

Here we make a simple assessment of the tolerance of the AFPM and 
the absorption-com pensating SFPM to fluctuations in tem perature and 
cavity thickness.

If w e consider the finesse of the FP cavity, from Eq. 5.8:

where ±8<|> is the (half-max.) phase excursion aw ay from the resonance.

Clearly the phase shift of the cavity resonance by ± half the resonance 
w idth  (8<|>), relative to the input wavelength, will destroy the device 
performance. Eq. 5.9 thus gives us a limit which m ust not even be 
approached if the device is to operate at the desired wavelength in a stable 
m anner. From Eq. 5.7, we can substitute into Eq. 5.9 to obtain a critical 
thickness fluctuation, 8Lcrit, for which the cavity reflection will rise from 
zero to half-m axim um  level, i.e.:

<r _ nJf  
J  2

The finesse is also defined as : Resonance separation 
Resonance FWHM 2(8<t>)

Hence, using Eq. 5.3: (5.9)

(5 .1 0 )
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There is also the corresponding critical refractive index change, 8«crit, 
given by:

5n_:t = ------
OTt 4tcL

i - R o

I k
.(5.11)

The variation of refractive index with tem perature in MQW waveguides 
close to the absorption edge has been studied recently by Sonek & Chen 
[23], who found, for a temperature range 285-305K:

l2 .- 7 .5 x l0 -*  (5.12)
3T

This gives a critical tem perature variation:

ST* .=
1333X
4jtL

i-R o
I k

.(5.13)

Assuming a resonant wavelength of 870nm, and a mean cavity index, n, 
of 3.37, the corresponding cavity thickness, L, for 20 half-wavelengths is 
2.5816fim. Below in Table 5.1, we have calculated 5Lcrit and 8Tcrit for two 
cases. The first is the absorption-compensating SFPM in the unbiased 
state, the second is the AFPM in the biased state. In both cases the 
resonant reflection is made as close as possible to zero by including in the 
term (Eq. 5.6) the critical value of a d  which reduces Eq. 5.5 to zero. (See 
§ 6.2.1 for discussion). Thus we are considering the state which 
determines high contrast for the two devices.

TABLE 5.1:
Comparison of the sensitivity of FP cavity modulators to thickness and temperature.

Device Rf Rb ccdR_0 R« 5Lalt(A) & W K )

SFPM 0.90 0.95 0.027 0.90 ±22 ±3.8

AFPM 0.30 0.95 0.576 0.30 ±262 ±45.7

These conditions already look rather imposing, especially for the SFPM. 
The allowed growth tolerance is only about 0.1% of the cavity thickness1 
for the SFPM, and still only «1%  even for the AFPM. This accuracy in

1 After this work was completed, a paper by Yan et al. [24] appeared in print. The authors arrive at very much the 
same conclusions that have been put forward here and in the previous section, concerning the tolerable background 
absorption and cavity thickness fluctuations for viable operation of SFPMs.
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calibration and cross-wafer uniformity is at present not attainable. It is 
known, however, that small areas on a wafer have had the correct cavity 
thickness so as to be able to demonstrate the SFPM device [8,9], albeit with 
degraded performance due to background absorption. For the AFPM the 
usable areas should be somewhat larger.

The temperature limits again look problematic for the SFPM, but 
more encouraging here for the AFPM. Note that this calculation does not 
include the effect of temperature on the background absorption at the 
resonant wavelength, which for the SFPM will certainly increase the off- 
state reflection.

Now suppose we enforce the more stringent requirement that the 
phase shift is limited such that the off-state reflection does not rise above 
0.05, in which case the device should still be capable of * lOdB contrast. 
Again assume that the condition B=0 (Eq. 5.5) is still satisfied. For small 
phase deviations, 8<j>, around the resonance, Eq. 5.2 becomes:

r  F(5*)2
R ~  T T m f   ( 5 - 1 4 )

Inserting R < 0.05 (for lOdB contrast) into Eq. 5.14 gives the result:

" - ‘ s h   <5,5>

So, comparing Eqs. 5.9 & 5.15, to maintain the high performance of the 
m odulator the permitted thickness and temperature variations are less 
than 1 /4  of the limits in Table 5.1, which suggests that even if the 
operating temperature could be accurately controlled to ± 1 K or better, the 
yield of SFPM devices per wafer w ould be very uneconomic, with 
uniformity to better than 2 monolayers being required. The AFPM 
appears to be the only real prospect for a high-contrast, norm al-inddence 
MQW modulator, with ± 60A thickness variation allowed and a 
tem perature range of ± 10K, but, even for this device, the engineering 
needed is quite daunting.
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5.7 SUMMARY

The purpose of this chapter has been to consider the benefits to be had by 
deliberately incorporating FP resonance into a normal-incidence MQW 
modulator. The model used is simple bu t effective. The emphasis is on 
the effects of electro-absorption and electro-refraction occurring within 
the MQW active region when combined with a single cavity resonance 
close to the absorption edge, instead of attempting to model the complete 
spectral response of the multilayer structure, which requires knowledge 
of the refractive index dispersion and a transfer matrix approach.

The calculated performance figures for the range of transmission and 
reflection modulators investigated here are collected in Table 5.2 below.

TABLE 5.2:
The maximum calculated modulation for various types of GaAs MQW FP cavity 
modulators. The MQW structure is fixed at 62 x 100A wells with 60A barriers. I.L. is the 
insertion loss. @A and @C are the levels at which the line width is measured for T/R  
change and contrast respectively.

Rf Rb A * ( T / R ) AX(nm) @A I.L.(dB) ^ ( d B ) AA,(nm) @C Bias(V)

0.0001 0.30 -0.263(T) 6.0 -0.20 1.73 2.42 4.8 2 6.7

0.01 0.30 -0.293(T) 6.5 -0.20 1.35 2.51 5.0 2 6.7

0.30 0.30 -0.484 (T) 4.6 -0.40 0.35 3.24 3.8 3 10.0

0.0001 0.95 -0.500(R) 5.4 -0.40 1.30 4.90 4.8 4 6.7

0.30 0.95 -0.727(R) 6.5 -0.60 0.97 11.0 4.2 10 10.0

0.30 0.95 -0.670(R) 6.5 -0.60 1.55 16.1 4.2 10 10.0

0.95 0.95 +0.811(R) 0.4 +0.60 0.86 29.0 0.7 10 10.0

0.90 0.95 +0.567(R) 0.5 +0.50 1.91 21.5 0.6 10 6.7

Modelled characteristics for low finesse transmission modulators 
reproduce previous experimental results well, and we have shown that 
by not AR coating the front surface of such devices, and with careful 
control of the cavity thickness, the maximum transmission change may 
be increased by a factor of « 1.8 compared to the non-resonant device, with 
a significant improvement in the insertion loss.
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For a m ore robust device, however, the reflection m ode of operation is 
preferred, so that the opaque GaAs substrate need not be removed from 
the w indow  area. We have assessed two types of reflection m odulator 
here. The "obvious" high-finesse SFPM structure, as w e have called it, 
certainly appears to be capable of contrast in excess of 20dB and maximum 
reflection changes between 0.60-0.80 for »10V bias. The m odulation in 
this case is achieved by using the electro-refractive effect, which 
accompanies the enhance MQW electro-absorption, to induce a red-shift 
of a deep FP resonance away from the unbiased resonant wavelength. 
However, we have noted how  sensitive the operation of this device is 
likely to be to background absorption (off-state), electro-absorption (on- 
state/insertion loss), cavity thickness inaccuracies (off-state) and thermal 
effects on the refractive index (off-state). For uniform  operation of the 
SFPM, giving * lOdB contrast w ith high yields per wafer, the cavity 
thickness fluctuations m ust be below * 5A (< 2 monolayers, or « 0.02% of 
the total device thickness), w ith tem perature stabilized to better than ±1K.

An interesting and novel alternative to the use of the electro- 
refractive effect w ithin a high-finesse SFPM is to revert to the electro- 
absorptive effect in an asymmetric cavity -  the so-called AFPM. The 
construction of this cavity is m uch sim pler than for the SFPM, since the 
accurate m atching (or mismatching) of front and back reflectivities to 
accommodate background absorption and m inim ize the off-state is not 
required. Because of the asymmetry in its m irror reflectivities, the AFPM 
operates in a normally-on mode, as opposed to the normally-off m ode for 
the SFPM. Electro-absorption is then used to reduce the reflectivity at 
resonance to levels close to zero, thereby achieving high contrast.
W ithout optim izing the calculations for highest contrast the AFPM 
appears to be capable of more than 15dB, with a lOdB linewidth which is 
six times that for the SFPM. Maximum reflection changes are also 
comparable w ith those for the SFPM, in this case w ith m ore than sixteen 
times the linew idth (6.4nm cf 0.4nm). The AFPM is intrinsically a low- 
finesse device, even m ore so in the biased state, and therefore should be 
less sensitive to the factors stated above which seriously m ar the potential 
performance of the SFPM. We estimate a cavity thickness fluctuation 
tolerance of about ± 60A, w ith a stable tem perature range of * ±10K.
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6.1 INTRODUCTION

We saw in Chapter 5 that an optical m odulator based on MQW electro
optic effects w ithin a high-finesse symmetric Fabry-Perot (FP) cavity -  the 
SFPM -  should offer very high contrast operation (in excess of 20dB in 
reflection). The penalty paid for use of high-finesse cavities is the 
extremely narrow  linewidth over which the devices work. Typically, 
lOdB contrast can be achieved over only « 0.5nm, w ith AR in the 60-80% 
range, depending on the actual m irror reflectivities chosen.

A further conclusion from the previous chapter is that there appears 
to be an alternative to the high-finesse device, which we refer to as an 
asymmetric FP cavity m odulator (AFPM). Only one high reflector is 
employed in this case at the back surface -  the front m irror is 
conveniently defined by the airisemiconductor interface w ith a 
reflectivity of » 0.3.

A comparison of the characteristics of the SFPM w ith those of the 
AFPM is sum m arized schematically in Figure 6.1.1 (over page), which 
emphasises the difference in optical bandw idth and operating 
characteristics -  the SFPM being normally-off (unbiased), whereas the 
AFPM is normally-on. W ith the latter type of device we show  that, by 
using resonant electro-absorption rather than electro-refraction, we can in 
principle achieve high on:off ratios at bias voltages below 5V, with low 
insertion loss (<3dB) and therefore large absolute reflectivity changes. 
According to our modelling, this type of device offers roughly the same 
m axim um  contrast as the high-finesse device, bu t w ith  m uch broader 
optical bandw idth because of the low cavity finesse. W ith an optim ized 
AFPM structure we predict that the lOdB contrast linew idth should be * 
8nm  with reflection changes of 40-50% over the same range.

In this penultim ate chapter we shall investigate the AFPM in detail 
both theoretically and experimentally. Firstly, we discuss the simple 
theoretical basis for the AFPM characteristics and  the likely m odulation 
limits of the device. Then we dem onstrate the device concept 
experimentally w ith an adapted MQW transm ission m odulator, having 
an evaporated gold back reflector. A more viable AFPM requires the 
integration of a m ultilayer quarter-wave stack as the high reflectivity 
m irror. We conclude w ith the design and experim ental dem onstration of 
both the reflector stack and the fully integrated AFPM.
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SFPM AFPM

-4No bias - i--A 'R (O )

With bias

With bias

No bias

- •  R(V)R(0)------1

Wavelength

FIGURE 6.1.1:
A schematic of the biased and unbiased spectra for the high-finesse symmetric FP cavity 
modulator (SFPM) and the low-finesse asymmetric FP cavity modulator (AFPM). AA, is 
the linewidth for significant modulation -  in this case reflection change.
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6.2 THEORY OF OPERATION OF THE AFPM

6.2.1 THE FABRY-PEROT EQUATIONS IN THE AFPM LIMIT

The net reflection from an absorptive FP cavity is given in the Appendix 
as:

R _(B  + F s i r ^ )   (61)
(1 + F sin <J>)

where the terms B and F are given by Eqs. 5.5 and 5.3 respectively.
On resonance the sin2̂  terms go to zero, so the reflection reduces simply 
to R = B, with B a function of the front and back reflectivities, Rf and 
and internal transmission of the cavity, exp(-ad), only, i.e.

Rf[ l - ( R a /R ,)]2 
B ”  ( 1 - R J 2  (62)

w here Ra = ̂  RfRbe_ad .....(6.3)

To obtain the highest contrast in reflection we m ust bring R as close to
zero as possible using the resonant absorption in either the biased or 
unbiased state of the device. If the device operates in the bias absorbing 
mode, at a wavelength off the unbiased absorption edge, then the values 
we choose for the m irror reflectivities can still determ ine whether the 
high absorption state is the low reflection state or vice versa. In general 
the more unequal the two m irror reflectivities, the higher the net cavity
reflection at resonance in the low absorption state.

By inspection we can see immediately from Eq. 6.2 that there is a 
solution which makes B, and thus the resonant reflection, equal to zero. 
This occurs w hen Ra = Rf. Inserting this solution into Eq. 6.3 gives us the 
the critical value for a d  to achieve zero reflection.

a d R=0=*ln(Rb / R f)  (6.4)

For the AFPM, as in § 5.4.2, we have Rf= 0.30, Rt,= 0.95, so the critical a d  
value for this structure is « 0.58. This is the m axim um  change in a d  
needed to achieve zero reflection, since the m inim um  absorption possible
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for w hat w ould be the device on-state is obviously zero. We have already 
seen in Chapters 3 & 4 that absorption changes of this order are achievable 
using GaAs-AlGaAs MQWs. For example, if w e extrapolate from Table
4.1, a structure similar to CPM405, bu t w ith *70 quantum  wells rather 
than 60, w ould provide the necessary Aad factor.

If we now  consider the insertion loss for the AFPM structure, which is 
determ ined by the on state reflection, by a straightforw ard m anipulation 
of the standard FP equations (see Appendix) it is possible to express the 
reflection at resonance for a non-absorbing cavity as follows:

Rnd» (<l> = 0, a  = 0) =  (6 .5 )
“  (l-VRfRb)2

Again putting  in the relevant m irror reflectivities for the AFPM, we find 
that the m axim um  on-state reflection is * 0.84. Thus we can in principle 
get sim ultaneous high contrast (theoretically infinite) and low insertion 
loss, and therefore very large reflection changes. This explains the 
modelled results of § 5.4.2.

The essence of the AFPM characteristic can be understood if we think 
of the device as having voltage-tunable back m irror reflectivity, due to 
the effect of the applied electric field on the MQW absorption. In the 
unbiased state absorption is low, the back m irror reflectivity is much 
larger than that of the front, so complete destructive interference between 
light reflected from the front surface (without entering the cavity) and 
that reflected from the back cannot occur. W hen bias is applied, the 
absorption in the cavity increases, reducing the am plitude of the light 
passing through the cavity. Given the correct am ount of attenuation we 
can achieve destructive interference and complete cancellation of the net 
intensity reflected from the cavity. Another w ay to think about it is that 
the absorption is used to make the asymmetric cavity equivalent to a 
symmetric one w ith no absorption, in which case the net reflection m ust 
fall to zero at resonance. Furthermore, the biased resonance will be broad, 
resembling that for a low finesse cavity w ith Rf = 0.30, Rb* 0.30.

Finally, as a parallel to the above, W herrett [1] has previously carried 
out a theoretical optim ization of Fabry-Perot cavities for high-contrast 
optical bistable switching, where the m odulation mechanism  is the rather 
different one of non-linear refraction close to the band edge of a 
semiconductor. He concluded that operating in reflection w ith an
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asymmetric cavity (with mirrors close to the AFPM specification) is the 
m ost efficient means of compensating for unw anted background 
absorption and achieving high contrast or large reflection changes. This 
was confirmed experimentally by Miller et al. [2] in experiments on 
CdHgTe etalons coated on one side w ith gold.

6.2.2 ABSORPTION LIMITS FOR AFPM OPERATION

We have derived in Eq. 6.4 the condition for theoretically infinite contrast 
w ith an AFPM. More im portant for useful device operation than 
achieving R=0 is that high contrast should not be extremely sensitive to 
the am ount of absorption which can be field-induced at the operating 
wavelength. The m odulator should be able to work w ith a range of 
absorption to allow some tolerance in the design and fabrication.

In Figure 6.2.2.1 we have plotted Eq. 6.2 for Rf= 0.30, Rb= 0.95 and for 
a d  in the range 0 to 1, in order to find the limits for which the AFPM will 
achieve a certain contrast. We have also included the corresponding 
curve for Rf= 0.30, Rfc,= 0.85 to illustrate the effect of variation in the back 
m irror reflectivity. For the two curves we see, as expected, a rapid fall 
towards zero at a d crit -  the m inim um  R is limited by being calculated at 
discrete points. The first point to note is that lowering R*, by 10% only 
changes a d crit by a similar amount.

If we set a lower lim it of 50% for the on state reflection of the AFPM 
(equivalent to a m axim um  insertion loss of 3dB), then we find that the 
standard AFPM will tolerate an unbiased a d  of « 0.08. To p u t this into 

perspective, this represents an absorption coefficient of * 1500cm'1 in an 
MQW structure such as CPM405 of Chapter 4, containing * 60 x 90A 
quantum  wells. Thus we should be able to operate close to the MQW 
absorption edge and obtain strong modulation at low bias.

The m ain effect of Rb being reduced to 0.85 is seen in the upper limit 
on a d  for 3dB insertion loss, which is reduced by a factor of 4 compared to 
the standard AFPM case. Even at the limit of zero absorption the 
resonant reflection is only 0.57. An AFPM device w ith lower than 
norm al back reflectivity will have to be operated further away from the 
MQW absorption edge in order to reduce insertion loss, and thus will 
require higher bias voltages to shift the necessary am ount of absorption 
into the operating wavelength. It is therefore im portant that the
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reflectivity of the back m irror is m ade as high as possible to minimize 
insertion loss.

1

1

1

GO•■du
CDca

1

1

1

3dB insertion loss

1

 Upper limit for
lOdB contrast

2

. Upper limit for_ 
20dB contrast

3

4

R(30:85)5

R(30:95)

6

0.0 0.6 0.8 1.00.2 0.4
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FIGURE 6.2.2.1:
Calculation of the limits for the absorption required to achieve 20dB or lOdB contrast for 
the standard AFPM (Rf= 0.30, Rb= 0.95) and an AFPM with lower back reflectivity (0.30, 
0.85).

Having defined R = 0.50 as our m inim um  allowable on state we require 
biased reflectivities of 0.05 and 0.005 for contrasts of 10 and 20dB 
respectively. The dashed lines on Fig. 6.2.2.1 m ark these boundaries. It is 
encouraging that to achieve at least 20dB contrast the biased a d  can lie 
anywhere between 0.493 and 0.675, whilst lOdB contrast should be quite 
easily achieved with a d  allowed to be in the rather w ider range between 
0.349 and 0.970. For the device w ith only 85% back reflectivity the 
operating ranges are almost exactly the same w idth  -  the lowering of the 
reflectivity simply shifts everything to lower a d  by * 0.06.
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We can also use Eqs. 6.2 & 6.4 to underline the problem caused by 
im w anted absorption in high-finesse FP m odulators. As was shown in 
Chapter 5, w ith such devices the unbiased state is the off state because the 
cavity mirrors are equal, or nearly so. If w e have exactly equal 
reflectivities at front and back, then any background absorption in the 
cavity will raise R above zero, reducing the on:off ratio. This forces us to 
use the device at wavelengths well away from the MQW absorption edge 
to the extent that (i) the advantage of using MQWs for their enhanced 
electro-refractive properties compared to a bulk semiconductor is likely to 
be lost, and (ii) the operating wavelength for quantum  wells of » 1 0 0 A 
w idth will be around 890-900nm, and beyond the wavelength limit for 
(Al, Ga)As-based semiconductor laser sources.

To compensate for absorption in the cavity, and thus allow operation 
closer to the MQW absorption edge, a small am ount of asymmetry can be 
introduced -  the front reflectivity being m ade slightly lower than the 
back. For a device with Rf = 0.90, Rt,= 0.95, Eq. 6.4 gives a d R=0 « 0.027, 
which is equivalent to a  « 500cm-1 for the CPM405 MQW structure 
quoted above.

1 0

1 0 ^•rT.Upper limit for 
lOdB contrast

1 0 Upper limit for 
20dB contrast

1 0

-41 0 R(90:95)

R(85:95)
1 0

1 0
0.00 0.06 0.08 0.100.02 0.04

ad

FIGURE 6.2.2.2:
Calculation of the absorption limits which permit high contrast (lOdB) operation with a 
high-finesse quasi-symmetric FP modulator. Curves for two different cavities are 
displayed
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With the same specification for on and off R levels as for the AFPM 
above, in Figure 6.2.2.2 we have plotted Eq. 6.2 for two "quasi,f-SFPMs. 
Note that the ad  range is only one tenth of that in Figure 6.2.2.I. Here we 
have only m arked the range over which R rem ains < 5%. This is the 
upper limit for the off state for lOdB contrast. The sensitivity of the high- 
finesse device to fluctuations in the m irror reflectivities and the level of 
background absorption is immediately apparent. By reducing Rf by only 
5% the critical ad value is doubled, however the m axim um  ad range 
w ithin which R remains < 5% is only ~ 0.026-0.104 (for the lower finesse 
structure). This is eight times smaller than the corresponding range for 
the standard AFPM. Furthermore, as we observe experimentally in § 6.5, 
it is quite difficult in practice to achieve the accuracy and uniformity of 
reflectivity from a m ultilayer m irror which Fig. 6 .2.2.1 suggests is 
necessary to successfully fabricate high-finesse FP cavity m odulators.
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6.3 MODELLING OF AFPM PERFORMANCE

6.3.1 LIMITS TO CONTRAST AND OPERATING VOLTAGE (OPTIMIZED 
CAVITY)

In section 5.4.2, where we first considered the idea of the AFPM, the 
modelled perform ance was optim ized for m axim um  reflection change. 
Consequently the maximum contrast calculated was * 16dB, which was 
limited by the am ount of absorbing material used (62 x 1 0 0 A wells) and 
the position of the FP cavity resonance relative to the MQW absorption 
edge. Here we shall look at the maximum contrast limits for 10V and 5V 
bias, and the m inim um  bias required to achieve a contrast of lOdB. We 
use the same model as for Chapter 5, simply adjusting the cavity 
thickness to place the resonance at the wavelength of optim um  bias- 
absorbing effect in order to satisfy Eq. 6.4 as closely as possible. The 
maximum allowed insertion loss for these calculations is again 3dB.

In general, there will be a trade-off between bias, contrast and insertion 
loss. To reduce insertion loss we move the resonant wavelength further 
away from the MQW absorption edge. This requires a higher field to get 
the increased Stark shift necessary to p u t sufficient absorption at the 
resonance to achieve strong m odulation. Also, the lower the insertion 
loss, the larger the increase in absorption needed to observe high contrast 
(see Fig. 6.2.2.1). However, at a fixed bias voltage, a higher field will 
perm it fewer quantum  wells, thus reducing the absorption which can be 
field-induced at the resonance. Furthermore, the shifted exciton will 
suffer a greater loss of oscillator strength the higher the field. The net 
result is a strong reduction in the m aximum contrast at fixed bias as we 
m ove the cavity resonance away from the absorption edge.

If we allow the bias to increase to accommodate m ore quantum  wells 
in order to compensate for the factors above which reduce the electro- 
absorption, then insertion loss will also increase as the a d  value in the 
tail of the absorption edge becomes larger.

For the 10V bias lim it we find that the m axim um  contrast is obtained 
with 75 wells at an average field of 83.3kV/cm, which equates to ~ 10V 
across a total MQW structure of « 1.2pm. The m odelled spectra are 
shown in Figs. 6.3.1.1-2 (over page). The well and barrier thicknesses 
used are the same as in Chapter 5, i.e. 1 0 0 A and 60A respectively.
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FIGURE 6.3.1.1:
Calculated reflection spectra optimized for maximum contrast at 10V bias for an MQW 
AFPM. Device contains 75 x 100A wells with 60A AlGaAs barriers.

The zero bias spectrum  in Fig. 6.3.1.1 shows light and heavy hole excitonic 
absorption features at « 844 and 851nm respectively. The FP cavity 
resonance is at « 861nm. As bias is increased and the reflection falls 
towards zero, the contrast increases to a peak value of * 37dB, and there is 
a shift in the resonant wavelength of 3-4nm. This is dependent on the 
m agnitude of the refractive index changes in this part of the spectrum  
and the position of the FP resonance relative to the index changes. It is 
possible for the index change to be positive, negative or even 
approximately zero at the wavelength of the unbiased resonance, 
depending on the field applied (see § 3.5). This will have some bearing on 
the insertion loss at the wavelength of maximum contrast. In Fig. 6.3.1.1 
we see that the biased resonance shifts to a position where the unbiased 
reflection is « 15% higher than that a t the unbiased resonance. Thus the 
electro-refractive effect is partly responsible for reflection changes as high 
as 72%, seen in Fig. 6.3.1.2.

The contrast spectra (over page) illustrate the non-linearity of the 
contrast with bias at the resonant wavelength. To achieve high yields of
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FIGURE 6.3.1.2:
Calculated contrast and reflection change spectra for MQW AFPM w ith  optim ized
contrast at 10V bias.
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devices offering 20-30dB contrast at a specified wavelength will be very 
difficult because of the narrowness of the peak (» 2nm at 20dB), the 
position of which will be dependent on the cavity thickness and operating 
tem perature. However, the linewidth for lOdB contrast is « 9nm at the 
highest bias, so, depending on the application, this does give some 
tolerance of inpu t wavelength drift relative to the m odulator operating 
point.

Looking at the reflection changes, the linew idths are comparable with 
the results for the transmission m odulators of Chapter 4, bu t for changes 
roughly twice as large. A t 10V bias the reflection change is 50% over 6 nm, 
whilst at 4V the maximum change is * 40%. This is significantly better 
than the m axim um  change observed w ith the 47A well transmission 
m odulator (§ 4.6), which required as m uch as 16V bias.

W hen the operating voltage limit is reduced to 5V we find that 
m aximum contrast is achieved using only 47 wells at an applied field of * 
67kV/cm. The m odelled reflection spectra are show n below in Fig. 6.3.1.3, 
with the contrast and reflection changes over the page in Fig. 6 .3.1.4.
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FIGURE 6.3.1.3:
Calculated reflection spectra optimized for maximum contrast at 5V bias for an MQW 
AFPM. Device contains 47 x 100A wells with 60A AlGaAs barriers.
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FIGURE 6.3.1.4:
Calculated contrast and reflection change spectra for MQW AFPM w ith  optimized
contrast at 5V bias.
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The reduction of the amount of absorbing material means that the 
optimum operating wavelength is now closer to the MQW absorption 
peak and so the resonance and the heavy hole exciton are not clearly 
resolved in this case. There is an obvious narrowing of the region over 
which large changes in reflection occur, and maximum contrast is now 
down to * 15dB at the 3dB insertion loss limit at * 861nm. However at 5V 
we can still achieve lOdB contrast over a 6 nm range, and if, for example, 
3dB is considered sufficient m odulation, then the linewidth is more than 
8 nm at only * 2.5V, with insertion loss of no more than 4.5dB. Along 
with reflection changes in excess of 50%, these results indicate the 
potential for operation of the AFPM at voltages levels which are 
compatible with high-speed electronic circuitry.

Conscious of the need to operate at low bias voltages, the final set of 
modelled spectra are for a device where the bias voltage for lOdB contrast 
has been minimized. The MQW structure here contains only 31 wells, 
and thus requires only « 3.3V to reach maximum contrast (Fig. 6.3.1.5). 
For 3dB modulation the bias falls to as little as 1.6V (Fig. 6.3.1.6).

100

20

1.63V
0.82V
0.00V

0 t i l l  1 . 1  1 J-J--1- 1-L  I.. I. I I I
870 880 890840 850 860

WAVELENGTH (nm)

FIGURE 6.3.1.5:
Calculated MQW AFPM performance with 31 x 100A wells (60A AlGaAs barriers). This 
structure offers lOdB contrast with minimum bias voltage.



MQW Asymmetric FP Cavity Modulators

12

10

0

/
II

Af  \
\ \

I t

a

w
\

HJ

A  
A \

\

3.27V
2.45V
1.63V

J__I
840 850 860 870

WAVELENGTH (nm)
880 890

20

w
0

fc -20

3.27V
2.45V
1.63V40

-60
840 850 870 88Q860 890

WAVELENGTH (nm)

FIGURE 6.3.1.6:
Calculated contrast and reflection change spectra for the lOdB AFPM w ith  minimized
bias.
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Obviously at the lOdB limit the contrast linewidth is very narrow, but 3dB 
is possible over * 5-6nm, with less than 4dB insertion loss. The decrease 
in absorber thickness appears to have a less dramatic effect on the 
reflection change than on the maximum contrast. Even with as little as 
31 wells the change in reflection can exceed 50% (Fig. 6.3.1.6) and a t » 1.6V 
is as large as the maximum changes seen for most of the MQW 
transmission modulators at considerably higher bias (see Table 4.1).

It should be pointed out that this modelling is all for an insertion loss of 
3dB, but this could be relaxed to reduce the operating voltage for a given 
contrast or increase the contrast for a given voltage, i.e. if we allowed 6 dB 
loss, then we could operate with the resonance very close to the MQW 
absorption edge. There is also the possibility of using a d.c. bias voltage 
with an a.c. signal superimposed in order to avoid having to provide the 
full voltage swing necessary to obtain maximum contrast. In this case the 
insertion loss would obviously increase. How much depends on the 
non-linearity of the reflection with bias.

6.3.2 SENSITIVITY OF CONTRAST TO OPERATING WAVELENGTH

In the previous section we modelled spectra for an optimized cavity 
thickness. It is clear that the maximum contrast achievable with the 
AFPM at a given bias is dependent on the position of the cavity resonance 
with respect to the absorption edge. Therefore we show here how much 
the maximum contrast varies over a wide range of resonant wavelengths. 
The contrast curves in Figs 6.3.2.1-2 represent the envelope of maximum 
contrast with 3dB insertion loss at a fixed bias for devices whose resonant 
wavelengths span the given range. This is not a comprehensive 
optimization, bu t represents the sort of variation in performance one 
could expect from an epitaxially-grown AFPM cavity, where the absorbing 
structure is fixed but the cavity thickness varies by a few % over the wafer 
area. Again we have considered the 10V and 5V limits. It should be 
noted that the resonant wavelength referred to here is that for the 
unbiased state. In some cases the wavelength of maximum contrast is not 
exactly the same as the unbiased resonance, e.g. when small electro- 
refractive effects come into play. However the difference is generally only 
* lnm .
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For the 10V case, in Fig. 6.3.2.1, we find a good illustration of the effect 
which we described quantitatively in the previous section. There is a 
peak contrast of « 35dB which falls off sharply to either side. At longer 
wavelengths the reduction is due to the decrease in the biased absorption 
at resonance. Note also that the insertion loss decreases, so that it is 
possible to achieve lOdB contrast w ith less than 2dB insertion loss. At 
wavelengths shorter than the peak the biased absorption becomes so large 
that it is higher than the critical value for zero reflectivity (see Fig. 6.2.2.1) 
and so the contrast is reduced. As the cavity resonance shifts right into 
the absorption edge the device characteristics become quite complex. The 
general feature is that the insertion loss at the resonant wavelength 
climbs into the 6-13dB range, and so we have to choose an operating 
wavelength which is further and further away from the resonance, again 
resulting in reduced contrast. It w ould appear that the contrast remains 
higher than lOdB only over a wavelength range of * 4-5nm (which 
corresponds to a change in the cavity thickness of * 150A). However this 
can be extended on the short wavelength side by reducing the bias 
voltage.
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FIGURE 6.3.2.1:
Variation of maximum contrast and insertion loss as a function of resonant wavelength for 
10V bias limit.

In the 5V bias limit we find obviously that the peak contrast is reduced 
and also that it is closer to the MQW absorption edge. This is a result of
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the lower electric field for optimum bias absorbing effect, which reduces 
the shift of the absorption edge. However it still appears possible to 
achieve lOdB contrast over a range of resonant wavelengths similar to the 
10V case, with insertion loss creeping over the 3dB level at the short 
wavelength end, although this can again probably be avoided by using 
lower bias.
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Ins'n loss16 “
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858 860 862 866864 868
WAVELENGTH (nm)

FIGURE 6.3.2.2:
Variation of maximum contrast and insertion loss with resonant wavelength for an MQW 
AFPM at the 5V bias limit. MQW el-hhl exciton peak is a t» 851nm.
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6.4 INITIAL DEMONSTRATION OF A N  AFPM

6.4.1 DEVICE CONSTRUCTION

A t the tim e the potential of the AFPM w as realised  w e had  no t yet 
investigated the grow th of m ultilayer stack (MLS) reflectors w ith in  the 
M QW  p-i-n diode to the extent that w e could be confident of the quality  of 
the structure. Therefore, in o rder to dem onstra te  the princip le  of the 
AFPM and confirm  our m odelling a test device w as im provised  using  a 
s tan d ard  MQW transm ission m odula to r, fabricated  according to the 
m ethod  of § 4.2.2, w ith an evaporated  gold film on the back surface to 
prov ide  the high Rb required  -  the uncoated  front surface of the device 
form ing the o ther m irror. This s truc tu re  is show n below .

The MQW p-i-n diode (MV370) contained 50 w ells of * 85A separated  
by barriers of = 67A ,  and was determ ined  to be of high quality  from  the 
QCSE seen in photocurren t spectra (see § 2.5.9). It w as estim ated  that, 
w ith  0.425fim of absorber and bias absorbing Aa's sim ilar to the CPM405 
device, according to Fig. 6.2.2.1 w e should  be able to reduce the biased 
reflection sufficiently to achieve ju st over lOdB contrast.

Metallic
ohmic
contacts

i - M Q W

Evaporated gold layer 

« 150-200A thick

GaAs buffer n"

200-400|xm

FIGURE 6.4.1: The first AFPM test structure.

This is in fact the sam e cavity struc tu re  as that used  for the reflection 
m odula to r of § 4.8; only the M QW  p-i-n is different. A t the tim e tha t 
particu lar device was tested, how ever, the AFPM princip le  h ad  no t been
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conceived and the "unwanted" FP resonances w ere in roughly the least 
favourable spectral position to enhance the m odulation.

6.4.2 EXPERIMENTAL RESULTS

Using the experimental set-up described in Chapter 4, reflected intensity 
spectra from the test AFPM were recorded at room  tem perature for a 
range of bias voltages. The device was then replaced by a freshly- 
deposited gold mirror, which in the near-IR has a spectrally-flat 
reflectivity close to 100%, particularly around the 850nm region, and the 
reflected spectrum  from this was recorded. The device spectra were then 
norm alized to the gold spectrum  to rem ove the effects of spectral 
variation in the intensity of the tungsten lam p source.

Viewing the image of the m odulator w ith the IR camera, significant 
changes in the reflected intensity could be observed near 860nm when 7- 
8 V were applied to the device. This is confirmed by the normalized 
reflection spectra shown in Fig. 6.4.2.I.

100
0.0V
7.6V

O
6
3

800 850 900

WAVELENGTH (nm)

FIGURE 6.4.2.1:
Normalized reflection spectra for the MV370 AFPM at 0V and 7.6V.
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In agreem ent with the calculated R vs a d  curves in Fig. 6.2.2.1, we see a 
deep reflection resonance in the region where strong MQW absorption 
occurs (= 820nm). The same structure can be seen in the spectra for the 
reflection m odulator of § 4.8. However, here we also have evidence for 
the asym metric nature of the cavity in the rather shallower resonance 
just off the MQW absorption edge at ~ 860nm. As theoretically predicted, 
the reflection falls significantly when absorption is increased with applied 
bias at this resonant wavelength.

100

0.0V
7.2V
7.6V

* 8.0V
 8.4V

840 870 880850 860

WAVELENGTH (nm)
FIGURE 6.4.2.2:
Normalized reflection spectra for the MV370 AFPM at zero bias and a range of reverse bias 
voltages, showing the relative insensitivity of the modulation to bias voltage.

More detail of the reflection m odulation is shown in Fig. 6.4.2.2, where 
we have plotted the unbiased spectrum along w ith the biased spectra in 
the range 7.2-8.4V. The m odulation, at least in terms of reflection 
change, is quite insensitive to the voltage changes, again a feature 
predicted from Fig. 6.2.2.1.

The contrast and reflection change at the optim um  bias of 7.6V are 
shown in Fig. 6.4.2.3. Maximum contrast appears to be ~ 6dB (4:1) w ith an 
insertion loss of 2.5dB. Maximum reflection change is = -43%. Aside 
from the fact that these figures are better than those for any of the
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transmission modulators of Chapter 4, particularly when <8 V bias is 
required, we note that the modulation linewidths are also as large, if not 
larger. For example, 4dB contrast is achieved over 6-7nm, and a reflection 
change of -40% or more over « 5nm.

-20

-40

840 850 870 880860
WAVELENGTH (nm)

FIGURE 6.4.2.3:
Reflection changes and reflection contrast for the MV370 AFPM at the optimum reverse 
bias of 7.6V.

6.4.3 COMPARISON WITH MODELLED SPECTRA

We have simulated biased and unbiased reflection spectra for the test 
AFPM using the FP cavity model of Chapter 5. Because the well width in 
the model is slightly larger than that of the MV370 MQW structure the 
e l-hh l exciton peak absorption feature appears at a longer wavelength.
To compensate for this, we have set the FP cavity resonance in the model 
at the same distance from the exciton as in the real device (Xres -  Xexc«
13.6 nm), rather than at the same absolute wavelength. The number of 
wells in the model is also reduced compared to the real device, so that the 
total absorber thickness is roughly the same in both cases (43 x 100A cf 50 x
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85A), and the barrier thickness is increased to maintain the total MQW 
structure. In this way voltages and fields are equivalent in experiment 
and model.

100
7.6V
0.0V

£
o
B
§

800 900850

WAVELENGTH (nm)

FIGURE 6.4.3.1:
Modelled reflection spectra, with and without bias, for an AFPM with a similar MQW 
structure to that of the MV370 device.

In comparing the modelled spectra displayed in Figs. 6.4.3.1-2 with those 
for the test AFPM very good qualitative agreement is seen in the spectral 
characteristics. Of the discrepancies, we first notice that the biased 
reflectivity minimum, for what is almost exactly the same bias, is lower 
for the model than for the real device. Because of the sensitivity of 
contrast to this low reflection state the modelled maximum on:off ratio is 
more than a factor of 3 larger (13:1 compared to 4:1).
This could possibly be ascribed to the difference in the well widths -  the 
narrower wells in the real device requiring higher fields for a given Stark 
shift of the absorption edge. However, it was subsequently realised (see § 
6 .6 ) that a significant amount of background light was being detected, 
which was not incident on the m odulator, but simply scattered into the 
detector. This is almost certainly the cause of the higher than predicted 
low reflection level, especially in view of the apparent measured
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minimum level of « 9% at the resonance which lies completely within 
the unbiased MQW absorption spectrum (Fig. 6.4.2.1).
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FIGURE 6.4.3.2:
Modelled spectral reflection changes and reflection contrast derived from Fig. 6.43.1.

At this wavelength the MQW absorption coefficient would typically be * 
1 0 0 0 0 cm"1, which for 50 x 85A wells makes a d  » 0.425. From Fig. 6 .2 .2 .1  

the resonant R at this level of absorption should therefore be only « 2%. 
Even allowing a 20% uncertainty in the value of a , this minimum R 
should be no higher than 5-6%. Thus the biased reflection at the 
operating wavelength of the real device is artificially high, resulting in 
the lower apparent contrast.

The second noticeable difference between the real and modelled data is 
the higher insertion loss in the experimental case, which reduces the 
maximum AR to * -43%. One possible explanation for this is that the gold 
layer is not quite thick enough to constitute a bulk reflector. This would 
lead to a lowering of the back reflectivity and thus increased loss due to 
absorption at the resonant wavelength, as modelled in Fig. 6.2.2.I. It may 
also be the case that the absorption tail close to the edge is underestimated 
in our calculations from photocurrent spectra.
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6.5 SEMICONDUCTOR MULTILAYER STACK REFLECTORS 
FOR AN INTEGRATED AFPM

6.5.1 DESIGN OF MULTILAYER STACK (MLS) REFLECTORS

The fabrication of high reflectivity mirrors consisting of m ultiple pairs of 
dielectric films of different refractive index is nowadays a standard 
industrial process, and the basic principles of MLS design can be found in 
a number of textbooks [3-5]. We shall briefly describe here the main 
features of such structures and the specific considerations in designing an 
epitaxial semiconductor high reflector.

The propagation of electromagnetic radiation, with a wavelength X, 
through a homogeneous dielectric film of refractive index n, can be 
represented by a characteristic 2 x 2  matrix which relates the components 
of the electric (or magnetic) field in the input plane (z=0 ) to those at the 
output plane (z=t, t = layer thickness).

cos 5 77-sin 8  M = u
i u sin 8  cos 8 .(6.6)

2jr
w here 8  = —  n t cos p  (6.7)

K

The angle, P, is the angle of propagation from the surface normal within 
the dielectric layer, and is related to the external angle of incidence, 0 , by 
Snell's Law, where nm is the index of the external (entrance) medium.

nm sin0  = nsinp  (6 .8 )

The term u in the matrix elements of Eq. 6 .6  is polarization dependent 
and takes the following form:

u = <
n parallel

cosP  (6.9)
n cos p perpendicular

"Parallel" and "perpendicular" refer to the directions of polarization with 
respect to the plane of incidence.
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We can represent a complex multilayer structure by the product of the 
matrices for the individual layers, i.e.

M mls = M 1 M 2 M3 M 4  Ml-1 M 1  (6-10>

M MLS

'm
m

11 mi2]
21 m  22 J .(6 .11)

From the elements of this final matrix the amplitude and intensity 
reflection coefficients (r and R) are derived thus:

( m „ +  m 12 uM )uin -  (m ;i + m n uM ) = .
r ~  u M ) u „  + ( 11^, + 1 1 1 2  u M ) ' _ | r |   ( 612 )

with uin and uout being the respective u values for the semi-infinite 
input and output media e.g. air in and GaAs substrate out.

The highest reflectance is achieved if the MLS is composed of N 
periods of the form AB, where A  and B represent layers of refractive 
index nA, nB with optical thickness nAtA, nBtB respectively, and where 
nAtA, nBtB are both equal to one quarter of the incident wavelength, \ 0. 
That is, for light at normal incidence there will be a first-order high 
reflectance band centred at where:

nA^A + nB̂ B = ^o/2...................... .... (6.13)

The maximum value of the reflectivity at the centre wavelength is 
dependent on the ratio (nA / n B) and the number of layer pairs, N, 
according to:

max

where nm is the refractive index of the medium from which light is 
incident and ns is the index of the exit medium, normally the substrate 
supporting the MLS. All expressions here are for the case of non
absorbing materials.
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W ith the advent of precisely-controlled epitaxy there has been a 
considerable am ount of investigation of sem iconductor MLS structures 
[6,7], directed more recently towards device applications such as MQW FP 
etalon m odulators [8-10] and surface em itting lasers [11]. The work has 
been m ainly confined to the Ga(Al)As m aterial system, which, besides 
being the m ost m ature epitaxial technology, offers good lattice matching 
over the full range of the ternary alloy composition. To obtain the widest 
high reflection band and the highest reflectivity w ith fewest periods we 
require the largest possible index difference betw een the MLS 
components. The limit on this is the w avelength at which the higher 
index (smaller band-gap) semiconductor begins to absorb. Thus GaAs is 
ruled out because it absorbs strongly at wavelengths close to the required 
MLS centre wavelength (» 860nm). We therefore choose a ternary alloy 
w ith 0.1 A1 mole fraction as the high index layer, which begins to absorb 
only below * 800nm at room tem perature, and AlAs as the low index 
layer. At a wavelength of 850nm the refractive indices of AIq ̂ G a ^ A s 
and AlAs are « 3.54 and 2.98 respectively [12,13]. To determine the 
required num ber of periods for the MLS in our epitaxial AFPM structure, 
putting these num bers into Eq. 6.7 as nA and nB, w ith nm~ 3.54 (a 
w eighted m ean for MQW) and a substrate of GaAs (ns= 3.62), we find that 
the peak reflectivity increases as follows:

N  (periods) B<nax (peak reflectivity)
0 0.0001
2 0.116
4 0.365
6 0.609
8 0.780

10 0.883
12 0.940
14 0.969

As expected, the maximum reflectivity tends asymptotically towards 
100%. The requirem ent for the AFPM is a m inim um  back reflectivity of * 
95%, which is achieved w ith 12-14 periods.

It is im portant for device applications not only to achieve a high peak 
reflectivity, bu t to be able to ensure that Rmax occurs at the optim um  
w avelength relative to the MQW absorption spectrum. This w ould 
im pose almost impossibly strict tolerance limits on the growth of MLS 
structures were it not for the fact that the high reflectivity band can be
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made suitably broad by choosing materials with the maximum possible 
index difference. Unlike the maximum reflectivity, the bandwidth of the 
MLS is solely dependent on the index difference between the A  and B 
layers, and is given by:

> 0J * L"» + n A J .(6.15)

With the indices quoted above, at A<) = 860nm, the bandwidth is * 95nm. 
For the 12-period MLS this is the range over which the reflectivity is at 
least 91%.

Using Eqs. 6.6-6.12 we have modelled the reflectance spectrum at 
normal incidence of an MLS structure suitable for an integrated AFPM. 
The dispersion in refractive index of the various layers has been ignored. 
As long as the index mismatch is maintained over the 30nm or so over 
which modulation occurs due to the QCSE this should present no 
problems.
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FIGURE 6.5.1:
The modelled reflectance spectrum of a 12-period MLS of (606A AIq 10Gao ̂  As + 721A 
AlAs).
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We have also neglected absorptive effects in the GaAs substrate, which 
should be effectively decoupled from the MLS with a sufficient number of 
periods. Figure 6.5.1 (previous page) shows the modelled reflectance 
spectrum of a structure containing 12 periods of (606A AIq 10Gao.3oAs + 
72lA AlAs), with the AlGaAs uppermost, on a substrate of GaAs. Indices 
are as for the table of calculated MLS reflectivities. The correctness of this 
multiple matrix reflectance modelling has been verified by comparison 
with the work of another research group [14] and running a number of 
other test structures for which the spectra have already been published in 
the literature.

6.5.2 THE INTEGRATED AFPM STRUCTURE

Having modelled the reflective properties of the MLS we are now 
concerned with what happens when this structure is included as part of 
an epitaxial p-i-n diode containing quantum wells. Using the same 
program as for the MLS we have computed the reflectance spectrum of 
the integrated AFPM structure shown below in Fig. 6.5.2.I.

RI(X)

Front Mirror

2\ 30% AlGaAs n = 3.41
L = 27(X/4) Cavity

19X/4 MQW n = 354

606A X/4 10% AlGaAs n = 354 V V V \V \\\V s \V
Back Mirror72lA X/4 A1 As

Multi-layer
stackperiods
(MLS)

GaAs substrate (SI) n= 3.62

FIGURE 6.5.2.1:
The structure of the integrated MQW asymmetric FP modulator.
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The presence of the overlayers of AlGaAs and MQW means that there are 
now two mirrors -  the AlGaAs:air and the MLS:MQW interfaces, with a 
spacer layer filled with semiconductor. This constitutes the asymmetric 
FP cavity. We ignore reflections taking place at the MQW:AlGaAs 
interface because of the small refractive index mismatch.

A feature of this particular structure which should be noted is that the 
cavity thickness must be equal to an odd integral number of rc/2 (or X/4)  
in order to put the shallow asymmetric cavity resonance at the desired 
operating wavelength. Normally, with a symmetric FP etalon, to achieve 
a resonance at a chosen wavelength, the cavity is made an integral 
num ber of half-wavelengths thick. This is explained in more detail in 
Figure 6.5.2.2, where the phase shift of successive reflected rays from the 
AFPM is shown schematically. The rays have been drawn at off-normal 
incidence simply to show clearly the multiple beams, and the incident 
wavelength is equal to the centre wavelength of the MLS. The first 
component of the total reflected amplitude does not enter the cavity but 
undergoes a k phase shift on reflection from the ainsemiconductor 
interface because of the lower index of the medium from which the wave 
is incident. The Fresnel formula gives rf = (ny-nf) I  (ni+w2) for a wave 
travelling from medium 1 to 2 across a dielectric interface, thus rf is 
negative with respect to the incident wave -  equivalent to a n phase shift.

2(m+l)jc 2(m+2)rc 2(m+3)ji

AIR

AlGaAs 
+ MQW

MLS

FIGURE 6.5.2.2:
Illustrating the phase relationship between the components of the total reflected 
amplitude from the integrated AFPM.
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All subsequent rays make an integral num ber of round trips, plus n phase 
shift for each reflection from the MLS, which add up to 2(m + n )k relative 
to the incident wave (m and n are both integers with m determined by 
the cavity thickness and n being the order of the reflected component).
The reflection back into the cavity from the front mirror causes no phase 
shift since light is incident from the higher index medium. Thus the first 
reflected ray is an odd multiple of it out of phase with the rays which pass 
through the cavity, and maximum destructive interference can occur at 
the MLS centre wavelength.

The effect of the cavity thickness on the shape of the high reflectance 
band and position of the resonances is illustrated by Figs. 6.5.2.3 and 
6.5.2.4. In the first case we have modelled the multilayer structure of Fig.
6.5.2.1 with the cavity 27X/4 thick. Here, an FP resonance sits as required 
at the MLS centre wavelength (860nm), with extra resonances either side 
of this within the high reflectance band. The number of these will 
increase as the thickness of the cavity is increased, reducing the mode 
spacing. In the second case an extra quarter-wavelength has been added to 
the top AlGaAs layer, resulting in a shift of the FP resonances away from 
the MLS centre.
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FIGURE 6.5.2.3:
The modelled reflectance spectrum of the "correct" AFPM structure.
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FIGURE 6.5.2.4:
The modelled reflectance spectrum of the "incorrect" AFPM structure.

950 1000

The intention here has been to get some feel for the main features likely 
to be found in the reflectance spectra of structures containing MLS 
mirrors, so the effect of absorption has not been taken into account in 
modelling these spectra. However, as already mentioned, the MLS layers 
are chosen to be of an A1 mole fraction such that very little absorption 
occurs at the MLS centre wavelength (also the AFPM operating 
wavelength), which in turn is required to be * lOnm away from the 
unbiased absorption edge of the MQW structure. The presence of 
absorption at wavelengths below « 850nm will merely dampen 
oscillations in the reflection spectrum, whilst the low initial absorption in 
the real device at wavelengths longer than this should allow valid 
comparison of real and modelled (unbiased) AFPM spectra.

6.5.3 MLS REFLECTORS GROWN BY MOVPE

Prior to attempting to grow the full epitaxial AFPM structure we wished 
to be certain of the quality of the built-in reflector stack. A number of 
MLS structures were grown in order to check that peak reflectivities in
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excess of 95% were being achieved, and in the correct wavelength band. 
Note that if the layer thicknesses or the estimate of the layer refractive 
indices are only ~ 4% out, this means that the centre wavelength of the 
stack will be more than 30nm away from the desired position of * 860nm, 
so growth calibration m ust be reasonably accurate. W afer scanning 
shown in Fig. 6.5.3 indicates the high quality which was eventually 
achieved. The structure was that of the modelled MLS in Fig. 6.5.1.

100

850 1000800 900 950
Schematic of QT5 MLS wafer (actual size)

WAVELENGTH (nm)
was measured

100

950 1000900850950 1000800 850 900
WAVELENGTH (nm) WAVELENGTH (nm)

FIGURE 6.5.3:
Wafer mapping of the reflectance spectrum for a 12-period MLS structure (QT5) grown by 
MOVPE at Sheffield University by J. S. Roberts & C. Button.

Reflectivity of more than 90% is observed over a range of at least 80nm 
for the sampled area of 6cm2. The centre wavelength, \ q, varies by only * 
1%, and even though the average value is closer to 900nm, rather than 
860nm, the reflectivity remains suitably high at w hat w ould be the
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optimum operating wavelength of an AFPM with 100A quantum  wells. 
Measurements were carried out using the standard experimental set-up of 
§ 4.2.2, with reflected intensity spectra normalized to Au layer freshly 
deposited on part of the wafer itself, shown in Fig. 6.5.3 as the shaded 
region.
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6.6 THE INTEGRATED AFPM

6.6.1 DESIGN AND FABRICATION OF THE INTEGRATED AFPM (CB145)

The integrated structure which was finally grown, after optimization of 
the growth of the MLS mirror alone, was largely based on the modelled 
AFPM of § 6.5.2. Figure 6.6.1.1 shows the exact details.

R I (X)

1000A GaAs n MQW Structure
5 0 5 9 A  30%  AlGaAs n+

9 5 A  GaAs
MQW undoped1 1 6 2 5 A 60A AlGaAs (30%)

6 0 6 A  X/4 10%  AlGaAs undoped 1 75  repeats
721A X/4 A1 As

Multi-layer 
stack ~~periods

(MLS) pH

2.0pm GaAs buffer layer pr1-

GaAs substrate (SI)

FIGURE 6.6.1.1: The as-grown integrated AFPM structure (Sample CB145).

In contrast to previous MQW diodes this structure had to be grown 
upside-down -  as n-i-p rather than p-i-n -  because of the high p-type 
background doping (> 1017) in the MOVPE-grown AlAs. The MLS must 
be situated below the MQWs so that light can be modulated in reflection 
from the top surface. So, to avoid any extra p-n junctions due to different 
intrinsic doping types in the AlAs and Al01Gao9As, the MLS was doped 
p-type throughout, apart from the upperm ost Al0^G a^A s layer, which 
was left undoped to act as a buffer region, preventing any diffusion of the 
p-type dopant into the undoped MQWs. The MLS was grown on top of a 
thick p+ GaAs buffer layer (accessed by mesa etching to allow ohmic
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contacts to be made), the whole structure being on a semi-insulating GaAs 
substrate.

From the results of Chapter 4, 75 x 95A quantum  wells in the MQW 
region were regarded as being sufficient to easily attain the critical level of 
absorption at the operating wavelength. Together with Al0 3Gao 7As 
barriers of 60A the whole MQW structure was designed to be 19 quarter- 
wavelengths at * 860nm and a weighted mean refractive index of * 3.53. 
As in previous devices we have kept the barrier thickness to 60A to 
reduce bias voltage, whilst maintaining the field necessary for the 
quantum-confined Stark shift. The diode is completed with a layer of n- 
doped Alg^Gao 7As * 0.5pm thick, which represents another 8 quarter- 
wavelengths, and, for contacting purposes, a highly n-doped GaAs layer 
of * 0.1pm. This last layer was intended to be selectively etched away 
from the fabricated device window to avoid absorptive losses.

The (MQW + AlGaAs) cavity has been designed here to be equivalent 
to a total of 27X/4. However, the calibration of growth rates for the 
MOVPE system is accurate to only » 5%. Furthermore, there is generally a 
variation in grown thickness across the surface of the wafer of « 5% 
caused by non-uniform gas flow in the MOVPE reactor. Therefore, 
getting the right cavity length for a required resonant wavelength would 
seem to be something of a lottery. In fact, all these inaccuracies actually 
work in our favour, at least for the demonstration of the device. 5% 
variation over the area of an epitaxial structure which is roughly 2-3pm 
thick means 1000-1500A variation over the wafer. This is more or less 
equivalent to a n phase change, which is also the phase difference 
between adjacent FP resonances. Hence, some part of the wafer should 
offer the cavity thickness necessary to put the FP resonance at the desired 
wavelength.

To show the variation in the position of the FP resonance and find the 
most useful device areas on the as-grown wafer we have m apped the 
reflection spectrum at the points on the wafer marked in the inset of 
Figure 6.6.1.2 (over page). In the square centimetre labelled B the 
uniformity is quite good, with the effect of the e l-h h l and e l-lh l exciton 
absorption clearly visible between * 842-850nm, and the asymmetric 
cavity resonance a t « 860nm. In area A the cavity resonance is still at a 
suitable wavelength to provide good AFPM characteristics, although the 
variation is more significant than in area B. This will affect the 
maximum contrast, the bias voltage at which it is achieved and the
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insertion loss. In area C the resonance approaches the exciton absorption 
edge too closely for the material to be useful. However, this is an 
indication of the fact that there is indeed enough absorption in the MQW 
structure to strongly reduce the cavity reflectivity.

100

SAMPLE A lcm

Major
flat

3 —

Schematic of CB145 AFPM wafer0 L. 
800 850 900

WAVELENGTH (nm) which the reflectivity was measured

100

SAMPLE B

^  50

SAMPLE C

900850 850
WAVELENGTH (nm) WAVELENGTH (nm)

FIGURE 6.6.1.2:
Wafer mapping of AFPM structure CB145 showing the effect of the variation of the 
position of the cavity resonance relative to the MQW absorption edge. Data not corrected 
for background light.

Having identified the areas of the wafer where the FP resonance was at a 
suitable wavelength relative to the MQW absorption spectrum , a num ber 
of AFPMs were fabricated. The reflection m odulator requires only the 
same processing steps as the basic MQW p-i-n photodiode (see Chapter 2), 
except that the depth of the mesa etch must be m ore accurately controlled 
to leave part of the p+ GaAs buffer layer exposed for contacting. Despite 
some uncertainty as to the effect of the m ultiple heterojunctions in the
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reflector stack on the electrical properties, it was found that the AFPM 
diodes had generally very similar I-V characteristics to previous MQW 
diodes without integrated stacks.

6.6.2 REFLECTION MODULATION MEASUREMENTS ON THE 
INTEGRATED AFPM (CB145)

All measurements were again made using the experimental set-up of 
Figs. 2.3.4.1 & 4.2.2.1, and the normalization method described in § 6.4.2.
It was discovered during these experiments that there was a component 
of the measured reflected signal which was not actually incident on the 
m odulator itself, but backscattered from the metal barrel of the 
microscope objective used to focus light onto the device. The presence of 
a significant amount of scattered light was only suspected when we 
observed the image of the AFPM on the IR camera and the "measured” 
contrast seemed much too small (« 3:1 max.) for the change in appearance 
of the device. This was verified by preventing the light from the 
monochromator from entering the focussing lens, at which the detected 
signal fell to zero. Figure 6.6.2.1 shows the image of the AFPM in its on 
and off states at a wavelength around 862nm. To obtain a bright enough 
image the monochromator slits m ust be set wide open, thus the incident 
light is more broad band than would be the case for the actual 
measurement of reflection spectra. The lowest off state is obtained with 
8-9V bias.

To remove the spurious reflected signal, with the monochromator set 
at the correct operating wavelength and the light focussed tightly into the 
modulator window, we removed the modulator from the focal plane of 
the microscope objective and replaced it with a piece of coarse black cloth, 
intended to act as a perfect absorber. The output of the lock-in amplifier, 
into which the reflected signal is fed, was then set to zero using the 
variable offset control. Any signal subsequently detected could then be 
solely ascribed to the AFPM device.
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IMAGE OF UNBIASED AFPM

IMAGE OF BIASED AFPM (9V)

FIGURE 6.6.2.1:
Frame-grabbed images from an IR camera of the CB145 AFPM in its on and off states. The 
device window is 400|im x 400[im. (Frame-grab software courtesy of Mark Abbott, UCL.)
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In Figs. 6.6.2.2-4 we have plotted the normalized reflection spectra of the 
CB145 AFPM for bias voltages between 0 and 12V, with particular 
attention to biases either side of the optim um  9V.
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820 830 850 860 870 880840
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FIGURE 6.6.2.2:
Normalized reflection spectra for CB145 AFPM at bias voltages below the optimum.

Firstly there are a couple of spectral features which are worth noting. 
Close to 822nm there is an FP resonance which is made deep by the MQW 
absorption which remains strong at all biases. The level of this 
minimum -  in the 2-3% range -  is confirmation that the spectra are well 
calibrated. The R vs a d  calculations in Fig. 6.2.2.1 indicate that R should 
remain < 0.03 for a d  in the wide range between 0.39 and 0.86. For this 
device d » 0.71pm, so the upper limit on a  is ~ 12,000cm-1. We have 
already found a  to be in the region of ll-12000cm-1 in this part of the 
spectrum for comparable MQW structures studied in Chapter 3.

Looking at the FP resonance at the device operating point, it appears to 
be a little deeper than expected. The on state reflectivity is * 44% rather 
than the 60-70% we might expect with a  < 1000cm-1 in the exciton 
absorption tail at * 860nm. The explanation for this is almost certainly 
absorption in the GaAs cap layer, which was not removed from the first
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batch of devices, and which is likely to cause a loss in intensity of * 10% 
per pass. However, the contribution from this layer also reduces the 
am ount of field-induced absorption required of the MQWs in order to 
bring the reflection dow n close to zero. W ith this GaAs layer removed, 
ignoring for the m om ent the effect on the resonant wavelength, it would 
therefore have been necessary to apply slightly m ore bias to the device to 
achieve the same off state.

As far as the bias response is concerned, little happens until we get up 
to * 4V (equivalent to = 33kV.cm_1). The heavy-hole exciton can be seen 
shifting progressively towards the FP resonance, then, betw een 4-6V, 
there is a sharp increase in the reflection change as the exciton absorption 
becomes aligned w ith the resonance.

100
0V
8V
8.5V
9V

I
§
3

880860 870820 830 840 850
WAVELENGTH (nm)

FIGURE 6.6.2.3:
Normalized reflection spectra for CB145 AFPM around the optimum bias point (9V).

There are further large changes up to 8V, but the whole spectrum  then 
becomes almost independent of bias voltage up  to ~ 12V, and the 
reflection minim um  close to 860nm remains below * 2%. In fact, at 9V 
the reflection falls below the lower limit of w hat w e can accurately 
measure. The m inim um  recorded appears to be « 0.1%, however, the 
background noise in the measurement system and accuracy limits of the
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A-D converter mean that we can only be confident that the m inim um  is 
not more than » 0.4%. Thus the m axim um  contrast ratio is at least 100:1 
(20dB).
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FIGURE 6.6.2.4:
Normalized reflection spectra for CB145 AFPM increasing the bias beyond the optimum.

The spectra above show a clear definition of the unbiased cavity 
resonance and the e l-h h l exdton peak at the MQW absorption edge. In 
the modelled spectra of § 6.3, where the separation of the resonance and 
the exdton is roughly the sam e as here, the resonance is m uch less 
distinct. This can be simply ascribed to the im proved quality of the more 
recent MQW structures, giving a sharper absorption edge. The m odelled 
AFPM characteristics are based on electro-absorption spectra for the 
KLB461 sample (§ 3.4) where doping broadening effects were apparent.

The spectral changes in reflection are displayed in Fig. 6.6.2.5 (over page). 
The reason for the double m inim um  in AR for 8-10V bias is the 
broadened shape of the FP resonance under bias. At the optim um  bias 
the cavity finesse has effectively decreased from * 10, for low absorption, 
to ~ 2-3 at high absorption. A maximum AR of » -53% is observed near
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863nm, and importantly for device applications, I AR I is 40% or greater 
over at least 7nm between 8-10V. The experimental reflection changes 
are not as large as might have been expected for this type of structure, but 
this is due again to the increased insertion loss caused by the GaAs 
capping layer, which means that at the resonance we cannot possibly get 
any more than * 44% change.
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FIGURE 6.6.2.5:
Normalized reflection change spectra for CB145 AFPM.

W ith optimization and the removal of the GaAs cap layer, from the 
results of our earlier modelling (§ 5.4.2, § 6.3.1) it should be possible to 
increase I AR^*! to more than 70% and achieve a AR of > 50% over 7- 
8nm .

The contrast spectra, which are plotted on the following page in Fig. 
6.6.2.6, apparently show that the peak modulation at 9V is in excess of 
26dB. As we have already said, we cannot be certain of the accuracy of the 
measurement at this particular point, but the peak is at worst up  to the 
20dB mark. The linewidth at such high contrast is, however, not much 
different from that expected for the high-finesse SFPM structures, being 
lnm  or less. This would pose problems in a real working environment 
with other devices in close proximity, where temperature fluctuations
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could force the resonance peak to move, and worse, drift relative to the 
MQW absorption edge. If, however, such high contrast is not necessary 
and lOdB is sufficient, then the linewidth is rather better, being « 4.3nm at 
the optimum bias of 9V, and at least 2.3nm in the range 8-12V.

30
6V

• 8V
• 9V
• 10V

20  12V
 Insertion

Loss

10

2 3 2 = =0
840 850 860 870 880

WAVELENGTH (nm)

FIGURE 6.6.2.6:
Contrast spectra for CB145 AFPM. Also shown is the zero-bias insertion loss.

Confirming the estimates made in § 5.6, calculations of the effect of 
temperature changes on the shift of the MQW absorption edge, relative to 
the shift of the FP resonance due to thermally-induced refractive index 
changes, indicate that the operating tem perature of the AFPM will need

o
to be controlled to * ±10 C in order to achieve stable, high contrast 
modulation [15].

One further property of the AFPM structure which we have not 
emphasised up to now is the potential for high efficiency photodetection. 
At the biased resonant wavelength the reflection falls roughly to zero 
when there is sufficient absorber in the cavity. Incident light is at this 
point almost completely absorbed. The fraction transmitted into the 
GaAs substrate is roughly (1 - R-mls)/ and so should be less than 5%. Thus 
we have the means of achieving the theoretical maximum responsivity
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of * 0.68 A /W  (at ® 850nm) with an MQW region only » 1pm thick.
Photocurrent spectra in Fig. 6.6.2.7 show the expected increase in 

responsivity with bias due to the FP resonance at ~ 860nm, where the 
photocurrent is initially less than that at the e l-h h l exciton because of the 
low absorption. The resonant photocurrent peak rises to « 1.6 times the 
original exciton height (at « 850nm) despite the fact that there is a 
significant loss in absorption strength as the exciton is field-shifted.
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FIGURE 6.6.2.7:
Biased photocurrent spectra for CB145 AFPM. The actual responsivity has not been 

calibrated as yet.

880

This dual functionality is useful for example in an optical to electronic 
interface. The modulator could either operate in a "send” mode -  
impressing information onto a d.c. optical input, which is then reflected 
back to be detected in a separate part of the system, or in a "receive"mode 
-  generating photocurrent at a fixed bias according to a modulated optical 
input. The principle has already been demonstrated with an MQW 
reflection modulator by Wood et al. [16].

The work which has been presented in this chapter can be found in 
alternative forms in a series of recent publications [17-19].



MQW Asymmetric FP Cavity Modulators

6.7 SUMMARY

6.7.1 MEASURED AFPM PERFORMANCE

In this final chapter we have designed and demonstrated a novel optical 
reflection modulator. The MQW asymmetric Fabry-Perot cavity 
modulator (AFPM for short) has been proven to be capable of contrast 
higher than 20dB (100:1) with less than 10V bias. At the 10 dB contrast 
level for the AFPM the modulation linewidth is significantly better than 
that for high-finesse symmetric cavity MQW modulators [9,10], which 
have not yet achieved this level of contrast. Previous MQW modulators 
operating at normal incidence in transmission have contained as much 
as 4|im of MQW material to achieve lOdB contrast [19], thus requiring 
high bias voltages and incurring very large insertion losses. A reflection 
modulator of a similar construction to the AFPM, but made non-resonant 
by the application of a front surface AR coating [20], has shown up to 9dB 
contrast. The insertion loss in this case was also high since the operating 
wavelength was at the unbiased e l-hh l exciton peak. Table 6.1 is a 
comparison of the optimum performance of various types of MQW 
modulator with that of the AFPM.

Reference
M aximum
Contrast
(dB)

Insertion 
Loss (dB)

Bias (V) Figure of 
m erit (V"1)

Chapter 4 22 1.8 6 0.204
Chapter 4 3.4 32 12 0.088
Hsu et al. 

[20] 10.0 13.0 20 0.038
Boyd et al. 

[21] 8.7 5.7 18 0.085
Simes et al. 

[9] 9.0 5.8 25 0.062
Lee et al. 

[10] 7.0 29 15 0.161
AFPM >20 3.7 9 >0.60

TABLE 6.1:
Performance of a number of normal incidence GaAs MQW modulators. The first three 
are transmission modulators, the last four are reflection modulators.
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The first two devices are from our own measurements on MQW 
transmission modulators in Chapter 4 of this thesis. The data are for the 
87 A well modulator at the optim um  bias-absorbing and bias-transmitting 
wavelengths.

The figure of merit is defined as Contrast/(Insertion Loss x Voltage), 
which is somewhat arbitrary, but serves to underline just how much the 
use of the AFPM has improved the performance figures. Obviously this 
figure of merit does not show the wavelength sensitivity of the 
modulation. However, the AFPM has a larger linewidth than any of the 
other devices, at any of the contrast levels reached. At 3dB, for example, 
referring back to Fig. 6.6.2.6 we find that the AFPM linewidth is * lOnm.

The modulation is also very large in terms of reflection change, AR, 
rather than contrast. At 9-10V a AR of at least 40% over a 9-1 Onm range 
has been measured experimentally, with peak changes of more than 50%. 
Only the device demonstrated by Lee et al [10] has previously shown a AR 
of * 40%. Modelling suggests that changes in reflection of more than 70% 
are attainable with the structure we have already tested.

Although we have made no high frequency measurements of the 
AFPM performance a very similar structure (i.e. MQW p-i-n diode 
incorporating a reflector stack) has been demonstrated by Boyd et al [22] 
operating at 5.5 GHz, a limit due only to the RC time constant. We note 
that the use of the asymmetric cavity, which reduces the amount of 
MQW material required to produce a given contrast, and hence narrows 
the intrinsic region of the diode, will lead to higher device capacitance 
when structures are optimized to operate with fewer wells at lower bias 
voltages.

6.7.2 FUTURE CONSIDERATIONS FOR AFPM DESIGN AND OPERATION

We have usually considered in our modelling in this chapter an AFPM 
with 95% reflectivity at the back surface. This is simply to get a reasonable 
picture of the expected device performance when the MLS mirror is not 
perfect i.e. real. However, it should be noted that the insertion loss for a 
given background absorption at the resonance can be reduced by making 
the back mirror reflectivity even closer to 100%. Adding in a few more 
periods to the MLS structure as we have grown it would do this. Twenty 
periods should suffice to push the reflectivity uniformly up to 98-99%.
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The maximum reflection change would then increase, but on the other 
hand so would the critical amount of absorption needed to achieve a zero 
reflectivity. Thus more wells and more bias would be needed to operate 
at the same wavelength. The alternative would be to move the 
resonance closer to the MQW absorption edge, but this would tend to 
offset improvements in the insertion loss gained by increasing the back 
reflectivity.

The AFPM structures modelled and tested have been the simplest 
form of this device, with the front mirror simply defined by the GaAs:air 
interface. This gives a very reproducible front reflectivity of « 30%. Since 
we know we can reliably achieve MLS reflectivities of * 95%, this leaves 
us the cavity length as the only possible problem parameter to fix in order 
to make the device work well. It may be sensible from a fabrication point 
of view to keep the most simple structure, however, in the quest for ever 
lower operating voltages, there is the possibility of increasing the front 
reflectivity of the cavity, retaining the asymmetric character, but reducing 
the critical absorption for high contrast. If Rf were 0.5 rather than 0.3, 
with Rb = 0.95, the critical a d  would fall from 0.58 to 0.32 (see Eq. 6.4). The 
drawback is that the insertion loss at resonance becomes more sensitive to 
the absorption present in the unbiased state. W ith a d  = 0.08 and Rf = 0.3 
the on-state reflection is * 0.48, but this drops to * 0.28 for Rf = 0.5 (see 
Appendix for relevant equations). To increase the front surface 
reflectivity is a seemingly simple matter of growing a few periods of 
another MLS. However, the calculation in § 6.5.1 of the MLS reflectivity 
as a function of the number of periods shows that there is a very rapid 
change in the reflectivity from « 0.12 to 0.78 going from 2 to 8 periods.
The control of the front mirror reflectivity to somewhere between 0.40 
and 0.60 will therefore be quite difficult, and m ay well be best avoided.

The final comments concern the angular dependence of the 
m odulation and the sensitivity to temperature.

We have only considered the case of light incident normal to the 
surface here. It is likely that applications such as optical interconnections 
will necessitate using the AFPM off-normal, in order to achieve spatial 
separation of the incident and reflected signals and avoid feedback into 
the optical source. There are two principle effects which come into play. 
Firstly, the effective cavity thickness increases as the incident angle 
increases relative to the normal, which shifts the position of the cavity 
resonance. The strong refraction towards the normal on entering the
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semiconductor will compensate for this to some extent. Secondly, away 
from normal incidence the centre wavelength of the MLS reflector begins 
to shift relative to the input wavelength [4], which alters the phase change 
on reflection from the stack (the phase change is only n radians at the 
centre wavelength) and thus affects the position of the resonance. The 
peak reflectivity is also reduced at non-normal incidence and there is a 
polarization dependence. All of which will complicate the device 
response.

Temperature will affect the AFPM in two ways. The MQW absorption 
edge will shift with temperature by roughly 3A per degree [23]. At the 
same time the change in refractive index associated with the absorption 
shift will cause the resonant wavelength to change. It is unlikely that the 
two will move at the same rate. The contrast or reflection change is fairly 
sensitive to the position of the MQW absorption edge relative to the 
asymmetric cavity resonance. So the effect of tem perature will probably 
be more marked for this type of device, where the absorption edge and the 
resonance shift relative to the input wavelength and also relative to each 
other, than for a non-resonant electro-absorptive modulator.

Finally, from our initial proposal and preliminary demonstration of the 
AFPM [17,18] there has been interest from other research groups in the 
general asymmetric cavity concept. Very soon after we produced the first 
integrated structure [19], Yan et al at the University of California, Santa 
Barbara achieved substantially the same results w ith an MBE-grown 
device [24]. The idea has also been applied to the InGaAs-InP quantum 
well system [25] as a means of overcoming the intrinsically poorer electro
absorption properties (compared to GaAs-AlGaAs) for this material which 
is potentially important for the 1.55 fim optical fibre low-loss window.
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CONCLUSIONS

As the conclusions from the work contained in this thesis have been 
summarised at the end of each chapter, we shall simply re-iterate the 
main points here.

In Chapter 2, using photocurrent spectroscopy, it was demonstrated 
that MQW p-i-n diodes of sufficient quality for optical modulation can be 
grown by MOVPE. In the course of this work, both MOVPE and MBE 
materials ultimately displayed the quality necessary to show near 
theoretical performance -  at least for wells of * 100A.

Having considered the problems associated with low-finesse FP 
resonance in MQW transmission modulation spectra, we showed in 
Chapter 3 that absorption spectra may be deduced with reasonable 
accuracy from photocurrent spectra. Spectra derived in this way conform 
very closely to electro-absorption sum rules.

The performance of non-resonant MQW transmission modulators in 
terms of maximum contrast/transmission change is ultimately limited by 
the trade-off between absorption change, Aa, and the proportion of 
absorbing (QW) material in the MQW structure. In Chapter 4 we have 
examined the effect of altering the well width. As well widths become 
narrower, Aamax increases. However, we found in Chapter 2 that the 
isolating AlGaAs barriers cannot be reduced m uch below » 60A before 
interwell coupling becomes strong. Thus the proportion of absorbing 
material falls as well width is reduced. As a result the product Aamaxd, 
where d is the total QW thickness, remains reasonably constant. The 
principal effects of changing the well width are to increase the field 
required for maximum modulation and push the operating point to 
shorter wavelengths for narrow wells, and to switch the operating point 
from the biased to the unbiased e l-hhl exciton peak for wide wells, whilst 
reducing the field for maximum modulation.

We concluded from the modelling of MQW FP cavity modulators, in 
Chapter 5, that high-finesse devices designed to utilise electro-refractive 
effects would be undesirable from an applications point of view, despite 
being capable, in theory, of more than 20dB contrast a t « 10V. The 
problems w ith this type of device are a narrow optical bandwidth and a 
high sensitivity to temperature and cavity thickness variations due to 
epitaxial growth.
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Further FP device modelling has enabled us to propose, and subsequently 
demonstrate, a better alternative to the high-finesse device. The 
asymmetric Fabry-Perot cavity modulator (AFPM) achieves very high 
contrast by using MQW electro-absorption to obtain complete destructive 
interference of light reflected from the device. Being an intrinsically low- 
finesse device, the AFPM can exhibit large absolute reflection changes 
over an optical bandwidth much larger than that of high finesse devices, 
and even non-resonant modulators. Its sensitivity to tem perature and 
cavity thickness variations should also be significantly less than that of 
high-finesse devices. The AFPM is thus by far the best option for high- 
contrast, low-voltage m odulation in a normal-incidence structure.

We have calculated in Chapter 5 that the AFPM operating voltage can 
be reduced to less than 5V for a contrast of lOdB, with 3dB insertion loss.
It is likely that the voltage can be reduced further by using wider (« 150A) 
wells or coupled quantum  wells, although with larger insertion losses.

Future work on the AFPM should focus on designs to meet specific 
applications since the contrast and reflection change must always be 
traded off against insertion loss and bias voltage. Consideration must also 
be given to the effect of tem perature changes.



APPENDIX

FABRY-PEROT CAVITY EQUATIONS

Here we derive the equations which govern the transmission and 
reflection of light at normal incidence in an absorptive Fabry-Perot cavity.

Consider a plane electromagnetic wave of amplitude E0 at normal 
incidence on the Fabry-Perot cavity structure in Fig. A l. The cavity is 
bounded by the interfaces between the cavity medium, refractive index 
n2, and the external media with indices n1 and n3. These interfaces 
constitute the cavity mirrors. The thickness of the cavity is L, and it 
contains an absorbing layer with amplitude absorption coefficient y, and 
thickness d.

Medium 1 Medium 2 Medium 3

}

* # I' sr $ !O J %
< 3*' i> i \
{ £ 2  $* i■s-

FIGURE Al:

The model Fabry-Perot cavity

On passing from medium 1 into the cavity, the incident wave suffers 
partial reflection with an amplitude reflection coefficient r12, the 
corresponding transmission coefficient being t12, with the subscript 
indicating the direction of propagation. These coefficients are determined 
by the refractive indices of the two media at the interface, according to the 
Fresnel equations, as shown on the following page.
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Derivation ofFP cavity equations

T n , - n 2 th - n ,  _ 2», _
*12 —  121 —  l 12 “  l 21 ~n1 + n2 n1 + n2 n1+n2 n1 + n2

With each traversal of the cavity the wave undergoes a phase shift e15, 

where 8 = (2tcw2L) A , and an attenuation e '^ . Hence we may write the 
sum  of the amplitudes of the transmitted waves as:

Et = Eot,2t23eiSe '1d + E0t12t23r23r21ei3Se"3ld + E0t12t2J(r2Jr21)2ei5V 5l<i+.....

and that for the reflected waves:

Er = E0r]2 + E0t,2t21r2!el2Se-2ld + E„t12t21r | r 21ei4Se-4’d + E0t12t21r2 r2e16Se-4l'i+.....

Taking the sum to infinity for the transmitted waves, we find that the 
amplitude transmission coefficient is:

F t tt = -S- = ■ 12 g  -,f. .... (Al)
E.  l - ¥ i , e e ' ¥

Similarly, for the amplitude reflection coefficient:

E t t r ei25e~2ld
r - i - r  ■ 12 21 23 e  / A ? ' )

E0 12 l - r ^ e ^ e " 2*

This expression is simplified further by making the substitutions r21 = - r 12 
and t12t21 = 1 -  r12 , based on the Fresnel equations above, to give:

f n + r ^ y 2*1 .  .

l - r 21r23e‘2Se '2l,i............................................ (A3)

In experiments we can measure only the intensity transmission and 
reflection coefficients, the expressions for which are obtained by 
multiplying t and r by their respective complex conjugates, t*and r*. Thus 
we have:

T = tt* = . -   (A4)

and
1 + r^r^e-4̂  -  2r21ra e 2yd cos 28
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R _ rr- _ r2 + r2e^ ,d-2 r21r23e~2yl cos28
1 + i^r^e-4*1 -  2 r21r23e 2ld cos 28

•CA5)

where we have used the following substitution for the normal situation 
where n2=n3/ air being the external medium at the front and back.

t212 = t t12 23 12 21
\ nu

2̂3̂ 32
\ nu

= ( l - r 2) ( l - 4 )

The intensity reflection coefficients for the front and back surfaces of the 
cavity, Rf and are defined by Rf = r12 = r22 and Rb = r^ . Substituting also 

cos28 = l - 2 s in 28 and a  = 2y, where a  is the intensity absorption 
coefficient, Eqns A4 and A5 can be recast as follows:

T = (1-Rf)(l-Rb)e- a d

( l - 1/RfRbe '“d)2+41/RfRbe-“d sm25
.(A6)

p R,+Rbe-2ad-2VR^7e-°d+43/R ^ e-adsin2S 
(1 -  ̂ R ,R be~°A)2 + 41/RrRbe““1 sin2 8

....(A7)

If we now make the following definitions:

E<x ~
- a d •(A8)

A _ (1-Rf)(l-Rb)e

a - R J 2

- a d

.(A9)

F =  4R«
a - R „ ) 3

.(A10) B = Rf[l-(Rq /  Rf )1
d - R a)

.(All)

we can express the intensity transmission and reflection coefficients in a 
final, very simple form:

T =
1 + F sin 8

.(A12) R = B + F sin2 8 
1 + Fsin28

.(A13)

It is often useful, as we have done in this thesis when presented with a 
spectrum containing Fabry-Perot oscillations, to look at the maxima and 
minima of those oscillations in order to derive information about the 
cavity absorption or its surface reflectivities. From Eq. A12, we can see by 
inspection that the limiting cases for transmission will occur when the
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Derivation ofFP cavity equations

sin28 term has its maximum and minimum values of 1 and 0 
respectively. Maximum transmission occurs when 8 = 0 or mjc, where m 
is an integer; minimum transmission when 8 = mjc/2. Thus we have:

.(A14)Tm„(8 = 0,rrai)= A =

Tmta(5=mit/2)=_A _  = ( l - R ^ R ^ -   (A15)
"  ' 1 + F (l + ̂ /RfRbe )

Maximum reflection occurs at the point of minimum transmission and 
vice versa. The reflection equations at anti-resonance and resonance 
respectively are therefore:

P fS_ l W . >_B + F _ R (+Rbe- ^  + 2V R S e-“d 
-  m*/2> -  y y y r  + ------

_ (VR j + ^ e od)2 
(l+^RlRie~ad)2

.(A16)

„      _ „  _ R( + Rbe”2ad -  2 ^ R be
mta - ° 'm3C)- B  a - V w - ) ’

(l-VRfRbe-̂ )2
.(A17)

In the limit of zero absorption, for example at wavelengths « 20nm off the 
MQW absorption edge which we observe experimentally, Eqns A14-17 
reduce to their most simple form.

nr (ft _  n \ _  (1 —Rf)(l — Rb) ('Alft')V a"0)" (l̂ VRfRb)2 . .

R- < a = 0 > = ^ ? T g w  .... (A19)
min (i ± J r X ?
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