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ABSTRACT

The optical properties of multiple quantum  well (MQW) material can be 
modified by application of an electric field across the wells. Hence, by locating the 
wells in the intrinsic region of a p-i-n diode, an optical beam incident on the diode may 
be modulated. The incorporation of such a diode in an integrated Fabry-Perot (FP) 
cavity yields an enhancement of the modulation characteristics. This thesis deals with 
the assessm ent and optim isation of Fabry-Perot reflection m odulators in the 

GaAs/AlGaAs material system, where the electroabsorption effects in quantum  wells 
are employed to attain voltage-controlled optical intensity modulation.

The work is primarily concerned with the asymmetric Fabry-Perot modulator 
(AFPM) where the front mirror of the FP cavity is of lower reflectivity than that of the 
back. Although the achievable very high onroff reflectivity ratios make this type of 
device very attractive, its ultim ate im plem entation imposes a num ber of other 
requirements. Firstly, the operation needs to be compatible w ith existing electronics 
required to drive the modulator. Secondly, the perform ance m ust be tolerant to 
fluctuations of a number of parameters associated both w ith the epitaxial growth and 
with the operational conditions including ambient tem perature. O ur optim isation 
aims, therefore, both to improve the modulation characteristics and to maximise the 
tolerance of the structure. To do this, we examine theoretically and experimentally the 
parameters that affect the performance, addressing both the quantum  well effects and 
the microresonator design. We develop a comprehensive design method, demonstrate 
m odulators with improved characteristics, proceed to a thorough evaluation of the 
performance ultimately attainable by AFPMs, and finally produce optimised designs 
to meet predefined specifications.

Another quantum well electroabsorption-based device, the symmetric cavity 
electroabsorption modulator (SCEM), is fully investigated and its relative merits are 

critically examined. In this case the front and back mirrors are equal and the device 

offers certain advantages in the normally-off mode, thereby lending itself to optically 
bistable operation. We demonstrate switching using SCEMs in the symmetric self- 
electro-optic-effect device (S-SEED) configuration.

Finally, we examine the microresonator devices in terms of their potential for 
versatile functionality w ithin optoelectronic system s, and propose in tegrated  
configurations and new composite devices.
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CHAPTER 1: INTRODUCTION

1.1 HISTORICAL DEVELOPMENT

The invention of the transistor in 1948 signifies the starting-point of the 
contemporary technology oriented period that has earned the title: information era. 
Since the 50's, there has been a steady exponential advancem ent in electronics 
predom inantly due to the fast-paced progress in semiconductor technology and in 
particular the integration of thousands of different components in light, compact, 
small-area chips. Indeed, the most valued craft of the last quarter of the century has 
been miniaturisation. The impact of these advancements has been trem endous in an 
intriguing range of ways, indeed it can be said that most of the progress in other 
sciences, from medicine to astrophysics, has by and large been a bi-product of the vast 
and diverse achievements in the electronics industry that facilitated better diagnostics 
and accurate instrumentation. Information exchange and processing are in intimate 
relation with the very fabric of the current social-economic structures. The increasing 
demand for high speed large throughput information technology has so far been met 
by an increase of component density and a simultaneous enlargement of chip area. It 
has, however, been realised that there are some fundamental limits to the performance 
that can be attained by electronics, as they are limited by propagation delays on the 
capacitive connectors. Additionally, the area of telecommunications has suffered 
substantial limitations due to high transm ission losses and  restricted bandw idth 

availability, which have been alleviated by the implementation of the optical fibre.

The invention of the fibre by Kao and Hockman and Werts in 1966, and the 
demonstration of laser emission from GaAs in 1963 can be viewed as the two events 
that perm itted  the b irth  of m odern optics. The very early boost in optical 
communications was largely thanks to the military industry, the interest of which was 
driven by the immunity of fibre to electromagnetic interference and crosstalk. Today, 
however, and as envisaged by the early researchers in the field, the striking majority of 

applications are commercial. Fibre offers broadband low-loss transmission with the



currently  achieved cost/perfo rm ance figures establishing its dom inance in 
telecommunications. Indeed, fibres are now extensively used in sub-marine systems 
and are generally the preferred medium for long-haul communications. Furthermore, 
the developm ent of Er+ doped fibre amplifiers has resulted in virtually lossless 
transmission links. This has encouraged further demands for broadband services.

As the technologies m ature and at the same time it becomes clear that optics is 
here to stay, it is evident that there may be a much more substantial role optics can 
play. Optics offers a vast available bandw idth, massive parallelism, and high speeds, 
and hence it may prove a viable solution to problems encountered in information 
technology in the broad sense, i.e. be it telecommunications or connections between 
modules in a data processor. Optical interconnects can be used w ithin processing 
systems to alleviate the speed and capacity limitations in VLSI. As this has been 
broadly investigated, new issues have been revealed w here a certain degree of 
functionality of the optical node, other than that of a mere interface element, appears 
possibly advantageous. Additionally, as transm ission becomes less of an  issue, 
problems encountered at the switching end of fibre communications prom ote the 
notion of switching being performed in the optical domain. Thus, progressively, optics 
is being considered for possible implementation higher up  the hierarchy of data 
manipulation. The degree to which this may materialise is in many areas still open to 
debate.

The role of III-V compound semiconductors within this framework is more 
th an  essential in that the their developm ent has actually influenced the very 
perspective optical implementations are viewed upon. Com pound semiconductors 
have been a field of intense investigation predominantly because, unlike Si, the direct 
band-gaps of such materials allow the realisation of active optical devices, i.e. light 
sources. Moreover, the realisation of electrically-pumped laser action in semiconductor 

diodes has established their us ability. A decisive factor with respect to the further 

deployment of optics in data processing, is its compatibility with existing technology. 
This has been the prim e rationale that has fuelled the extensive in terest in 
semiconductor technologies for optical applications. GaAs is the most advanced 
material among III-Vs and by far the most m ature technology where both electronic 

and optical devices have been realised [Haigh and Everardl. Good quality epitaxial 

growth was first achieved in GaAs and most of the novel optical and electronic devices 
in III-Vs have been first dem onstrated in this material system. Moreover, its almost 

perfect lattice match to AlxGaj_xAs perm its the realisation of heterostructures that 

yield a considerable performance im provem ent specifically in transistor and laser 

structures. A special class of optoelectronic material, the quantum  well material, that 

uses short-period heterostructures acquires characteristic qualities that result in the
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realisation of a range of very efficient optoelectronic devices which com pare 
favourably to these in bulk material. Such devices in GaAs are strong candidates for 
several applications in optical interconnection and switching networks. On the other 
hand, InP based material is used in long-haul communications in order to exploit the 

low-loss window of the optical fibre (=1.55|im).
This thesis is concerned w ith a class of GaAs m ultiple quantum  well 

optoelectronic devices where the reflected optical intensity is controlled by the 
electrical signal applied to the terminals of the device. Specifically, we are concerned 
with Fabry-Perot quantum  well electroabsorption m odulators in the GaAs material 
system. When this work was started such modulators, namely the asymmetric Fabry- 
Perot modulator, had just been dem onstrated [Whitehead et ah, 1989b; Yan et al,

1989] with modulator characteristics that clearly outperformed other semiconductor 

such devices. The aim of this work was to study such devices in greater detail and 
optimise their performance. Such optical modulators may become important elements 
at the interface between optics and electronics that lend themselves to a variety of 
functions in optoelectronic systems. It was decided that the direction of this work 
would be towards a realistic evaluation of the potential for implementation of this type 
of m odulator in a real system and thus its perform ance ought to be studied and 
optimised with real conditions and systems requirements in mind.

In the following we give a brief account of optoelectronic systems considering 
in particular areas where the reflection modulator may be incorporated. Subsequently, 
after an introduction to quantum well effects, we present the main types of modulators 
that may be realised using quantum  well material and which can be used as building 
blocks in more complex composite structures. Finally, we introduce briefly the 
implementation of composite quantum well devices in optoelectronic logic.

1.2 OPTOELECTRONIC SYSTEMS

A w ide range of optoelectronic system s has been  developed  for 
communications, interconnection, optical computing, neural networks, as well as for 
applications in industries not directly associated with information technology. From 

these, the systems at the communications end of the range are at the most advanced 
stage as their implementation is imminent. A discussion of optoelectronic systems in
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general is certainly beyond the scope of this introduction. In this section we give, 
therefore, a brief account of systems from the perspective of potential applications for 
a semiconductor reflection modulator.

Optical interconnects in VLSI

Faster processing of ever larger amounts of data has been achieved by scaling down 

the device features in ICs and  a sim ultaneous scaling up  of the chip-size. 
Consequently, the density of devices per unit chip area is increased, the power 
dissipation per device is decreased and so is the switching delay of each gate. The 
interconnect RC time, however, rem ains unchanged [Goodman,1984], w hen at the 
same time the enlarged chip size results in a larger num ber of elements per block and 

thus more and more interconnects between blocks. Furtherm ore, as clock speeds 
increase, clock skews are caused by the different path delays along varying path 
lengths [M idwinter, 1988]. The situation has thus reached the stage w here the 
perform ance is in fact in m any cases In p u t/O u tp u t (I/O ) bound ra ther than 
processing bound. To take this argum ent a bit further, current electronic technologies 
are certainly poor in supporting the necessary I /O  density and bandwidth required for 
large amounts of data and parallel computing [Feldman, 1990; Guha et a l ,1990]. In the 
course of various developments in optics there has been a certain advancement in the 
performance of electronics in recent years. An attem pt to minimise the interconnection 
lengths and achieve better overall chip-topography has been the implementation of 
multi-layered chips where many levels of interconnections are stacked together in the 
vertical direction w ith point connections joining layer to layer [Topham, 1991]. 
However, these circuits suffer severe heat dissipation problems.

Optical interconnects offer the poten tia l to overcom e the lim itations 
encountered in VLSI implementations and yield faster point-to-point communications 
with a reduction of the necessary electrical pins per chip. This can result in designs 

that consume less power, and operate at higher speeds. Additionally, the footprint 
area corresponding to the "optical pads" is reduced as compared to electrical pads that 
normally occupy =25% of the chip area. The 'break-even' length when comparing 

optical and electrical interconnects in terms of power consumption has been estimated 

to a couple of mm beyond which optics is more efficient than electronics. This is, 
nevertheless, very m uch dependent upon the specific com ponents as well as the 
application [Farhadiroushan et a l, 1991]. Also one can argue that power consumption 

is only one of the points to be considered.

Optical interconnections may be implemented in local-area networks (LANs), 

module-to-module, board-to-board and chip-to-chip communications. In such short
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distance systems, GaAs based material could be favoured as stem m ing from its 
superior performance. The approaches towards optical interconnects in VLSI may be 
classified in two types: guided and free-space interconnects. The former could be 
implemented using for example polymer waveguides in the backplane [Guha et ah,

1990] or other waveguides and optical fibres [Goodman, 1984] for connections between 
various levels. Free space interconnections of VLSI implementations allow for direct 
access to various locations on the chip and are inherently flexible to ultim ately offer 
the possibility of dynamic reconfiguration of the connecting routes between elements.

Holographic Element

vW
Electronic
Island modulators

\  \ \
detectors

1

F i g .1 .2 .1  A schematic diagram illustrating the use of reflection 
modulators as optical pads performing the connections between islands of 
electronics in VLSI. Diagram not to scale.

Holographic elements may be used to facilitate complex connectivity. These would be 
preferably com puter generated as it would be uneconomical to realise an optically 
generated hologram in cases where dense complex routing is required [Facanha et a l, 

1989].
The transm itter element may be either a laser diode or a m odulator. In the 

case of free-space interconnections, modulators seemed at the start of this work to be 

the most viable candidate since the performance of surface emitting diodes was simply 
inadequate. However, the advancements in surface emitting laser diodes in the last 
five years [see for example Yoo et ah, 1990; Orenstein et ah, 1991] have prom oted 

them  to serious candidates for 2-D arrays of transm itting  elem ents in these 

implementations. However, there are two major disadvantages encompassed with the
w o re

use of lasers for this task [Midwinter, 1987]. One is that lasers are very m uchApower 

consumptive devices and this would inhibit the realisation of high-density networks 
with optical modules integrated in close proximity to the electronic ones. A second 
disadvantage is that lasers are devices critically dependent upon the epitaxial material 
quality and the operational conditions. Therefore, for example, it would be quite 

difficult to realise reliable lasers in GaAs monolithically integrated on Si electronics
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(Chapter 9). In addition to the above arguments, the use of m odulators offers the 
advantage that the optical source is located away from the active chip and thus not 
only dissipates its heat elsewhere but also facilitates better timing and control of the 
elements [Midwinter, 1987]. Finally, and very importantly, a m odulator can comprise 
the main element of both the transmitter and the receiver end of the link. The created 

bi-directional paths can offer additional connectivity, flexibility, and ultim ately 

dynamic reconfigurability. Thus one could envisage arrays of reflection m odulators 
acting as the interconnecting pads between electronic islands or between boards in 

free-space links (Fig.1.2.1) [see Parker, 1991].

Optical switching

At present transmission rates in fibre optic packet switching systems routing decisions 
can be made electronically, thus hybrid architectures are used where the transmission 
is done optically and the switching electronically. However, as the transmission rates 

increase electronic processing will find it increasingly difficult to perform the required 
routing functions. The electronic switch suffers from relatively low transm ission 
bandwidths while also the optoelectronic (O/E) interfaces associated with the hybrid 
architectures prevent the full exploitation of the large bandwidth-distance product of 
the optical fibre. To fully exploit the advantages of optics, it would be desirable to 
generate, transmit, process, and detect broadband high frequency optical signals in the 
optical domain and interface these to external, probably Si based, integrated circuits 
operating at the same speed. Thus the possible data flow bottleneck created at the 
electronic switch would be overcome.

Switches may be realised using either logic devices or using passive devices 
that respond to some routing instruction, be it in the time or the wavelength domain 

[Midwinter, 1988]. The latter (i.e. relational switches) would have the additional 

advantage of a versatile bandw idth provided by the "transparent" switched optical 
path. That is, unlike an electronic switch which operates for a certain type of data 

format, an optical switch may be able to cope with any optical signal provided of 
course this lies within a certain wavelength range. Thus in total, the use of optical 
switching would realise systems that take full advantage of the endemic qualities of 
optics: parallelism, broad bandwidth, and high speed. From a historical perspective, 

switching has always followed the format of transmission [Nussbaum, 1988], and 
transmission is now being performed increasingly in the optical domain. There is, 

however, a series of practical difficulties that m ust be bypassed before optical 
switching is actually implemented.

Several technologies are applicable to the realisation optical switching such as 

LiNbC>3 waveguides, photorefractive materials, semiconductor w aveguide switches
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m aking use of absorption or phase techniques, all-optical bistable devices, 
semiconductor optoelectronic logic. A review of semiconductor-based switches has 
been presented by Ikegami [1988], while several approaches have been realised in the 
laboratory since then [see for example Lindgeren et al., 1990; Shimomura et a l, 1992;

N Inputs CrossBar
Switch

N Outputs

Fig.1.2.2 A schematic diagram showing the connection of N inputs to N  
outputs using a crossbar switch. A matrix ofNxN elements is required.

Hamamoto et al., 1992]. Self-routing switches, i.e. switches that can decide upon the 
function to apply at the input signal as this is dictated by a header instruction 
preceding the signal, have received much interest [Ballance et al., 1990]. Such switches 
perform the switching action without needing to know the inputs to the other ports to 
the network, thereby resulting in faster processing. Self-routing electronic switching 
netw orks are mainly limited by I /O  capacity. Hence optics could be used in 
conjunction with electronic switching in a less ambitious manner, to constitute the I /O  
element between islands of electronic logic (J.E. Midwinter, private communications).

The role of optical switching may also be envisaged in data processing as the 
implementation of optical interconnection might favour the addition of a certain level 

of intelligence in the elements that perform the connection. In the simplest form of a 
switching net the pixels act merely as shutters that may or may not transmit the optical 
signal. In m ore complex arrays, each pixel may perform  both detection and 

transmission and, moreover, apply some logic function before transmitting. These so 

called "smart-pixels" [see for example Kurokawa et a l, 1992; M idwinter, 1988] could 
assist in achieving such levels of versatility and com plex functionality  that 
fundam entally new routes in signal processing and data m anipulation could be 
opened. Electronic components would be part of the intelligence. The extent to which 
these would be incorporated within the node is another issue to be addressed, as

-15-



functionality may start decreasing again after a certain level of electronics have been 

incorporated in the node.
Interconnections are an inseparable part of switching networks. Bus, crossbar, 

and (possibly 3-D) multistage architectures can be utilised [Kiamilev et al., 1991]. The 
two former have a limited I /O  capacity while, in the case of a 3-D multistage network 
(such as a shuffle or butterfly net), the exploitation of the second dimension in the 
input and the output plane allows large am ounts of data to be m anipulated [Taylor 
and M idw inter, 1991]. For com m unications applications a crossbar netw ork 

connecting N=128 or 256 inputs to an identical num ber of outputs (and hence 

requiring a NxN num ber of nodes) is the type of switch that could be implemented in 
the near future [M idwinter, 1987]. On the o ther hand, in non-com m unications 
applications, in the case of a parallel com puter eg., m ultistage netw orks could be 
preferred in some cases as they provide efficient perform ance using a reasonable 
num ber of switches [Guha et a l, 1990; Matsuda and Shibata, 1991].

1.3 QUANTUM WELLS

1.3.1 Quantum  well effects.

The term quantum  well material refers to a class of semiconductor material 

w here two semiconductors of different bandgaps are sandw iched together so that 

electrons and holes experience a potential well in the conduction and the valence band 
respectively in the direction perpendicular to the plane of the layers. W hen the w idth 

of the well is less than *200A, confined states are created for the carriers in the 
semiconductor with the lower bandgap energy (well) (Fig.1.3.1). The situation is a bit 

more complicated in the valence band where the confinement lifts the degeneracy at 
the centre of the band since the effects are dependent upon the mass of the particle 
involved (Appendix). This leads thus to separate hole-bands at k=0, i.e. the light hole 
and the heavy hole (Chapter 3). Transitions may take place between the discrete levels 
created in the conduction and the valence band with the lowest transition occurring at 
an energy higher than the corresponding band-gap.

The reduced (quasi 2-D) dim ensionality in quantum  wells has a profound 

effect on the density of states which changes from a parabolic function of energy in 3-
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D to a step function in the case of quantum  wells (Fig.1.3.2). The steps correspond to 
the n=l,2,... levels. At the same time the confinement of the carriers w ithin the well 
results in tighter-bound excitons, i.e. hydrogen-like bound electron-hole pairs. Thus, 
unlike bulk, the excitons in quantum  wells are not ionised at room tem perature as 
their binding energy is now greater. Excitonic features are observed in the absorption 
spectra as sharp peaks at an energy equal to the sub-band energy minus the binding 
energy of the pair. In total, the absorption spectra of quantum  wells exhibit a step-like 
shape with the excitonic features superimposed at the edge of each step and  the same 
features are thus observed in the photocurrent spectra obtained from a p-i-n such 
structure (Fig.1.3.2). These features not only increase the absorption coefficient 
com pared  w ith  tha t of bulk  m aterial, b u t also give rise to p ronounced  

electroabsorptive and electrorefractive effects that lend themselves to efficient voltage- 
induced modulation. We discuss this later in this section.

The advancement in epitaxial growth technology has allowed the realisation 
of GaAs/AlGaAs quantum  wells. The first observation of quantisation effects was by 
Dingle and co-workers in 1974 at liquid helium tem peratures (4K). Further rapid 
improvement in epitaxial growth techniques has permitted the achievement of smooth 
interfaces and of good control of the layer thicknesses [Herman et a l, 1991] so that

AlGaAs GaAs AlGaAs

_  hh2 
• -  Ih2

Conduction
Band

Valence
Band

Fig.1.3.1 Quantum wells are formed when alternating layers of typically 
**100A GaAs and AlGaAs are sandwiched together. These are formed 
perpendicular to the growth direction (z). Confined states (n=l,2 shown) 
for the electron (en) and for the heavy- and light-hole (hhn and Ihn) occur 
within the well (type I). The fundamental transition corresponds to E cv  as 
opposed to the smaller band-gap energy E .

o
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3D

2D

Photon Energy

600
AlCaAs
absorption
edge I500

e2-hh2
e l-h h l400

e l- lh l
300

200

100

0
1.5 1.7 1.81.4 1.6

Photon Energy (eV)

Fig.1.3.2 The top graph is a schematic of the parabolic density of states 
corresponding to the 3D bulk case, and the step like DOS corresponding to 
the 2D case (infinite wells). The bottom plot shows experimental 
photocurrent data with clear quantisation effects. These have been obtained 
from a 95A well p-i-n diode at zero Volts (Built-in field).

clear quantisation effects are now routinely observed at room temperature (Chapters 3 
and 5).

Quantum confined Stark effect (QCSE)

The probability of an optical transition occurring between tw o discrete levels is 

proportional to the overlap of the wavefunctions of the two particles (electrons and 

holes), and this holds both with and without field. In the infinite well approximation
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and for zero field, the wavefunctions are orthogonal and thus only transitions with 
An=0 can take place. In a real quantum well system, the barrier-height is finite leading 
to a deviation of the wavefunctions from simple sines and cosines and a considerable 
penetration into the barrier. This causes a partial break down of the selection rules 
even in the zero field case discussed above, but nevertheless in  that case only 

transitions with An=0 result in pronounced features (Fig.1.3.2). Upon the application of 
a field perpendicular to the plane of the wells, the shape of the well changes and as a 
result the energy levels within the well are altered. The transitions occur at smaller 

energies and thus the excitonic features red-shift. The application of a field causes the
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Fig.1.3.3. Upon the application of an electric field perpendicular to the 
plane of the wells, the well is tilted and the energy levels shift to longer 
wavelengths. This is manifested in the experimental absorption spectra of a 
95 A. The el-hhl (hh) and el-lhl (Ih) transitions subside with field, while 
the "forbidden" el-hh.2 is gradually enhanced with field.
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selection rules to break completely as the symmetry along the m iddle of the well is 
destroyed and the wavefunctions lose their parity. At the same time, the two carriers 
are pushed to opposite sides of the well as a result of the opposite electrical forces they 
experience. These two effects lead to a reduction of the overlap between the two 
wavefunctions for an "allowed" transition and an increase for several previously 

"forbidden" transitions. In total, the main excitonic features in the absorption spectra 

red-shift with the application of a field, at the same time gradually  losing their 
strength as the field is increased (Fig.1.3.3). We discuss this in some detail in Chapter 3. 
The QCSE was quantified and explained by D.A.B. Miller [1984], while the first people 
to observe the QCSE-associated red-shift of the spectra were Chemla and co-workers 
[1983]. A neat way to make use of the effect is to incorporate the wells in the intrinsic 
region of a p-i-n diode, as was first done by Wood and co-workers [1984]. All the 
above observations were first m ade in GaAs while now different m aterial systems 

have been successfully realised. Finally, it is im portan t to note th a t the 
electroabsorptive effects are simultaneously accompanied by strongly w avelength 
dependent electrorefractive effects as the two parameters (i.e. the absorption and the 
real index) are intimately interrelated (Chapter 2).

Quantum wells have become a topic of intense investigation and indeed many 
stim ulating results have been generated by num erous groups w orldw ide. The 
confinement has been dem onstrated to have beneficial effects on the operation 
characteristics of lasers and a wide range of devices can be realised using quantum  
wells. Quantum  wells are, by definition, structures where the wavefunctions in each 
well are not influenced by the presence of the adjacent wells. W hen the well and the 
barrier are sufficiently narrow one refers to superlattice material which is ascribed 
distinct characteristic effects, such as the W annier-Stark localisation effect [Voisin, 
1989]. Also various other arrangements have emerged in recent years, the realisation of 
some having been the result of the refinement of growth techniques. Thus coupled 
quantum  well systems [Atkinson et a l, 1990], asymmetric coupled [Lee et a l, 1988], 

parabolic [Ishikawa et a l, 1990], triangular [Kopf, 1992] and other more complex well 
structures have been realised each of them offering specific advantages or occasionally 

simply ground experimentation and deeper understanding. Finally, there has been a 

lot of incentive and effort in further reduced dimensionality, i.e. the realisation of 
quantum  wires (1-D) [Ismail et a l, 1991] and quantum  dots (0-D) [Fukui et a l, 1991].
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1.3.2. Quantum  well modulators.

The worldwide research in QWs has yielded a large range of optical as well as 
electronic devices that incorporate this type of material. The optical devices may be 
classified in two main categories: passive elements, i.e m odulators and detectors, and 
active elem ents, i.e. lasers light-em itting diodes and  optical am plifiers. The 
performance of these devices is more than often superior to those of bulk devices. 
However, the prime advantages of quantum  well material lie firstly with its versatility 
in terms of the large diverse range of devices that may be fabricated and which are, 
more often than not, m utually integrable on the same wafer, and secondly with the 
vast scope for bandgap engineering that yields tailored operation within a large range 
of wavelengths. In the following we discuss quantum  well modulators.

Modulators

The strong electroabsorptive and electrorefractive effects in QWs (Fig.1.3.3) can be 
exploited to realise voltage-controlled optical modulation. M odulators fall in two 
classes according to the direction of propagation of the optical beam with respect to 
the plane of the well, referred to as waveguide and transverse structures (Fig.1.3.4).

W aveguide m odulators: Here the light propagates parallel to the plane of the wells 

and the absorption-length product (ad) is determined by adjusting the length of the 
waveguide. Thus incorporation of a small num ber of wells in the intrinsic region 
results in low voltages for a given electric field while the m odulation depth  is 
determined by the length of the device. There is, however, a trade-off between the 

operating voltage and the operating speed of the devices as their capacitance is 
increased for increasing guide length and decreasing intrinsic width. Waveguides are 
polarisation sensitive devices as the heavy-hole transition is not an allowed transition 
for the TM m ode [Weisbuch and Vinter]. The results of W ood et al. [1985] that 

achieved lOdB contrast at 15 V with an insertion loss of 7.2dB are typical for an 

electroabsorption-based device in the GaAs system. In general, good contrast ratios 
may be attained at relatively low voltages with such m odulators provided the quality 
of the quantum  well m edium  is sufficiently high. High speed phase m odulators have 
also been intensely investigated [Mendoza-Alvarez et a l, 1988]. Effects other than the 
electroabsorption and electrorefraction may also be utilised to obtain modulation. For 

example, Zuckeref a l  [1990] have achieved modulation by use of a current injection 

bandfilling mechanism where the carriers are stored in a (doped) barrier reservoir. 
Finally, M oretti et a l  [1992] have dem onstrated 22dB contrast at 2.5V using a

-21 -



superlattice. The insertion loss was, however, 13dB.
W aveguides have received a lot of attention because they are directly 

integrable w ith conventional lasers and ultimately also with fibres Their im pact in 
photonic circuits to realise integrated receivers incorporating wavelength- and time- 
division multiplexing is expected to be very large, although not necessarily solely in 
the form of quantum  well devices [Walker, 1991]. For these applications, InP based 
material will have to be used to exploit the low-loss optical window in fibres (=1.55|im) 
[Piitz, 1991].

Transverse m odulators: Both in optical switching and in interconnections applications, 

it may be necessary to fabricate large two-dimensional arrays of devices in order to 
achieve bigger pin density. This makes transverse devices most desirable as they allow 
free-space direct communication, random placement on a chip, easy access for

MQW
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substrate

Transmission
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Double-pass Fabry-Perot
Reflection Reflection

Fig.1.3.4 Various quantum well modulator configurations.

optical accessories, and flexibility in connection routes. These may be found in the 
transmission or the reflection mode.
i. Transm ission m odulators: Unlike waveguide structures, here better contrast or 

transmission changes can only be achieved at the expense of the operating voltage as 
the intrinsic region width is also the interaction length between the optical beam and 
the absorbing m edium . A lOdB contrast has also been a tta ined  by such an 

arrangement in GaAs but at a large voltage of «20V and with very large insertion loss 

(13dB), while obviously the exhibited transmission-change is indeed limited [Hsu et
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a l, 1988]. A serious disadvantage of transmission modulators in the GaAs system is 
that the substrate has to be etched off as it is absorbing at the wavelengths of interest. 
This, apart from complicating the processing, results in brittle devices. In certain 
systems the transmission mode may be beneficial and in particular in the InP system 
where the substrate is transparent [Barnes N, 1990a,b]. In general, however, reflection 
modulators are preferable as they offer better flexibility in positioning and addressing 
on a chip. Additionally, they acquire a better potential for vertical integration with 
electronics as well as with other optoelectronic devices.
ii. Reflection modulators: a)Double-pass reflection: With a Bragg reflector at the back 

and an anti-reflection coating at the front, a double-pass reflection m odulator can be 
realised. The voltages of operation are half those of the transmission m odulator for a 
given intensity change/contrast. A contrast of 9dB has been attained at 18V with an 
insertion loss of 5.7<lBfrom such a structure [Boyd et a l, 1987]. Recently, Amano et a l 

[1991] have demonstrated a double-pass reflection m odulator w ith >20dB contrast. 
This was achieved by a dramatic reduction of the background doping in the intrinsic 
region to <1014cm*3 and the incorporation of 220 wells. Consequently, the operating 
voltage of that device is very high at 30V. b)Electrorefraction-based Fabry-Perot 
modulator (Symmetric Fabry-Perot modulator, SFPM): Such m odulators are realised 

with a front and back reflector so that a Fabry-Perot cavity is formed. The resonance of 
that cavity is set at a wavelength far away (to longer wavelengths) from the zero bias 
exciton peak to attain a large ratio An/Aa, where n is the real part of the refractive 
index and a  is the absorption coefficient. The device is operated at its unbiased 
resonance and is not reflecting at zero bias whereas with a reverse bias applied the 
change of the index induces a shift of the resonant position. Consequently, a rise of the 
reflectivity at the position of the initial resonance is accomplished with bias. In theory 

such devices may achieve high contrasts. In practice, however, the combined effect of 
the high finesse and the required good matching between the reflectivities of the 

grown mirrors severely limits the m odulation performance, and in particular the 
obtained contrast. Moreover, the operating voltages are inherently high because the 

operating wavelength is at a large separation from the exciton. Such devices inherently 
suffer from relatively high insertion losses. Contrast of 9dB has been exhibited at 25V 

with an insertion loss of 5.8dB [Simes et a l,  1988]. The low optical bandw idth and the 
slim tolerances of the SFPM are big disadvantages. c)Electroabsorption-based Fabrv- 
Perot modulator: Here the electroabsorptive effects serve to reduce the effective back 

mirror and thus modulate the overall reflectivity at the resonant wavelength. Such a 

structure incorporating unequal (asymmetric) m irrors was first p roposed and 

dem onstrated by Whitehead et a l [1989b] and independently  by Yan et a l  [1989].
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This asymmetric FP modulator (AFPM) exhibited a record contrast in excess of 20dB at 
9V with an insertion loss of 3.5dB. Moreover, the w avelength range over which 
contrast in excess of lOdB is achieved is =6nm. This device performance was a major 
improvement over previously achieved performances. It is this type of modulators 
that we are concerned with in this thesis. Since the introduction of the AFPM in 1989, 
the operating voltage of such devices has been reduced to as low as 3V, in parallel 

with, and as a result, of the work presented in this thesis, making the device attractive 
for many of the applications discussed earlier in this introduction.

1.4 QUANTUM WELL MODULATORS IN OPTOELECTRONIC LOGIC

In order to perform optical logic it is required to either obtain bistability or a 
transfer characteristic with two hard limits so as to unam biguously encode the two 
logic levels. Various optical logic functions m ay then  be perform ed using 
combinations of such devices. Ideally the devices should acquire non-critical biasing, 
in p u t/o u tp u t isolation, logic level restoration , and  m ultip le  functionality . 
Additionally, high speed operation at low optical pow er inputs, cascadability, and 
fan-out are vital for digital logic implementations.

There are several technologies that could be used in this respect [Midwinter, 
1988]. Liquid crystal devices show bistable operation [Lloyd, 1987] but they have the 
disadvantage of slow speeds (ns). Bistability that relies on non-linear phenomena in 

semiconductors (and indeed as a rule in most materials) requires large input powers 

[Sfez et al., 1990] which in principle does not favour such devices. A class of devices 
that seem to offer many of the previously mentioned required characteristics, utilise a 
combination of electroabsorptive effects and electrical feedback. Thus these devices are 
not purely optical in nature, although the inputs and the outputs are all in the optical 
domain, because electrical transport is endemic to their operation. Quantum  wells are 

incorporated in such structures in most cases but some non-quantum  well devices 

have also been demonstrated. We refer to these below.

Self-Eledro-optic-Effect-Device (SEED)

The first SEED was dem onstrated using a m odulator connected in series with a 
resistor (R-SEED) [Miller D A B  et a l, 1984]. However, a later version that uses two
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identical modulators connected in series, the symmetric-SEED (S-SEED), is far superior 
[Lentine et a l, 1988] and thus we will mainly discuss the S-SEED. This device may be 
realised when the individual modulators show negative differential resistance (NDR), 

i.e. a decrease of the current w ith biasing voltage. NDR is obtained for MQW 

modulators when operating at the vicinity at the zero bias heavy-hole exciton peak 
(Fig.1.3 .3). When the two m odulators are connected in series, Kirchoff's laws imply 
that an increase in the power absorbed on D1 (Fig.1.4.1) with respect to that absorbed 
in D2 is projected as a decrease of the voltage that is applied across D1 and vice versa. 
Moreover, as a result of the NDR, positive feedback is applied that causes the device 
with the least power-input to be it its least absorbing state. The operation is best 
understood by observing the load lines. A a more detailed account of the exact
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F ig .1 .4 .1  A schematic showing the connection of two modulators in the 
S-SEED configuration (a). The performance is symmetrical for the two 
diodes. With a fixed amount of power incident on one of the diodes, the 
input-output characteristic of the other exhibits bistability (b).

mechanism is given in Chapter 8 of this thesis. For a certain pair of inputs, there are 

two stable modes of operation provided the two powers are sufficiently different. One 
of the diodes is it its absorbing state with very little voltage at its terminals, and the 

other is it its least absorbing state with virtually all the biasing voltage applied to it. 
With the power on one of the diodes fixed at one level, switching of the composite 
device from one state to the other occurs at two different powers incident on the 
second diode depending on whether its pow er is being ram ped up  or down. Thus, 

within a range of input power, the composite device is bistable in the ratio of the input
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powers incident on the diodes. This may be implemented to produce various logic 
functions using combinations of devices [Lentine et a l, 1990b]. Eight-kbit arrays of 
devices have been fabricated [Chirovsky et a l, 1991] and various implementations of 
SEEDs have been demonstrated in the laboratory, such as the parallel interconnection 
between two 64x32 arrays of such devices [McCormick et a l, 1991]. The potential for 

10Gbit operation has also been demonstrated [Boyd et al., 1990] and faster operation is 
potentially achievable [Feldman et a l, 1991]. The realisation of differential logic by the 
S-SEED implies that its operation is not critically dependent upon the optical power 

level although power requirements do affect the speed of operation (Chapter 8). As the 
device holds its state due to the finite time required for discharging the capacitors, 
time-sequential logic can be implemented which provides input-output isolation as 
well as the potential for the control of a high power beam by low input beams. These 
characteristics of the S-SEED, as well as further functionality [Grindle and Midwinter,
1991] are indeed valuable for real implementations. Also the S-SEED may be used as 
an exchange-bypass transparent switch, with the advantages discussed in section 1.2, 
or possibly in a combination of the relational and the logic mode to obtain self-routed 
switching [Grindle and Midwinter, 1992].

A similar to the S-SEED device has been reported [Kurata et a l,  1990] where a 
transmission modulator is connected w ith a current controlled negative resistance 
realised by a modified resonant tunnelling diode. For this device, the m odulator is not 
required to exhibit NDR and thus may operate at wavelengths longer than the zero- 
bias exciton peak where good modulation characteristics are obtained. However, the 
results from that device are not particularly impressive. A variation of the S-SEED is 
the heterojunction bipolar transistor (HBT) SEED (T-SEED) [Wheatley et aU 1987] 
where the two elements are a phototransistor and a m odulator. This arrangem ent 

integrates a gain element which increases the cascadability of the resulting devices. 

The principle is the same as above [Taylor, 1990] but the device is not bistable. An 
integrated version of this structure has been recently dem onstrated using FETs (F- 
SEED) [W oodward et a l, 1992]. Bistability may be obtained by connecting two T- 
SEEDs back -to-back. [Taylor, 1990]. K urokawa et al. [1992a] have recently 
demonstrated bistability and various logic operations and optical memory functions 
[1992b], using a device that they name exciton-absorptive-reflection-switch (EARS). In 
reality, this is nothing else but a T-SEED where an AR coated reflection m odulator is 

vertically integrated with a heterojunction phototransistor (HPT). Hara et a l  [1990] 

have demonstrated an optical switch that is realised by the series connection of two 

parallel-connected pnpn heterostructures w ith a resistor. This structure does not 

incorporate quantum  wells. On the other hand, Goswami et a l  [1991] use HBT 

structures that incorporate QWs in their intrinsic region connected in parallel to obtain
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logic and memory functions.
Finally, logic devices may also be fabricated using active optical devices such 

as lasers and LEDs. The principle of operation is largely similar to that above in that 
electronic feedback is employed. For example, Chan et al. have used a laser diode to 
create a switch [1991] and Ogura et al. have demonstrated vertical-cavity vertical-to- 
surface-transmission-electrophotonic devices (VC-VSTEP) switching operation [1991]. 

Beyette et al. [1992] have realised a logic gate using two HPTs as the input and a third 
HPT in series with an LED for the ouput. These switches exhibit real optical gain. In 

general, gain is desirable in systems where cascades of stages are required to 

compensate for the losses and to allow for high powers at all inputs thus achieving 
higher speeds. It is not clear, however, w hether an optical source needs to be 
incorporated and this system s-decision will largely depend  upon the specific 
application. The arguments against a source element are identical to these listed when 
encountered with the analogous problem in interconnection applications. The use of 
transistors to provide the required gain, combined with arrangem ents where a fresh 
high power clock beam is applied at the passive optical output element (modulator), 
may be sufficient thereby avoiding the incorporation of optical sources.

1.5 INTRODUCTION TO THE THESIS

Progress in III-V compound semiconductors has allowed the fabrication of 

low-dimensional structures such as quantum  wells which produce distinct effects 
thereby lending themselves to practical exploitation. The technology has reached the 

stage where a range of discrete devices have been realised and small-scale integration 
of these has been implemented. A reflection m odulator is a versatile device that 
com prises the m ain bu ild ing  block in m any app lications such as optical 
interconnections in VLSI and switching matrices in com m unications and data 
processing. The parallel effort at both the systems and the device design level has 
produced a series of concrete conclusions in some areas while, on the other hand, there 
are aspects of the technology that are still under debate. At this stage of development it 

is imperative that any component design makes use of the insights gained with regard 

to systems requirements and addresses practical issues with which an implementation 

of the component would be confronted.
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This thesis deals with multiple quantum  well electroabsorption Fabry-Perot 
modulators. The aim of this work is to develop a comprehensive design method for 
this type of device, evaluate the obtainable performance after a thorough optimisation, 
and assess its potential performance under real conditions. This w ould facilitate a 
realistic view of its implementation at the systems level. The w ork is restricted to the 
GaAs system but both the method and the general conclusions may be extended to 
other material systems.

We start with an introduction (Chapter 2 ) to the operation of the asymmetric 

Fabry-Perot modulator (AFPM), bringing up  various aspects of the integrated device 
such as the speed of operation. In that Chapter, we determine the optimisation aims 
with respect to different applications and set the target performance characteristics for 
the design to follow. The design is based upon modelled reflectivity spectra the 
derivation of which is presented in Chapter 3.

The next Chapter is a description of the experimental study of the tem perature 
tolerance of the AFPM, which is of param ount practical importance. The insights 
gained from that w ork are subsequently em ployed in the study of the overall 
tolerances in Chapter 5. There we address the tolerances to lateral non-uniform ity 
across the epitaxial wafer and calibration accuracy and refer to expected progress in 
that direction. A m ethod for the evaluation of the combined tolerances of the 
m odulator is developed, where we identify a m easure of the tolerances and  thus 
devise means of optimisation in that respect. This is supported by experimental results 
from a device where such optimisation has been applied. Furthermore, we assess the 
requirements for optical addressing and alignment, including the effect of incidence 
off the normal. In Chapter 6 we present experimental results from two m odulator 
designs that achieve a substantial im provem ent of the m odulator characteristics, 

compared to the original AFPM, but at the same time achieve the same degree of 
tolerance. M oreover, these results confirm the validity of several optim isation 

techniques that we have considered theoretically. Subsequently, the conclusions from 
the study in Chapters 4-6 are implemented in Chapter 7 where modelling facilitates a 

com prehensive evaluation of the achievable perform ance from structures that 
incorporate different well widths. This is done after optimisation has been applied to 
the designs and finally produces a quantitative study of the trade-offs as well as 
optimisation with respect to well width. We then proceed to some example designs of 

structures that are optimised to meet specific performance requirements.
In Chapter 8  we discuss configurations that exhibit negative differential 

resistance (NDR). We present a novel configuration where the electroabsorptive effects 
yield m odulation in a symmetric Fabry-Perot cavity (SCEM), including theoretical 

analysis and experimental data. This configuration results in an im provem ent of
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m odulation depth as compared to other NDR-exhibiting devices and may thus be 
exploited in SEEDs. Indeed, SEED operation is experimentally dem onstrated using 
SCEMs. In order to compare the SCEM and the bias-reflecting (hence NDR-exhibiting) 
AFPM, we evaluate the best performance attainable by such AFPMs after optimisation 
is implemented.

Next, having analysed various aspects of the performance of the devices thus 
far in the thesis, we return to their implementation in Chapter 9. There we discuss the 
manufacture of 2D arrays and the integration of the reflection m odulator with other 
optoelectronic devices as well as with electronic circuitry. The discussion is extended 

to the multiple functionality of this type of structure and shows how this is reflected 
on useful implementations. In the same Chapter we also present a set of novel ideas 
where the FP reflection m odulator is incorporated in composite configurations to 
produce a range of functions. Finally, a brief overall summary concludes the thesis.
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C H A P T E R  2: THE INTEGRATED FABRY-PEROT MODULATOR: OPERATION,

DEVICE FABRICATION, EXPERIMENTAL METHOD, AND 

OPTIMISATION OBJECTIVES

2.1 INTRODUCTION

In this Chapter we introduce the operation of electroabsorption-based Fabry- 
Perot modulators that are the subject of this thesis. The base-line of this work has been 
the demonstration of the asymmetric Fabry-Perot m odulator (AFPM) by Whitehead et 

al. [1989b], and independently by Yan et al. [1989]. The principle of operation of the 
AFPM is described. We give a detailed account of the impact of the electroabsorptive 
effects on the performance of the modulator, discuss the operation of Bragg stacks that 
comprise an essential part of the integrated device, and we raise the issues involved in 
determining the speed of the device. Additionally, we discuss the epitaxial growth and 
the device fabrication process, and describe the experimental method and apparatus 
that has been employed in the practical part of this study. Finally, we proceed to a 
discussion of the optimisation objectives and the target performance characteristics of 
the modulator.
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2.2 THE FABRY-PEROT EFFECTS

Two parallel m irrors of reflectivities Rf and separated by a m edium  of 

index nm and thickness L, form a Fabry-Perot cavity. M ultiple reflections between the 

two mirrors give rise to interferometric effects that depend upon the corresponding 
optical length Lopt =L  n m -costi/X , where X is the optical wavelength and 0 is the 

angle with respect to the normal within the cavity medium (Fig.2.2.1). The reflectivity 

R is thus given by [Whitehead et a l, 1989a]

R =
Rr  (l -  Vr ^ ) 7 ( ‘ -  V iV R 7 ) : + F • sin cp

1 + F • sin2 (p
2 .2.1

(p = 2jmmL/X - c o s ^  

where F is the coefficient of finesse given by F = 4^RfRfc j (l --^R fR ^)2 , and <{> is the
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Fig.2.2.1 Interference in a Fabry-Perot cavity results in the known 
fringes shown here in the reflectivity against the phase-change plot.
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(one-way) phase-change through the cavity medium. Destructive interference at the 
front surface occurs when the multiply reflected beams are in-phase but they are in 
antiphase with the beam that is directly reflected at the front surface (Fig.2.2.1). 
Therefore, reflection minima correspond to transmission maxima and occur at equally 
spaced (2k) intervals of double-trip phase-change through the cavity. The reflectivity 
of monochromatic light incident on such a cavity, is m inim um  at integral multiples of 

a certain m irror separation, or of angle of incidence, and, for the same underlying 
reason, the spectra of the reflected intensity from a certain fixed cavity exhibit evenly 
spaced minima (transm ission maxima) (Fig.2.2.1). Com plete cancellation of the 
reflected light at a resonant position can only be attained if the reflectivities of the two 
mirrors are equal (Rf=Rb). Indeed, only under that condition, are both the phases and 

the individual am plitudes such that the sum  of the complex am plitudes of the 
multiply reflected beams is equal in amplitude to that of the directly reflected one.

With absorption in the cavity, the effective back reflectivity R^ff is reduced to

The higher the reflectivity of the mirrors the sharper the FP resonances and this is 

described by the cavity finesse

where now, with absorption in the cavity, the coefficient of finesse is given by the

R |ff = R b e '2ad 2.2.2

where a  is the absorption coefficient and d the thickness of the absorbing material. The 
reflectivity of such a cavity at a resonant wavelength is given by

Rf ( i - R q / R f )2

2.2.3

equivalent F = j ,  i.e. R^ has been replaced by in the previous expression.
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2.3. THE INTEGRATED FABRY-PEROT MODULATOR

2.3.1. Principles of operation.

FP cav ities  can be im p lem en ted  to en hance  th e  m an ifes ta tio n  of 

electroabsorptive effects in QWs. The QWs are then em ployed as a field-dependent 

abso rber (quan tum  confined Stark effect, Fig.2.3.1) that determ ines the effective 

reflectiv ity  of the back m irro r R^ff (eqn.2.2.2). The reflected optical signal of 

m onochrom atic light of a w avelength coinciding with one of the FP resonances, can be
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Fig.2.3.1 The field-induced modulation of the absorption coefficient of 

quantum wells can be employed to attain a modulation of the reflectivity of 

a Fabry-Perot cavity. N orm ally-on operation is obtained at Xj and 

normally-off at XQ.

controlled in this m anner by an electrical signal, thereby realising voltage-controlled 

optoelectronic m odulation.

The A sym m etric Fabry-Perot M odulator (AFPM) is such a dev ice  the 

operation of w hich relies upon  the electroabsorption  effects in QWs. These are
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incorporated in a FP cavity w ith asym m etric (unequal) m irrors such that Rf<Rb and 

w ith an optical length that leads to a resonance at a (pre-) designed w avelength. The 

operation  is set at that resonance, i.e. at a reflection m inim um . For such  an 

arrangem ent, w ith little or no absorption in the cavity, the front and  effective back 

m irrors are unequal so that com plete cancellation of the interfering beam s cannot be 

accom plished and therefore the device is reflecting part of the incident intensity. We 

will refer to this as the on-state (positive logic). If a sufficient am ount of absorbing 

m edium  is introduced in the cavity so that Rf=R^ff, the device sw itches to its off-state 

the total reflectivity being zero. The quan tum  well absorption serves to reduce the 

back m irror and  attain  this action. The critical am ount of absorber [otd]c required  to 

accomplish zero off-state reflectivity is given by

2.3.1

When the FP w avelength App is set at a wavelength longer than the zero-bias 

heavy-hole exciton peak, then at zero bias there is minimal absorption at the resonant

n
5 0 5 9  AAlojGa 0.7AS

  . 5 periods:
1' j= 9 5 A GaAs

== 6 0 A Alo3Ga 0 .7 A S

L =27 A/4

Reflector Stack :

1 2  periods of HL , H

H: 6 0 6 A Al 0 iGao gA$

Fig.2.3.2 The epitaxial structure of CB145 AFPM  that was grown by 

M O C V D  at the University of Sheffield.

position brought about by the absorption tails of the QWs. Thus the device is at its 

reflecting state w ith no bias applied. W ith the appropria te  bias applied  across the 

wells, the absorption coefficient is increased at the resonance causing the device to 

switch to its off-state (non-reflecting). The above w ould be a so called 'norm ally-on ' or 

bias-absorbing device. The operating w avelength w ould correspond typically to Aj in 

Fig. 2.3.1. By contrast, with the resonant w avelength set at the vicinity of the zero-bias 

exciton peak, the situation is reversed in that the am ount of absorber that is present at
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the resonance drops with field. The device is so called 'nor?nally-off or bias-reflecting. 
Such a device would be operating at A*, in Fig.2.3.1. The latter configuration exhibits 

negative differential resistance (not because of the FP effect but certainly enhanced by 
it) which is a necessary condition for optical bistability [Miller D A B  et al., 1989].

It follows from the above that in order to realise an integrated AFPM the 
structure has to be electrically a p-i-n diode so that bias can be applied across the wells, 
and optically a FP cavity. The epitaxial structure of the first AFPM designed by M. 
W hitehead [1989b] is shown in Fig.2.3.2. The MQWs are incorporated in the intrinsic 
region of the diode, while the FP cavity is formed between the natural front air- 
semiconductor interface that is =31 % reflecting and an integrated back m irror that has 
a reflectivity of =95% in this case. This back reflector is a m ultilayer Bragg stack 
consisting of alternating quarter wave layers of high (H) and low (L) refractive index 

materials, namely AIq jGag^As and AlAs respectively. A brief section on the operation 

of the Bragg reflector stacks follows later on in this Chapter (section 2.4) and so does 
information on the growth, device fabrication and experimental testing techniques.

2.3.2. Experimental performance.

Operation as a modulator

Field-dependent reflectivity spectra from a device that was fabricated from the 
structure in Fig.2.3.2, are shown in Fig.2.3.3. The excitonic features may be seen clearly 

in the zero-bias spectra (heavy-hole at =851 nm) with the resonant position at a longer 
wavelength (=862nm). The QCSE-induced shift of the heavy-hole exciton yields a 
reduction of the resonant reflectivity that falls to zero at 9V reverse bias. H igher 

voltages cause the exciton to shift further from the resonant position and thus lead to 
an increase of the reflectivity at the resonant (operating) wavelength. The position of 

the resonance may be seen to be voltage dependent. This is caused by the QW 
electrorefractive effects that are discussed in the next section. Operation at around 

862nm and at 9V reverse bias exhibits contrast (Ron/ ^ 0ff̂  *n excess °f 20dB (contrast 
ratio >100:1) with an insertion loss of =3.5dB (insertion loss = lO lo g d ^ )) as shown in 

Fig.2.3.4. It is also evident from the same figure that contrast in excess of lOdB is 
exhibited within a wide wavelength range of =5.5nm. This broad resonance of the 
AFPM is a result of the low finesse of this configuration w ith the additional
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characteristic that in the off-state, which is the one that effectively determ ines the 

contrast, the cavity is equivalent to one with front and back mirrors equal to Rf (R^f = 

Rf=0.3), resulting in a low finesse of just 2.45 at that state. The wide resonance does not 

only lead to a large optical BW but it also reflects the general tolerances of the 
structure, as will be discussed in Chapter 5.

Maximum reflection-change ARmax=48% is obtained at =864nm, i.e. at a longer 

wavelength than that where maximum contrast is achieved. The two maxima do not

FP0.8

0.6

0.4 -  0V
- 4V
- 6V
-  8V 
. 9V
-  12V

0.2 hh

830 840 850 860 870 880

Wavelength (nm)

Fig.2.3.3 Reflectivity spectra for CB145 AFPM, the epitaxial structure of 
which is shown in the previous Fig.2.3.2. Data by M. Whitehead.

coincide because whereas the wavelength of maximum contrast is determined by the 
position where the off-state reflectivity is minimum, the reflection-change is equally 

governed by both the on- and off-state spectra (subtraction).
The AFPM by far outperforms any other vertical m odulator in term s of 

contrast, reflection-change, and operating voltage. Transmission and double-pass 
reflection modulators (Chapter 1) are limited mainly by the fact that the improvement 
of the achieved modulation depth with increasing num ber of wells levels off due to 
broadening of the absorption spectra when the num ber of wells becomes too large 
[Stevens, 1989]. Recently, well after the AFPM had been introduced, very good quality 
MQWs with very low background dopings of <1014cm"3 (compared to the common 
1 0 15cm '3) have been reported [Amano et a l, 1991]. The above mentioned tradeoff is
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Fig.2.3.5 Photocurrent spectra for the same device as in Fig.2.3.3. Data 
by M. Whitehead.
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then bypassed and large contrasts (>20dB) m ay be obtained by non-resonant 
structures. The operating voltages are, however, prohibitively high (=30V) for most 
major applications (section 2.5). Symmetric Fabry-Perot m odulators (Chapter 1 ) that 

make use of the electrorefractive effects [Simes et al., 1988; Yan et al., 1989b] are 

highly intolerant structures that may yield large reflection-changes but at considerably 
high voltages (25V). Finally, we ought to mention that w aveguide m odulators attain 
large changes at very low voltages, but they are planar structures with the advantages 
and disadvantages this encompasses (Chapter 1 ). The AFPM comprises thus a small 
scale breakthrough as far as m odulator characteristics are concerned.

Operation as a detector

In Fig.2.3.5 we present photocurrent spectra for the same device as above. The spectra 
are scaled at =750nm to account for the voltage-dependent quantum  efficiency. In this 
way, although the spectra do not correspond to absorptance (A) directly (Chapter 3), 
the change of photocurrent at each wavelength does correspond to the modulation of 
the absorptance. The choice of 750nm is somewhat arbitrary but can be justified as 
follows. Firstly, this wavelength is shorter than the wavelengths associated with both 
the light-hole exciton and the e l-hh 2  forbidden transition but at a longer wavelength 
than the second order transitions, which has been confirmed by photocurrent spectra 
of simple p-i-n samples of the same well width. The implication therefore is that this 
part of the absorption spectrum is, to a large extent, not dependent upon the applied 
field. Moreover, this was further supported by the fact that upon the application of a 
field the reflectivity spectra at this wavelength did not show a notable change.

The presence of the Fabry-Perot cavity has a profound effect on the 
absorptance (A) that is given by

. (» - * - ad) P - Rf ) (

( l - R a )

The features in the photocurrent spectra correspond directly to those in the reflectivity 

spectra. The maximum absorption, that occurs at the resonant position at 9V, is 

estimated from calculations to be =99%. The AFPM configuration can act, therefore, as 

a very efficient detector within a wavelength range of =5.5nm. This dual functionality 
of the AFPM adds another positive point to a long list of advantages over alternative 
structures. A discussion concerning the multiple functionality and large versatility of 
the AFPM is included in Chapter 9.

l + Rb -e-ad)
2.3.2
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2.3.3 The electrorefractive effects.

A change of the absorption spectrum  is sim ultaneously accom panied by a 
change of the (real) refractive index spectrum, as those two characteristic param eters 
of materials are intimately linked. This is expressed by the Kramers-Kronig relation.

An(E) = —  g f  dE' 2.3.3
it J E’2 -E 2

0

where E and E* are photon energies and V  denotes the principal Cauchy integral. As a 

consequence, the electroabsorptive effects in quantum  wells give rise to

3.8
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Fig.2.3.6 The excitonic features in quantum wells cause a modification of 
the index with respect to that of bulk GaAs. The latter is reproduced from 
Sell et al. 11974], Absorption spectrum for 95A wells (0V) as in Fig.2.3.7.
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electrorefractive effects. Thus upon the application of a field the index of the MQW 
material may change substantially at a certain wavelength and therefore the Fabry- 

Perot resonances may experience a QCSE-induced shift.
The refractive index of bulk material is, in general, a decreasing function of 

wavelength. The experimentally obtained index spectrum  of lightly p-doped bulk 
GaAs is shown in Fig.2.3.6, as reported by Sell et a l [1974]. The index of GaAs wells

rn~ 25000
CB308 

95A wells
20000

e  10000 -  ov
 2V
 4V
 6V
 8V
  10V
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0.06

0.02

c
*3 -0.02
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- 0.1
880820 840 860

W avelength (nm)

Fig.2.3.7 The change in absorption induced by the QCSE is 

simultaneously accompanied by a field-dependent change An in the index 
of the well material.

will be modified with respect to that of bulk, because of the excitonic features in the 
QW absorption spectrum. We may calculate the index spectrum of, for example, 95A 
wells from that of bulk GaAs by means of eqn.2.3.3. For this purpose, the absorption 
spectra of both bulk and quantum  wells are required  over a large range of 

wavelengths. We use the absorption spectrum of bulk GaAs from Sturge [1962] and
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our experimental absorption spectra for 95A wells obtained when no bias is applied 
across them. The absorption coefficient corresponds to the well m aterial only. The 
derived quantum  well index spectrum  is shown in Fig.2.3.6 w ith the unbiased 
absorption spectrum being also shown to facilitate the identification of the observed 
features. Note that the required integration to yield the index-change spectra 
(eqn.2.3.3) was performed over the 750-900nm wavelength range.

Upon the application of a field, the QCSE-induced red-shift of the excitons 
causes a modification of the QW absorption spectrum  and therefore leads to an 
alteration of the corresponding index spectrum . Experim ental bias dependent 
absorption spectra for the 95A wells and the corresponding changes of the index 
spectra are shown in Fig.2.3.7. The integration has again been perform ed over the 750- 
900nm range. The final index spectrum  at a reverse bias VQ is given by the sum  

n(Vo)=n(0V)+An(Vo) at each wavelength, where the zero bias index spectrum n(0V) for 

the well is shown in Fig.2.3.6.
It follows from the above that the position of the Fabry-Perot resonance, where 

the modulator would operate, is dependent upon the applied electric field. It is clear, 
however, that these index changes are restricted to the well m aterial only and 
therefore the manifestation in the reflectivity spectra depends upon the proportion of 
well material within the total cavity medium. Around the 862nm wavelength, where 
the device in Fig.2.3.3 operates, the electrorefractive effects are relatively weak. In 
general for normally-on m odulators that operate at wavelengths longer than the 
exciton peak, the performance is predominantly governed by the electroabsorptive 
effects. By contrast, the electrorefractive effects may be quite significant at the vicinity 
of the exciton peak and thus in the case of normally-off modulators. Work by Livescu 
et al. [19921 and Boyd and Livescu [1992] also supported this view. Notwithstanding, 

the electrorefractive effects are readily manifested in the spectra of Fig.2.3.3 and 

Fig.2.3.5, albeit without any major effect upon the performance of the device. Indeed, 
the resonance can be seen to shift to shorter wavelengths upon an increase of the 

voltage from 8V to 10V in agreement to expectations based on the data in Fig.2.3.7.

2.3.4 The multilayer reflector stack.

In order to realise an integrated resonant vertical structure, it is required to be 

able to construct high quality epitaxial mirrors of controllable reflectivity. The back
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m irror needs to be as highly reflective as possible in order to obtain an optim isation of 

the perform ance, as will be discussed in Chapters 6, while also front m irrors need to be 

used so as to reduce the operating voltage (Chapters 6 and 7). Thus the Bragg reflector 

stack com prises an essential part of the m odulator.

The operation of the m ultilayer stack is illustrated in Fig.2.3.8. A quarter wave 

layer (thickness equal to .̂0/4n , w here n the refractive index of the material)

4 "  . 471

i

<

n

Fig.2.3.8 A  schematic diagram illustrating the operation o f a Bragg 

reflector stack formed by alternating quarter-wave layers of high (H) and 

low (L) refractive index materials.

introduces a double-pass phase-change of n. The directly reflected beam  and the 1st, 

3rd, 5th etc. order m ultiply reflected beams w ithin each layer (not show n in Fig.2.3.8) 

are in phase at the top surface of the stack leading to a reflection m axim um  at X,Q. The 

reflection from one of those layers is very low and thus alternating layers of high (H) 

and low (L) refractive index m aterials are em ployed to contribu te to the overall 

constructive interference and yield large reflectivities. N ote that there is a phase 

change of k on reflection from a low to a higher index m edium . The reflectivity Rs of 

such a m ultilayer reflector stack (MRS) is dependent upon the ratio n H/ n L of the high 

and low indices respectively, and upon the num ber N of pairs em ployed in the stack 

as depicted by

R s =

/  \ 2N 
n H

V n L J
n in

/  \2 N

v n L;

2.3.4

is
w here n irJ the refractive index of the m edium  of incidence (in this case the m ean value

- 4 3 -



for the MQW region) and that of the exit medium which in this case is the substrate.

The absorption in the reflectors obviously has to be minimal a t the operating 
w avelength. Therefore, for a device that incorporates *100A GaAs w ells and  
Alo.3Gao.7As barriers, the stack must be non-absorbing at wavelengths longer than 

*850nm (to allow for normally-off operation as well) and consequently the aluminium 
content of the layers comprising the stack has to be greater than 10%. W hen the 

objective is a large m irror reflectivity it is also important to use large values of n^/n^, 

as follows from eqn.2.3.1. As a result, Alo.1Gao.9As (H) and AlAs (L) are used in that 

case. Calculated spectra of such a MRS with a high-reflectivity band centred at 860nm 
are shown in Fig.2.3.9 for different periods of HL pairs. The spectrum  is a band-pass 
with a FWHM of

AX =
2X,

K
■sin-1 n H- n L

Ln H + n L
2.3.5

where XQ is the centre wavelength in nm. When smaller wells are used, specifically 

below =70A, higher concentrations of Al have to be used for the high index layer. This 
imposes the need for a larger num ber of periods in the stack in order to obtain a 
certain reflectivity as follows from eqn.2.3.4. Additionally, the consequent reduction of 
the ratio n ^ /n L leads to a narrowing of the high-reflection band of the stack according 

to eqn.2.3.5.
The experimental values for the bandwidths of the Bragg stacks used in this
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Fig.2.3.9 The high reflection band of a AIq ^Guq gAs/AlAs quarter wave 

stack centred at 860nm (nH-3 .54 , nL=2.98).
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work, deviate slightly from the theoretically estimated values. Specifically, the bands 
are found to have a FWHM of »90nm as opposed to the calculated =110nm. This may 
be caused by a few reasons, or, most likely, by a combination of these. In general, the 
FWHM of the stack is restricted when the optical lengths of the two layers in the pair 
do not correspond to the same central wavelength. This can be brought about by 

erroneous Al-concentrations in the AlGaAs (H) layer, that will affect the refractive 
index and possibly the thickness (Chapter 5) and will thus have the dual effect of both 
reducing nH/n L (eqn.2.3.5) and causing the optical length of that layer to deviate from

>
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Fig.2.3.10 The high reflection band of a Si02/Hf20 3 quarter wave 

dielectric Bragg stack centred at 860nm (njf=2.0, n^=2.5).

the intended. The thickness of the AlAs may also be different from that intended and 
not necessarily by the same proportion as that of the AlGaAs layer. This latter point 
would by itself cause the band-pass of the stack to become narrow er since then the 
corresponding centre wavelengths would differ for the two layers within the period.

The recent advances in surface emitting semiconductor lasers have fuelled an 
increased interest in various high quality stacks. Interestingly, a lot of work on those 

structures was carried out a few decades ago when optical filters were developed for 

completely different applications. Alternative stacks that can be used as front mirrors, 
and can be deposited on the front surface after the device fabrication has taken place, 

are dielectric stacks using materials such as SiC>2 / T i02/ Hf2C>3 . Calculated spectra for 

a dielectric stack are shown in Fig.2.3.10. The high-reflectivity bands of those stacks are 

broader as follows from the lower indices of both the materials in comparison to these
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of AlAs and AlxGaj.xAs (eqn.2.3.5). The low indices of these materials allow large 

reflectivities to be attained w ith a small num ber of periods. By the sam e token, 
however, the reflectivities that may be obtained from a certain pair are restricted. This 
is offset by the availability of a large range of materials that are readily deposited in 
the same machine, as we mention in Chapter 5.

Bayler et al. [1991] have demonstrated the fabrication of air/A lG aA s stacks, 
the motivation having been that the number of layers that are needed to attain a large 
reflectivity is indeed reduced in this case where the ratio of n H/n L is increased to 3.4, 

when the corresponding value for an Al0 ^ag ^A s/A lA s stack is 1.2. The manufacture 

difficulties imposed by such a stack, however, and the implied inflexibily upon the 

integration of different components, by far outweighs the advantages.

Finally, we ought to point out that the design of the Fabry-Perot cavity, in 
particular the required cavity-length, is modified as caused by the incorporation of 
Bragg reflector stacks. Thus, for a cavity where the front m irror consists of an even 
num ber of periods starting with a high-index material (HLHL...HL) and the back 
m irror starts with a high-index material as well, a resonance is obtained where the 
optical length corresponds to an odd number of quarter wavelengths. By contrast, if 
the front m irror consists of an odd num ber of periods starting w ith a high-index 
material (HLHL...H), the separating cavity m edium has to be an odd num ber of half

w avelengths for a resonance to occur at a given w avelength. This follows 
straightforwardly when the phase-changeson transmission through the m irror are 
taken into account.

2.3.5. Epitaxial growth and device fabrication.

The devices described in this work are grown by atm ospheric pressure
MOVPE (metal-organic vapour phase epitaxy) [Roberts et a l, 1988] at the University
of Sheffield. Excellent well w idth uniformity is acquired by this grow th technique,
both across the 2 " wafer as is evident from the negligible variation of the exciton peak

wavelength, and parallel to the growth direction as has been m easured by X-ray
r

diffraction microscopy. Depth non-uniformity would result in poor electroabso^tion 

effects due to the consequent broadening of the exciton [Stevens et al, 1989]. Good
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well w idth  control and uniform ity are achieved by the very low  grow th rates 
introduced when growing the QW layers. The state-of-the-art w ith respect to the 
lateral uniformity of these resonant structures, where control of the cavity thickness is 
decisive for successful operation, is discussed in Chapter 5. Typical doping levels are 
lx l 0 17cm '3 for the n-region where the dopant used is Si, and 2xl017cm*3 for the p- 
region which is doped with Zn. The doping levels differ between the two materials 
that comprise the stacks, being higher for the material w ith larger Al concentrations. 

The intrinsic region has a p-type background doping of typically 5xl015cm -3, as 

obtained by various Capacitance-Voltage measurements. This background doping 
depends upon the proportion of well and barrier material in the intrinsic region, i.e.

i. top contact deposition
photoresist

metallisation

photoresist
ii. mesa etching

J H  HI

f mqw—  i—

J  " ZV .

iii. bottom contact deposition
metallisation

photoresist

Fig.2.3.11 A schematic diagram illustrating the processing steps that are 
followed in order to fabricate a diode. The cross-section is shown on the left 
and the planar view on the right of the figure.
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upon  the average Al concentration, since the dopant originates m ainly from  the Al 

source (John Roberts, private communications).

One common feature of the epitaxial design, that should be m entioned here, is 

the p + GaAs top capping layer w hich is used  for contacting purposes. This layer 

absorbs at the wavelengths of operation and since it is not a field-controlled absorber 

its thickness should be kept m inim um ; a 50A layer suffices. Also it is in teresting  to 

note that in early p-i-n structures large GaAs buffer layers had been grow n on top of 

the substrate to ensure a sm ooth grow th at the m ain parts of the devices. The good 

grow th quality attained in recent years, com bined with the fact that thicker m odulato r 

designs are required  for resonant structures as a result of the incorporation of the 

m ultilayer stacks, have resulted in a substantial reduction of the thickness of the buffer 

layer. A nother point w orth m entioning, is the intentionally u n doped  layer w hich is 

norm ally grown just before the quantum  well layers to act as a doping  buffer. In all of 

the structures I designed this intrinsic-buffer (i-buffer) is kept to the m inim um  safe 

value estimated by John Roberts (private com munications) to be =200A. This is alw ays 

part of the top layer of the reflector stack. In some of the structures, in addition to the

Metallisation

M Q W

F ig .2 .3 .12  A schematic of the final modulator device.

i-buffer layer underneath  the quantum  wells, there is one such buffer on top of the 

MQW layers which serves to elim inate any diffusion of dopants from the top doped 

layers to the QWs.

The devices used in this work are 400)imx400|jm optical w indow  m esa devices 

fabricated by standard photolithographic techniques. An exception are the 4x4 arrays 

of devices w here m uch sm aller m esas are used; those are m entioned in C hap ter 9. 

Briefly, the processing (Fig.2.3.11) involves photolithography to define the top contact 

followed by metallisation of that contact in a standard  evaporator unit w here Cr:Au is
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deposited for a p-type contact and Sn:Au for an n-type contact (note that the devices 
may be p-i-n or n-i-p). A second photolithographic step results in definition of the 
mesas that are etched dow n through the back stack to the GaAs buffer using a 
H gPO ^H jC ^F^O  solution. The purpose of the mesa formation is electrical isolation 

between devices. A last photolithographic step followed by another metallisation 
forms the bottom contacts. These are deposited on the GaAs buffer layer and thus 
carriers have to travel through the bottom  reflector stack on their way to that 

electrode. This could limit the speed of a practical device since it leads to increased 
contact resistances as we discuss in section 2.3.6 and in Chapter 6 . O ur experiments 

have not been directed tow ards the dem onstration of high speed m odulation, 
however, and therefore the relatively large mesa devices and the general processing 
more than suffices for our purposes. Finally, the fabricated devices are m ounted on a 
T05 header and wire-bonded using an ultrasonic wedge bonder.

2.3.6 Device speed.

One of the important performance characteristics of an optoelectronic device is 
the speed at which it can be operated. The main limitation to the speed of the quantum  
well m odulator is the RC time constant associated with the electronic circuit with 
which the modulator is affiliated. The equivalent circuit is shown in Fig.2.3.13. The 

shunt resistance Rsh is the resistance of the reverse biased p-i-n diode and therefore it 

is of the order of M£2. There is also a resistance at the metal contacts with the p and n 

layers of the diode. This is increased in the case of resonant structures due to the 

presence of the reflector stacks as the flow of the carriers is inhibited by band 'spikes' 
at the hetero-interfaces [Wang et a l, 1992]. This resistance may be reduced if graded 
interfaces are employed in the stack [Sugimoto et a l, 1992], and may be overall 
eliminated if the contacts are made such that the stacks are bypassed [Barron et a l, 

1992], i.e. on top of the bottom and below the front reflector stack. Alternatively, 
instead of the latter, dielectric front mirrors may be used that would be deposited after 
metallisation. In any case, the contact resistances may be of the order of a couple of 

Ohms to some tens of Ohms. Further, as the device comprises two doped parallel 
plates separated by an undoped region, a parallel plate capacitor is formed with C
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given by

w here d is the w idth of the intrinsic region and S is the mesa area. The RC time 
constant associated with the circuit in Fig.2.3.13. is given by

For high speed operation, this RC time-constant must be minimised. Appropriately 
designed electronic driving circuitry is required to yield low values of the output 
resistance Rj and, furthermore, matched to the input of the m odulator (effectively R0). 

For example, operation at 10GHz requires that the capacitance of the m odulator is of 
the order of lpF  if we assume that the total R is «1000hms. The mesa dimensions have 
to be decreased, therefore, for high speed and this imposes stringent requirements 
upon the device fabrication and upon the optical alignment. Moreover, there may be a 
trade-off between the mesa area and the achieved contrast when the optical windows 
are reduced to very small dimensions, caused by the highly convergent beam that is

proportional to the thickness of the intrinsic region, there is also a trade-off between 

the voltage and the speed of the device (Chapter 7).
Finally, it is im portant to clarify two points w ith regard to the speed of 

operation. One is concerned with the effect of the time required for vertical transport 
of the carriers out of the wells. This is mainly manifested in the saturation intensities of 
the device that are reduced when this process becomes slower (Chapter 8 ) [Fox et a l, 

1991]. Additionally, the operation of the device as a detector is affected by the carrier 

sweep-out stemming from the dependence of the quantum  efficiency on carrier effects. 

However, it is important to point out that the speed of the carrier sweep-out process is 
not directly relevant to the speed at which the modulator may be operated. The second

RC = ( R i / / R sh+ R 0) C  = ( R i +R 0) C

voltage
source

m odulator

Fig.2.3.13 The equivalent circuit of the modulator when it is driven by a 
voltage source.

incident on the device in this case (Chapter 5). As the operating voltage is inversely
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point to draw  our attention is concerned with the effect of the resonant nature of the 
device upon speed. The time-delay introduced by the cavity can be estim ated as 
follows. The finesse (eqn.2.2.4) of the cavity expresses the num ber of m ultiple 
reflections that are required until the FP action is effectively attained. Thus, as an 
example, for a cavity with a finesse of 5 (which corresponds to mirrors RpRb=0.77) the 

time delay may be evaluated as the time needed for the 5-times internally reflected 

beam to come out from the front surface and contribute to the overall reflectivity. 
Assuming a cavity length of 1pm, we find that 15fs are required for that action to take 
place which is an indeed negligible time constant. In total the Fabry-Perot action 

imposes no limitation upon the speed in practice.

2.4. EXPERIMENTAL TESTING APPARATUS 

Optical Multichannel Analyser System

The optical testing of the devices includes photocurrent and reflectivity measurements. 
The reflectivity spectra of such resonant devices varies significantly across the wafer at

Tungsten IQ I  
Lamp

<=b> 

0  S

Device
+ve-ve

Fibre
bundle

Spectograph

Photodiode
array OMA

Grating

Fig.2.4.1 A schematic diagram of the optical multichannel analyser 
system, that may be used to obtain bias-dependent reflectivity spectra as 
well as wafer uniformity plots.
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present, as we discuss in Chapter 5 on uniformity. This is not surprising since the 
growth equipment is not optimised for good lateral uniformity. It it very important for 
that reason to be able to test the wafer prior to device processing in order to ensure 
that it has been grown as specified, and if so, to choose a part of that wafer where 
optim um  perform ance can be achieved. An optical spectrom eter linked to a 
multichannel analyser system (OMA) has been used for that purpose where real-time 
reflectivity spectra can be obtained. The wafer that is being tested is held on a x-y-z 

positioner and light from a Tungsten (W) white source is focused at normal incidence 
(Fig.2.4.1). The reflected light is sent back in a fibre bundle that carries it to an EG&G 
spectrometer. The spectrometer has a grating blazed at »850nm and the analysed 
spectrum is incident on an array of 1024 Si photodetectors so that each one of them 
picks a small fraction of the spectrum. The outputs are parallel-to-series-converted and 
subsequently directly fed into the multichannel analyser processor. Real-time spectra 
with a typical sampling cycle time of 300ms are seen on a screen. The resolution of that 
system is determined by the choice of grating for a fixed photodetector array and is 
=0.5nm currently, when the total observed optical spectrum  is =330nm. After the 
chosen samples are processed, the devices with acceptable electrical performance are 
optically tested on the OMA system and the best of those are further tested. Biased 
data of bonded devices can also be obtained on the same system.

Monochromator System

Since the contrast is a very important performance characteristic for these devices, it is 
mandatory to obtain very accurate reflectivity measurements and, moreover, where 
the reflectivities involved may be extremely low, as is the case when the device is at its 
off-state. Accurate measurements involve a careful focusing of the light in a tight spot 
at the centre of the optical w indow to avoid any reflections off the contacts which 
w ould obviously be unm odulated and would degrade the apparen t contrast. 

Additionally, good alignment of the optics is needed so that stray beams are not 
collected. A standard m onochrom ator system was used for accurate reflectivity 

measurements and for photocurrent measurements. This system is illustrated in Fig.

2.4.2. The devices are again held at right angles to the optical plane. The wavelength of 

the output of the monochromator is determined by the position of a grating which is 
rotated by a stepper motor. Photocurrent spectra are collected from the voltage across 
a resistor (typically lOOkft) that is connected in series with the device, and reflectivity 
spectra are collected at the Si photodetector. Prior to entering the monochromator, the 

light is optically chopped and lock-in amplifiers are employed for signal extraction. An 

LCZ meter is used as a program m able voltage source and the w hole process is 

controlled by a BBC microcomputer. The resolution of this system is estimated to be
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0.5nm w ith the slits open at 50pm.

W hen reflectivity m easurem ents are taken, the lock-in read ing  is zeroed 

around the wavelength of m axim um  contrast with a black opaque paper behind of the 

m icroscope objective, the reflectivity of w hich has to be zero. The spectra are then 

norm alised to that of a freshly deposited Au reflector.

BBC
Micro

Lock-in
Amp

Lock-in
Amp

PD

1 0 /
c BS

+veOptical
Chopper

z c iT iS }
o =H - 4 - >

Tungsten \j
Lamp I

Voltage
Source

-ve

Device

Monochromator

T ig-2.4.2 A schematic diagram of the monochromator system where bias- 

dependent reflectivity and photocurrent spectra may be obtained.

2.5 OPTIMISATION OBJECTIVES AND TARGET PERFORMANCE

CHARACTERISTICS

In this thesis we are concerned with Fabry-Perot reflection m odulators in the 

GaAs m aterial system  which are applicable prim arily  to optical interconnections in 

VLSI, optical data processing, and sw itching netw orks in short-haul com m unication 

links (C hapter 1). The op tim isation  objectives w ith  regard  to the m o d u la to r 

characteristics are very much dependent upon the application. In this section we will 

raise the issues involved and  subsequently  we will identify  ta rge t perform ance 

characteristics for the investigation to follow.

A com m on denom inator that applies to all system s applications is that the
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tolerance of the device must comply with real conditions. The specific requirements 
with respect to tolerances are, however, application dependent. For example, when 
large arrays of devices are implemented, as is the case for optical data processing and 
switching networks, the uniformity of the performance in the lateral direction across 
the array becomes particularly im portant. By contrast, in optical interconnection 
applications the array sizes may be relatively small while local area tem perature 
variations and the consequent effect upon the device perform ance may become the 
prim e consideration. Similarly, the difficulties involved in the optical addressing of the 
m odulator will vary greatly depending on the systems geometry. It is certainly beyond 
the scope of this section, and indeed of this thesis, to yield a comprehensive study of 

the required tolerances at a systems level. Nevertheless, it is im perative that the effect 

of variations of the operational conditions as well as that of the fabrication accuracy on 
the performance of the device are well understood. Furthermore, it is desirable that 
ways to minimise the impact of these upon the eventual perform ance are possibly 
established. We examine the modulator in this respect in Chapters 4 and 5.

As far as the actual modulation characteristics are concerned, i.e. with regard 
to the exhibited contrast ratio and reflection-change, the insertion loss, and the

Table 2.5.A The relative significance of various modulator performance 
characteristics with respect to applications. This refers to VLSI 
interconnections, SEED applications, and switching networks where 
modulators are utilised (not in SEED configurations). The speed refers to the 
RC-associated time-constant and therefore does not apply directly to SEEDs.

Contrast
Ratio

Reflection
Change

Insertion
Loss Voltage Speed

Interconnects • ' 9 0 O 0  © © 0

SEEDs © e © 0 © 0 —

Switching
Nets •  ©© • © 0 0 © 0 ©

operating voltage, the required performance will be determ ined by the system the 
modulator is affiliated to. We address different applications separately below:-

In optical interconnections, the m odulator will act as the transm itting  and 
receiving element in the created free-space links (Chapter 1 ). Here, although a high 
contrast ratio is desirable as it leads to low noise at the receiver plane, the parameter to 

optimise is the attained reflection-change. Indeed, it is the difference between the on-
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and off- levels that is of prime importance in this case. Also, since the m odulator acts 
as an information-exchange element between electronic modules, it is necessary that 
its operation is compatible with the driving electronic circuitry. This reflects certain 
requirements on the speed of the device, which has to be sufficiently higher than that 
of the electronic clock, and also on the operating voltage, as we discuss later in this 
section. The self-electro-optic effect device (SEED) has been introduced in Chapter 1 and 
we refer to this type of device, and the respective optimisation objectives, in greater 
detail in Chapter 8 . As we discuss there, the switching pow er and switching speed of 

such composite devices depends greatly upon the reflection-change attained by the 

modulators that comprise the SEED. Large reflection-change, low insertion loss, and 

low operating voltage are the decisive characteristics of the m odulator that result in 
fast, low -pow er switching and increased cascadability (Chapter 1 ). Finally, in 
implementations of the m odulator in 2D switching networks, such as the cross-bar 
switch (Chapter 1), the maximum array size depends on the contrast achieved by 
individual devices. This determines, therefore, the capacity of the network. The above 
are summarised in Table 2.5. A.

The optoelectronic devices will need to be integrated with electronic circuitry 
which we discuss in Chapter 9. In the case of optical interconnections in VLSI the 
electronics are certainly going to be Si-based while in certain other applications there is 
the possibility that the whole circuit is realised in III-V material (Chapter 9). The main 
candidates for the electronic circuitry in VLSI are CMOS, ECL and possibly BiMOS 
technologies [Sedra and Smith]. The low-power, high input-im pedance, and  wide 
noise-margins of CMOS circuitry have established its dom inance in electronics 
industry. On the other hand, ECL is the fastest logic circuit family while the less 

established BiMOS combines some of the advantages of the two. As CMOS outputs are 
below 5V and ECL much lower, it is apparent that voltages of operation lower than the 
9V of the device presented in section 2.3 will need to be attained.

Based on the above discussion we may set target performance characteristics 
for the optimisation of the modulator to follow. These are listed in Table 2.5.B.

Table 2.5.B Target modulator characteristics for the optimisation 
carried out in the rest of the thesis. Either high contrast ratio or large 
reflection change devices are the aim, depending on the application.

Contrast Ratio >10dB

Reflection-Change >50%
Operating Voltage <5V

Insertion Loss <3dB
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CHAPTER 3. MODELLING OF FABRY-PEROT MQW ELECTROAB SORPTION DEVICES

3.1 INTRODUCTION

As we have seen in the previous Chapter, Fabry-Perot (FP) multiple quantum 
well (MQW) devices are multi-layered semiconductor structures, the optoelectronic 
perform ance of which relies upon a com bination of FP interference and  MQW 
electroabsorption effects. Modelling such structures is essential for a study of the 
trade-offs involved in the design, the subsequent optimisation, and the final design of 
efficient modulators.

In this Chapter we present briefly the logistics of the model employed in this 
work. This is based upon a standard transfer m atrix m ethod to evaluate the 
reflectivity, absorptance and transmittance of an assembly of multiple layers. Firstly, 
we describe the transfer matrix method and thereafter we present the theoretical 
evaluation of the field-dependent MQW absorption spectra that are a prerequisite for 
the final simulation of the operation of a device with and w ithout bias. The absorption 

spectra calculations are based on the theory developed by P.J. Stevens [1988] with a 

modification that was required in the case of resonant devices. The final absorption 
coefficient values are obtained by an empirical fit to experimental data. As a result, our 
calculations are restricted to G aA s/A l^G ao^A s (w ell/barrier) since extensive 

experimental absorption data for a num ber of well w idths exist for this material 

system [Jelley et a l, 1989].

A comparison between calculated and experimental spectra is made at the end 
of the Chapter so as to test the validity of the overall model in the case of resonant 
devices. Finally, we discuss the model's limitations.
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3.2 MODELLING OF A MULTILAYER DEVICE

The reflectivity R, transmittance T and absorptance A of an assembly of N 
layers can be evaluated in the steady state (tim e-independent) by m eans of the 
standard transfer matrix method [Macleod]. This technique involves basically the 
representation of an assembly of layers by a matrix that contains all the information on 

the effect the assembly has on light of a given optical wavelength incident on the 
layers at a certain angle. The relations originate from Maxwell's equations. These 

govern the modifications imposed upon the transverse and tangential components of 
the electric field E and the magnetic field H of electromagnetic waves at an interface

\ / R -

*2
•
••

T n N+l

Fig. 3.2.1 A schematic of a multilayer structure.

between two materials, depending upon the dielectric properties of those materials. 
Interference effects are implicit in this kind of analysis making it applicable to FP- 
based devices.

In order to apply this technique, the refractive indices (RI) n0 of the incoming 

and njvj+i of the exit medium are required (Fig.3.2.1). Also required is a full (optical) 

description of the N layers, i.e. a knowledge of the complex RI and the thickness of 
each layer. In the cases studied, the incoming medium is air (nD=l). The exit medium is 

meant to be semi-infinite. However, here the exit m edium  is in effect the substrate 
which may be considered of (semi-) infinite thickness in comparison to the total 
vertical extent of the device.

A brief outline of the transfer matrix method is given in the following.

Characteristic matrix of one layer

Let us consider the situation depicted in Fig.3.2.2 where monochromatic light of
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optical wavelength X is incident at an angle 0 O on a layer of thickness d r and complex 

refractive index N ^n^iky , nr being the real RI and kj the extinction coefficient of the 

m edium  comprising the layer. The single layer can be regarded as a mere interface 
between the semi-infinite media 0  and r+ 1 , only«£ts effect on the incident light is 
contained within the transfer function of that interface. The appropriate transfer

I

\ : / R '

d r Or n r

* ttr+l

Fig.3.2.2 Schematic of a single layer r between two media 0 and r+1 
with monochromatic light incident at an angle 9q

function is the characteristic matrix of the layer given by

M r =
cos8 r i c o s 8 r / y r 

i s i n 8 r y r cos8 r
3.2.1

where 8 r = ^rcNrd rcos6 r a compiex phase factor, and yr=Nrcos0o for TE (s) and
A,

yr=Nr /cos0o for TM (p) modes is the so-called characteristic adm ittance of the 

medium. That is in fact the effective complex refractive index seen by the particular 
optical wave incident at that angle. The complex phase factor 8 ,. describes the effect 

upon (one-way) propagation through the medium. If we assume that the (intensity) 
amplitude just after the interface with medium 0  is Ir, then after propagation through 

layer r the complex amplitude will be modified to

.47mrdrcos6 r 47dcrdr cos8 r 
Ir • e 'i28r = Ir • e ’1 i  • e * 3.2.2

The last term in the above expression is a decaying real exponential which expresses 
the attenuation through the layer. This way, the matrix in eqn.3.2.1 accounts for both 
phase-change and attenuation through the medium.

The tangential components of E and H at the bottom interface in Fig.3.2.2 are 

related to those at the top via the characteristic matrix of the interm ediate layer. The
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reflectivity from layer r may then be evaluated. Prior to presenting the expressions 
involved in that calculation, we will extend the analysis to the m ultiple layer case.

The multilayer structure

The transfer function of an assembly of N layers is another matrix, Mt evaluated 

sim ply by the product of the individual characteristic matrices taken in the correct 
order, i.e.

N
M t = n M r 3 2 3

r=l

The whole m ultiple layer case in Fig.3.2.3a can be simplified to its equivalent in 

Fig.3.2.3b where the assembly of the N layers together with the exit medium have been 
replaced by a fictitious m edium  of characteristic adm ittance Y. The final transfer 
matrix of that m edium  is

B I
= M t -

C _y N+l_

and the admittance is given by Y=C/B.

a. b.

/ R n>

Jhn 2

n*

I w 9 < r !

n
N fl

Fig.3.2.3 The multilayer structure together with the substrate 
may be replaced by a fictitious medium of an appropriate effective 
refractive index Y.

The total reflectivity R, absorptance A and transm ittance T may now  be 
evaluated very simply as
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r  (y„B -  C) ■ (y„B -  O '  
(y0B  + C) • (y 0B  + C)

J 1   y  Af+I yO

(y0B + C) • (y0B  + C)
4-y^ryo

3.2.5

w here yQ and yN+1 are the characteristic adm ittances (i.e. the effective refractive 

indices) of the input and the exit medium respectively (eqn.3.2.1).

The M Q W  layer

The final aim is to model the bias-dependent operation of an MQW structure, hence 
the electric-field dependent characteristic matrix of the MQW region needs to be 
evaluated. This region is a multilayer structure itself. However, the changes from well 
to barrier and vice versa are not ’seen’ by the light propagating through since the 
period of such changes is very small in comparison to the optical wavelength.

Hence, in our calculations, the MQW layer m ay be treated as a single 
homogeneous layer having the total thickness of the MQW region and its complex 
refractive index being the average between those of the well and barrier material 
comprising the quantum  well layers. The expressions giving the real part of the 
refractive index are straightforward. As for the extinction coefficient k, this is directly 
associated with the absorption coefficient a  via

at a certain wavelength X. The value k(X,V) of the w avelength and  voltage (V) 

dependent extinction coefficient for the well material can be evaluated by means of 

eqn.3.2.6 from the field dependent absorption spectra. At the wavelengths of interest 
(near the band-edge) the absorption coefficient of the barrier material is zero, hence an 
average k(X,V) for the composite MQW layer is readily obtained. The evaluation of the 
characteristic matrix of the MQW layer implies thus a calculation of the absorption 

spectra; this is discussed in the next section.

3.2.6
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3.3 MODELLING OF THE MQW ABSORPTION SPECTRA

A prerequisite to the evaluation of the full MQW absorption spectra is the 
determ ination of the subband energy levels within the wells, both in the conduction 
and  in the valence band, and thereafter the evaluation of the corresponding 

w avefunctions. Subsequently, the overlap integrals betw een the e- and  h- 
wavefunctions can be determined; these have been associated [Miller D A B  et a l, 

1986] with the oscillator strength of a transition resulting in the form ation of an 

exciton, i.e. a bound e-h pair.
The subband energy levels and corresponding w avefunctions may be 

determ ined by several methods. In this work the above evaluations have been 
’inherited ' directly from a form er Ph.D. studen t, P.J. Stevens, w ho uses the 
transmission resonance technique [1988] also used by other workers [Miller D A B  et 

a l, 1985a]. An outline of the technique is presented in the following section. The 
calculation of the absorption spectra is subsequently described. This is based upon the 
theory used by Stevens et al. [1988], with a modification on the thermal lineshapes that 
proved to be essential for a realistic model of FP devices.

AlCaAs GaAs AlGaAs

„  hh2 
— Ih2

Conduction
Band

Valence
Band

Fig.3.3.1. The conduction and valence bands of alternating GaAs and 

AlGaAs layers form potential wells in the growth direction. Discrete 

energy levels are formed for the electron in the conduction band (en, 

n=lfl...), and the holes in the valence band (heavy-hole hhpnd light hole 

Ih). The diagram is not to scale.
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3.3.1 The Tunnelling Resonance technique.

The conduction and valence bands of MQW material form potential wells in 
the direction perpendicular to the layers, as a result of the difference in the bandgap 
energies between the barrier and the well materials (Fig.3.3.1). These are not treated as 

a periodic potential when calculating the energy levels, wavefunctions etc, since by

convention quantum  well material employs sufficiently w ide barriers to ensure no 
coupling occurs between neighbouring wells. Each well m ay thus be treated  
independently so that at zero field one is met with the situation of a finite square 

potential well as in Fig.3.3.2. The eigenvalues of the corresponding time-independent 
Schrodinger’s equation and the consequent wavefunctions m ay be evaluated in the 
standard  m anner em ployed in quantum  m echanics [Schiff]. H ow ever, upon 
application of an electric field, the situation becomes m ore complex, the wells now 

being tilted (Fig.3.3.4). In order to use a unified method for both the biased and the 

unbiased case, the well and barrier region are divided into 'layers' (Fig.3.3.3) where 
each 'layer', or step, is a flat potential region with unequal potential steps at the 

interfaces either side. Following the standard quantum  mechanical treatment of such 

problems, a solution within each step may be found assum ing an envelope function 

that is a combination of a forward and a backward travelling wave 'reflected' and 
'transm itted' through the potential steps accordingly. The wavefunction y  and the 
particle current density are required to be continuous at each of the interfaces and 
physically permissible within each of the steps, thus boundary conditions are imposed

GaAs

Ecv

Fig.3.3.2 Schematic diagram of the zero-field case, showing the sub-band 
energy levels and wavefunctions '¥e of the Is electron in the conduction 

band, and of the heavy-hole in the valence band. (Diagram not to 
scale).
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and the physical problem is at this point fully described in mathematical terms.
The calculation of the overall w avefunction is perform ed in a m anner 

analogous to that described in section 3.2 for the evaluation of the transmission and 

reflection through a multilayer structure. The wavefunction and its (space-)derivative 

at one interface are expressed as functions of these at the previous interface. 
Eventually, an overall wavefunction compatible with all the subconditions is obtained 
by means of this series-like process. The masses used are the effective masses of the

particles in the direction of interest, i.e. perpendicular to the layers [Chemla et al., 

1985; Miller R C et a l, 1984]. Band non-parabolicity is included in the expressions 
giving the effective masses. Details are given in the Appendix.

At a given field perpendicular to the wells, an excitonic transition resulting in an 
electron at sub-level i in the conduction band bound to a hole at sub-level j in the 
valence band, occurs at an energy given by

field dependent. The binding energy is assumed to be dependent only upon the well 
width; values of Eb as a function of well w idth are obtained by a polynomial fit to 

those reported by Ekenberg and Altarelli [1987] (see the Appendix). In reality, Eb does 

depend on field as a result of the reduced confinement upon the application of a field

AlGaAs

Fig.3.3.3 The well and barrier regions are divided in 'steps'.

3.3.1

where E ^  is the subband energy, Eg is the bandgap energy of the well (GaAs), Eg is

the electron subband level, E^ is the hole subband level and Ejj is the binding energy 

of the resulting exciton. With the exception of Eg and Eb, the terms in eqn.3.3.1 are
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perpendicular to the wells. However, calculations estimate the corresponding shift of 
Eb to be an order of magnitude smaller than the overall subband field-induced shift 

[Miller D A B  et a l, 1985a; Stevens, 1989] so that the induced inaccuracy is negligible.
Following the evaluation of the transition energies, the determ ination of the 

associated probability of occurrence of these transitions is carried out. The oscillator 
strength of a transition expresses the relative likelihood of that transition taking place 

and manifests itself in the relative height of the various exciton-associated peaks in the

GaAs
AlGaAs

E g Ecv

Fig.3.3.4 Electron and heavy-hole sub-band energy levels and 
wavefunctions in the case of an electric field being applied perpendicular to 
the quantum well layers.

absorption spectrum. The oscillator strength has been associated [Miller D A B  et al, 

1986] with the square of the e- and h- wavefunctions overlap integral extended over 
the well and surrounding barriers. Hence, transitions that are forbidden at zero field 
because the corresponding wavefunctions are orthogonal (overlap-integral =0 ), 
become allowed with a field applied when the e- and h- wavefunctions localise to 

different sides of the well as caused by the opposite forces experienced by the two 
particles (Fig.3.3.4). As a consequence, 'allowed' transitions subside with field while 
the oscillator strength of 'forbidden' transitions increases (Fig.3.3.4) (sum rule [Miller D 
A B et a l, 1986]). In our simulation, this drop in oscillator strength is the main means 
of accounting for the field-induced reduction of the exciton absorption. This stems 
from the following assumptions: a) that the binding energy is field-independent, and - 

more importantly- b) that relative to the continuum-level the area of the excitonic 
transition is field-independent. The latter assumption is discussed in a later section.

Summarising this section, the transmission resonance method determines the 

field-dependent subband levels in both the conduction and the valence band as well as 

the overlap integrals of the transitions between these levels and hence the associated 
probabilities of the transitions. These lend themselves to the calculation of the 
absorption spectra as discussed in the next section.
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3.3.2 Scaling to experimental absorption spectra.

Since we are con cer*\ed with modulation at wavelengths longer than the zero 
bias heavy-hole exciton peak, the modelling of the absorption spectra may be 
restricted to two transitions, the e l-hh l between the Is electron and the heavy-hole 
and the e l-lh l between the Is electron and the light-hole. For this purpose, the model 
developed by P.J. Stevens [1988], has been reproduced and modified in order to meet 
the particular requirements imposed by this work.

Henceforth we refer to the absorption spectrum of the well material only as 
opposed to that of the composite MQW. This spectrum is assumed to originate from 
two distinguishable contributions: one from exciton transitions betw een discrete 
energy levels just below the subband gap energy (by an am ount equal to the binding 
energy), and one from a continuum of free-particle states at energies greater than the 

subband energy. All transitions considered are therefore interband transitions between 
the valence and the conduction band.

The heavy-hole and  light-hole  associated  tran sitio n s  are treated  
independently. The two resulting spectra are subsequently simply added together. The 
first step to a fit to experim ental spectra is the determ ination of the relative 
contributions to the final continuum  level from the light-hole and the heavy-hole 
associated continua (the continuum  level is taken as the absorption coefficient seen 
directly behind the light hole peak in the spectra). The relative contribution of the two 
holes is dependent upon the polarisation of the light. When the electric field E of the 

optical wave is perpendicular to the plane of the wells there is no interaction that 
results in a heavy-hole exciton formation, whereas when the E-field is parallel to the 
plane of the wells the ratio between the heavy-hole and the light-hole contribution is 
3:1 [Asada et a l, 1984; Yamanishi and Suemune, 1984]. The devices concerned here are

P

MQW

Fig.3.3.5. Optical wave at oblique incidence on a multiple quantum 

well structure and the corresponding modes of propagation within the 

layersXThe little arrows denote the electric-field vectors).
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transverse so when light is incident at right angles from air, the E-field is always 
parallel to the layers since only TEM modes are supported in free space. However, 
oblique incidence results in a TM com ponent (E perpendicular to the layers) 
propagating within the device, for which the heavy-hole is suppressed (Fig.3.3.5). We 

will restrict our analysis here to the case of normal incidence, and revisit this issue in 
Chapter 5 where we address the sensitivity of the modulator's operation to angle of 

incidence.
Having determ ined the relative contributions of the two hole-associated 

spectra we need to evaluate two scaling factors in order to calculate the final spectra: 
the continuum level and the area of the exciton relative to the continuum-level.

Continuum level

The continuum level is theoretically expected to be well w idth dependent [Matsumoto 

et a l, 1985] stemming from the increased dimensionality (tending to 3D) related to 
the excitonic confinement as the well w idth increases. As mentioned previously, the 
heavy-hole continuum level cLoo is three quarters of the experimental value of the zero- 
field absorption coefficient directly behind (i.e. to higher energies of) the light-hole 
exciton peak. A division by the Sommerfeld factor corresponding to that point (=1.9) is 
further required. The Sommerfeld factor is introduced in the next section.

An extensive range of absorption spectra has been obtained by Jelley et a l
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Fig.3.3.6 Heavy-hole continuum level obtained from a fit to experimental 

absorption data by Jelley et al [1989]. The dashed line is a fit to the derived 

points (eqn.3.3.2).
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[1989] at different well widths for the G aA s/A lo^G ag ^ A s  system. The continuum 

level is derived from these and is indeed found to be well w idth dependent (Fig.3.3.6), 
in agreement with theoretical expectations. An empirical fit to the data is given by

cioo = 1000 + 4 .2x 105 x L̂ J (cm'1) 3.3.2

w here Lw is the w ell w idth in A;

Exciton peak relative to continuum level

The ratio (fex) of the area under the exciton peak in photon-energy space divided by 

the continuum level, is a measure of exciton dimensionality. This deviates from pure 
2-D in the case of MQW material where, as a consequence, fex takes a value lying 

between those corresponding to the 2-D and the 3-D cases [Klipstein and Apsley, 
1986]. For a given barrier height, the confinement tends to the 3-D limit as the well 
w idth is increased. It is expected thus that f will decrease with well w idth, being in 

fact a function sensitive to dimensionality. This decrease of fex manifests itself in the 

absorption spectra as a decreasing exciton peak in relation to the continuum level with
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Fig.3.3.7 The exciton area relative to the continuum level as obtained by 
a fit to experimental data by Jelley et al The dashed line is a curve fit to the 
derived points, as discussed in text. Note that the Rydberg units differ for 
the two holes [Appendix].
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increasing well width. Values for fex expressed in Rydbergs [Appendix] are obtained 

from the experimental data of Jelley et al. and are shown in Fig.3.3.7. An empirical fit 

to these is

fex = 21.38 -  0.102 • Lw +1.94 x 10-4 x L2W 3.3.3

where Lw is the well w idth in A, and fex is in Rydberg units. The above equation is 

employed at all fields, i.e. fex is assumed field independent.

3.3.3 Evaluation of the field-dependent absorption spectra.

Having determined the relative strengths of the absorption features, we may 
proceed to the final calculation of the absorption spectra. Broadening mechanisms, 
both inhomogeneous and homogeneous, are included in the sim ulation and are 
applied to the heavy hole and light hole contributions independently. In the following 

we will describe the calculation method limiting mathematical expressions to those 
absolutely necessary; detailed equations are included in the Appendix. The masses 
used here refer to the motion of the particles -or rather the pair- within the layers and 
differ from the values used in the evaluation of the energy levels and wavefunctions 

[Chemla et al., 1985; Appendix].

Continuum and excitonic transition associated with each hole-Homogeneous Broadening 

Initially, the continuum may be represented by a step-function at the subband energy 

Ecv (Fig.3.3.8a) whereas the excitonic transition is represented by a delta function at 

Ecv-Eb (note that Ecv is field-dependent). A Sommerfeld factor is included in the 

continuum (Fig.3.3.8b) to account for an enhancement of transitions between free 

particles around the band-edge due to Coulomb attraction between the oppositely 
charged electrons and holes. The Sommerfeld factor varies 'slowly' with energy and 
could have been omitted, especially in the case where only wavelengths longer than 

the heavy hole peak are of any interest (see Appendix).
So far we have been referring to energy levels. A lifetime-related broadening, 

originating m ainly from phonon interaction, m ust be accounted for. To do so, a 

convolution with a lineshape of a tem perature dependent FWHM [Appendix] is
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included (Fig.3.3.8c), and also the exciton is now represented by the same lineshape 
instead of the unphysical delta-function. This broadening mechanism is assum ed 
field-independent, i.e the lineshape employed is the same irrespective of the electric 

field applied to the wells. At this stage the values for and fex, introduced in the

Eb —

Ecv
x Sommerfeld Factor

hv

hv

C

a-

hv

Jl Convolution of 
continuum with 
thermal-lineshape. 
+ Lineshape at 
exciton position.

Fig.3.3.8. Steps used in the calculation of the homogeneously broadened 
absorption spectrum associated with each hole. The whole spectrum is 
shifted accordingly upon the application of an electric field, while also it is 
multiplied by the corresponding square overlap integral.

previous section, are employed in the calculation (Fig.3.3.8c). The position of the 
spectrum depends on the subband energy Ecv, and is thus field dependent, and the 

spectra are scaled according to the field-dependent oscillator strength calculated for 

the associated transitions.
The lineshape used by P.J. Stevens to account for homogeneous ('thermal') 

broadening is a Lorentzian [Appendix] which is commonly used for dam pening- 

oscillator like mechanisms. The FWHM of that function is tem perature dependent 

modelled by a Bose-Einstein distribution since phonons are being dealt with. Other 
workers have used a Gaussian function lineshape [Chemla et a l, 1984]. Lorentzians 
overestim ate the exciton absorp tion  tails, w hile we found that G aussians 
underestimate them. In the case of resonant devices, such inaccuracies are amplified 
and result in non-reliable performance evaluations. This was verified by an original 
modelling of CB145, the first demonstrated AFPM (Chapter 2), using the Lorentzian of
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Stevens et al., which resulted in a calculated insertion loss of 5.2dB as opposed to the 
experimental 3.5dB. In order to obtain realistic reflectivity spectra, the respective 
lineshape has been modified. For continuity purposes we present the details of this in 
a subsequent section (3.3.4).

Inhomogeneous broadening

i. Well-width fluctuations

The interfaces between the well and the barrier are in practice neither perfectly abrupt 
nor flat [Ourmazd, 1990; Kim, 1989]. The implication of the latter is that the well w idth 
fluctuates laterally across a certain well layer. Additionally, during the growth of 
MQW layers the well width is controlled to about a monolayer implying well w idth 

fluctuations between wells. The effect of both the above on the absorption

/ hv ——/

Gaussian
Lineshape

Fig.3.3.9 Schematic of the convolution with a normalised Gaussian 
lineshape to account for inhomogeneous broadening due to well width 
fluctuations.

spectra may be indistinguishable provided the fluctuations in both scales are 
comparable. In that case, excitons within a single well may 'see' different well widths 
in the very same way that excitons in different wells may experience unequal well 
w idths as these vary across the MQW region thickness. Since the subband energies 

and consequently the wavefunctions are well width dependent, well w idth fluctuation 
imposes a broadening of the excitonic features in the absorption spectra.

This broadening mechanism is modelled by a convolution of the spectra with 
a Gaussian function that represents a normally distributed fluctuation of well width. 
The standard deviation a  of that distribution is taken equal to the change in subband 
energy AECV caused by the estimated mean well width fluctuation ALW and is thus
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ct = ^ c v .ALw 3.3.4
oLw

where ALW is assumed equal to one monolayer (»2.83A) when modelling our devices. 

This is also typical of other experimentally obtained values [Nelson et al., 1987b; 

Ourmazd, 1990].
This broadening mechanism is well w idth dependent, narrow  wells being 

more sensitive than broader wells as a result of the strong dependence of Ecv to well 

w idth for narrow wells (note also that one monolayer is a larger relative change in well 
w idth for smaller wells). There is also a marked field-dependence which stems from 
the higher sensitivity of the subband levels to well w idth at higher fields [Stevens, 

1989].

ii. Field induced broadening

The voltage V applied across the wells results in an average field Fave seen by the 

wells
Fave=(V + Vbi)/LMQW 3.3.5

where Vbi is the built-in field and LMQW is the width of the MQW region. Were the 

MQW region highly intrinsic, Fave would be the field experienced by all the wells 

across the region. In reality there is a background doping of about 5x1015 cm"3 in our 
samples which leads to the situation depicted in Fig.3.3.10. For instance in the case of a 
1 |im thick MQW region this gives rise to a field difference of =7kV/cm from the top

M Q W

AF
2'3

Fig.3.3.10 Schematic of the electric field profile along an MQW p-i-n 
diode in the unbiased and the reverse biased case (n-type intrinsic).
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to the bottom  well [Appendix]. This inhom ogeneity causes different w ells to 
experience different fields and consequently unequal QCSE-associated red-shifts since 
the subband energies are strongly field dependent. This gives rise to further 
broadened absorption spectra. It should be mentioned that very high purity  (doping

[Amano et al., 1991], thus field-induced broadening may in practice be eliminated.
In order to account for this broadening mechanism, the absorption coefficient 

at a certain photon energy E under an average electric field Fave is calculated as the 

mean value along the MQW region

where Fz is a z-dependent field, z being the direction perpendicular to the layers, and 

NMqW is the num ber of wells in the intrinsic region. This broadening mechanism 

becomes increasingly significant in the w ider well case, as a result of the relatively 
faster field-induced red-shifts. Note that we are still referring to the absorption 
coefficient of the well material only and not to that of the composite MQW layers.

3.3.4 Lifetime -related lineshapes (Homogeneous broadening).

In order to overcome the problem of overestimated insertion losses that arise 
from the use of a Lorentzian function as the lifetime-related lineshape, we need to 
determ ine an alternative function that gives a better fit to experimental absorption 

tails. It should be clarified that the incentive here is to devise a reliable design-tool and 
not to develop of a new theory. As described by Urbach’s em pirical rule, the 
absorption tails follow a temperature dependent exponential roll-off [Pankove]. This is 

associated with the formation of energy band tails in k-space arising from the presence 

of impurity centres. In the following, we aim at identifying the exponential function 
describing the absorption tails, based upon experimental data .

Firstly, we need to eliminate inhomogeneous broadening from  our test

levels of the order of lxlO14) MQW samples have been reported grow n by MBE

N mqw Zi+L\v

3.3.6
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sam ple. The sam ple chosen is thus a single 80A well p-i-n d iode (MV301) w ith  44A 
AIq 34Ga0 66As barriers and another 0.4027pm superlattice form ing in trinsic buffers 

either side of the well. Field-induced broadening is not present in this case, how ever, 

well w idth fluctuation broadening still affects the spectra, as discussed in the previous 

section. The requ ired  absorp tion  spectra are  ob ta ined  from  p h o to cu rren t data . 

Photocurrent (ipc) values are converted to absorption coefficient values (a) u sing  the 

following expression that relates the two:

ipC = P ( l - R f) ' n ^ e - “c'dG [ l - e _ad 3.3.7

w here r\ is the internal quantum  efficiency, d the total thickness and a  the absorption 

coefficient of the absorbing m edium  in the QW region, d^ and a G the corresponding 

values for the GaAs capping layer, is the reflectivity at the air-sem iconductor front 

interface, and P is the incident optical power. All these are w avelength dependent. 

Values for a G were obtained from a fit to data reported  by Sturge [1962]. Equation

3.3.7 was used to obtain absorption spectra in arb itrary  units, w hereafter the final 

absorption coefficients were derived by a scaling of the heavy hole peak to the
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Fig.3.3.11 Absorption spectra of an 80A single quantum  well at different 

temperatures. Spectra derived from photocurrent measurements obtained 

by means of a liquid Nitrogen Cryostat; photocurrent measurements by M . 

Ghisoni.
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appropria te  value from Jelley et al. [1989]. A bsorption spectra at d ifferent 
tem peratures derived in this m anner are shown in Fig.3.3.11, where the spectra at 
other than room-temperature are scaled assuming that the continuum  level remains 
unaltered. This does not impose any errors in the evaluation of the tem perature 
dependent absorption tail function, in that the latter expresses the roll-off of the 
absorption relative to the peak value.

We assume an absorption tail function starting from the half-point of the 

lineshape and having the form

f(E) = 0.5 • a max • e“b|E_EHM I 3.3.8

w here EHM is the photon-energy at the position of half-maximum, a ^ x  is the 

absorption coefficient at the exciton peak and b is the sought-after constant. A

3
E

8

0.5

experimental
-0.34Xderivative0.4

0.3

0.2

0.1

0
1.425 1.435 1.445 1.455 1.465

Photon Energy (eV)

Fig.3.3.12 Experimental quantum well absorption tail (dashed line) at 
room temperature and its derivative multiplied by a constant.

convenient characteristic of an exponential function is that its derivative regenerates the 
function, i.e.

d(f(E))y
d(E)

f(E)
= - b 3.3.9

This relation leads to the derivation of b from experimental data by means of a 
calculation of the point to point derivative of the latter. After performing the required
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mathematical steps, it is evident in Fig.3.3.12 that the result indicates a slight deviation 
from the pure exponential dependence. This is at least partly due to broadening 
caused by well w idth fluctuations as is evident from the sufficiently good final fit to 
experimental data. That is presented in the next section. The values of b derived in the 
same manner by means of the absorption spectra in Fig.3.3.11 are shown in Fig.3.3.13. 
The exponential constant decreases with temperature as the exciton tails-off "slower7 in

50 100 150 200 250 300 350

Temperature (°C)

Fig.3.3.13 The dependence of the exponential absorption tail on 
temperature as derived from the absorption data in Fig.3.3.11. The dashed 
line is a polynomial fit to the obtained points.

photon-energy- (and equivalently in wavelength-) space.

Summarising the above, the homogeneous broadening lineshape employed in 
our simulation is a combination of a Lorentzian function located centrally within the 
FWHM (FWHM as by P.J. Stevens; see Appendix) rolling off exponentially from the 

half-point and 'outwards' with a dependence e*0 ,3 4 1 e ‘ e h m  1 (at room temperature), 
where EHM is the position of the half maximum of the exciton peak in photon-energy. 

The obtained spectra provide a significantly improved fit to the experimental, as 
compared to those evaluated when using simply a Lorentzian function (Fig.3.3.14). It 
may now be noted that as a result of the altered 'area' under the finally used lineshape, 

our values for fex in section 3.2 differ from those employed by Stevens by a constant 

multiplication factor.
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Fig.3.3.14 Absorption coefficient spectra for a single 80A well defined by 
A l 0 3 4 G a 0 . 6 6 A s  barriers. The experimental spectrum is compared with the 
calculated spectrum obtained by our model and with that obtained when a 
simple Lorentzian thermal lineshape is used, as by P.J. Stevens.

This Model

Experimental

— Lorentzian 
lineshape

3.4 COMPARISON WITH EXPERIMENT

The field-dependent energy levels obtained by the tunnelling resonance 
technique have been found [Stevens, 1989] to be in very good agreem ent w ith 
experiment. An example is illustrated in Fig.3.4.1, where we compare the calculated to 

the experimental position of the heavy-hole exciton peak as a function of the electric 
field applied perpendicular to the wells. The sample used (MV370) for this comparison 
has been grown by MOCVD and the MQW region consists of 50 nominally 85A GaAs 

wells and 60A Al0 31Ga0 69As barriers. The built -in voltage is assumed equal to 1.4V. 

This value has been suggested by detailed measurements carried out by colleagues at 
Imperial College (Jenny Nelson, private communications) on samples that incorporate 

identical MQW material. These samples were, moreover, also grown by John Roberts
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at the University of Sheffield.
The corresponding calculated absorption coefficient spectra for the same 

sam ple as in Fig.3.4.1 (MV370) are an excellent simulation of the experim ent, as 
depicted in Fig.3.4.2. A well w idth fluctuation of one m onolayer (2.83A), and a 
background doping of 5x l0 15cm '3 have been used in the calculations.

s  880
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g  875 o

Experiment
Theory

870

865
yx
W 860 

’o
855

I 850
845

200 2500 50 100 150

Electric Field (kV/cm)

Fig.3.4.1 Calculated and experimental dependence of the heavy-hole 

exciton position on the electric field applied perpendicular to the wells, 

referring to a 85 A MQW sample (MV370).

The model routinely agrees w ith experim ental m easurem ents for other 

sam ples and various results found in the literature. For exam ple, the large 
experimental FWHM of the excitonic peaks obtained for narrow  wells [Jelley et a l, 

1989], is remarkably well predicted by the theory. This has been thought by other 
workers to be solely the result of enhanced tunnelling through the barriers in the 

narrow well case [Lee et a l, 1989], where the wavefunction is 'squeezed' within the 

well and penetrates thus further into the barriers. According to this simulation, that 
large experimental FWHM is in fact a manifestation of the increased sensitivity to well 
w idth fluctuation characterising narrow  wells. Similarly, the fast decrease of the 

excitonic peaks with field in the case of wide wells is predicted with excellent accuracy 
as a combination of both the fast drop in oscillator strength and the field-induced 
broadening that becomes increasingly significant in this case.
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Fig.3.4.2 Calculated (top graph) and experimental (bottom graph) 
spectra for an 85A well sample (MV370). A background doping level of 
5xl0^cm'3 and a well width fluctuation of one monolayer have been 
assumed for the calculations. The sample was grown by MOCVD at the 
University of Sheffield.
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Assessment of the modelled reflectivity spectra

In order to assess the final model, we compare calculated to experimental spectra for 
two AFPMs. In Fig.3.4.3 we show calculated spectra for CB145-the AFPM device 

presented in Chapter 2 . The thickness of the Alo.3Gao.7As spacer layer has been 

adjusted so that the FP resonant position coincides with the experimental of the device
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Fig.3.4.3 Calculated spectra for CB145 AFPM experimental data from 
which have been presented in Chapter 2 (Fig.2.3.3). Theoretical absorption 
spectra are used in a), while in b) we use experimental absorption spectra 
and include the electrorefractive effects. See text for details.
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measured, while otherwise the layer-thicknesses are the nominal ones (Chapter 2). 
Theoretical absorption coefficient spectra are used for the sim ulation in Fig.3.4.3a, 
w hre it is assum ed that the background doping in the intrinsic region is equal to 
5xl015cm"3, the rms well width fluctuation is one monolayer (=2.83A), and the built-in 
voltage is taken to be equal to 1.4V as previously. Note that the absorption of the top 
1 0 0 0 A GaAs has been taken into account, as we discuss later in this section. The 
calculated spectra presented in Fig.3.4.3a are in good agreement with the experimental 
while it is im portant to note again here that the use of a Lorentzian lineshape to 
account for thermal broadening (see Fig.3.3.14) resulted in an estimated insertion loss 

of 5.2dB for the same structure, as opposed to the experimental value of 3.5dB. The 
operating voltage is, however, slightly overestim ated by our model. Since the 
absorption coefficients and QCSE-induced shifts are not underestim ated by the model 
(Fig. 3.4.2), this slight discrepancy between theory and experiment may be attributed 
almost solely to the omission of the electrorefractive effects. Indeed, calculations using 
experimental absorption spectra where the electrorefractive effects and the correct QW 
index dispersion (section 2.3.3) are included, show an indeed excellent agreement with 
the experiment (Fig.3.4.3b). This demonstrates quite clearly that the optical transfer 
matrix technique is appropriate for the simulation of such devices and, additionally, 
further confirms the validity of our analysis of the effect of electrorefraction in Chapter
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Fig.3.4.4 Calculated spectra for CB145 AFPM experimental data from 
which have been presented in Chapter 2. Modelled reflectivity spectra are 
shown in Fig.3.4.3.
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2.

In Fig.3.4.4 we show calculated absorptance spectra for the same structure. 
These will largely resemble the photocurrent spectra obtained from the real device (see 
section 3.4.4 and Chapter 2). As a result of our not including the forbidden transition 
el-hh2, the spectra in both Figs.3.4.3 and 3.4.4 show  a good agreem ent w ith 
experiment for wavelengths longer than the zero-bias heavy-hole but not so for shorter 
than that peak wavelengths. This, however, does not im pose any errors in our 
evaluation of the m odulator performance since we are interested in operation at the 

longer wavelengths (normally-on AFPMs).

Calculated spectra for a device with a front reflector stack, as well as a bottom 
one, are shown in Fig.3.4.5. We present results from this device in Chapter 6 . This 
structure (QT223) was designed to have a front mirror reflectivity of =55%, a back
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Fig.3.4.5 Calculated spectra for QT223 experimental data from which are 
presented in Chapter 6.

mirror reflectivity of =99% and an intrinsic region incorporating 32 90A GaAs wells 
with 55A A1q^GaQ 7As barriers. The model suggests a well w idth of 98A. We assume 

therefore this well w idth for our calculations and adjust the thickness of the spacer 
layer so that the resonance is obtained at the same position as for the experimental 

data presented in Chapter 6 . The parameters used in the calculations are as for CB145 

above. The obtained spectra are not a very precise reproduction of the experimental
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ones. In particular the insertion loss is underestim ated by the model, w here the 
experimental value was about 3dB (Chapter 6 ), and the experim ental operating 
voltage (3.4V) for this device was lower than that predicted here. However, this 
pointed towards a possible reason that was further supported by the m easured data 
(Chapter 6 ).

Limitations

The accuracy of the modelled spectra for the reflection m odulator are firstly limited by 

the use of theoretical absorption spectra. We examined the imposed limitations above. 
One of the factors challenging the reliability of this simulation is the exclusion of the 

electrorefractive effects, i.e. of the QCSE induced refractive index changes and 
consequent shifts of the resonant wavelength. In general, it is not essential to include 
these effects when modelling normally-on AFPM devices since the electroabsorptive 
effects by far dominate the spectra. This has also been pointed out by Livescu et al. 

[1992] and Boyd and Livescu [1992], who did take these effects into account in their 
calculations that were based on experimental absorption spectra. The magnitude of the 
electrorefractive effects is highly wavelength dependent around the sub-band edge 
(Chapter 2). As a result, the effect on the reflectivity spectra may vary in significance 
depending upon the position of the resonant wavelength in relation to the heavy-hole 
exciton peak, and the accuracy of the calculated spectra w ill vary accordingly. 
Obviously, the spectra are increasingly modified when the proportion of well material 
incorporated in the cavity is higher, since the induced refractive index changes concern 
the well material only. In some cases in this thesis we prefer to use experimental 
absorption spectra and include the electrorefractive effects, as is the case for the 
devices in Chapter 8 . In summary, the omission of electrorefraction affects the fidelity 

of the evaluated spectra to a small extent, but this is usually limited to a slight under- 
or over-estimation of the operating voltage.

The absorption of bulk GaAs is included in the calculation so that the effect of 

the top GaAs capping layer is, for example, accounted for. The values used for the 

relevant absorption coefficients are an empirical fit to experimental values reported by 
Sturge [1962]. On the other hand, refractive index dispersion is not included, bar that 
of the quantum well region when experimental absorption data are implemented. This 

should not impose any major limitations to the calculations, provided that the indices 
used refer to the wavelengths of interest, i.e. in the vicinity of the operating 
wavelength.

One of the assumptions of the optical transfer matrix technique that clashes 
with real experimental conditions, is that a plane wave is assumed incident upon the 

layers. In practice, the incident beam profile is not a plane wave, it is in fact best
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approximated by a Gaussian-like profile as it will as a rule originate from a laser and 
will have to go through focusing optics. The sim ulation accuracy is not severely 
limited by this when modelling spectra tested on the experimental set-ups used in this 
w ork (Chapter 2). Simulating the case where a highly convergent beam is incident 
upon the structure, which will be the situation when using small device sizes, will be 
necessary for future devices.

Finally, graded interfaces may not be directly m odelled by means of this 
analysis, since abrupt 'perfect' interfaces are assumed. Here we are not concerned with 
regions of the order of a monolayer since these have no effect on the propagation of 
the optical wave at the wavelengths of interest where X is two orders of m agnitude 
larger than the total extent of a region of such dimensions. Larger graded interfaces 
have attracted a lot of interest recently. Specifically, w ork on surface emitting lasers 
has indicated that such interfaces between the high and low index layers comprising 
the reflector stack attain an improvement of the electrical characteristics of these 
layers, i.e. lower resistance [see for example Wang et al., 1992; Sugimoto et al., 1992]. 
The transfer matrix technique used here may simulate sufficiently large non-abrupt 
interfaces if these are approximated by a step-like profile. Nevertheless, this technique 
is not best suited for such calculations. A more elegant approach applicable to the case 
of an arbitrary-profile interface has been developed by Corzine et al. [1991].

In summary, we have used the (optical) transfer matrix technique to calculate 
the reflectivity, absorptance, or transm ittance of a m ultilayer s truc tu re  that 
incorporates quantum  wells in the intrinsic region. The sim ulated device spectra are 
evaluated at different fields applied perpendicular to the wells. The field-dependent 
quantum  well absorption spectra required for this, are derived using the theoretical 
method developed by Peter Stevens [1988], and this may be perform ed for well widths 
in the range between 50A-200A. Using an empirical technique, we have slightly 

modified the thermal lineshape used in that model in order to obtain a realistic 
sim ulation for the case of resonant devices. M odelled QW absorption coefficient 
spectra as well as modelled reflectivity spectra for resonant devices are in good 

agreement with those experimentally obtained. Nevertheless, better agreement with 

the experiment is attained when using experimental absorption spectra and taking the 

electrorefractive effects into account.
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CHAPTER 4: t h e  t e m p e r a t u r e  t o l e r a n c e  o f  t h e  a s y m m e t r i c  f a b r y -

PEROT MODULATOR

4.1 INTRODUCTION

The tolerance of a modulator device to changes in the ambient tem perature is 
one of the prim e practical considerations. We may gain a feel for the required 
operational temperature range by considering the specifications for electronic circuitry 
with which the optoelectronic components will need to be integrated. Successful 
operation within the 0-70°C range is a typical specification for electronics which is not 
expected to be matched by optoelectronic devices as they rely generally on absorption 
-or absorption related- phenomena that are strongly affected by temperature.

The issue appears at first sight especially im portant for the AFPM the 
operation of which relies very much on the 'correct' relative alignment between the 
Fabry-Perot (FP) resonance (A.pp) and the heavy-hole exciton peak. Its performance 

might thus be expected to be severely temperature dependent since both the exciton 

and the resonance shift to longer w avelengths w ith (rising) tem perature and, 
m oreover, at different rates. In this C hapter the effect of tem perature on the 
performance of the AFPM is studied experimentally. The significance of various 

parameters is assessed and possible means of improving the tem perature tolerances 
are discussed.

-86-



4.2 THE EFFECT OF TEMPERATURE ON THE FABRY-PEROT MODULATOR

The ambient tem perature affects firstly the absorption spectra of the MQW 
m aterial and secondly the refractive indices of all the layers that com prise the 
m odulator. The latter effect is specifically significant for resonant devices, like the 
AFPM, since it results in a modification of the optical length of the FP cavity and thus 
alters its resonant function. We address these separately below.

Effect of temperature upon the M Q W  absorption spectra

The prim e effect of temperature upon the quantum  well absorption spectra is the red- 
shift of the excitonic features w ith tem perature that stem s d irectly  from  the 
temperature dependence of the bandgap energy Eg which for (bulk) GaAs is

Eg =1.519eV -5-405xl0~4 ê V /K ) .I2 4.2.1
g T + 204K

[Casey and Panish]. According to this equation, the heavy-hole exciton is estimated to 
shift by about 0.27nm/°C around room temperature in this material system, which is 
in good agreement with experimental observations by several workers [Fujiwara et a l, 
1988].

The absorption spectra are also affected by phonon broadening w hich is 
obviously tem perature dependent (Chapter 3). Broadening of the excitonic peaks 
diminishes the achievable modulation of the absorption coefficient at a certain field, 
degrading thereby the perform ance of the device. N evertheless, the effect is 
insignificant in comparison to the thermally induced reduction of the bandgap, which 

is by far the dom inant m echanism responsible for the observed changes in the 
absorption spectra of multiple quantum  well material.

Effects of temperature on the refractive index

The refractive index n of sem iconductor m aterials generally increases w ith 
temperature (T) according to the expression

n = nQ (1 + c-T) 4.2.2

where nQ is obviously the refractive index of the material at 0 K and c is a constant 

[Blakemore, 1982]. Here, the indices considered are m easured far from the bandgap 
edge and the corresponding effect has been referred to as the thermo-optic effect. It is 

interesting to remind ourselves that the refractive index and the bandgap energy are 

intimately -albeit in a complex way- related parameters. The empirical trend observed
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is that the larger the bandgap the lower the index of the material. A round room 
temperature and at 860nm

dn/dT = 3.41 lxKT4 / K

for GaAs with n0=3.533 [Kisting et a l, 1990]. It is reasonably valid to assume the same 

tem perature dependence for the index of AlxGa1.xAs/ for any Al concentration x. The 

index nQ (eqn.4.2.2) will of course depend on x.

Irrespective of the cause, a change of the m ean refractive index n of the 
materials comprising the cavity gives rise to a shift of the FP resonance as follows from 
the consequent change of the optical length Lopt. This is given by

ALo p t = ^  4 2 3

where L is the physical length of the cavity medium. Note that no other cavity 
parameters, such as front and back m irror reflectivities corresponding cavity finesse 

etc., come into this relation. The consequent shift of the FP resonance is

AX = - A n  4.2.4
n

Considering the thermo-optic effect alone for a moment, an estimated value of the shift 
of the FP resonance at 860nm (assuming a mean value n=3.5) is

AX,/AT = 0.083nm /°C

The assumption here, however, has been that n is not wavelength dependent which of 

course is not accurate. In reality, n decreases with wavelength [Blakemore, 1982; Sell 

et a l, 1974]. This tends to impede the overall thermal shift of the resonance. Indeed, as 
illustrated by eqn.4.2.4, a positive An (higher T) leads to a red-shift of Xpp which on the 

other hand induces a negative An. This latter stems from the fact that we are observing 
n at a longer wavelength and dn/dX  is negative (typically dn/dX  = -6.83x10'4/n m  [Sell 

et a l,  1974]). Hence, the net An is lower than (dn/dT ) AT and this causes the thermal 
shift of the resonance to slightly decrease from the value quoted above.

Whereas the above suffice to describe the main effect in bulk material, the 

situation is somewhat more complex where the quantum  well layers are concerned. As 

we have discussed in Chapter 2, the excitonic features in quantum  wells give rise to a 
modification of their refractive index spectrum  in relation to that of bulk via the 

Kramers-Kronig relations. The underlying cause of the thermally induced shift of both 

the bulk and the quantum  well absorption spectra is identical: the reduction of the
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band-gap energy of GaAs. Hence the characteristic shape (Fig.2.3.6) of the quantum  
well index spectrum will by and large remain the same at all temperatures but shift to 
the wavelength dictated by the absorption edge. As far as the perform ance of the 
m odulator is concerned, however, it is also im portant to consider the QCSE induced 
changes of the refractive index (Fig.2.3.7). Let us assume that the thermal broadening 

of the absorption peaks is negligible within the small tem perature range considered 
here (Chapter 3). In the same m anner as above, we may deduce that these field- 
induced changes An(F) will also retain their general characteristic features and will 

occur at the same relative wavelength separation from the exciton at all temperatures.
From our discussion in this section, the exciton shifts with tem perature faster 

than the FP resonance does and, as a result, the separation between the two decreases. 
Thus, according to the qualitative picture draw n above, we may summarise the effect 
of this enhanced spectral non-linearity of the index in quantum  wells as follows:-

i. With no field applied, the position of the resonance will be led to shift 
slightly faster with tem perature than the 0.083nm/°C quoted earlier. This is 
brought about by the fact that the index of the quantum  well material increases 
as the relative wavelength separation from the exciton peak decreases (Fig.2.3.6) 
at the wavelength regions concerned.
ii. Upon the application of a field, there is a QCSE induced shift of the 
resonance the magnitude and the sign of which depend again upon the relative 
wavelength separation from the exciton peak (see Fig.2.3.7). As this separation is 
altered with temperature, the wavelength misalignment between the unbiased 
and the biased position of the resonance will also be modified. Hence an 
increase of this QCSE induced shift of the resonance is expected w ith 
temperature, resulting from the increasingly negative An when operating closer 

to the exciton. This is the case for CB145 where the FP resonance is =10nm away 

from the unbiased exciton peak.

Summarising, the exciton will approach the FP resonance as the temperature 

is increased (and move apart as T is decreased) since it red-shifts approximately 3- 
times as fast as the resonance does. As a result, the overall perform ance of the 
m odulator may be notably modified. An effect that was not mentioned above, is the 
thermal expansion effect which will lead to a further modification of Lopt by affecting 

the physical cavity length L. The GaAs thermal expansion coefficient, that can be used 
as a guideline for the GaAs/AlGaAs system, is equal to 5.2x10 -6/ ^  which is two 

orders of magnitude smaller than d n /d T  and thus relatively negligible.
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4.3 EXPERIMENTAL STUDY OF THE TEMPERATURE SENSITIVITY OF CB145

4.3.1 Experimental set-up.

Biased and unbiased spectra of a device fabricated from CB145 (Chapter 2) 

w ere obtained on the OMA system at different tem peratures around am bient (=24°C). 

The tem perature of the device was varied using a Peltier heat p u m p  of a capacity of

0.32W which implies a potential maxim um  tem perature difference of 67°C. The

Optical
Input

Thermocouple

Temperature

Monitor

Peltier 

heat pump

Fig.4.3.1 A schematic of the experimental arrangement used to vary the 

temperature of the modulator.

tem perature was m onitored using a K-type fine therm ocouple therm ally connected 

about 2mm away from the device on the usual copper header and electrically isolated 

from it using  an insulating  therm al adhesive. The arrangem ent is illustrated  in 

Fig.4.3.1.

The current to the Peltier plate was adjusted initially for each tem perature and 

then m easurem ents w ere taken when, according to the monitor, therm al equilibrium  

was achieved (stabilised tem perature reading). It was expected that there could be a 

small tem perature gradient between the therm ocouple and the device, w hich ought to 

be insignificant since both were directly on top of the Peltier plate. A co n sta n t gradient 

(i.e. non-dependent upon the am ount of heat pum ped) imposes no errors because it is 

the accuracy in tem perature differences and not in the absolute values that we are 

concerned w ith. Judging from the experim ental value of the shift of the exciton 

position w ith tem perature, it appears that the achieved tem perature differences were 

slightly under-estim ated as we will see in the next section.
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4.3.2 Experimental spectra with varying temperature.

We investigated the tem perature range between 14° and 45°C. Some field- 
dependent spectra at different tem peratures are shown in Fig.4.3.2. The device was 
designed to operate at *25°C where virtually zero reflectivity is obtained at the off- 
state (Roff) under 9V reverse bias (Chapter 2). The reflectivity at the resonant position 

depends upon the am ount of absorbing m edium  (ad) that is present at that 

wavelength. As the tem perature is increased from 24°C, the exciton (heavy-hole) 

approaches the resonance and thus in the unbiased spectra the am ount of a d  at the 
resonant wavelength XFP is increased. This leads to a reduction of the on-state 

reflectivity Ron or, equivalently, an increase of the insertion loss. For the same reason, 

the bias under which Roff is m inim um  is decreased with rising tem perature. The 

opposite trends are observed in the other direction (AT<0). At 14°C the optim um  bias 
is over 10V and also contrast in excess of 20dB cannot be attained at any voltage. This 
is because the exciton-resonance separation is significantly increased at tha t 

tem perature and thus the am ount of absorber ad  that is induced at the resonance 
upon the application of the appropriate field (larger than that required at 24°C) is not 
sufficient to balance the cavity (see Chapter 2).

The mean experimental thermal shift of the heavy-hole peak is =0.3nm/°C 
(Fig.4.3.3) which is close to, bu t slightly larger than  the expected 0.27nm /°C. 
Nevertheless, this is not considered to challenge the validity of the conclusions drawn 
since, in any case, such an inaccuracy would cause the tolerances to appear poorer 
than they actually are. The position of the FP resonance at the on-state shifts by an 
average 0.14nm /°C. The deviation from the theoretically predicted  value of 
0.083nm/°C calculated for bulk material is attributed to two factors:-

i. The achieved tem perature differences have been under-estim ated 
leading to an over-estimation of the obtained shifts.

ii. As discussed in the previous section, at the concerned wavelength 

separations from the unbiased exciton there is a large spectral non- 
linearity of the quantum well index. This results in an increase of the index 
as the resonance approaches the exciton, i.e. as the tem perature rises. As a 
consequence, the rate by which the optical length that corresponds to the 
quantum well layers changes with temperature is further increased.

The lower order resonance, that occurs at about 822nm, exhibits a slower shift of about 

0.088nm/°C. This is a result of the wavelength dependence in equation 4.2.4., but it is 

also largely due to the fact that this resonance is away from the quantum  well edge
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Fig.4.3.2 Experimental reflectivity spectra for a device from CB145 at 
different temperatures. The device was designed to operate at -25X1.
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and thus its shift is governed by the thermo-optic effect.
Unbiased spectra at different tem peratures as well as spectra at 9V reverse 

bias are shown in Fig.4.3.4. The position of minimum R ^  at 9V can be seen to be 

tem perature dependent experiencing a shift of 0.07nm/°C (Fig.4.3.3). The observed 
resonance is a consequence of both the thermo-optic and the QCSE related index 
changes. The on- and off-state resonances in Fig.4.3.4 occur at increasingly mutually 

differing wavelengths as the temperature rises. This results from the enhanced voltage
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F ig .4 .3 .3  The obtained temperature dependent positions of the heavy-hole 
exciton and the Fabry-Perot resonance at both the on-state (0V) and the 
off-state (at 9V reverse bias). Linear fits to the experimental points have 
been used, the slopes of which are shown in the inset.

induced index changes w ith tem perature that stem  from the reduced exciton- 
resonance separation, in agreement to our predictions in section 4.2. We will see that 
the misalignment between the on- and the off-state resonance have a positive effect 
upon the insertion loss.

It was evident from Fig.4.3.2 that the effect of temperature upon the on-state 
reflectivity is by far more profound than the respective effect upon the off-state. This is 

due to the fact that the finesse of the cavity at the on-state (0V) is effectively that of a 

cavity with Rf=0.3 and R^ff=0.77 (where Rf is the front and is the effective back 

m irror reflectivity), while in the off-state (9V) Rf=R^ff=0.3. The effective finesse

decreases thus from !F=4.12 in the on- to T =2.45 in the off-state and, as a result, the off- 

state is far less sensitive. We discuss this further in Chapter 5.
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Fig.4.3.4 Experimental reflectivity spectra for a device from CB145 at 
various temperatures. The spectra are shown at both OV and 9V, which is 
the optimum operating voltage at 24 °C.

4.3.3 Fixed wavelength operation

In this section, we will assess the practical implications of the tem perature 

dependence of the reflectivity spectra upon the operation of the device.

-94-



Contrast

The wavelength of maximum contrast at =25°C is 861.8nm. The contrast obtained at 
that w avelength and at a fixed 9V reverse bias (optimum) is reduced w hen the 
temperature deviates from 25°C as can be seen in Fig.4.3.5. It nevertheless remains 
over lOdB for the whole range investigated and  over 15dB w ithin  the 25°-35°C 
tem perature range. The insertion loss increases significantly w ith  tem perature 
(Fig.4.3.5.) as expected (section 4.3.2). At 8V reverse bias and at 25°C, the absorption 
induced at the resonance is not enough to reduce the reflectivity to zero. However, as 

T increases the exciton-resonance relative wavelength separation decreases, and the

25 

20

*T3Z 15
Vi

5 

0
10 20 30 40 50

Temperature (°C)

Fig.4.3.5 The contrast obtained at 861.8nm and 9V, that are the 
optimum operating conditions at 25 °C, is plotted as a function of 
temperature. The insertion loss at the same wavelength is also shown.

contrast obtained at 8V is increased as a result of the larger induced ad. This takes 
place until the exciton is shifted to wavelengths longer than the resonance when ad  

starts dropping again and consequently so does the contrast. Exactly the opposite 
happens as T decreases below 25°C (Fig.4.3.6). Similarly, at 10V the contrast ratio is 
reduced with T rising from 25°C as the exciton moves further away from the resonance 
and then experiences a small increase possibly because the light hole exciton 

approaches the resonant position. Also a slight improvement is obtained when T is 
reduced below 25°C. Obviously the above qualitative explanation of the experimental 
data is a simplification of a more complex situation since we are observing the effect at 
a fixed wavelength and not following the shifting resonance. One should bear in mind, 

however, that the total shift of the resonance is =2 nm for the entire tem perature range

9V

♦
♦

♦

.♦
" Insertion loss ................

-i i i i I i i i i I i i i i L
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investigated and therefore the resonance is effectively fixed by comparison to the shift 
of the exciton peak.

- - - - - -  8V
H 10V

8
Heo
u 10 -

10 20 30 40 50
Temperature (°C)

Fig.4.3.6 Experimental results at the wavelength where optimum 
contrast is obtained at 24°C. The contrast at 8V and at 10V is shown, 
which is below and above the optimum of9V respectively.

Reflection Change

At 861.8nm, where the obtained contrast ratio is maximum at 25°C, the reflection- 
change AR is lower than its optimum value ARmax at the same temperature. At this 

wavelength AR shows a slow dependence on temperature (Fig.4.3.7). Interestingly, the 

rate of change is virtually voltage independent at the high T end of the range, while at 
low T the biasing voltage starts becoming more important. In fact this reflects the 

dominant role of Ron in this case where, with the exception of the lower temperatures, 

Roff is maintained at very low values, as a result of operation at-the-resonance. In other 

words AR is effectively directly determined by Ron when operating at the resonance.
Maximum reflection-change at 25°C is obtained at 864nm (2nm away from the 

wavelength of maximum contrast for the same tem perature) and at this wavelength 
AR decreases m arkedly when the tem perature deviates from the optim um  one 

(Fig.4.3.8a). The tem perature at which maximum AR is attained can be seen to be 
voltage dependent. The prime cause of the reduction of AR is the large effect on the 
insertion loss shown in Fig.4.3.8b (compare to Fig.4.3.5) which arises from the fast red- 

shift of the 0V resonant position. Contrary to the 'on-resonance' operation above, here 

the values of both Ron and Roff become significant in defining AR and this is
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Fig.4.3.7 Experimental reflection-change as a function of temperature at 
the wavelength where maximum contrast is obtained at 25 °C.
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Fig.4.3.8a Experimental reflection-change at the wavelength where the 
reflection-change shows its maximum at 25 °C. The insertion loss at that 
wavelength is shown in Fig.4.3.8b.
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m anifested in the m arked voltage dependence in Fig.4.3.8a. The w avelength 
m isalignm ent between the biased and unbiased resonances further enhances the 
reduction of AR.

Although the reflection-change is not maximised at the resonant position, it is 
evident that 'on-resonance' operation is preferable even when reflection change is the 
param eter of interest because the tolerances are notably improved at that wavelength.

The above results are encouraging indeed. Operation at fixed voltage and 
w avelength yields contrast in excess of lOdB over a 30°C tem perature range. 
Furthermore, this appears possibly extendable to the higher temperature side.
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Fig.4.3.8b Insertion loss at the wavelength where the reflection-change is 
maximum at 25 CC.

4.3.4 Tracking the optimum operating wavelength.

In the previous section the performance characteristics were considered at a 

fixed wavelength. It is more likely though that the wavelength of operation will also 
vary with tem perature as it will originate from a laser source. As to w hether the 

m odulator and the laser will experience the same tem perature is hard to tell at this
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stage particularly w ithout a specific application in mind. It basically depends on 
whether we are concerned with ambient temperature or 'local' (on-chip) variations. As 
far as optical interconnection arrays are concerned, one m ay regard  am bient 
tem perature tolerances as the prime consideration and may expect that the laser and 

the m odulator will not be physically in proximity. The benefits of wavelength tracking 

the resonance are assessed below.

Contrast

W ith the biasing voltage fixed at 9V, maximum contrast (Fig.4.3.9a) is achieved at 
different wavelengths (Fig.4.3.9b) when the tem perature is changed. These values are 
derived directly from the experimental spectra used in this study. The optim um  

wavelength (as far as contrast is concerned) is determined by the point where R0ff is 

minimum, thus it can be seen to shift by an average 0.07nm/°C coinciding in other 

words with the off-state resonance. The implication, therefore, is that the operational
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Fig.4.3.9 Operation at the wavelengths where maximum contrast is 
obtained at each temperature. The required wavelength shift is 0.07nm/°C.

temperature range would be extended, or an improvement in contrast within a certain 
range could be accomplished, if the w avelength of operation w ere to track the 
resonance. Comparison with the fixed wavelength operation in Fig.4.3.5 points out 
that the improvement is mainly attained from the low temperatures side.

The emission of a DFB laser diode shifts with T as determined by the resonant
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position of the structure. This shift is governed by the thermo-optic effect, and is 
independent of other cavity parameters. Consequently, the effect of tem perature on 
the emission wavelength of such a laser diode will be very much like that on the 
m odulator. The situation is a bit more complex as the optical confinement may be 

affected by the differing effects on the grating and the cavity m edium  (Cai Bo, private 
communications). For small temperature changes, however, a DFB laser may track the 
m odulator if both devices experience the same temperature.

A conventional FP laser diode, on the other hand, emits at the cavity mode 
that experiences the highest gain. The cavity length determines the optical resonances, 
and the gain function is determ ined by the active medium. W hen the tem perature 
changes the FP resonances shift in the same m anner as these of our FP m odulator 

whereas the gain curve follows the tem perature induced reduction of the band-gap 
energy. The total effect on the lasing w avelength is that for a small change in 
temperature the emission follows the position of the resonance until the relative shift 
of the modal spectrum and the gain curve result in another m ode being favoured. 
Lasing then hopps to that wavelength. In conventional edge-emitting lasers the modal 
spacing is very small so that this m ode hopping takes place very easily and is 
manifested as an effectively uniform shift of the operation determ ined by the position 
of maximum gain. In surface emitting lasers however, the m odal spacing is large due 
to the very short cavity lengths. As a result, tem perature changes lead to shifts of the 
wavelength of emission as this is dictated by the position of the resonance. Thus a 
surface emitting laser would to some extent track the wavelength of optimum contrast 
of an AFPM. It should be m ade clear, nevertheless, that the range w here an 
im provem ent can be accom plished is lim ited and particularly  so at the low  
tem peratures side, since high contrasts are not obtainable at any wavelength for T 

lower than a critical value. The exciton is then, as discussed earlier, too far away from 

the resonance for the required amount of absorber otd (Chapter 2) to be induced in the 
cavity. Additionally, the optim um  voltage is altered (increased) so that voltage 
tracking is also required for any significant improvement to be attained. Finally, it 
should be noted that the operation of lasers is also governed by changes of the 
refractive index induced by changes in carrier concentration. N otwithstanding, we 

have identified two types of lasers for which the tem perature shift of the wavelength 

of emission will be in the right direction to yield an im provem ent of the overall 
temperature tolerance.

Reflection change

As based upon our experimental spectra, maximum AR at 9V is obtained with the 
wavelength shifting by an average 0.3nm/°C with tem perature (Fig.4.3.10). Reflection
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changes in excess of 40% are then obtained within the tem perature range investigated. 
The position of A R j^  appears to roughly follow the exciton in its thermal shift which 

appears surprising if we consider the resonant nature of this device. However, this 
may be attributed to the combined effect of the previously discussed dom inant role of 

the on-state spectra upon AR and the faster shift of the exciton as compared to that of 
the resonance. The implication is that this cannot be stretched over a much w ider 
temperature range, but it nevertheless appears that an improvement of the sensitivity
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Fig.4.3.10 The maximum reflection-change is shown as a function of 
temperature when the voltage is fixed at 9V and the wavelength is varied.

of the reflection-change upon temperature may be accomplished if the operation is set 
at a some fixed relative wavelength separation from the exciton peak at each 
temperature.

We can identify a FP laser diode as the suitable source in this case since the 
emission wavelength of that type of laser is governed by the bandgap energy of the 
active medium, as we discussed previously. W hat is rather unfortunate is that the 

general tolerances are poor at these wavelengths that lie off the resonant position.

Summarising this section, wavelength tracking the resonant position, while 

keeping the biasing voltage fixed, would partly com pensate for the deteriorated 
performance that results from a deviation of the temperature from its optimum. This is 
to some extent automatically achieved if the correct type of laser is chosen for 
applications where the laser and the modulator experience the same temperature.
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4.3.5 Self-linearised operation.

In the previous sections fixed voltage operation has been considered when in 
fact it is indicated by Fig.4.3.2 that varying the biasing voltage may improve the 
achieved performance. Although clearly that would add an extra complication to the 
electronic circuitry, it is nevertheless a feasible option. We will consider this below.

Experimentally obtained values for the optimum wavelength and voltage of 

operation are shown in Fig.4.3.11. These were independent measurements obtained 
parallel to the reflection spectra in section 4.3.2 so that any errors in tem perature 
monitoring do not inhibit conclusions being drawn from combined observations. The 
optimum wavelength shifts by an average 0.1nm/°C. This value is larger than the (also 

experimental) 0.07nm/°C required at a fixed 9V operation due to the QCSE related 
refractive index changes, i.e. the fact that the position of the resonance is slightly 
modified at different voltages. Under the operational conditions shown in Fig. 4.3.11,
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Fig.4.3.11 Experimentally obtained operating conditions under which 
maximum contrast is achieved. Both wavelength and voltage are optimised.

the contrast exhibited is well in excess of 15dB at all temperatures. Yet one ought to 
keep in mind that sole wavelength tracking attains contrasts >13dB for the same range.

Self-linearised operation has been proposed by Miller, D A B ,e t  al. [1985b] for 
a non-resonant device but it can be applied to any absorption-based device. Indeed, 
self-linearised AFPM operation has been dem onstrated by Grindle and M idwinter 
[1991]. In any case it involves biasing the modulator by a current rather than a voltage 
source so that effectively the voltage applied is such that a certain optical power is



absorbed regardless of operational variations such as tem peratu re  etc. This 
corresponds to absorption-controlled negative feedback, consequent optimum biasing, 
and thus to self-linearised operation. The implication on the systems side is that a 
simple gate is no longer sufficient; circuitry involving transistors in a simple form or in 
an op-amp arrangement is required in order to realise the constant current source.

Depending on the application, this may or may not be justifiable. Should the 
laser wavelength be fixed, e.g. because the laser is tem perature stabilised or external, 

and not subjected therefore to the same tem perature changes, self-linearising the 
m odulator would be more justified an option. Note also that if the operational 

temperature range needs to be extended markedly beyond the range investigated here, 
some means of temperature compensation may be demanded.

The most significant drawback of self-linearised operation is that it is optical

(a) (b)

PD

AFPM

I

PD

V Vso

Fig.4.3.12 Self-linearised operation may be attained a photo-diode (PD) 
arrangement (a). Optimum biasing (VQ) of the modulator is then achieved, 

(b), irrespective of the input power.

power sensitive, i.e. the required biasing current is determined by the absorbed optical 

power which is directly proportional to the power incident upon the device. Variations 

in the latter would cause the perform ance to degrade and could result in lower 
tolerances after all. One way to attain self-linearised operation is to provide the biasing 

current from a voltage source connected in series with a photodiode (PD) [Miller DAB 
et a l, 1985b]. The current output of that arrangem ent is controlled by the optical 
pow er on the PD. Therefore, if a fraction of the light input were incident on the PD, 
and provided the com ponents were carefully chosen, the current biasing the 
modulator would always be the appropriate for self-linearised operation irrespective 
of the input powers. A more detailed evaluation shows that this is a complex solution.
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The current-voltage characteristics in Fig.4.3.12 serve to clarify the situation. The 
current through the two devices obviously has to be identical implying that the 
responsivity (i.e. absorption times quantum  efficiency) has to be identical for both. As 
a result, the PD will be required to be 99% efficient as a detector so that it will not 
consume more than 50% of the input optical power. Note that the AFPM is =99% 
efficient at its off-state (C hapter 2) under optim um  biasing conditions. The 
consequence of the above argument is that the PD would either have to be a resonant 
device itself, or it would have to consist of a thick absorbing m edium  and also be anti
reflection coated. The former option would require care to ensure that the combined 

tem perature and wavelength tolerances of the PD do not impose any constraints on 
the biasing current. The second option implies that the PD could not be m ade from the 

same wafer as the modulator and would thus preferably be part of the electronics (see 
Chapter 9). Needless to say, either of these arrangements is optical power inefficient, it 
would complicate the addressing optics and also the device processing. As an 
additional unw anted consequence, the voltage required for that circuit would be 
increased as caused by the voltage-drop across the photodiode. Nevertheless, self
linearised operation is an option to be taken under consideration which, as we said 
earlier, may or may not be implemented depending on the specific system.

4.4 DISCUSSION AND SUMMARY

Prior to summarising and drawing conclusions, it is necessary to compare the 
tem peratu re  sensitiv ity  of the AFPM to that of non-resonant as w ell as 

electrorefraction-based resonant devices.

Temperature sensitivity of other types of M Q W  modulators

Let us start from the re s o n a n t  devices. A lthough no conclusive study of the 
temperature sensitivity of the symmetric Fabry-Perot m odulator (SFPM) exists in the 
literature, it is expected that it has inferior tolerances to those of the AFPM. The SFPM 
operation relies on the refractive index induced shifts of the FP resonance with voltage 

[Simes et a l,  1988] at a wavelength where the absorption has a negligible effect (away 
from the sub-band edge). For these structures the reflection-change is the param eter of 

interest since the general contrast tolerances are very low. A change in tem perature
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alters the FP wavelength similarly to the corresponding shift for the AFPM. The 
voltage-induced m odulation at the new resonant position is modified as stemming 
from  the strong dependence of the electro refractive effects upon  the relative 
wavelength separation from the exciton. As a result, severe reductions of the obtained 
reflection-change occur when the tem perature changes, both w ith fixed and with 
varying operating wavelength. These are partly consequences of the extremely narrow 

FP resonance of SFPM that result from the high cavity finesse. Additionally, an 

increase of tem perature will result in more absorption at the resonance since the 
exciton shifts in that direction. This would not only increase Roff, bu t it would also 

cause the device to cease to operate in transmission m ode for temperatures higher than 
a critical value.

Non-resonant absorption-based devices, in transm ission  reflection or 
waveguide form, are obviously governed solely by the effects on absorption. The effect 

of tem perature is straightforward in this case where the spectra shift following the 
decrease of the energy bandgap, thus by 0.27nm/°C. This, in conjuction with a narrow 
optical bandw id th  determ ined by the exciton linew id th  (=5.5nm), leads to 
considerably lower fixed wavelength operation tolerances as compared to those of the 
AFPM. However, tracking the optim um  w avelength yields stable reflection 
(transmission) operation over a tem perature range significantly broader than that 
allowed by the AFPM. This stability of performance is only ultimately challenged by 
thermal broadening where very large temperature ranges are involved.

Conclusions

In this Chapter we have studied experimentally the effect of small tem perature 
changes upon the operation of the AFPM. The temperature range over which contrast 
in excess of lOdB is obtained at fixed voltage fixed wavelength operation is over 30°C 
albeit with a severe effect on the insertion loss of the device. W avelength tracking the 

resonance at a fixed bias increases the obtained contrast to over 13dB within the 30°C 
range attaining thus an extension of the operational range. This can be realised to some 
extent if a DFB or a surface emitting laser diode is used as the light source. Finally, 

within the same temperature range, contrast in excess of 15dB can be accomplished if 

both w avelength tracking of the resonance and self-linearised operation are 
implemented.

The negative effect of temperature on contrast is notably more pronounced to 
the low temperature side where the increased exciton-resonance separation gives rise 
to poor contrasts under any operational conditions (bias, wavelength). Therefore, an 

efficient design ought to account for that and extend the operational range to that
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direction by incorporating excess amount of absorber. This was the case for the device 
studied (albeit in order to ensure high contrasts in this first attem pt of an integrated 
AFPM). This 'extra' am ount of absorbing m aterial gives rise to an unw anted  
enhancement of the effect on the insertion loss that increases with rising temperature. 
As a consequence, the reflection-changes have been shown to be significantly affected 
by temperature and more so when operating off the initial (at 25°C) resonance. Thus if 

reflection-change is the param eter of interest it is preferable to incorporate less 
absorbing material in the cavity in order to minimise this effect. As we will discuss in 

Chapter 7, the reflection-change is actually optimised (at a certain operating voltage) 
when a fraction of the critical amount of absorber is incorporated.

An obvious way to tackle the tem perature sensitivity of the device is to 
implement a stabilisation of the temperature. This may be achieved in an integrated 
form using Peltier coolers comprised by the substrate [Berger et a l,  1991a]. W hereas, 
however, such tem perature controllers are needed when using laser diodes, they 
would best be avoided in the case of m odulators where their use partly defeats the 
object of using a modulator (see Chapter 1 ).

The conclusions of this investigation are not only relevant to the tem perature 
dependence of the performance but also help to point out the factors that affect the 
overall tolerances. The FP resonance has been shown in fact to assist in m aintaining 
the contrast at high values; 'on-resonance' operation, i.e. at the position of the resonant 

wavelength, has been seen to result in m arkedly better tolerances to tem perature 
variations, while also small changes of the voltage or the w avelength around that 
position have less of an effect upon the performance. Therefore, high contrast AFPM 
designs are not only preferable for the achievable contrast, but also because the 
tolerances are maximised in that mode of operation. A measure of the tolerances of the 
device is the w idth of the resonance. It has thus been indicated that a broader, in 

wavelength terms, resonance would improve the tolerances in addition to increasing 
the optical bandwidth per se. Finally, it has been made clear that the AFPM is far more 

tolerant as a high contrast rather than as a large reflection change device. The gained 
insights are extended and employed in the study of the overall tolerances in the 
following Chapter.
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CHAPTER 5: t o l e r a n c e s  o f  t h e  a s y m m e t r ic  fa b r y -p e r o t  m o d u l a t o r

5.1 INTRODUCTION

One of the decisive merits dem anded from a practical device is that its 
operation is not critically sensitive to growth inaccuracies, operational conditions and 

environmental factors (i.e. am bient tem perature). In the case of the Fabry-Perot 
modulator the optical thickness of the resonator is one of the critical param eters to 
control during device fabrication. This involves achieving accurate layer thicknesses 
and compositions. Similarly, one of the effects of tem perature on the fabricated device 
is a change in the optical thickness of the resonator. There are many other factors to be 
included w hen evaluating device tolerances: voltage sensitivity , w avelength  
sensitivity, angle of incidence. Many effects are interrelated and need to be considered 
in conjunction with one other.

In this C hapter a detailed calculation of the combined tolerances is 
performed. Yan et al. [1991] have also attempted an evaluation of the tolerances but 
their study  is not comprehensive. We start by considering the required grow th 
calibration and the effect of lateral non-uniformities across the wafer and compare the 

relative merits of various growth techniques in that respect. We identify a param eter 

of merit and that facilitates an optimisation of the design with respect to tolerances. 

The valid ity  of the analysis and  optim isation  process are dem o n stra ted  
experimentally. The whole analysis refers to structures with various front m irrors 
since this is required for an optimisation of the modulator performance, as we will see 
in the next two Chapters.

Another issue addressed is the optical angle of incidence employed. Work on 
AFPMs has so far been restricted to normal incidence although clearly oblique 

incidence offers certain advantages in practical im plem entations. We examine 

theoretically the effect this may have on the performance of the m odulator as well as 
the respective tolerance. A brief account of the alignment requirements and the optical 
addressing of arrays of modulators is also presented.
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5.2 TOLERANCES TO GROWTH INACCURACIES

5.2.1 Growth calibration.

The successful operation of Fabry-Perot (FP) multiple quantum  well devices 
relies upon the correct alignm ent of the heavy-hole exciton peak and the FP 
resonance. This imposes stringent requirements upon both the growth calibration, i.e. 

the control of the thickness and the A1 concentration of the grown layers,and on the 
uniformity of these across the epitaxial wafer. We will refer to the calibration of the 
growth process in this section.

To obtain the exciton peak at the designed wavelength im plies accurate 
control of the quantum  well thickness and the A1 concentration in the barriers, since 
these are the factors that determine the subband energies (Chapter 3). Extensive work 
on non-resonant quantum  well structures in recent years, has lead to a well established 
control of the growth of quantum  well layers yielding accurate well thicknesses, sharp 
interfaces between the well and barrier materials, and excellent depth  uniformity. 
Hence clearly resolved excitonic features are routinely obtained at the prerequired 
wavelength. The optical quality of the quantum  well layers is commonly assessed by 
Photoluminescence (PL) studies, Photoluminescence Excitation (PLE), x-ray diffraction 
microscopy, and Transmission Electron Microscopy (TEM). Such studies have shown 
that the thickness of quantum  wells grown by the most common MOCVD and MBE is 
typically controlled to within a monolayer throughout the MQW region, while the A1 
concentration in the barriers is controlled to about 1 %. As a result, the exciton position 
is controlled to within lnm  for a typical 100A well. This remarkable precision is 
achieved by the employment of low growth rates (1 m onolayer/sec) during  the 

growth of that region. Alternative growth techniques, that have evolved in recent 

years, may have certain advantages but on the whole they seem to attain similar 

accuracies. We will discuss the relative merits of different epitaxial growth processes 
in a separate section in this chapter (section 5.2.3).

Whereas non-resonant devices can therefore be grow n w ith an excellent 
precision, in the case of resonant structures the requirem ents on grow th are not 
restricted to the MQW region but are extended to the entire vertical thickness of the 
device. Specifically, the optical length of the FP cavity has to be 'correct' (Chapter 2) for 

destructive interference to occur at the designed wavelength, and also the centre 
wavelength of the Bragg reflector stacks (top and bottom) needs to be placed at the 

same wavelength. Note that although the high reflectivity band of such stacks is 
sufficiently broad (Chapter 2), the phase of the reflected wave varies greatly within 

that range (Fig.5.2.1). This means that the resonant wavelength is not determ ined
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solely by the optical length of the cavity. The cavity length implies a resonant 
wavelength given by

2 -
L L‘n »Xa  ^ ------- 5.2.1

m

where Lj and nj are the physical length and the refractive index (respectively) of layer i 

within the cavity length, the factor 2 refers to the mirror design in Fig.5.2.2, and m is

l.i
Centre wavelength: 860nm

n
O 1.06

8  1.02 
c

j-P 0.98

u
I  0.94

jzcu
0.9

845 850 855 860 865 870 875

W avelength (nm)

Fig.5.2.1 The phase-change upon reflection from a Bragg stack is 
wavelength dependent. Here we plot the phase-change imposed by a stack 
starting with a high-index layer (Chapter 2) [Macleod].

the order of the FP cavity (Chapter 2). However, since the m ultiply reflected beams 
have to be in antiphase with the directly reflected one, the following have to be 
fulfilled

2<J>! + 2<j>c + <f>R1 = jn

2<|>i + 4(j)c + <J>R1 + <|>R2 = kit 52 .2

where j and k are even integers and the respective phases are m arked in Fig.5.2.2. 

These expressions are obtained when the above m entioned antiphase condition is 
applied upon the beams that experience one and two reflections within the cavity 
before reappearing at the front to contribute to the interference. If the wavelength Xq 

from eqn.5.2.1 coincides with the centre of the stack, eqns.5.2.2 are fullfilled at X 0 and
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that is the resonant position.

W hen grow ing the structures by MOCVD, sm all errors in grow th  are self

com pensated as follows. The physical th ickness L of a grow n AlGaAs layer is 

controlled by the A1 flow assum ing a certain A1 content w ithin the epitaxial material. 

A slight error in the estim ated percentage of A1 between the group-m  elements will eg. 

overestim ate (underestim ate) the grown thickness. H ow ever, the refractive index n of 

the layer will sim ultaneously be underestim ated  (overestim ated), since the refractive 

index of AlxGaj_xAs decreases w ith x. C onsequently , as it is the p rod u c t Ln that 

determ ines the optical length Lopt, the total effect on Lopt will be, if not com pensated, 

at least dim inished.

L .

*«

t "

1= ]  L 
Vi

L — . . . J  Medium

Fig.5.2.2 The phases introduced by different parts o f an integrated cavity.

W hen using  MBE grow th , the th icknesses a re  m uch m ore accurately  

controlled (section 5.2.3). The fluxes of the group-III elem ents are set independently  

and the relation between these determ ines the A1 content of the grow n layer, w hile the 

thickness is directly determ ined by the respective grow th duration. A lthough a small 

error in the A1 flux is self-com pensated as above, the m anifestation of an error in the 

Ga flux is by contrast enhanced for the sam e reason. C onsequen tly , the self- 

com pensating action does not take place in this case.

N evertheless, the reliable w ay to m inim ise g row th  inaccuracies is in-situ  

monitoring. Some sort of in-situ diagnostics are used in MBE grow th bu t they are not 

specifically suited to resonant optical devices. A sensitive m ethod to m easure optical 

lengths is by m eans of m onitoring the interference experienced by m onochrom atic 

light of the appropriate w avelength (i.e. the resonant w avelength w hen dealing with 

FP structures). This technique has been em ployed in the deposition of dielectric optical 

filters and results in a very fine control. The difficulty in troduced  in the case of
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sem iconductor epitaxial grow th is that this takes place in considerably high 
tem peratures (600°C) and as a result the refractive indices of the m aterials differ 
greatly from their room temperature values (Chapter 4). Therefore, the wavelength of 
the light used for m onitoring has to be adapted accordingly, which prerequires a 
sufficient knowledge of the dependence of the refractive indices on tem perature. 
However, experimental calibration of the monitoring procedure ought to eliminate 

any ambiguities.
Summarising this section, a precise control of the growth process is mandatory 

for reproducible fabrication of successful FP devices. Although the current laboratory- 

grown samples have not achieved the required level of accuracy, there is no major 
practical lim itation prohibiting such an accom plishm ent. In fact, the m ain 
consideration as far as growth is concerned is the lateral uniformity of the structures 
across the epitaxial wafer. This is discussed in the next section.

5.2.2. Lateral uniformity.

The thicknesses L of epitaxially grown layers are not uniform across a wafer. 
Instead, these vary laterally by an amount AL proportional to L; hence, the appropriate 

way to characterise lateral non-uniformity is to quote the ratio AL/L. The absolute 
value of AL/L as well as the distribution of these thickness variations upon the wafer 
are determined by factors associated primarily with the very nature of the epitaxial 
m ethod, the geometry of the growth process and, in the case of gas flow based 
techniques, on the growth rates.

The growth rates employed during the epitaxy of quantum  wells by both MBE 
and MOCVD, are typically 1 monolayer per second (roughly *l^im /hr), while the 

barriers are grown at an average 1.4 m onolayers/sec. In the case of the commonly 

used 2" wafers, the lateral non-uniformity of the well layers is about 3%, which 

corresponds to a thickness variation of about one monolayer in the case of 1 0 0A wells. 
Similar to our discussion in the previous section, the consequent shifts of the exciton 
energy levels, yield a mere lnm  change of the exciton position across the entire 2 " 
wafer (excluding the edges). As a result, an excellent lateral uniformity is obtained in 

the case of non-resonant devices.
When using MBE growth, the employed growth rates do not affect the lateral
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uniform ity which is predom inately determ ined by the geom etry of the grow th 
machine. The rates are roughly stable throughout the epitaxial process. In the case of 
MOCVD on the other hand, the growth rates do affect the uniform ity pattern. The 

rates employed during the bulk of the epitaxial process are typically three to four 
times higher than these employed during the quantum  well growth. These cannot 
currently be reduced in a major way not only due to the corresponding prohibiting 

growth length, but also because long-run drifts of the process w ould give rise to a 
diminished control. Consequently, the lateral uniformity of the total grown thickness 
is inferior to that of the quantum well layers.

Typical values of non-uniformity referring to the total structure have been 3- 
5%, as quoted for both MBE and MOCVD. Thus similar to our discussion in the 
previous section, whereas non-uniformity of the well thickness does not give rise to a 
considerable variation of the electroabsorptive effects, the Fabry-Perot effect is 
critically dependent upon the optical length of the cavity. W hen resonant devices are 
dealt with, the implied changes of the layer-thicknesses within the cavity as well as of 
those comprising the reflector stacks, is manifested in a shift of the FP resonance when 
observing the spectra at different lateral positions (eqn.5.2.1). Hence, whereas non
resonant devices are virtually uniform, the performance of resonant devices may vary 
considerably in the lateral direction. Since the exciton position is effectively fixed, the 
relative separation between the exciton and the resonance is not constant across an 
epitaxial wafer, and as a result only a part of the wafer may, potentially, yield 
successfully operating devices. The consequence of this is not only a limited yield, that 
would imply mainly cost inefficiency; more importantly, it imposes restrictions upon 

the maximum size of integrated two dimensional arrays of devices. It is primarily this 

latter consideration that makes lateral non-uniformity a very crucial issue. However, it 
is im portant to note that most of the work that has been carried out in low
dimensional structures has been concerned with non-resonant devices, where the total 
device thickness is of no significance. Clearly thus, lateral uniform ity extended to the 
total device thickness -typically =3pm for a resonant device- is a new  challenge for 
epitaxial grow th processes. The introduction of resonant devices has fuelled 

considerable effort towards an improvement in this direction. In the following, we will 

present the current state-of-the-art for MOCVD grown structures that have been used 
in this work, and discuss the target uniformity levels.

Current state-of-the-art

In our analysis below we will make the assum ption that the grow th process is 

perfectly calibrated and hence the specified structure is obtained at the centre of the 
wafer. Also the exhibited non-uniform ity (AL/L) of individual layers is assum ed
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independent of the A1 content of the material these consist of, as is indicated in 
practice. These assumptions do not limit our evaluating the problem in the general 
case, but are rather employed in order to simplify the analysis. A change of the layer 
thicknesses comprising the resonant structure (i.e. in both the cavity and the reflector 
stacks) implies an error in the position of the resonance Xq according to eqn.5.2.1. 
Hence, the resonant position is altered by an amount AX according to the expression

Note that the shift of the centre wavelength of the Bragg reflector is also given by 
eqn.5.2.3. Hence, non-uniformity of 3-5% gives rise to a lateral variation of the FP 
resonance by 26 to 43nm (at 860nm). It is clear that these values need to be improved 
considering that the wavelength range over which lOdB contrast is achieved is =5nm 
for a low finesse AFPM. Typical attained uniformities are presented in the following.
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Fig.5.2.3b Uniformity across the wafer QT238B, grown by MOCVD at 
the University of Sheffield. The respective positions are shown in 
Fig.5.2.3a.

Scans from different parts of an AFPM wafer (QT238B) of typical uniformity 
are shown in Fig.5.2.3, the respective positions being depicted in the inset. Within the 
region shown, the resonance varies by 7.5nm in the direction parallel to the gas flow, 
i.e the uniformity is =0.87%, and by 16nm in the perpendicular direction (uniformity 
=1.9%). The position of the exciton is, within experimental error, unchanged in the 
same area. A full m apping of the resonant position extended over the total area 
(excluding the edges) of the same epitaxial wafer is shown in Fig.5.2.4. The uniform 

regions form a stripe-like geometry parallel to the direction of gas-flow, which is 
characteristic of MOCVD. The uniformity across the illustrated 55% of the wafer may 
be calculated by means of the information in Fig.5.2.4 using eqn.5.2.3 as

AL—  = 1.9%
L

The layer thicknesses drop rapidly towards the edges so that the total uniformity is 

about 3%. The exciton position was found to vary by a total of 2nm.

Since neither the Fabry-Perot nor the electroabsorption effects are linear with 
wavelength, it is rather tedious to attem pt to quantify accurately, let alone in the 
general case, the implications of lateral non-uniformity on the perform ance of the 

resultant modulators. Instead, let us assume the modulator performance of CB145-
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Fig.5.2.4 TTze FP resonant wavelength as a function  of lateral position 

across the wafer QT238B. This was grown by M O C V D  at the University  

of Sheffield.

Fig.5.2.5 The FP resonant position across a 0.4cm2 sample from  wafer 

QT238B. The sample was obtained from about 1 " off the centre o f the wafer 

(along the diagonal between areas labelled 5 and 16 in Fig.5.2.3).

- 116 -



AFPM (Chapter 2) and extend this discussion when studying the overall tolerances in 
section 5.3. Let us also define lOdB as the minimum required contrast. That condition 
is fulfilled over a range of 5.5nm for that device. Considering uniformity alone, i.e. 
independently from any tolerances to temperature, operating wavelength and voltage, 
etc., we may roughly estimate the implied minimum uniformity to be

AL AX 5.5 A—  = —  = ----- = 0.64%
L X 860

This appears rather beyond the present growth capabilities.
It is worth assessing the implications of the current state-of-the-art on the 

maximum size of an array of devices. Fig.5.2.6 shows a mapping of the FP resonance at 
a decreased scale, scans taken every 800-1000nm on a *0.4cm2 sample. As has been 
indicated in Fig.5.2.4, the uniformity is diminished at wafer positions further away 

from the centre. The m apped sample is taken from the vicinity of areas labelled 
5,15,16,17 (Fig.5.2.3) which implies a rather moderate uniformity. Even so, the total 
variation of the resonance is 0 .6 8 % so that a sample of such dim ensions may be 
assumed as acquiring the required uniformity level.

We may now evaluate the m axim um  num ber of devices that m ay be 
fabricated on a sample of such dimensions according to the current state-of-the-art. 
Presently, the smallest optically and electrically addressible m odulator (S-SEED) 
devices have been reported by workers at AT&T labs [Chirovsky et ah, 1991]. Based 
upon the dimensions of these, we may assume 5|imX5|i.m optical window devices with 
10p.mX10(im mesas. Requirements on optical alignment and focusing make it difficult 
to predict a major reduction of these (section 5.4). Further, taking into account an 
interdevice spacing of lOOjim, the average area per device is calculated to be 
=14,400fim2 which yields a total num ber of just below 8 6 X86  devices on a 'uniform' 

sample. This array size is well sufficient for optical interconnect applications but may 

be of restricted capacity with regard to data processing applications (see Chapters 1 ,2 ).

The lateral non-uniform ity of Fabry-Perot based m ultiple quantum  well 
devices has caused a lot of scepticism regarding the actual applicability of such 

devices. In this section we have presented the issue and the current state-of-the-art. We 

revisit the subject in conjunction with the sensitivity to other parameters in section 5.3 

where we study the overall tolerances of the m odulators. In the next section we 

discuss the relative merits of the available growth techniques and we attem pt to 
predict the degree of improvement in this direction.
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5.2.3. Relative Merits of Growth Processes regarding Lateral Uniformity.

The epitaxial techniques that acquire the finesse needed for quantum  well 
structures are molecular beam epitaxy (MBE) and metal-organic chemical vapour 

deposition (MOCVD). A brief account of these is given in the following.

Molecular Beam Epitaxy

This technique takes place in ultra high vacuum (10"10-10 "11 Torr) conditions. Beams 
of atom s are produced from (solid) elem ental sources that are contained in 
independent cells. That way the fluxes can be controlled separately for each element as 
determined by the respective cell temperature. The atoms are incident radially on a 

heated (typically 600°C) substrate where the growth takes place at a rate determ ined 
by the group III elements (i.e. Ga, A1 in our case). Commonly the substrate is rotated

Sc,
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-16 -7 2 11 20
distance from centre (mm)

Fig.5.2.7 Typical latteral uniformity attained by MBE. The data is taken 
from a GaAs on Si wafer (data obtained by P.Barnes, wafer grown by 
K.Woodbridge).

typically at one revolution per second in order to improve the attained uniformity. 
This yields a reproducible wafer cross-section of a certain uniformity pattern which is 
primarily determined by the specific geometry of the growth kit. Such a pattern is 
shown in Fig.5.2.7. This may be further modified depending upon the tem perature 
uniformity of the substrate in the lateral direction. The centre 50% area of a 2" wafer
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may be uniform to 2 %, while the thickness drops off rapidly towards the edges.
MBE is a high resolution technique allowing a remarkably fine control of the 

grown layers such as barrier A1 compositions as low as 2% controlled to less than 1 %, 
or well-controlled 40% A1 in the well material yielding thus operation in the visible 
[Goossen et a l, 1990; 1991]. Additionally, the ultra high vacuum conditions allow for 
in-situ monitoring such as Reflection High Energy Electron Diffraction (RHEED), that 

may be used to determine the growth rates, and mass spectrometry. However, MBE is 
inherently not best suited to large throughput of broad areas of uniform  material. 

Indeed, the throughput is limited firstly by the required reloading each time the solid 
sources are exhausted, while also large areas or m ultiple substrates may only be 
grown at the expense of uniformity. Although the latter trade-off exists for any growth 

technique, MBE is inherently especially susceptible to it.
The uniformities so far attained have, nevertheless, by no means exhausted the 

potential for improvement in that direction. Better uniformities may be attained by 
using larger cell areas and by an increase of the distance between the cells and the 
substrate. The latter option would, however, require higher cell temperatures in order 
to m aintain the growth rates within reasonable levels and would therefore result in 
larger contamination levels. However, it appears that there is a limit to the degree of 

improvement in lateral uniformity that may be achieved by MBE. On the whole, it is 
difficult to forsee MBE growth attaining uniformities below 1 % on an area of the order 
of 2" (K. Woodbridge, private communications).

Metal-Organic Chemical Vapour Deposition

Here the material sources are in the gas phase. These are mixed prior to entering the 
chamber where the growth takes place with the gas mixture flowing in a direction 

parallel to the plane of the substrate. The growth is of a chemical nature since the 
group III metal-organic compounds dissociate thermally on the heated substrate in the 
presence of the group V hydride. This is not carried out under vacuum, in fact the 
structures reported in this work have been grown in atmospheric pressure.

MOCVD is a lower resolution, faster growth technique when com pared to 
MBE. For example, low Al concentrations cannot be finely controlled to any level 

comparable to those achieved by MBE. The attained accuracies, however, are sufficient 

to meet the requirements of quantum  well structures such as these reported here. 
Another disadvantage of MOCVD is the strict safety measures required.

However, MOCVD has fast source replacement and large wafer throughput as 
big advantages to offer, making it a popular technique for commercial use. It is 

inherently  a scalable process a llow ing for g row th  on several substra tes  
simultaneously, which may be further expanded by the use of a vertical reactor with

-119-



the substrates arranged in a cylindrical manner. The lateral uniformity obtained by 
MOCVD is a function of the tem perature uniform ity of the substrate and  the 
distribution of the gas flow over the substrate surface. This makes the uniformity 
pattern less predictable compared to MBE but it also manifests a certain flexibility 
inherent to MOCVD growth. There is arguably the potential for an improvement of the 
attained uniformities. The use of larger reactors (while keeping the substrate diameter 
fixed) can smooth the flow profile and consequently result in better uniformity. This 
would also cause a considerable waste of material but it might be a justifiable penalty 

to pay. Still, as far as may be judged by present information, MOCVD growth requires 
in-situ m onitoring in order to attain the grow th precision needed for resonant 
structures. On the other hand, as far as lateral uniformity is concerned, it appears that 
there may be the potential to achieve the levels discussed in the previous section.

Alternative epitaxial growth processes that are essentially variations of MBE and 
MOCVD have emerged in recent years. The three techniques m entioned in the 
following use an MBE chamber, hence the growth takes place under high vacuum. 
Atomic Layer Epitaxy (ALE) is essentially MBE growth with the group HI elements (Ga, 
Al) grown subsequently rather than simultaneously by means of fast shutters that 
interrupt the flux of one of these elements when the other is taking part in the growth 
[Pessa et a l, 1984]. This has certain advantages concerning the attained interface 
sharpness, virtually layer to layer control of the epitaxial process, and the possibility 
for reduced tem perature growth. It has also been claimed to help prevent the 
formation of antiphase domains in the case of growth on a substrate material with 
large thermal and atomic spacing mismatches to these of the superstrate material (eg. 
GaAs on Si). However, the lateral uniformity is expected to be identical to that of MBE 
grown structures. Metal-Organic Molecular Beam Epitaxy (MOMBE) uses gas sources 
for the group-III elements [Panish et a l, 1984], while in Chemical Beam Epitaxy (CBE) 

all sources are gas sources [Tsang et a l, 1984]. The latter m ethod is regarded best 

suited to selective area epitaxy with the consequent advantages concerning the 

monolithic integration of complex structures [Goodfellow, 1991]. These techniques 
have not as yet reached a m ature stage and have had difficulties in achieving the 
material quality reported by MBE and MOCVD. The use of high vacuum makes them 
potentially superior to MOCVD while the use of gas sources increases the throughput 
attained especially by CBE as compared to that of MBE since reloading is not required. 
As to w hether these techniques will prove to com bine the precision and 
reproducibility of MBE with the versatility and potential for large area uniform growth 

of MOCVD, is hard to tell at this stage.
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5.2.4 Post-growth compensation for lateral non-uniformity.

A post-growth correction of the cavity length can be performed by etching off 
a sufficient amount of the superstrate in order to adjust the position of the resonance to 
the desired wavelength. The wafer under correction would have to be patterned and 
different etch depths used at each area; the unit area dimensions would be defined by 
the local uniformity in conjunction with the required uniformity and the accuracy of 
the etch process. For instance, the central 55% of the wafer in Fig.5.2.3 would need to 
be divided in an estimated num ber of twenty individual areas in order to attain an 

overall non-uniformity <0.7%. Both wet-etching and reactive ion etching (RIE) seem to 
be equally suited to the etching process as far as the surface smoothness is concerned; 
ultimately however, the reduction of the device features to the order of microns will 
require a high resolution technique and therefore RIE will be favoured. In order to 
attain a high degree of accuracy during such a process, one may em ploy optical 
monitoring of Fabry-Perot interference fringes in a m anner identical to that proposed 
in section 5.2.1 for an in-situ control of the epitaxial growth. The commercially 
available RIE machines could accom m odate such m onitoring and subsequent 
automatic control of the etching process.

The situation becomes less easy when we consider the requirem ent for a 
decrease of the operating voltage to less than 5V (Chapter 2). This is accomplished, as 
we will see in the next chapter, by an increase of the front mirror reflectivity which in 
turn implies the incorporation of a front reflector stack. In that case, there is obviously 
no access to the cavity length, and as a result a correction of the optical length by post
growth etching is not applicable. If post-growth tailoring of the FP resonances is 
indeed necessary, then it would be obligatory to use a dielectric front reflector stack 

(eg. Si0 2 /T i0 2 , Chapter 2) so that the e'fching step could take place prior to the 

deposition of the stack. From another point of view , it may be that the use of a front 
reflector stack would be in fact required were post-growth correction to be employed. 

The front reflectivity is expected to be slightly affected after such a step [Unlii et al., 

1990], and a front reflector could compensate for this reduction

The incorporation of dielectric front m irrors could cause the m odulator 
designs to deviate from their optimum. As discussed in Chapter 2, the indices of the 
materials involved are small while also the corresponding index differences between 
two materials may be quite large. Whereas this has the desirable result that a small 
num ber of periods yields large reflectivities, by the same token the choice of 
reflectivities obtained by a certain pair of materials is rather limited. This inflexibility is 
however offset to a great extent by the large range of compatible materials available 

for both the high and the low index layer. Furthermore, the deposition of these
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commonly takes place in an e-beam evaporator and therefore, unlike epitaxial growth, 
m any different compounds may be obtained using the same machine. Effectively thus, 

this should add  only a m inor complexity. In fact, the use of dielectric m irrors offers 
certain attractive advantages regarding the potential for single-chip integration of 
devices perform ing diverse functions, as is d iscussed in C hapter 9. Therefore, 
d ie lectric  fron t m irro rs  m ay u ltim ately  be com m only u sed  in  p rac tica l 
implementations.

Bearing in m ind that only recently has there been any motivation to address 
the total device uniformity, it is clear that the corresponding performance of growth 

processes has not been stretched to anything close to the absolute limits. Nevertheless, 
we have discussed the possibility of post-growth correction of the cavity length, 
although clearly it may in the future prove unnecessary.

5.3 COMBINED TOLERANCES

Thus far we have been studying the tolerance of the m odulator to deviations 
of one single param eter from its 'ideal' value. In a practical situation, however, devices 
in a non-uniform two-dimensional array will be simultaneously subjected to variations 
in the ambient temperature and possibly of the operating wavelength and voltage. It is 
the combined tolerances that we will concentrate upon in this section.

5.3.1 High Contrast Modulation.

Let us first consider the case when the param eter of interest is the exhibited 
contrast ratio (Chapter 2). This is defined by the ratio of the reflectivity of the on-state 

divided by that of the off-state. As a result, in the cases when high contrasts are 
involved, this is critically dependent upon the reflectivity of the off-state R0 ff, since 

for low values of R ^f large contrast is achieved irrespective of the value of Ron. The 
total reflectivity is given by

R = R0  + Fsm  ij> 5 3 1

1 + F sin <|)
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where R0 is the reflectivity at the resonant position, F is the coefficient of finesse, and <J> 

is the phase introduced by the cavity (Chapter 2). We may thus identify  two 
contributions to R: one from the value of Rq, which is determined by the am ount of 

absorber at the resonant position, and one from the value of Fsin2<|>, which dictates the 
position of the operating wavelength in relation to that of the resonance.
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Fig.5.3.1 The total reflectivity R plotted as a function of the relative 
amount of absorber for the case of a 99% reflecting back mirror and various 
front reflectivities Rj.

The dependence of R0 on the am ount of the absorber ad  present at the 

resonance is shown in Fig.5.3.1 for a cavity w ith Rb=0.99 and various front 

reflectivities. Note that we have chosen to use the relative am ount of absorber 

a d /[a d ]c as the horizontal axis (where [ad]c is the critical amount of absorber, i.e. that 

required to zero the reflectivity) to allow for a com parison am ong different front 
reflectivity structures. The insensitivity of the off-state reflectivity to a d  at large 
contrasts, i.e. for values of ad=[ad]c, is evident in this figure. Indeed, for example, 

Ro<0.01 when I A(ad) I <±25%[ad]c. It is also interesting that this holds irrespective of 

the front reflectivity Rf in this case where the back m irror reflectivity Rb is quite high. 

By contrast, one may com pare w ith Fig.5.3.2 w here the respective curves are 
reproduced for Rb=0.95. Here, there is a marked difference among the various curves 

showing a decreasing sensitivity with increasing Rf. However, this is restricted to the
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low -ad end of the curve and does not have any effect around the ’off 'state. We discuss 
the choice of back mirror reflectivity in the next chapter.

Due to this insensitivity to changes in the am ount of absorber present in the 
cavity for values close to the critical [ad]c, the contrast tolerances are maximised in the 

cases of high contrast m odulator designs, i.e. when the off-state R^O. We will thus 

restrict our analysis to such m odulators henceforth. Furtherm ore, due to the 
complexity involved, the following study of the tolerances will not be kept strictly
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Fig.5.3.2. The total reflectivity R plotted as a function of the relative 
amount of absorber for the case of a 95% reflecting back mirror and 
different front reflectivities Rj.

along the lines of orthodox error propagation analysis. Instead, we will evaluate the 
combined tolerances via a numerical route that certainly involves approximations but 
will lead us to the right conclusions, both qualitatively and quantitatively.

Let us define lOdB as the minimum required contrast. That will be achieved if 

Rq̂ O .IR oh, i.e. our requirements dictate

R0 + F s in 2 <j> „ „ _  
—  r—— < 0 .T  Rr 5.3.2

1 + Fsin <J>

If an allowable maximum Rq is established for the on-resonance reflectivity at the 

off-state R0, it follows from eqn.5.3.2 that
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Q i R on -Rp 
( 1 - O . l - R o n ) - F

max
= B 5.3.3

w here B is a constant and F is taken as a constant equal to its value at the resonant

does not vary dramatically around the resonant position and  is close to its critical 
value. The constraints imposed upon Rq make this a realistic approximation.

Making use of the periodicity of the sin function, eqn.5.3.3 enables us to find 

an expression for the tolerable phase variation A<J>

Before proceeding from this point it is im portant to clarify the significance of 
variations in the operating parameters with reference to eqn.5.3.3 :- 
Operating Voltage: This determines the amount of ad  at the resonance and therefore 

affects Rq. A s  has been indicated in Figs. 5.3.1 and 5.3.2, the contrast will be relatively

the biased exciton peak drops slowly with field. The above in conjunction with the 
voltage output stability of electronic gates (within 1 %) suffices to justify our regarding 
voltage variations as non-critical in our analysis.
Operating Wavelength : This alters the phase <j) solely, since the value of Rq is effectively 

constant around the resonant position.
Lateral Non-uniformity: The position of the FP resonance is altered directly due to 
lateral non-uniformity both in real terms (i.e. relative to a fixed wavelength) and in 
relation to the zero-bias heavy-hole (hh) exciton peak, the position of which is in 

practice virtually laterally uniform, as has already been discussed. Consequently, both 
Ro and <J) in eqn.5.3.3 are affected by lateral non-uniformity. The effect on 0  is straight

forward, as has been presented in section 5.2. The reflectivity R0  at the resonance is 

changed as a result of the significant change in ad  caused by the relative shift of the 
resonance with respect to the exciton position. This effect is minimised when self
linearised operation is implemented, but becomes quite limiting in the case of fixed 
voltage operation.

Ambient Temperature Instabilities: As we have discussed in C hapter 4, tem perature 
changes induce a shift of the resonance by *0.08nm/°C and of the exciton peaks by 
=0.27nm/°C. The consequent change in the relative exciton-resonance position is 
=0.2nm/°C. This altered resonance-exciton separation clearly affects R0, sim ilar to 

above. Additionally, the phase <J> at a given operating w avelength is also altered 

stemming from the absolute shift of the resonance.

position where R^ff =Rf (Chapter 2). In effect this assumes that the absorption (ad)

A<J> = 2-sin !(Vb ) 5.3.4

insensitive to the operating voltage, bearing in mind that the absorption coefficient at

-125-



Cavity-imposed restrictions

Returning to eqn.5.3.4 we may now  evaluate the restrictions im posed upon the 
operating conditions by the cavity design exclusively. The phase is a function of the 
resonant position and the operating wavelength. According to our discussion above, 
the position of the resonance is modified as dictated by both the lateral non-uniformity 
and the tem perature variations. The result of this is an altered <j> at the operating 
wavelength. The parameters involved are independent so that the tolerances are given 
by

AX ^2

♦ J

f  a x  ^
NU +

'AXop^
5.3.5

where AXNU is the absolute variation of the resonance (eg., across an array) due to 

non-uniformity, AXn is the absolute variation of the resonance due  to tem perature 

induced changes of the refractive index (Chapter 4), and AXop is the allowable drift of
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Fig.5.3.3 Electric field dependent absorption spectra for 95A wells at 
about 18kV/cm steps. The 83kV/cm spectrum corresponds roughly to the 
9V operation of CB145 (data from CB308).
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the operating wavelength. The phase can be converted to wavelength terms as follows

A* = ■?!!*£ AX* 5.3.6

so that

= 5.3.7
4 X

where is the corresponding wavelength range as this will be manifested in the

reflectivity curve for a certain fixed Rq, i.e. the wavelength range over which the phase

<f> differs from its value at the resonance by less than A<|>/2. Equation 5.3.5 may thus be 
rewritten as

(ax * ) 2 2  (AX^ ) 2 + (AXn )2 + (AX0p )2 =

(AX-nu) + (0 .08-AT) +(AXCp) 5.3.8

Restrictions imposed by the wavelength-dependence of the M Q W  electroabsorption effects 

Simultaneously, the requirements on R0 impose another set of restrictions upon the
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Fig.5.3.4 The on-resonance reflectivity as a function of the resonant 
wavelength for both the on- and the off-state. Note that these are not 
reflectivity spectra. The data have been calculated from the 13kVlcm (on) 
and 84kV/cm (off) absorption spectra in Fig.5.3.3, for an AFPM cavity 
design similar to CB145.
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operating parameters. A deviation of the exciton-resonance relative separation from its 
optim um , causes the on-resonance reflectivity Rj, to increase from zero. This is a 

consequence of the dependence of Rq on the absorber a d  (Fig.5.3.1) and therefore 

stems from the wavelength dependence of the MQW electroabsorptive effects.
In order to examine the restrictions imposed by the electroabsorptive effects, 

let us consider a modulator structure incorporating 95A wells as is the case for CB145 
(Chapter 2). The field dependence of the absorption coefficient of such wells is shown 
in Fig.5.3.3 as derived from photocurrent data of sample CB308 in the m anner
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Fig. 5.3.5 The squares of the wavelength ranges determined by the cavity 
design and the electroabsorptive effects plotted versus as a function of the 
admissible upper limit for the on-resonance reflectivity. See text for further 
explanation.

described in Chapter 3. In order to keep the analogy with our reference m odulator 

CB145, let us assume fixed voltage operation at =861nm of a high contrast AFPM (i.e. 
one incorporating such a number of wells that Roff^O). From the data in Fig.5.3.3 we 

calculate the respective on- and off-state reflectivities at the resonant position, as 

functions of the relative exciton-resonance separation using the =13kV/cm and 
83kV/cm curves that corresponds roughly to 0V and 9V operation of CB145. Note that 
a top 1000A GaAs layer, which contributes to ad  irrespective of the applied voltage, 
has been included in the calculations as for CB145. The results, plotted in Fig.5.3.4, 
allow the evaluation of the maximum variation AXa of this relative separation that will 

comply with the requirements that a) Rq does not exceed a certain m aximum value
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and b) the contrast at the resonance is maintained over lOdB. The obtained range AXa 

is consequently a function of R™3* and is plotted in Fig.5.3.5.
As discussed previously, variations of the relative position of the resonance 

w ith respect to the exciton are induced by lateral non-uniformity and by temperature 
changes. In the former case the exciton is effectively fixed, while in the latter the 
relative shift is =0.2nm/°C. The independence of the param eters allows for an 
expression relating AXa  with the maximum allowable variations of the resonance AXj 

and A A,^ as caused by temperature-changes and non-uniformity respectively. Hence,

The above contains information on the tolerances imposed solely due to the exciton 
’linewidth', i.e. they are inherent in the MQW electroabsorptive effects. These will 
clearly be modified depending upon the well w idth and the designed relative 
separation between the exciton and the resonance.

Derivation of the combined tolerances

If we incorporate the temperature dependence of AXn and AX j in inequalities 5.3.8 and

5.3.9 and rearrange we obtain the set

These inequalities refer to the same param eters and therefore have to be fulfilled 

simultaneously. Fig.5.3.5 depicts the dependence of AXa and AX^ on the chosen R™ax 
for the case of the reference structure CB145, where Rf=0.3, R^O.95, F=2.449 (at the 

off-state), and L=1.77^im. Note that whereas A^a  does not depend critically upon the 
above specific modulator parameters, the value of AX^ is determ ined by these as is 
shown by equations 5.3.6 and 5.3.7.

In order to evaluate the maxim um  tolerances it is required to take the 
optim um  combination of A Xu and A X^ each time. For example, when systems 

requirements impose a certain operating temperature range AT, the maximum AXjsju *s 

obtained when

(AXa )2 S(AXNU)2 +(AXT) 2 = 

(A^nu )2 + (0.2 • AT )2 5.3.9

(AXNU)2 <(AA.a )2 - ( 0 . 2 A T ) 2 (a)

(AXnu ) 2 < (AX0 ) 2 -  (0.08 • AT) 2 -  (AXo p ) 2 (b) 5.3.10

5.3.11
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Let us consider the case where the operating wavelength is practically fixed (eg. using 
highly stabilised or external laser sources) and the tem perature is expected to vary by 

a total AT=30°C. Equation 5.3.12 yields (AXa )̂ -(AA.(|))2=30.2nm2 which from Fig.5.3.5 
implies AX^«4.2nni and AAa=7nm. Consequently, the m aximum variation of the 
resonant position due to lateral non-uniformity is calculated from eqn.5.3.10 to be
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Fig. 5.3.6 Calculated FP resonances for three cases. The finesse is noted at 
the right-hand side and the number of quarter wavelengths within the 
cavity at the left-hand side of the graph.

AXNu=3.6nm. This means that the tolerable lateral non-uniformity, eg., of an array of 

devices operating at =860nm would in this case be 0.41 %. Similarly, with the operating 
wavelength allowed to drift within a lnm  range, and the operating tem perature range 

required to be AT=30°C as before, the maximum admissible lateral non-uniformity is 
deduced to be =0.37% (AANU=3.2nm). With the operating wavelength set to track the 

tem perature shifting resonance (Chapter 4), the AT term  in eqn.5.3.10b is eliminated 
(but not so in eqn.5.3.10a). This yields AXNU=4nm so that the acceptable lateral non

uniformity is then increased to 0.47%. Finally, if the temperature of the m odulators is 
well stabilised, using for example integrated Peltier coolers [Berger et ah, 1991a], then 

an acceptable non-uniformity of =0.7% can be calculated, which agrees w ith the 
calculations in section 5.2.

It follows from our above analysis that the contrast tolerances of a m odulator 
will be improved if AA^and AÂ  are increased. AA^ is optimised for lower insertion 
loss and, more critically, the further the (designed) operating point is from the exciton

Finesse# A/4

10.88

/  2.45

10.88
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peak. Clearly, for a certain well w idth incorporated in the MQW region and a given 

operating wavelength (i.e. when AAa is a fixed function of R™ax), the width of the 

Fabry-Perot resonance is a measure of the tolerances. This w idth is narrow ed for higher 
finesse m odulators since the phase range A<|> that complies w ith the lOdB-contrast 
requirem ent is, as a consequence, decreased (eqn.5.3.3). However, the respective 
wavelength range is also dependent upon the cavity length, as shown by eqn.5.3.6 and 

5.3.7, and this offers ground for optimisation. This is illustrated in Fig.5.3.6, where the 
higher finesse structure may have a broader FP resonance if its cavity length is 

sufficiently short.
The accurate expression ought to account for the wavelength dependence of 

the phase-change on reflection from the Bragg stack (section 5.2.1). Finally then the 
wavelength range AÂ  is given by

^  nH- n  5 3 1 2

2xcLn nH- n L + nL/m

This is still a decreasing function of L despite the fact that the second term, which is 
introduced by the Bragg stack, increases with L. Hence, the tolerances are maximised 
when the cavity length is minimum. Experimental confirmation of this is presented in 
section 5.3.3. Note that L is the total length of the cavity and does not refer to the 
MQW region alone. The latter is determined by the requirement that the am ount of 
absorber ad  is equal to the critical value [ad]c. The consequence of the above 

conclusion is that an increased front m irror reflectivity does not necessarily lead to 
dim inished tolerances as com pared to those of CB145, since a) CB145 is not an 
optim ised structure in that respect, i.e. the optical length of the cavity is not 

minimised, and b) the increased finesse results in a narrower required MQW thickness 
(Chapter 6 ) and consequently allows for a further reduction of the cavity length. We 

will examine the trade-offs closely in Chapter 7 where we proceed to a thorough 
optimisation.

5.3.2 Large reflection-change modulators.

Various applications require large reflection change rather than high contrast 

modulation (Chapter 2). The exhibited reflection change (AR) is the difference between
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the on- and off-state reflectivities (Ron, R^f) and, as a result, both R ^  and Roff are 

equally significant in the determination of AR. This has been pointed out already by 
our study of the temperature sensitivity in Chapter 3.

The reflection change is given by

where R°n is the on-resonance reflectivity at the on-(off-)state, Fon is the 
coefficient of finesse at the on-(off-) state, and <|> is the phase introduced by the cavity 
(Chapter 2 ). Since the effective back mirror is dependent upon the am ount of absorber 
present in the cavity, the coefficient of finesse F reaches its minimum at the off-state 

(Chapter 2 ). Therefore, we may rewrite from equation 5.3.13 we

1 + Foff sin2 <J> 1 + F sin2 <J>

where ARq is the on-resonance reflection change, and F0ff is replaced by F for 

simplicity. We may thus identify two contributions to AR: one from the value of ARo, 

and one induced by the operating wavelength deviating from that of the resonance. 
Lateral non-uniformity causes a variation of the FP resonant position while the exciton 
position remains effectively unaltered. Temperature instabilities, on the other hand, 
have a far more pronounced effect on the exciton (0.27nm/°C shift) than on the FP 
resonance (0.08nm/°C), so that the relative separation of the two is varied by 
=0.2nm/°C. We have already discussed the above in greater detail in the previous 
section. Similar to that analysis, the exciton-resonance relative separation affects AR0  

while the actual position of the resonant wavelength determines the phase <J> at the 
operating wavelength.

Eqn.5.3.14 allows the evaluation of the reflection change tolerances. For example, let us 
assume that the obtained reflection change is required not to deviate from its 

maximum value ARmax by any more than 20%. Equation 5.3.15 yields

AR = — ----------------------- ^
Ron -  Fon sin2 $ Roff -  Foff sin2 <j)A T A 1 5.3.13

1 + Fon sin2 $ 1 + Foff sin2 <j>1 + Foff sin2 <j>

5.3.15
(a r ™ x)2 (a r ™ x)2

where F is assumed constant.
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In the following, we will adopt a treatment similar to that in section 5.3.1. We 
implement thus the experimental absorption data shown in Fig.5.3.3 to derive in this 
case the reflection change ARq at the resonant position when the latter shifts in relation 

to the exciton. A modulator identical to CB145 is again assumed and, therefore, we use 
the absorption spectrum at 83KV/cm which corresponds roughly to the 9V operation 
of CB145. Before we proceed further, it is useful to point out that contrary to the study 
of high contrast modulation, in the case of large reflection change m odulators it is not 
obvious that the critical am ount of absorber ought to be incorporated in order to
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Fig.5.3.7 The obtained reflection-change at the resonant position plotted 
as a function of the resonant wavelength. Calculations are based upon the 
absorption spectra in Fig.5.3.3, and are performed for an AFPM similar to 
CB145, for different relative amount of absorber incorporated.

maximise the obtained AR a n d /o r  maximise the reflection change tolerances. Indeed, 

by incorporating a fraction of the critical amount [ad]c, one would increase both Ron 

and Roff. In the cases where the (as-designed) operating wavelength is close to the 

exciton peak, and therefore the absorption at the on-state is relatively high, Fig.5.3.1 
shows that a decrease of the incorporated absorber (ad) down to 0.5[ad]c will indeed 

result in an increase of the obtained AR. This is a consequence of the fact that the slope 
of R with ad  is approximately linear up  to ad=0.5[ad]c while it is decreased for higher 

values of ad  from then onwards. We plot AR as a function of the exciton-resonance 

relative separation in Fig.5.3.7 for the cases where 100%, 80%, and 50% of [ad]c is
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incorporated in the m odulator. The resu lts do not ind icate  any  significant 
improvement, neither of the obtained reflection-change nor of the tolerances, for this 
fixed voltage operation at the particular designed operating w avelength (=861 nm). 
Furthermore, it will be seen that the respective tolerances are maximised when setting 
the operation far from the zero bias exciton peak where the obtained reflection-change 
is also optimised. Especially in these cases, the choice of incorporated <xd/[ad]c does 

not have any effect upon the obtained tolerances.
Thus, based on the above, we restrict the analysis to the case where the critical 

amount of absorber is incorporated. Using the respective curve from Fig.5.3.8* we may 
evaluate the allowable variation AXa of the relative exciton-resonance separation as a 
function of the maximum relative variation of ARq. The obtained values are plotted in 

Fig.5.3.7. Calculations at different operating fields did not indicate any improvement 
of the wavelength range AXa with a decrease of the amount of incorporated absorber.

Using eqn.5.3.15 we may next evaluate the maximum A<|> as a function of the
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Fig.5.3.8 The characteristic wavelength ranges determined by the 
electroabsorptive effects and the cavity design, plotted versus the 
percentage deviation of the on-resonance reflection-change from its 
maximum value. The calculations are based on the information in 
Fig.5.3.7, and are carried out for an AFPM similar to CB145.
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perm itted variation of the on-resonance reflection change ARq

A<|> = 2-sin *1(0-2)2-(A(ARo))2(/hr)2
•c2 5.3.16

This phase range A<|> may be expressed in wavelength term s (AX )̂ by m eans of 

eqns.5.3.6 and 5.3.8 in the previous section. The derived AX<j, is also plotted in Fig.5.3.7. 
The ranges AX  ̂and AXa are related to the variation A X ^  of the resonant wavelength 

as this is caused by non-uniformity and to the temperature changes AT, by inequalities
5.3.10 in the previous section. Again, these have to be fulfilled simultaneously. In the 
previous section both the cavity- and electroabsorption-imposed restrictions were 
equally limiting the maximum tolerances at least when the tem perature range AT does 
not exceed =40°C. Here, however, the restrictions imposed by the electroabsorptive 
effects are the limiting ones, i.e. the maximum tolerances are in fact determined mainly 
by inequality 5.3.10a. This is primarily a result of our arbitrary requirem ent that the 
reflection-change remains w ithin at least 80% of its peak value. Clearly, relaxed 
requirements upon the attained AR will affect the relative significance of inequalities 
5.310 (a,b). Nonetheless, the electroabsorptive ’linewidth' does play a more im portant 
role in the cases where large reflection changes are concerned as com pared to high 
contrast designs. We ought to em phasise, on the other hand , that system s 
requirements will in fact determ ine the allowable drift of the obtained reflection- 
change.

Subsequently, in a m anner identical to that adopted in section 5.3.1, we 
perform example calculations. The requirement that the operating tem perature range 

is AT=30°C yields ANU=2nm, i.e. a maximum tolerable lateral non-uniformity of 0.23%. 

This is determined by the limiting inequality 5.3.10a, while according to inequality 
5.3.10b the operating wavelength may vary within a total 5.5nm range. The maximum 
non-uniformity that may be tolerated is obtained when AT=AXop=0, and is according 

to our analysis estimated to be about 0.74%.
Hence, the reflection change tolerances are improved when the operation is set 

far from the zero bias exciton peak to maximise AXa , and the FP resonance is broad so 
as to maximise AX .̂ The range AX̂  was found in the previous section to broaden for 
shorter cavity lengths. Similarly to our discussion in that section, we may conclude 
that a decrease of the cavity length leads to improved reflection-change tolerances. 

These will be implemented in our designs in Chapter 7.

Based on this latter conclusion, the reflection-change tolerances m ay be
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improved by the implementation of a double-cavity arrangement, where the top cavity 
is of very short optical length. This is done as follows. A second cavity is formed atop 
the m odulator by the growth of a spacer layer and a reflector stack. Alternatively, this 
second cavity may be formed by dielectric layers deposited after the growth has been 
concluded and, possibly, after the devices have been fabricated. The reflectivity of the 
very front mirror must be almost equal (preferably slightly larger) to the reflectivity of 
the on-state of the bottom modulator. With careful design it is possible to realise a 
structure where the two cavities are decoupled, i.e. where the cavity formed between 
the very top and the very bottom mirror is not at a resonance. An example of such an 
arrangem ent is given in Chapter 8 . In total the situation is effectively a top passive 
cavity the back mirror of which is electrically controlled. Thus when the bottom active 
cavity is at its reflecting state, the overall composite structure is off whereas when the 
bottom cavity is off the composite structure shows a reflectivity of a value close to that 
of the very front mirror. An inverted operation is thus attained where the resonance 
may be broader as a result of the shorter cavity. Assuming that the grow th is well 
calibrated to realise such a structure, the tolerances are otherwise increased with 
respect to reflection-change.

This may not, unfortunately, attain an increase of the contrast associated 
tolerances. Indeed, the AFPM shows good contrast-associated tolerances exactly 

because the off-state, that effectively determ ines the attained contrast, is a least 
sensitive state. When using a double cavity arrangement the final off-state corresponds 
to the on-state of the initial modulator and therefore its sensitivity is high. As a result 
the contrast associated tolerances will actually deteriorate.

5.3.3 Experimental confirmation. QT238B.

In order to confirm the above m entioned concerning the significance of the 
width of the FP resonance as a measure of the tolerances, we designed an AFPM 

structure where the cavity length is kept minimal. The structure is otherwise identical 
to our reference modulator CB145 in Chapter 2. The nominal epitaxial thicknesses and 

compositions of this structure are shown in Fig.5.3.9. Thus the MQW region and the 
back reflector stack are as for CB145 but the top AIq ̂ G ^ jA s  spacer-layer has the 

minimal thickness required to make the cavity length an odd num ber of quarter
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w avelengths at 861 nm (Chapter 2). The insertion loss, contrast, operating voltage and 

w aveleng th  are, therefore, expected to be identical to those of CB145. A m arked 

difference, how ever, is predicted regarding the w id th  of the FP resonance which, 

according to our analysis in the previous sections, ought to be broader in this case. As 

a result, the tolerances of this m odulator are expected to be superior.

Reflectivity spectra of two different devices fabricated from QT238B are

+ GaAs 50A

^  A10JG ^ 7As 1230 A

=  75 periods:
1  = =  95A GaAs

=  60A Alo.3 Gao.7A si
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Fig.5.3.9 The epitaxial structure of QT238B. This was grow n by 

M O C V D  at the U niversity of Sheffield. The MQW region and the mirror 

design are identical to these of CB145.

show n in Figs. 5.3.10 and 5.3.11. These are chosen so that the positions of the FP 

resonances are not coincident. As can be seen from both spectra, the exciton position is 

at =845.5nm w hereas the corresponding position for CB145 was 851 nm. According to 

theoretical calculations (Chapter 3) assum ing 30% A1 concentration in the barriers the 

well w idth is estim ated to be =83A, i.e. the final structure is far from the designed 95A- 
well. This was caused by a tem porary erroneous calibration of the MOCVD grow th kit 

at the U niversity of Sheffield. As a result the am ount of absorber is well in excess of 

the critical am ount [otd]c=0.57 for this particular device, w hich is m anifested in the 

spectra as an increase of the off-state reflectivity w ithin the resonant w id th  at the 

biased exciton peak position for device A (Fig.5.3.10). Photocurrent data obtained for 

device A are show n in Fig.5.3.12. The in teresting  feature is the v irtua lly  'flat' 

absorption response at the optim um  9V reverse bias.

Contrast ratio curves are illustrated in Fig.5.3.13 for both devices. An increase 

of the lOdB-contrast optical bandw id th , as com pared to CB145, to =7nm has been 

achieved, despite the fact that neither device presented here is ideal. The sam e figure 

(5.3.13) points out the benefits offered by self-linearised operation  discussed  in 

C hapter 4. The optim um  voltage is 9V for device A in Fig.5.3.10, and 11V for device B 

in Fig.5.3.11. This is strongly dependent upon the relative w avelength separation of
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Fig.5.3.10 Reflectivity spectra for device A from QT238B.
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Fig.5.3.11 Reflectivity spectra for device B from QT238B.
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Fig.5.3.12 Photocurrent data obtained for device A, the reflectivity of 
which is presented in Fig.5.3.10.

the resonant position and the exciton for this m odulator stemming m ainly from the 
excessive amount of absorber incorporated. Indeed as a result of this, the operation is 
away from the ad=[ad]c point (Fig.5.3.2) giving rise to larger sensitivity to changes in 

otd. The 'perfect' modulator would be one operating at about 854nm and 10V reverse 
bias. Fixed voltage (at »10V), fixed wavelength (at »854nm) operation would result in 

device A yielding just over 12dB and device B around lldB . However, self-linearised 
operation at the same wavelength would allow both devices to achieve a contrast of 

=15dB. Thus the maximum tolerable non-uniformity would that way be increased or, 
alternatively, the operating temperature range would be extended.

Let us next com pare this to the corresponding result for CB145. A fair 
comparison requires two devices from CB145 with their resonances roughly 4nm 
apart. However, we may use the reflectivity data presented in Chapter 4, i.e. obtained 

from a single device at different tem peratures, since the exhibited contrast is 
determined by the relative separation between the exciton and the resonance. Thus the 
curves in Fig.5.3.14 are obtained from reflectivity data at 14° and 38°C with the higher 
tem perature spectra shifted accordingly so that the exciton peaks align with those of 
the lower temperature spectra. The advantage of the broader resonance structure is
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Fig.5.3.13 Contrast ratio curves (R0n/R0j-j) shown for both devices A 

and Bfrom QT238B.
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Fig.5.3.14 Contrast curves illustrating the effect of non-uniformity in 
the case of CB145. The data have been obtained by a manipulation of 
reflectivity data for one single device at different temperatures. The two 
resonant positions differ by less than 4nm.
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obvious from a comparison between Fig.5.3.13 and 5.3.14 where we can see that good 
performance may be obtained for both devices within a broader range of wavelengths. 
This denotes the better tolerances of QT238B as compared to those of CB145.

QT238B is, unfortunately, not an ideal structure for a direct comparison with 
CB145 regarding the tolerances. The differing well w idths in the two structures give 

rise to dissimilar restrictions imposed by the electroabsorptive effects. Furthermore, as 
a result of the fact that this well width difference was unintentional, a non-optimum 
am ount of absorber is incorporated in QT238B causing its perform ance to deviate 
m arkedly from ideal. Nevertheless, we have dem onstrated that the length of the 

optical cavity does have a significant effect upon the w idth of the FP resonance, as 
predicted in the previous sections. Subsequently, the broader resonance has been 
shown to affect directly the tolerances of the resultant modulator.

5.4. OPTICAL ALIGNMENT

5.4.1. Optical addressing of two dimensional arrays of modulators.

As discussed in Chapter 2, high-speed operation implies small device sizes 
since the capacitance is proportional to the mesa area. This, in conjunction with the 
need for dense integration in large two-dimensional arrays stretches the requirements 
on optical addressing.

Precise alignment is m andatory to ensure that the light spots are 'tightly' 
focused upon the centre of the optical window of each device. This dem ands 6 -fold 

alignment (Fig.5.4.1) in the case of 2-D arrays since then all the devices have to be well 
focused and correctly illuminated simultaneously [Tooley et a l, 1991]. The above are 
im portant for any vertical modulator. The extra difficulty introduced by reflection 
m odulators is that the reflectivity is far more sensitive to incorrect focusing than, for 
example, transmission is for the corresponding devices. Also, any fraction of light 

incident on the metal contacts is directly reflected unmodulated leading to a decrease 
of the final contrast at the detector plane. The latter could be diminished by a covering 

of the contacts with non-reflecting (eg. rough-surfaced) layers. These difficulties are 

not restricted to resonant structures. The operation of double-pass reflection 

modulators (Chapter 1 ) is, for example, equally limited.
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As the dimensions of the devices are pushed dow n to the order of a few 
microns, the use of high quality microlenses is obligatory. An array of microlenses 
may be aligned with a great accuracy on top of an array of m odulators using eg. the 
solder-bum p technique [Moseley et a l, 1991]. Alignment associated requirements are 

as a consequence relaxed, and greatly improved alignment is achieved [McComick et 

a l,  1991]. Several techniques have been used for the fabrication of lenslets and lenslet

relative tilt
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Fig.5.4.1 Schematic of the optical alignment of an array of modulators 
with an array of lenses. A tightly focused spot at the centre of the optical 
window is obtained when correct alignment and focusing are achieved.

arrays; among them are photolytic techniques in photosensitive glass [Borrelli et a l,

1985], and ion-milling of glass or other transparent m aterial [Tsai et a l, 1990]. 

Alternatively, micro-Fresnel lenses can be produced on glass or sem iconductor 
substrates. These are essentially binary or multilevel phase gratings that cause light to 
interfere at a common focus. High resolution photolithographic techniques such as e- 
beam lithography and laser lithography are used for the production of these patterns 
[Jahns et a l,1989; Haruna et a l, 1990].

It was mentioned earlier (section 5.2) that the smallest reported optically and
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electrically addressible devices are 5nmX5|im optical w indow devices [Chirovski et 

ah, 1991]. Although smaller devices may be fabricated, it is difficult to forsee the

lens

f

device

Fig.5.4.2 The convergence of the incident beam is a function of the lens 

focal length f  and the lens aperture D.

implementation of any reduced scale devices since the alignment requirements and the 
focusing on such dimensions becomes rather prohibiting. The effect of the highly 
convergent beams, implied by the latter, upon the m odulator perform ance needs 
further investigation.

5.4.2 Effect of the optical angle of incidence.

Norm al incidence has been assum ed in our analysis so far. However, 

operation at oblique incidence may be favourable in many cases as it offers the 
possibility for direct interconnection among islands on the same chip and overall 

system compactness [Guha et al., 1990]. Another advantage is the elimination of a 
double pass through a beam splitter that is needed in the case of normal incidence and 
which causes a 6dB total power loss.

The issue of the angle of incidence is two-fold. Firstly, it regards the possibility 
of oblique incidence and the effect that might have on the modulator performance, and 
also the sensitivity to changes of the angle of incidence. Further, as we discussed in the 
previous section, small device features require accordingly scaled dow n spot-sizes. 

The diffraction-determined (i.e. the minimum possible) spot radius ws is a function of 
the lens diameter D and focal length f as described by the Rayleigh formula
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where X is the wavelength of the light used. This will ultimately result in a significant 
angular convergence of the incident beam (Fig.5.4.2). Indeed, the total convergence of 
the incident beam may be calculated as tan0=D/2f. For example, the spot-size required 
in the case of 5^m windows is estimated to be about 3|im; the beam convergence is 
then calculated to be *20°. It is of great im portance to quantify the effect on the 
modulation since this will reflect the actual performance under real conditions.

It follows from Rayleigh's formula that the larger the lens diam eter and the 
shorter the focal length the tighter are the resulting light spots. However, the diameter

Fig.5.4.3. A schematic of the interference between two beams one of 
which is directly reflected and the other experiences propagation through a 
layer r.

of the m icrolens obviously has to be sm aller than  the device interspacing. 
Consequently, short focal length lenses will be required to ensure that, both, the spot- 
size is sufficiently small and the array density is not restricted. Lenses of the 

appropriate sizes for addressing 5|im-window, lOOpm apart devices have been 

fabricated producing diffraction limited spot-sizes [Dhoedt et al., 1991] but further 
work is required in that direction.

The angle of incidence affects both the FP resonant action and the MQW 
electroabsorptive effects. Firstly, let us concentrate briefly upon the logistics of these 
separately. In the following a plane wave is assumed incident at an angle upon the 
device.



Effect on the FP action
The main effect caused by an angle of incidence 0o*O° is the fact that the optical 

lengths of the layers comprising the structure appear altered (Fig.5.4.3). This gives rise 
to a shift of the resonant wavelength. The phase difference between two interference 
beams, one of which propagates through a layer of thickness d  and index n, is given by

2jc.n-d.cosB,
X

where 0r is the internal angle. This has already been presented in Chapter It follows 

from eqn.5.4.2 that the layers appear in fact thinner at oblique incidence which causes 
the FP resonance to shift to shorter wavelengths. For small angles of incidence 0O, the 

internal angles are 0 ^  0o/3.5 as it follows from Snell's law. However, the relative 

change AX/X of the resonant wavelength is exactly equal to the relative change 
ALopt/Lopt of the optical thickness. As a result, the consequent shift is not 

insignificant. The corresponding shift of the FP wavelength for a modulator operating 

at =860nm is plotted in Fig.5.4.4 as a function of the angle of incidence. The mean 

refractive index is assumed =3.55 in these calculations, as is typically the case for our 
m odulators. The implications of this wavelength shift are discussed in the next 
sections.

Another effect of oblique incidence is an altered reflection coefficient 
associated with each interface. The magnitude and sign of this change is polarisation 
dependent. The reflection coefficient r of the interface between two materials is given 
by

5.4.3
y o + y i

where yj=N/cos0j for p- and yj=Ncos0j for s-polarisation, where N is the complex 

refractive index of the medium.
At small angles of incidence, this has a negligible impact upon the overall 

reflectivity as the internal angles are small. The effect upon the interface reflectivity is 
larger for smaller index mismatches between the materials defining that interface. 
However, small index steps have hardly any significance tow ards the FP action. On 
the other hand, reflecting interfaces, that have a considerable contribution to the FP 
action, are minimally affected. For example, the large index mismatch air-GaAs 

interface is 30% reflecting for s- and 32% for p-polarised waves at 45° of incidence, as 

opposed to 31 % at normal incidence; this is clearly a small variation.

Large angles of incidence, on the other hand, modify the interface reflectivities 
considerably. For example, the reflection coefficients of the interfaces between two
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subsequent quarter wave layers comprising the reflector stacks may be altered by as 
m uch as 20-30% for linearly polarised light of either polarisation. This change is 
always negative (i.e. the reflectivity is reduced) for s-polarised, and positive for p- 
polarised beams. Consequently, in the case of s-polarised waves a larger num ber of
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Fig.5.4.4. The shift AXpp of the resonant wavelength is plotted as a 

function of the angle of incidence for a device with the resonance at 860nm 
when addressed at normal incidence. On the other axis, we plot the 
relative reduction in the heavy-hole absorption coefficient for the cases of 
unpolarised and p-polarised light incident on the modulator.

periods is required in the mirrors to attain the same reflectivity as at normal incidence. 

Generally, this effect is diminished for non-polarised light when

y f ve = - i N ( c o s 0 j  +1/COS0J) 5.4.4

where y . is the corresponding average value of the characteristic adm ittance of 
layer i.

Effect on the M Q W  electroabsorption

As mentioned in Chapter 3, the MQW absorption coefficient is also dependent upon 

the polarisation of the light. In this case, however, it is not the polarisation of the
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incident light in relation to the plane of incidence that is of interest, but rather the
direction of the electric (E) vector in relation to the plane of the quantum  wells. When 
the E-field is parallel to the wells (TE-polarisation), the ratio between the heavy-hole 
and light-hole continuum contributions is 3:1 [Schmitt-Rink et al., 1989; Weisbuch,
1986], and this is the case at normal incidence with light of any polarisation (only TEM 
waves are supported by free space). At oblique angles, however, there m ay be a 
component of the E-field perpendicular to the well layers (TM-polarisation) (Fig.5.4.5). 

For this com ponent, the heavy-hole associated transitions cannot take place 

[Weisbuch, 1986] and thus the absorption coefficient due to the heavy-hole is zero, 
while the light-hole associated level is twice as large as for TE polarisation [Weiner et 

al., 1985]. Since the operation of our m odulators relies upon  the heavy-hole 
absorption modulation, the fraction (in power terms) of light in TM polarisation causes 
a direct reduction of the amount of absorber ad  in the cavity. Light in the s-

polarisation incident upon the device always results in TE-polarised light w ithin the 
wells, and therefore the absorption coefficient is not modified. However, p-polarised 

light results in a TM-component of relative power

where P is the total internal optical power, PTM is the power in TM-polarisation, and 

0r is the internal angle. Unpolarised light may be considered as consisting of equal 

amounts of p-and s-polarisation so that on average

Fig.5.4.5 Within the device the optical wave may he analysed in a TM 
and a TE component the relative power of which is determined by the 
polarisation of the incident light and the angle of incidence.

p™ = P s i n 2 6 r 5.4.5

PTM = 2 P ' Sin2e r 5.4.6
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The percentage reduction in absorber ad  as a function of the angle of 
incidence 0O is plotted in Fig.5.4.4 for both p-polarised and unpolarised light (in the 

case of s-polarisation the corresponding reduction is equal to zero, as explained 
earlier). Thus when operating at an angle other than the normal, the num ber of wells 
incorporated in the intrinsic region will have to be increased accordingly (Fig.5.4.4) to 
compensate for this effective absorption reduction. However, since the absorption at 
the on-state is equally reduced, operation at a smaller wavelength separation from the 

zero-bias exciton may yield effectively identical insertion-loss and contrast as at right 
angles.
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Fig.5.4.6 a Modelled reflectivity spectra for CB145 using the 

experimental electroabsorptive effects in Fig.5.3.3. Spectra are plotted at 

different angles of incidence assuming a plane wave of non-polarised light.

5.4.3 Tolerance to the angle of incidence.

Having gained a qualitative understanding of the ways oblique incidence 
affects the operation, let us now proceed to accurate evaluations. These are performed 
using the model presented in Chapter 3, but using experimental absorption coefficient
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data in order to achieve increased liability. Fig.5.4.6 shows the obtained modelled 
reflectivity spectra with the incidence angle 0O varying from normal (0°) to 15°, for 

CB145 assuming upolarised light incident on the device. For such small angles, the 
reduction in the heavy-hole absorption is negligible (Fig.5.4.4), and the main effect is 

similar to that caused by lateral non-uniformity, i.e. the FP resonance is shifted due to 
an altered effective optical thickness. As a result, the polarisation of the light does not
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Fig.5.4.6b Modelled reflectivity spectra for CB145 using the 

experimental electroabsorptive effects in Fig.5.3.3. Spectra are plotted at 
different angles of incidence assuming a plane wave of non-polarised light.

limit the performance critically in the case of small angles.

Whereas a m odulator may be designed to operate at any angle, albeit at a 
slightly different wavelength, the tolerance to the angle of incidence is m arkedly 
increased at normal incidence and diminishes rapidly the larger the angle. This is 

evident in Fig.5.4.4 where the slope AAyA0o can be seen to increase significantly when 

larger angles are involved. For example, it may be deduced from Fig.5.4.4 that the FP 
wavelength shift by a maximum of ln m  for a variation of the angle 0 O by ±1 0 ° at 

normal incidence. By contrast, a similar variation around an angle of 40° would cause 
a shift A^pp of up to 1 2nm, since in this case a change of the angle by a m ere couple of 

degrees suffices to cause a shift of about lnm .

It may thus be concluded that the minimum angle of incidence ought to be
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chosen when oblique incidence is employed. This would benefit possibly the operating 
voltage and insensitivity to polarisation but, more critically, the angle tolerances of the 
system. It is useful to point out that the respective tolerances in the case of double-pass 
reflection modulators (Chapter 1 ) are determ ined by the requirem ent that the top 
antireflection coating is indeed anti-reflecting. Bearing in m ind that the refractive 
index of such a layer is considerably lower than these of the sem iconductor layers 
(ideally this ought to be equal to the square root of the index of the coated material), 
the angle sensitivity is quite large.

5.4 CONCLUSIONS

Separate conclusions have been draw n at the end of each section in this 
Chapter. In summary, we have evaluated in detail the effect simultaneous variations of 
the operating conditions have on the m odulator perform ance, be it contrast or 
reflection-change. Subsequently, we are in the position to trade-off perform ance 
characteristics for tolerances that comply with the operational realities each time.

The tolerances have been found to im prove the fu rther the operating 
w avelength is set from the zero-bias exciton peak. This becom es increasingly 
im portant in the case of applications that dem and large reflection-changes. Also, the 

tem perature tolerances are critically determined by the limitations im posed by the 

wavelength dependence of the electroabsorptive effects. The w idth of the FP resonance 
has been identified as a measure of the tolerances. The lOdB-contrast w avelength 
range of a high contrast device is a fraction (-0.07 for a 3dB insertion loss device) of the 
FWHM of the off-state virtually regardless of the finesse of the cavity. This is the 
prim ary factor determ ining the m axim um  tolerable lateral non-uniform ity. The 

resonant width has been predicted and experimentally dem onstrated to increase with 
decreasing cavity length. Thus a m odulator that operates at a lower voltage, yet with 
tolerances similar to CB145, is realisable.

Although successful individual devices and small arrays of devices may be 
fabricated (see also Chapter 9), the present growth capabilities do not appear sufficient 

to meet the requirements of an implementation of the resonant structure in large 2D 

arrays. This is further limited by the fact that the tolerances to tem perature and to
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lateral non-uniformity are inter-related. Since tem perature control of the m odulators 
using integrated Peltier coolers [Berger et ah, 1991a] would relax the tem perature 
tolerances, it would allow for an increase of the growth-associated tolerances. Also we 
have proposed that the lateral non-uniformity is compensated for by a post-growth 
correction of the cavity length. This calls for dielectric front reflector stacks when high 
finesse cavities are used. The above options encounter an arguably high degree of 
complexity which, however, may be justifiable w hen one considers that we are 
concerned with an expensive high-performance technology in the first place.

The angle of incidence has been found to affect the m odulator considerably, 
yet not as much the performance characteristics as the operating wavelength. It has 
been concluded that small angles of incidence ought to be employed should oblique 

incidence be preferable. Finally, this dependence on the angle of incidence points out 
that there may be a trade-off between the operational speed and the exhibited contrast 
of resonant modulators in practice. Indeed, high speed requires small device sizes 
which will need tight spot sizes. Thus, as the beam will then be highly convergent, it is 
expected that the obtained contrast may be diminished. Further investigation in this 
direction is of great importance.
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CHAPTER 6: t r a d e - o f f s  i n v o l v e d  i n  t h e  a f p m  p e r f o r m a n c e  im p o s e d

BY THE FABRY PEROT MIRROR DESIGN

6.1 INTRODUCTION

The m odulation characteristics of an AFPM device, namely the operating 
voltage, insertion loss, contrast, and reflection-change, are determ ined by the 
combination of two factors. One is the MQW electroabsorption, and the other is the 
m irror design of the Fabry-Perot cavity. In this chapter we study the trade-offs 
imposed upon the operation solely by the FP cavity design. Firstly, we study the way 
different perform ance characteristics are affected, and how various operation 
parameters may be optimised. Subsequently, we present experimental results from 
two AFPM structures and compare their operation to that of CB145 (Chapter 2).
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6.2 THE FABRY-PEROT CAVITY DESIGN

The reflection from a Fabry-Perot (FP) cavity becomes zero at the FP resonant 

wavelength when the front (Rf) and the effective-back m irror (Rb ) reflectivities are 

equal. The absorber ad  controls the effective back m irror reflectivity Rbff =Rb e_2ctd. As 

a result, with Rf<Rb as is the case for an AFPM, the cavity is ’balanced’, i.e. the total 

reflectivity is zero, w hen a critical am ount of absorber [ad]c is induced at the 

resonance. This is given by

[ad]c = Ln,l—  6 .2.1
VRf

The operating voltage is
V = F /  6.2.2

where F is the electric field applied perpendicular to the wells and I is the thickness of 
the intrinsic region. With a slight m odification brought about by the inevitable 
doping-guarding buffer layers (Chapter 2), / is proportional to the num ber of wells 
comprising the quantum  well layer. If we assume a given field-induced absorption 
m odulation (from a Q without bias to a max) at the operating wavelength, obtained 

under a certain field F, it is evident from eqn.6.2.1 that a reduction of [ad]c gives rise to 

a reduced number of wells required for high-contrast modulation, thereby achieving a 
lower operating voltage (eqn.6 .2 .2 ).
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Fig.6.2.1 The dependence of the critical amount of absorber required to 
balance an asymmetric cavity, upon the front and back reflectivities.
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Fig.6.2.2. The reflectivity of an asymmetric cavity that incorporates no 
absorber, plotted against the back mirror reflectivity for various front 
mirror reflectivities.

According to eqn.6.2.1 the critical amount of absorber is decreased for lower 
values of the ratio Rb/R f. We plot [ad]c as a function of Rb for different values of Rf in 

Fig.6.2.1. The vertical axis may be directly converted to operating voltage with a small 
offset to account for the intrinsic-region buffer layers. Clearly V falls with decreasing 
Rb and increasing Rf. A reduction of the back m irror reflectivity seems at first 

favourable since the consequent low-finesse cavity would yield an improvement of the 
tolerances (Chapter 5). Yet, the reflectivity at the on-state stems effectively from the 
back mirror, and therefore when this is reduced so is Ron, i.e. the insertion loss is 

dram atically increased. The total reflectivity of an asym m etric cavity w ith zero 

absorber incorporated is plotted in Fig.6.2.2. The low-Rb case leads indeed to an 

enormous insertion loss and is consequently rejected as an option. A few im portant 

points may be drawn from Figs. 6.2.1 and 6.2.2.

i. The higher the back mirror reflectivity the lower the insertion loss.
ii. The higher the back m irror reflectivity the less m arked is the effect of 

the front reflectivity upon the insertion loss.
iii. For a given front m irror reflectivity the operating voltage is not 

significantly affected when Rb varies between 0.95 and 1, while the insertion loss may 

be severely modified.
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The insertion loss is brought about by two effects. One is the FP-related 
reduction of the reflectivity stemming from the fact that the operation is at a reflection 
m inim um . This is obviously inherent to asymmetric FP m odulators, and is more 

pronounced the closer the value of the ratio Rf/Rfc t 0  ^  as depicted in Fig.6.2.2. 

Insertion loss is also induced by the on-state absorptance

(I

A fraction of this causes a reduction of the reflectivity. We plot the dependence of the 
on-state absorption Aon upon Rf for Rb=0.99 in Fig.6.2.3. In these calculations it is

0.7
increasing operating 

wavelength£  0.6

0.5

0.4

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig.6.2.3. The absorptance at the on-state as a function of the front 
reflectivity for a normally-on AFPM. The various curves correspond to 
different operating wavelengths and are based upon experimental 
absorption coefficient values off a 95A well sample (Fig.5.3.3.). The 
number of wells is calculated so that 'infinite' contrast is attained.

assumed that the critical am ount of absorber is incorporated, i.e. upon application of 

the suitable field, the absorber ad  at the resonance will be equal to [ad]c (and infinite 

contrast will be obtained). The implemented absorption coefficients are derived from 
the experimental values from a 95A sample (section 5.3.1) at various operating 
wavelengths (longer than the zero-bias exciton). Despite the fact that these are specific 

cases, it is obvious that the absorptance decreases in fact w ith Rf. Note that fewer
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wells are incorporated with increasing Rf (eqn.6.2.1). Thus, while the higher finesse 

cavity is more efficient in absorbing the light, simultaneously the am ount of absorber 
is accordingly scaled down. The insertion loss is rapidly reduced at longer operating 
wavelengths. This results from the fact that while the absorption tail follows an 
exponential roll-off with wavelength, the peak-absorption coefficient at increasing 

fields drops much slower exhibiting roughly a linear dependence (Fig.5.3.3 for

example). Therefore, the num ber of wells is increased only m arginally while the 

absorption coefficient a 0 at the on-state is notably decreased, so that the on-state 

absorber ad  is markedly reduced thereby lowering Aon. Finally, a plot of the on-state 

reflectivity Ron for the cases when Rb=0.99, yields a decrease of R ^  with increasing Rf 

(Fig.6.2.4). The two mechanisms that are responsible for the insertion loss are 
competing, one causing R ^  to decrease (Fig.6.2.2) and the other to increase (Fig.6.2.3) 

with Rf. Pezeshki et al. [1991b] have claimed the insertion loss dropping with Rf. In 

fact, this is the case only when R ^ l .  Any analysis based on this preassum ption is 

rather misleading, however, since Rb may tend to, but never reaches, 1 (Chapter 2). In 

practice, and for the typical QCSE obtainable from the G aA s/A l 0 3Ga0 7As system, the 

insertion loss increases with Rf. Nevertheless, when Rb>0.99, this increase is rather 

insignificant for Rf up  to 0.7-0.8, and more so for increasing Rb. Experim ental 

confirmation of our analysis in this section is presented in the following sections.

0.9
R,=0.99

Q3 increasing operating 
wavelength

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig.6.2.4. The on-state reflectivity plotted as a function of the front 
mirror reflectivity for 'infinite' contrast operation. The calculations are 
based on experimental absorption coefficient data as for Fig.6.2.3.
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6.3 EXPERIMENTAL CONFIRMATION OF THE EFFECT OF THE FP CAVITY 

DESIGN UPON THE MODULATOR PERFORMANCE

6.3.1 QT131 AFPM.

E pitaxia l s tru c tu re

This structure was designed to incorporate the same well and  barrier w idth  as CB145 

and also an identical back reflector stack. The cavity design differs from CB145 in that 

the front reflectivity is increased to =45% by the use of a front (1.5 period) stack.

The operating w avelength was also intended to be as for CB145. A lthough the 

back reflector is not increased com pared to that structure, the insertion loss is not 

expected to exceed that of CB145. This is m ainly the result of a ten-fold reduction of

+ GaAs 100 A

AlojGao.7As
Top Reflector Stack: HLH

googgo Reflector Stack : .

iiimii 1 ? periods of HL , H,

Fig.6.3.1 The epitaxial structure o f QT131, grown by M O C V D  at the 

U niversity of Sheffield. Below the bottom reflector stack there is a 1/im- 

thick GaAs buffer layer grown on a SI substrate.

the top GaAs capping layer, from 1000A to 100A, in the present design. Clearly, the 

fact that the absorption coefficient of that layer is not field-con trolled causes the overall 

m odulation to dim inish. The nom inal thicknesses and Al concentrations of the layers 

com prising this structure are show n in Fig.6.3.1. It is im portant to point out that the 

cavity length has been kept m inim al in this design in order to achieve m axim um  

tolerances (Chapter 5).

E xperim enta l R esu lts

Reflectivity spectra from QT131 are show n in Fig.6.3.2. The o pera ting  voltage is 

reduced to 4.2V which is less than half that of CB145 (9V). The on-state reflectivity Ron
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at the maximum contrast wavelength of =857nm is about 50%. Contrast ratio curves 
are plotted in Fig.6.3.3 yielding a maximum contrast of =15dB and a lOdB-contrast 
bandw idth of =4.5nm at 4.2V. This compares unfavourably with that of CB145. In 
reality, the off-state FWHM of the FP resonance is increased slightly for this device in 
agreem ent w ith calculated values (eqn5.3.12, Table.6.3.1). The lOdB bandw idth is 
however drastically narrowed by the fact that the off-reflectivity never falls to zero.
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—  6V
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Fig.6.3.2 Reflectivity spectra from QT131 AFPM

At 15dB this is arguably a high contrast device. However, the implied operation away 

from the cxd=[ad]c point (Chapter 5) does not allow this device to exhaust its full 

potential w ith regard to tolerances. Specifically, although the reflection-change 
associated tolerances are comparable to those of CB145, as we discuss below, the 

contrast-associated tolerances are lower (see Table 6.3.A).
Reflection-change curves derived from Fig.6.3.2 are presented in Fig.6.3.4. A 

maximum AR of =48% has been attained while also AR>45% is obtained over a 6.5nm 

range at 4.2V. This indicates good reflection-change tolerances that stem from the 
broad off-state resonance. Note that the fact that R ^  is always non-zero does not 

dim inish the reflection-change tolerances (Chapter 5). Finally, photocurrent data, 
scaled at 750nm to account for the voltage-dependent quantum  efficiency (section 
2.3.2), are presented in Fig.6.3.5.
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Fig.6.3.3 Contrast ratio curves obtained from the spectra in the previous 
figure. Linetypes as in Fig.6.3.4 below.
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Fig.6.3.4 Reflection change curves for the spectra in Fig.6.3.2.
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Further discussion

A comparison between QT131 and CB145 is done in Table.6.3.A. The finesse f  is 

calculated at the off-state assuming that then Rf=R^f , which in the case of QT131 is a 

good estimate though not strictly tru e . The capacitance is compared to that of a device 
with a 1 jim-thick intrinsic region, assuming identical mesa areas for all structures. This 
is two-fold increased in comparison to CB145. Assuming 30% Al concentration in the 

barriers, the well width may be estimated theoretically (Chapter 3) to about 90A, i.e.

Table.6 .3.A Comparison among the three AFPM structures.The finesse jtis  
calculated at the off-state assuming that the front and effective-back mirrors are 
equal The FWHM refers to the experimental width of the off-state, while the 
reference capacitance C0 is that of a structure with 1 pan-thick intrinsic region.

CB145 QT131 QT223

Rf 0.31 0.45 0.55

Rb 0.95 0.95 0.997
[ad]c 0.5599 0.3736 0.2974
# wells 75 32 32
1  (off-state) 2.535 3.8317 5.1775
Capacitance 0.82Co 1.97C0 2.09Co
FWHM (off) 14nm 15nm 9nm
lOdB-BW 5.5nm 4nm 2 nm
8 0 %ARmaxranSe 8.5nm 7.5nm 6.5nm
Insertion Loss 3.5dB 3dB 2.8dB
Voltage 9V 4.2V 3.4V

slightly thinner than the intended 95A. The results agree well w ith theoretical 
predictions. Any deviations from the designed performance are mainly caused by the 
erroneous well width.

One interesting feature of the experimental spectra is that there is no obvious 

voltage-induced shift of the FP resonance. This is quite pronounced in the respective 
spectra of CB145 in Chapter 2. The length of the cavity consists mainly of well (plus 

barrier) material for QT131 while in the case of CB145 only a 65% is MQW. This ought 
to enhance the effect of electrorefraction for the former (Chapter 2), modifying thereby 

the spectra far more markedly. However, it should be noted that the well w idths differ 

for the two structures and so does the relative exciton-resonance separation. The 
electrorefractive effects are critically dependent upon both these (C hapter 2). It 

appears thus, that in this case the operating wavelength is in the vicinity of the node
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where the electrorefraction is minimal.
In summary, we have achieved a reduction of the operating voltage to 4.2V for 

a high-contrast (15dB), low insertion loss (3dB) device, by an increase of the front 
reflectivity to =45%. Most im portantly, the contrast-associated and the reflection- 

change associated tolerances of this structure are com parable to those of CB145 
(Chapter 5).
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Fig.6.3.5 Photcurrent data obtained for a device from wafer QT131. The 
data have been scaled at 750nm (see section 2.3.2).

6.3.2. QT223 AFPM.

Epitaxial structure

It was shown in section 6.2 that an increase of R b leads to a reduction of the insertion 

loss or, alternatively, should one aim at a certain insertion loss, it allows for operation 
closer to the zero-bias exciton peak, thereby attaining lower operating voltage. The 
results from QT131 have been a confirmation of the analysis in section 6.2. This next 

structure comprises a further improvement. The epitaxial layers are shown in Fig.6.3.6.
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The back m irror is increased here to a theoretically estim ated Rb=99.7%, and the front 

to Rf=55%. The top reflector stack consists of 2.5 periods of high- and  low -index 

quarter-w ave layers, part of the top AIq jGa^ 9As layer having been replaced by a 50A 

G aA s capp ing  layer. The cavity length  is kept m in im um  to achieve m axim um  

tolerances (Chapter 5). A reduction of the barrier w id th  has also been im plem ented 

here based upon  calculations on inter-w ell coupling using  the theoretical m odel 

developed by D. A tkinson [1990]. The 55A barrier used here is rather to the safe side, 

the theory suggesting that this could be reduced to =40A for 90A wells; detailed 

analysis is presented in C hapter 7.

This structure has been designed for epitaxial-lift-off (ELO) and subsequent 

m ounting  on a Si substrate at IMEC, Belgium. This requires the inclusion of stress 

com pensating layers below the reflector stack that, nevertheless, do not affect the 

m odulator design and operation otherwise. However, after the entire processing and 

m ounting on Si has taken place the reflectivity spectra are modified at long
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" w r
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L: 722
1 0̂.9i

Fig.6.3.6 The superstrate o f QT223 grow n by M O C V D  at the 

University of Sheffield. A lOOA-thick A l As etch-stop layer is grown on the 

SI substrate, followed by 3.5pm of AIqjGoq jAs and 0.75pm GaAs stress- 

compensating layers (not shown).

w avelengths. This technique is d iscussed in detail in C hapter 9. At the tim e w hen 

QT223 was designed a full understand ing  of the trade-offs involved in AFPM design 

had been achieved. It w as therefore know n that far better perform ance could be 

attained by such devices, albeit at the expense of the tolerances. A full optim isation of 

the m odulation characteristics has not been im plem ented in this design, however. The 

ultim ate goal was a successful m odulator integrated with Si electronics and as a result 

the design is rather to the conservative side.
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Experimental results

Reflectivity spectra from QT223 are shown in Fig.6.3.7. The on-state reflectivity is =52% 
and the off-state reflectivity reaches as low as 1.5% at the optimum 3.4V reverse bias.

Contrast ratio curves derived from Fig.6.3.7 are shown in Fig.6.3.8. Contrast of 
=12dB has been achieved at =863nm under 3.4V reverse bias with an insertion loss of 
=2.8dB. The lOdB-contrast bandw idth is 2nm, notably reduced from that of CB145. 

This is a consequence of the increased finesse but in fact the prim e limitation is 

im posed by the relatively low maximum contrast. A reflection-change of 52% is 

attained at 865nm, and AR>45% is obtained over a 6nm range at 3.4V (Fig.6.3.9). This is
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Fig.6.3.7 Bias-dependent reflectivity spectra from QT223 AFPM.

a further confirmation that the bandwidth is limited primarily by the low contrast and 

not by the cavity design. Photocurrent spectra are presented in Fig.6.3.10.

Further discussion

The well w idth is estimated to be 98A if we assum e 30% Al concentration in the 
barriers (Chapter 3). The theoretical calculations for the designed 90A structure predict 
3dB insertion loss, >20dB contrast at 3.75V. The larger well w idth is partly responsible 

for this deviation from the originally intended performance. Comparison with the 
modelled data for this structure when 98A wells are assumed are presented in Chapter 

3. The insertion loss is underestimated by the model while the operating voltage is
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Fig.6.3.8  Contrast ratio curves obtained from the data in Fig.6.3.7. 
Linetypes as in Fig.6.3.9 below.
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Fig.6.3.9 Reflection Change corresponding to the data in Fig.6.3.7.
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overestimated. One interesting feature to note when comparing the experimental to 
the modelled spectra, is the apparent resonance at »840nm which is present in the 
experimental but not in the modelled spectra. This suggests that the corresponding 
feature is in fact not a resonance but is rather caused by the misposition of the centre 
wavelengths of at least one of the stacks. Indeed, a back reflector centred at a 
wavelength longer than the intended =860nm would account for both the higher than 

predicted insertion loss and the lower operating voltage.
A shift of the FP resonance to slightly shorter wavelengths at voltages in 

excess of 3.4V is apparent from the reflectivity spectra in Fig.6.3.8. This is caused by 
the MQW electrorefraction. The effect is, nevertheless, not pronounced.

In summary, the operating voltage is further reduced to 3.4V for this 12dB 
contrast, 2.8dB insertion loss AFPM, by an increase of both the front m irror reflectivity 
to 55% and the back m irror reflectivity to 99.7%. The contrast tolerances of this 
structure are, however, severely dim inished in com parison to those of QT131 
(previous section) and CB145 (Chapter 2). The reflection-change tolerances are 
comparable to those of these structures indicating that the perform ance of this 
structure is mainly limited by the decreased contrast rather than the increased finesse.
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Fig.6.3.10 Photocurrent spectra obtained for the same device as above 
from QT223. The data have been scaled at 750nm (see section 2.3.2).
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6.4 CONCLUSIONS

In this chapter we have studied the effect of the FP m irror design upon the 
modulation characteristics of asymmetric Fabry-Perot modulators. It became clear that 
the back mirror reflectivity of such devices needs to be as close to unity as possible in 
order to minimise the insertion loss. For a given MQW absorption-modulation, lower 

operating voltage is obtained when the front m irror reflectivity is raised by the 
incorporation of a front Bragg stack. Although the absorption-induced insertion loss 
falls as a result, the overall insertion loss is increased. This is, however, marginal for 
front reflectivities up to 0.7-0.8 provided Rb^0.99. The absorption-induced insertion 

loss has been shown to decrease when operating further from the zero-bias exciton 

peak since the absorption coefficient is markedly lower. This yields subsequently an 

improvement of the obtained reflection-change. As a consequence of the reduced peak 
absorption coefficient when operating at longer wavelengths a larger num ber of wells 
is required. This combined with the associated higher electric fields gives rise to 
increased operating voltages.

Experimental results from two AFPM structures confirm the calculated 
predictions. The operating voltage is reduced from 9V (CB145) to 4.2V (QT131) and 
3.4V (QT223) as a result of an increased front reflectivity from 0.31 to 0.45 and 0.55 
respectively. The consequent higher finesse cavities cause a narrow ing of the FP 
resonance and thus a reduction of the tolerances (Chapter 5). However, minimal cavity 
lengths implemented in these structures counteract this effect. This is further assisted 
by the sm aller MQW region thickness im plied by the increased front m irror 
reflectivity. Hence the reflection-change tolerances of both QT131 and QT223 are 
im proved despite the larger cavity finesse in comparison to CB145. The contrast 
tolerances are comparable to those of CB145 and are diminished mainly due to the 
lower exhibited contrasts.

In parallel to this work, Pezeshki et a l [1990] dem onstrated an AFPM with 
6 6 % reflection-change at 5V and an insertion loss of 1.2dB, using a device w ith 50A 

GaAs wells and Al0 33Ga0 67As barriers. The exhibited contrast is relatively low at 

7.2dB and the resonator is formed by an Rp50% and Rb«99% for that device. Although 

the authors attributed the im proved perform ance characteristics to the narrow  
incorporated well width, this is in fact due to the more efficient cavity design (see 
C hapter 7). Additionally, successful AFPMs in material systems other than  the 
GaAs/AlGaAs have been demonstrated during the course of this work, as we discuss 
in Chapter 9. The relatively good performance obtained by these devices is solely due 
to the use of high finesse structures.
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A lthough the s truc tu res p resen ted  here are not ideal, significant 
improvements in performance have been obtained. Their value, however, lies mainly 
with the conclusions that may be drawn regarding the trade-offs involved in the cavity 
design. These, in conjunction with the choice of incorporated well and barrier w idth as 
well as the relative exciton-resonance separation, are implemented in a comprehensive 
optimisation of the AFPM in the next Chapter.
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CHAPTER 7: ASYMMETRIC FABRY-PEROT MODULATOR DESIGN

7.1 INTRODUCTION

In the previous Chapters we have s tud ied  theoretically  and show n 
experimentally the trade-offs involved in the design of the Fabry-Perot (FP) cavity of 
an asymmetric Fabry-Perot m odulator (AFPM). We have examined the tolerances 
(Chapters 4 and 5), and identified ways to maximise these, as well as the parameters 
that minimise the insertion loss and the operating voltage of such devices (Chapter 6 ).

In this chapter we will proceed to a detailed calculation of the achievable 
AFPM performance and a quantitative study of the trade-offs involved in the device 
characteristics, with wells of different widths incorporated in the quantum  well region. 
The evaluation is based upon theoretical absorption spectra (Chapter 3) and is 
therefore restricted to G aA s/A l0 3GaojAs quantum  wells, since a comprehensive set 

of experimental absorption coefficient data exists for this material (Chapter 3). In order 
to compare well widths, it is important to first determ ine the required width of the 
barrier that ensures insignificant coupling between wells. We calculate these using the 
theory and method of D. Atkinson [1990]. Finally, based upon the information derived 

from the performance evaluations, specific m odulator designs are presented and their 

reflectivity spectra are calculated using the model discussed in Chapter 3.
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7.2 DETERMINATION OF THE MINIMUM BARRIER WIDTH

The operating voltage of an AFPM, or indeed any m ultiple quantum  well 
device, depends on the thickness of the intrinsic region, assum ing a certain 
m odulation of the absorption coefficient from to amax at a given electric field 

applied perpendicular to the layers. The required  perform ance characteristics 

determine the num ber of quantum  wells that need to be incorporated in the intrinsic 
region (Chapters 2 and 6 ). Clearly, however, the w idth of the barrier ought to be 
minimised for low voltage operation. So far the barrier w idths used have been based 
upon empirical grounds. The role of the barrier in multiple quantum  well material is 
to ensure that the carriers are sufficiently confined within each well and there is, as a 
result, insignificant coupling between adjacent wells. We may thus determ ine the 
minimum barrier w idth using exactly this criterion. David Atkinson [1990] has first 

taken this into account to evaluate the barrier width needed for the common 95A

single
well

uncoupled
wells

coupled
pair

coupled
pair

single
well

try e2 

’ el

" T t  n _ n

hhl 
—  hh2

2L,

decreasing barrier-width_

Fig.7.2.1 Schematic diagram illustrating the effect of the width of the 
separating barrier upon the energy levels of pairs of (symmetric) wells at 
zero field. Refer to text for further explanation.

wells. In this section we use his model and method to calculate the minim um  barrier, 
required for sufficient separation betw een wells, as a function of well w idth. 
Subsequently, this facilitates our evaluation of the relative merits of different well 
widths with respect to the AFPM performance presented in the following section.

Coupling effects in quantum wells

As discussed in Chapters 1 and 3, the confinement in single quantum  wells and 
(uncoupled) multiple quantum  wells results in the discretisation of the allowable 

energy levels within the well. When the wells are not sufficiently separated, coupling
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of the wavefunctions between adjacent wells causes a splitting of the energy levels of 
the single well. This is clarified in Fig.7.2.1 which refers to the case of pairs of wells. In 
that case (two wells) the energy levels of the single well (SQW) split in two when there 

is coupling, whereas for three wells there would be three energy levels, for four wells 
four, and so on. In the limit of a superlattice a miniband is formed. The splitting occurs
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90A GaAs wells
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0.1

0.0
860 870830 840 850

W avelength (nm)

Fig.7.2.2. Calculated absorption spectra for a single well and for pairs of 
wells separated by a barrier of varying width. The due to coupling splitting 
of the electron energy causes a dichotomy of the exciton peak. This is less 
prominent as the barrier is increased.

for the electron energy levels in the conduction band before (i.e. at larger barrier 
widths) that of the hole energy levels in the valence band, due to the lower mass of 
the electron. The energy levels of the SQW of thickness Lw split into two levels, in this 

case, centred around the initial level. The separation AE between these is widened as 
the coupling is increased, i.e. as the barrier separating the wells becomes thinner. The 

maximum possible separation may be considered to be that between the energy levels 

of the n=l and the n=2 electron of a well of thickness 2xLw, which is the limit with 

Lb=0 (Fig.7.2.1). The effects of coupling upon the absorption spectra may be seen in 

Fig.7.2.2 for a pair of 90A GaAs wells separated by Alo.3Gao.7As barriers. The spectra 

are calculated [D.Atkinson, 1990] at zero field. The heavy-hole exciton of the SQW is 
split into two resolvable peaks in the spectrum that corresponds to a pair of 90A wells 
separated by 2 0 A barriers.
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Evaluation of the minimum barrier width

There is more than one way to calculate the required barrier w idth Lb(Lw) as a 

function of the well w idth Lw. One may calculate the wavefunctions of the single well 

and conclude there is insignificant coupling when those of adjacent wells do not 
overlap for both carriers considered. Alternatively, the energy levels may be calculated 
for a multiple quantum  well system for various barrier widths and the condition of no 
coupling is deduced when the evaluated energy levels for both the electron and the 

heavy-hole correspond to these of the single well. The method adapted by D. Atkinson 
was to calculate the absorption spectra of pairs of wells for varying barrier widths. The 
minimum required Lb is defined as that which results in spectra that do not deviate 

significantly from these of a single well. This may be viewed as a criterion of practical 
value rather than one of strict theoretical validity. We next need to decide upon the 
number of wells that will be used for the calculations as well as the electric field at 
which the calculations will be performed. In Table 7.2.A we present the calculated 
maximum energy separation between the energy levels that have resulted from the 
splitting as a function of the number of wells in the structure, for 50A, 90A, and 150A 
wells. The total separation of the created levels does increase with increasing number 
of wells but it levels off quickly. Thus, since the effect is not dramatic, it is valid to 
perform the calculation for a pair of wells. Additionally, work on coupled wells

TABLE 7.2.A The calculated maximum separation AE among the n=l 
electron energy levels that are created due to coupling for different 
numbers of wells. AE increases as the number of wells is increased. The 
separation levels off for about 5 wells. The maximum separation for 10 
150A wells was computation limited.

1 2 3 4 5 10
5oX wells 
65 A barriers I 1.450meV 2.051 meV 2.347meV 2.513meV 2.785meV

90A wells 
45A barriers | 1.458meV 2.062meV 2.359meV 2.525meV 2.789meV

150A wells 
25A barriers | 1.877meV 2.647meV 3.024meV 3.235meV

[Atkinson et al, 1990; Lee et al., 1989] has shown that coupling effects are more 
prom inent at zero field in symmetric structures (i.e. structures with the same well 
being repeated over and over) which is intuitively understood since coupling requires 

a certain degree of alignm ent of the individual energy levels. Thus we perform  
calculations of the absorption spectra of a pair of wells at zero electric field, for various 

separating barrier widths.
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Such spectra for 90A wells are shown in Fig.7.2.2. The spectra correlate well 
w ith that of a single well when the barrier is larger than =40A. N ote that at a 
wavelength longer than the zero-field exciton peak, where a norm ally-on AFPM 
would operate, the biased spectra of a single well and of wells that are separated by 
barriers of Lb>40A are expected to correlate perfectly. Based on the calculations in 

Fig.7.2.2, a 45A thick Al0 3Gao 7As barrier may be considered broad enough to prevent
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Fig.7.2.3 Evaluated minimum barrier widths that are required to 
prevent coupling between adjacent wells. AlQ $Ga0 7As barriers have been 

used.

coupling from affecting the performance of an AFPM. Calculations performed in an 

identical manner for various well widths, yielded the values of Lb that are presented in 

Fig.7.2.3. Clearly, normally-off modulators, that operate at the vicinity of the unbiased 
heavy-hole exciton and rely upon the unbiased absorption peak, are more prone to 

coupling effects and thus require slightly larger Lb than these in Fig.7.2.3. The barrier 

w idths in Fig.7.2.3 are notably lower than those commonly used and will therefore 
considerably reduce the operating voltages. Furthermore, based on the above, a fair 

comparison among wells of different widths may be performed.
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7.3 DETAILED STUDY OF TRADE-OFFS

From our study in the previous Chapters we may draw  a few conclusions that 
m ainly concern the effect of the Fabry-Perot cavity design upon  the AFPM 
performance. Briefly we summarise these as follows:-

It has been shown that the FWHM of the Fabry-Perot (FP) resonance at the off- 

state is a measure of the overall tolerances of the device. The contrast associated 
tolerances may, in the case of a high contrast (>20dB) modulator, be best expressed by 
the lOdB-contrast bandwidth. This is directly related to the FWHM of the FP resonance 

and to the insertion loss. The finesse of the cavity is one of the factors that determine 
the FP-FWHM but has little other effect on the tolerances. For a given cavity finesse 
the FP-FWHM is maximised when the cavity length (meaning the separation between 
the two m irrors) is minimum. Increasing the front m irror (Rf) results in lower 

operating voltage (at a certain wavelength) while increasing the back m irror (Rb) has 

the opposite effect to an extent but it also dramatically lowers the insertion loss. The 
insertion loss is also decreased when operating (i.e. setting the FP resonant position) 
further from the zero-bias exciton in the case of a norm ally-on device, as the 
absorption coefficient a Q of the on-state falls faster (exponentially) w ith wavelength 

than the maximum (biased) a max does. Finally, one aims at high contrast devices and 

on-resonance operation in order to optimise the operating stability.

The above are implemented in the following. The design parameters are

TABLE 7.3.A. Parameters used in the calculations of the biased- 
dependent absorption spectra, for all wells. The same parameters are 
subsequently used for the evaluation of the performance characteristics of 
AFPMs.

MQW

Well Material GaAs
Barrier Material A10.3^a0.7As
Barrier Width Fig.7.2.3
Background Doping level lx l0 15cm '3
Built-in Voltage 1.4 V

CAVITY

Back-Mirror Reflectivity 99.8%
Intrinsic Buffer 200A
Cavity Length (kept minimum) odd # XIA
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shown in Table 7.3.A. Various front mirror reflectivities are used in the calculations, as 
shown in the graphs, and correspond to 0 ,1 ,2 ,3 ,  and 4 periods of AIq jGao.pAs/AlAs 

reflector stacks. Note that for small well w idths, below 70A, larger than 1 0 % A1 

concentrations are required in the mirrors to ensure that the layer is not absorbing at 
the operating wavelength. Theoretical field-dependent absorption spectra have been 
used for the calculations as obtained from the model in Chapter 3. The spectra have 
been calculated specifically for different numbers of wells in the intrinsic region to
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Fig.7.3.1 (a)The calculated on-state reflectivity Ron plotted versus the 
operating voltage of AFPMs with R^-0.998 and various front mirror 

reflectivities. 90A wells have been incorporated in the intrinsic region. See 
Table 7.3.1 for a list of design parameters, (b) The operating wavelengths 
that correspond to (a).
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deduce realistically broadened absorption features. In the case of large wells (>100A) 
especially, the broadening caused by the field non-uniformity across the quantum  well 
region becomes significant, while also the built-in field has a dramatic effect upon the 
unbiased spectra. A 200A intrinsic region buffer has been used in all the designs which 

is in practice implemented to ensure low doping across the quantum  wells. The cavity 
length has been kept minimum for all the designs, i.e. the shortest possible spacer- 
layer (A 1 q  3Gao jA s )  has been added to the multiple quantum  well thickness in order to 

make the optical length equal to an odd num ber of quarter w avelengths at the 
operating wavelength each time.

In Fig.7.3.1a we plot the reflectivity of the on-state for high-contrast (>20dB,
i.e. [ad]c incorporated in the cavity) operation of m odulators that incorporate 90A 

wells. The reflectivity Ron is plotted as a function of the operating voltage for different 

front mirror reflectivities. The performance points have been obtained by setting the 
operation, and hence the FP resonance, at the wavelengths shown in Fig.7.3.1b. It is
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Fig.7.3.2 Calculated lOdB contrast bandwidth corresponding to the 

operating points in Fig.73.1. See design parameters there and in 
Table7.3.A.

evident from Fig.7.3.1, that the insertion loss decreases while the operating voltage 

increases when the operation is set to longer wavelengths. The latter is a result of the 
combined effect of a) the higher electric fields that are required to attain the larger red- 

shifts, and b) the larger num ber of wells that are needed since the maxim um
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absorption coefficient drops with field. W hereas low insertion loss, low voltage 
operation may be obtained by an increase of the front mirror reflectivity, the tolerances 
of the structure decrease with increasing finesse (Fig.7.3.2.). The lOdB contrast range 
has been calculated as the range where Roff<0.1Ron and upon the assumptions that i) 

the front and the effective-back mirrors are equal at the off-state, and ii) the on-state 
reflectivity is not wavelength dependent within the region on interest. This may be 
slightly underestimating the bandwidth in the general case. There is a limit to the lOdB 
bandwidth, however, inflicted by the quantum  well absorption at the on-state (OV). 

This modifies the respective spectra as we discuss in section 7.4.
As a guide-line for comparison purposes, the lOdB-contrast of the first AFPM 

device in Chapter 2 is =5.5nm. A device with similar tolerances may be realised w ith 
90A wells by using 76% reflecting front mirror. This will operate at just below 5V with 

an insertion loss of just over 2dB. An unavoidable consequence of large finesse low
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Fig.7.3.3 The capacitance of the structures in Fig.7.3.1 and 7.3.2 
expressed in multiples of a reference capacitance that corresponds to that of 
a device with I pm of intrinsic region.

voltage structures is the increased device capacitance. Indeed, the reduction of the 
operating voltage relies upon the incorporation of fewer wells in the intrinsic region to 
attain the required critical amount of absorber [ad]c in the cavity. Consequently, the 

thickness of the intrinsic region is reduced. For a given device area, the capacitance is 

that of the corresponding parallel plate capacitor (Chapter 2), and thus it is inversely 

proportional to the thickness of the intrinsic region. The capacitance of the structures
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that correspond to the operating points in figures 7.3.1 -2 are plotted in Fig.7.3.3. The 
reference capacitance Cref is that of a device of identical mesa area the intrinsic region 

of which is ljim thick. This has been arbitrarily chosen as a reference value but it does 
correspond to the commonly used thicknesses while it is also roughly that of CB145 
(Chapter 2). The capacitance drops when operating at longer wavelengths and thus 
larger voltages, since this implies a larger num ber of wells, as explained earlier when 
commenting on Fig.7.3.1.

Device performance for different well widths

The performance characteristics may be evaluated for different well w idths in a 
m anner identical to that used for the structures that incorporate 90A wells above. The 
barrier widths in section 7.2 (Fig.7.2.3) are used in the multiple quantum  well region.
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Fig.7.3.4 Calculated operating voltage versus well width for >20dB 
contrast, 3dB insertion loss operation. The back mirror reflectivity is 
99.8% and various front mirror reflectivity cases are shown. Design 
parameters are listed in Table.7.3.A.

Extrapolation from the resulting data allows for a comparison among the different 
well widths. Thus in figure 7.3.4 we plot the operating voltage of >20dB contrast 3dB 
insertion loss modulators, as a function of the well w idth incorporated in the intrinsic 
region, at various front m irror reflectivities (see section 7.2.1). The optim um  
performance is obtained in the range of 80A-150A wells at all Rf. It was initially 

expected that large wells would yield the lowest operating voltages (and hence would 

be preferable) at high front mirror reflectivities. This intuitive prediction was based on 

the fact that the absorption spectra of large wells are significantly affected by
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broadening due to electric field variations across the quantum  well region. W hereas, 
however, this effect is minimised when the intrinsic region is thinner, and hence at 
larger front mirror reflectivities, any improvement is offset by the increased built-in 
field resulting in these cases. The net result, therefore, is that the performance of wide 
wells (>100A) becomes increasingly unfavourable at larger front mirror reflectivities
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Fig.7.3.5 Calculated 10-dB contrast band-width,(ai), and capacitance,
(b), corresponding to the operating points in Fig.7.3.4.

by comparison to 80A-100A wells. N arrow wells (<70A) on the other hand, show 
larger absorption coefficients that also retain their strength with field. However, the 

field-induced QCSE shifts are very limited while also the unbiased exciton peaks are
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broader. The latter necessitates a large exciton-FP resonance separation and thus 
operation at high fields. This, in conjunction w ith the required w ide barriers, pu t 
narrow wells at disadvantage. Pezeshki et ah [1990] have claimed to have obtained an 
im proved m odulator performance as a result of the increased ratio of the

maxim um  to minimum absorption coefficient for small wells (50A in that case). In 

reality, the improvement was by and large due to the higher Rf and Rb used in that 

structure as compared to the first AFPMs by W hitehead et ah [1989b] and Yan et ah 

[1989]. Additionally, the relatively low barrier w idth (75A), the operating wavelength 
having been shifted away from the zero-bias exciton peak, and the relatively low 

contrast of that structure, further contribute to the overall performance characteristics. 
It was also thought initially that well widths of around 130A could possibly achieve an 
optimisation of the performance as a result of the maximum value of the change in 
absorption coefficient per unit field for these wells [Jelley et ah, 1989]. After the barrier 
w idth is taken into account, however, and detailed calculations are perform ed, the 
well widths around 90A and above appear to yield lower voltage operation.

The lOdB contrast range of the same structures as these in Fig.7.3.4, are plotted 
in Fig.7.3.5a. This favours the well w idths in the 70A-90A range depending on the 
finesse. Finally, the capacitance is minimised for large wells as their low absorption 
coefficients imply a wider intrinsic region (Fig.7.3.5b). Summing up the performance
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characteristics, best results are obtained for well w idths of around 90A, that are the
commonly used. 

Upon the requirement that the insertion loss is ldB  for high contrast (>20dB) 
the plots in Fig.7.3.6 are obtained. As expected, the operating voltages are higher in 
comparison to those yielded from the corresponding designs for 3dB insertion loss. 

The lOdB-contrast band w idths are m arginally larger here due to the increased 
reflectivity of the on-state, and the capacitance is reduced since now the operation is at 
longer wavelengths (see Fig.7.3.1,2).

In summary, very high contrast, low insertion loss operation may be obtained 
at considerably lower voltages than originally suggested by the performance of CB145 
(Chapter 2). The trade-offs involved in the design of high contrast m odulators have 
been clearly shown. Finally, according to our calculations, optim um  overall 
characteristics are obtained around the commonly used 90A wells.

Large reflection-change modulators

Although large reflection changes require both a low value of the off-state reflectivity 
Roff and a high value of the on-state reflectivity R ^ , it is not obvious that the 

maximum reflection-change, at a fixed voltage, is attained when the critical am ount of 
absorber [ad]c is incorporated in the structure. Indeed, the reflectivity of an 

asymmetric FP cavity depends strongly on ad at small values of the latter but as the
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Fig.7.3.8 Calculated reflection-change plotted against operating voltage 
for structures where fractions of the critical amount of absorber have been 
incorporated. 90A wells have been used.
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effective finesse decreases with the incorporation of more absorber the derivative 
3R /  3(ad) drops with a d  until it becomes zero around ad=[ad]c. This has already 

been discussed when evaluating the tolerances in C hapter 5. As a result, the 
incorporation of a fraction of [ad]c in the cavity may have an insignificant effect on 

while dramatically increasing Ron and hence may in fact increase AR.

In Fig.7.3.7 we plot the evaluated reflection-change as a function of the 
operating voltage for 90A wells and a cavity with Rf =0.31 for different am ounts of 

absorber in the cavity. At relatively low voltages, AR increases w ith decreasing 

a d /[a d ]c until the incorporated ad  is not sufficient for a substantial reduction of the 

off-state reflectivity and thus the reflection-change drops. Higher voltage operation 
corresponds to operating wavelengths where the absorption coefficient a Q at the on- 

state is very low and therefore there is no improvement when the absorber ad  is 
reduced. Clearly, the cause of the increasing AR with decreasing a d /[a d ]c is the
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Fig.7.3.9 The reflectivity at the on-state that corresponds to the operating 

points in Fig.7.3.7.

reduced insertion loss, shown in Fig.7.3.9. Similar characteristics are observed for the 
case where the front reflectivity is Rp0.76 (Fig.7.3.8), albeit at operating voltages 

scaled down in comparison to previously. In general, the effect should be (marginally) 
less profound for larger values of Rf. Finally, the reflection-change associated 

tolerances increase, slightly, when the incorporated relative absorber is reduced, for 
two reasons:- a) assuming a certain maximum reflection-change, the bandw idth is 

larger for the case with the higher Ron and thus for the case when a d /[a d ]c< l, b) the

90A wells
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cavity length is reduced with decreasing a d /[a d ]c. The capacitance is, however, larger 

by a factor corresponding to the relative decrease of the intrinsic region thickness.
Thus, at a certain voltage, better reflection-changes are obtained when the 

incorporated absorber is a fraction of the critical absorber that is required to make the 
off-state reflectivity zero. It should be noted that the maximum possible reflection- 
change obtained by a given m irror design, is attained when operating far from the 
unbiased exciton peak, to increase the on-state reflectivity Ron, and incorporating the 

critical [ctd]c, to minimise Roff (=0). The operating voltage is, however, very high in 

that case.

Summary

In this section we have evaluated the achievable performance of normally-on AFPM 
devices that use G aA s/A l0 3GaQ 7As quantum  wells. This establishes a thorough 

understanding of the limitations in the modulator characteristics of such devices and 
facilitates the design of useful structures.

Pezeshki et al. have also attempted an optimisation that addressed the mirror 
design solely [1991b] but have assumed a back mirror reflectivity equal to 1. The direct 
effect of the front m irror upon the insertion loss becomes immaterial in that case 
(C hapter 6 ) and thus erroneous conclusions are draw n. We have assum ed a 
realistically high, realisable, back mirror reflectivity (0.998) in our calculations. The 
work of a colleague, Roya Mottahedeh (private communications), on power saturation 

effects on AFPMs has highlighted that the reflectivity of the m irrors m ay be 
diminished at high optical powers as the generated photocarriers enhance the free- 
carrier absorption in the layers that comprise the stack. This ought to be further 
investigated for the cases where high powers are intended to be used.

The background doping has been assum ed lx l0 15cm"3 here, which is a 
currently realisable value. Far lower (1014) background dopings have been reported 

[Amano et al., 1991]. These would lead to sharper excitonic absorption peaks and 

would thus allow for even lower voltage operation.
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7.4 SPECIFIC NORMALLY-ON AFPM DESIGNS

It is clear from our study in the previous section that there is no unique recipe 
for the perfect modulator. Indeed, some m odulator characteristics have to be traded- 
off to obtain the optimum performance for a specific application (see also Chapter 2). 
In this section we proceed to examples of m odulato r designs w here certain 

performance characteristics have been optimised. Some design parameters, that are 
common to all structures, are listed in Table 7.4.A. We have chosen to omit a top GaAs 
capping layer that would cause a slight deterioration of the performance. In practice 
such a layer could be grown initially and etched-off the optical w indow of the device 
after metallisation.

TABLE 7.4.A. Design parameters that are common to all the structures 
presented in this section.

Well 90A GaAs
Barrier 45A A1q 3GaQ ^As
Intrinsic Buffer 200A
Spacer Layer ^ 0 .3 ^ a0.7^s
Reflector Stack HLHL...H
H X/4 AIq -jGaQ^As
L X/4 AlAs

Low voltage, low insertion loss, high contrast modulator

For this structure, operation away from the zero-bias exciton and use of a large back 
mirror reflectivity allow for low insertion loss operation, while also the use of a large 
front mirror (=76%) results in low operating voltage. The epitaxial structure is shown 
in Fig.7.4.1 with details of layers listed in Table 7.4.A. The reflectivity spectra are 
calculated using the model in Chapter 3, and shown in Fig.7.4.1. Contrast in excess of 

20dB is achieved at 2.75V reverse bias and with an insertion loss of 0.6dB. The lOdB 
contrast bandwidth is =4nm (inset, Fig.7.4.1) which is lower than the 5.5nm of CB145 

in Chapter 2 , but arguably comparable. This characteristic, which denotes the good 
contrast associated tolerances, is a result of the short cavity length and, equally 
importantly, of the larger on-state reflectivity of this device. The param eter that is 
significantly deteriorated, however, is the capacitance which is =3.5Cref for this design 

compared to ~0.87Cref for CB145. The overall performance is by far superior to that of 

CB145. Although lower voltage operation may be obtained (Fig.7.31,4,6), this design is 
probably a good compromise in terms of the estimated tolerances and the capacitance 

of the resulting device.
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F i g . 7 . 4 . 1  Calculated reflectivity 
and contrast ratio (inset) spectra for 
the epitaxial structure shown 
schematically on the left. For design 
details see Table.7.4.A.

Low  insertion  loss, high contrast m odula tor w ith  good tolerances

D espite the fact that the cavity length m ay be further shortened  w hen using  high 

reflectivity front m irrors (Chapter 6), the tolerances are maximised for low front m irror 

structures (Fig.7.3.2). We present here an example of a high contrast low insertion loss 

m o d u la to r w ith good contrast associated tolerances. The epitaxial s tru c tu re  is 

schematically show n in Fig.7.4.2 and so are the calculated reflectivity spectra. Contrast 

in excess of 20dB and insertion loss of =0.45dB are obtained w hile the lOdB contrast 

bandw id th  is =7nm. H ow ever, the operating voltage is now  12V, w hich is well in 

excess of that of CB145 and indeed far too high for com patibility  w ith  com m on 

electronic circuitry  (C hapter 2). The capacitance of this s truc tu re  is =Cref. It is 

interesting to note how the lOdB contrast BW is limited by the excitonic absorption at 

the on-state. A lthough the off-state resonance is very broad, the obtained BW is
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relatively low as a result of the accordingly broadened  on-state resonance. This 

extends, as a result, to the excitonic absorption peak and thus leads to a reduction of 

the zero-bias reflectivity at wavelengths to the left of the resonance. Larger well w idths 

are affected to a lesser extent as stem m ing from their sharper (unbiased) excitons and 

the fact that the operation m ay be set to larger exciton-FP separations w ithou t a 

dram atic increase of the required num ber of wells.

A  m odula tor w ith  identical contrast tolerances to these o fC B 1 4 5

This design is sim ilar to the very first we presented in this section. The aim here is to 

obtain identical tolerances to these of CB145 w ith a m arked im provem ent in other 

param eter characteristics. The structu re , show n in Fig.7.4.3, inco rpora tes a 67% 

reflecting front stack. High contrast (>20dB) operation is exhibited at 5V w ith an 

insertion loss of just below ldB. The lOdB contrast bandw idth  is =5nm, i.e. close to that
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of CB145. The capacitance of this structure, however, is increased to =2.3Cref.

Large reflection-change m odulator

As discussed in the previous section, optim um  large reflection-change designs are not 

necessarily the high contrast designs. Here we present a large reflection-change device 

(Fig.7.4.4). The m irror design is identical to the first structure in this section but fewer 

wells are incorporated. The net reflection-change is =90%, w hich is larger than that of 

the m odulator in Fig.7.4.1 at the marginally lower voltage of 2.5V. The insertion loss is 

decreased to 0.36dB and, very im portantly , the w avelength range over w hich the 

reflection-change is above 50% is 6.5nm. O ne shou ld  no te  tha t the m a x im u m  

reflection-change of CB145 is =45%. Also, for com parison, the respective range for the 

structu re  in Fig.7.4.1. is 6nm. There is no dram atic im provem ent atta ined  by the
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present design as com pared to the one in Fig.7.4.1. This is because very large front 

m irror reflectivities are involved in these designs and also the operation is relatively 

far from the zero-bias exciton w here the on-state reflectivity is not really limited by the 

absorption. N onetheless, the curren t design is specifically op tim ised  w ith  large 

reflection-change applications in mind.
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Fig-7.4.4 Calculated reflectivity 
and reflection-change (inset) spectra 
for the epitaxial structure shown 
schematically on the left. For design 
details see Table.7.4.A.

C om m ents

High speed operation requires low RC time constants (C hapter 2). W hereas we have 

taken the capacitance into account in this study, it is also im portan t to m inim ise the 

contact resistances. The reflector stacks give rise to an unw anted  increase of these. 

G raded interfaces offer a way round this problem , as has been show n by w ork  on 

surface em itting lasers [see for exam ple Sugim oto et aU  1992]. A dditionally , the 

bottom  contact should preferably be deposited on top of the bottom  stack to virtually 

elim inate this difficulty [Barron et al., 1992]. The designs we present here w ould not
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allow for the appropriate processing step to take place, since the quantum  wells are 
assumed directly on top of the respective stack. The implication on modified designs 
that would accommodate this, is the inclusion of additional layers betw een the 
quantum  wells and the bottom Bragg stack. The resulting longer cavity lengths would 
lead to a deterioration of the tolerances and would further favour low front m irror 

structures in that respect. Indeed, the additional cavity length, required for contacting 
on top of the back mirror, has clearly a more profound effect on the sm aller cavity 
structures. Finally, the increase of the top contact resistance caused by the front 
semiconductor reflector stacks, may be overcome by the implementation of dielectric 
front mirrors (Chapter 2).

Finally, we ought to point out at this point that the evaluated design 
performances are subject to the limitations of the model discussed in Chapter 3.

7.5 CONCLUSIONS

In this chapter we have concluded the design of normally-on AFPM devices 
that use GaAs/AlQjGaojAs quantum  wells. The trade-offs am ong the various 

performance characteristics have been studied quantitatively based upon m odelled 
absorption spectra for this quantum  well material. It is evident that devices far 
superior to the original CB145 (Chapter 2) and to those presented in Chapter 6 may be 
realised. The operation of the m odulators may be tailored to suit the requirements of 
specific implementations and examples of such designs have been presented.

Different workers (section7.3) have suggested that narrow wells are preferable 
due to their larger a c/ o v a l u e s .  It also appeared possible that wells of around 130A 

might be preferable as a result of their maximum change in the absorption coefficient 
per unit field (section 7.3). After a full optimisation for different well w idths we have 

concluded that optim um  performance is in fact obtained, for normally-on AFPM 

structures, by the commonly used 90A wells. It should be noted, however, that 

alternative well widths may be favoured for operation at a target wavelength.
There is scope for further investigation in the use of alternative alum inium  

concentrations in the barrier. Larger Al concentrations yield higher absorption 
coefficients [Pezeshki et a l,  1992a] and require smaller barriers, thereby attaining
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lower operating voltages. On the other hand, the carrier escape out of the wells is 
faster when the Al concentration is reduced [Fox et a l,  1990]. This is very im portant 
for SEED devices (Chapter 8 ) but is not critical for m odulators. It may, however, 
become significant when high power, high speed operation is aimed for since a direct 
result of the faster carrier sweep-out is an increase of the saturation intensities. Our 

work may be extended in that direction. Additionally, the conclusions of this study 

should offer valuable guidance for the optimisation of AFPM devices in other III-V 

material systems, such as InGaAs/GaAs or InGaAsP/GaAs, as well as for such 
devices in II-Vis or Si/Ge. Finally, some of the insights gained are also applicable to 
normally-off AFPM devices (Chapter 8 ).
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CHAPTER 8: THE SYMMETRIC CAVITY ELECTROABSORPTION MODULATOR

8.1 INTRODUCTION

In this C hapter we present ano ther class of MQW electroabsorption 

modulators where, in contrast to the asymmetric Fabry-Perot m odulator, the Fabry- 
Perot cavity is symmetrical. We call this the ’symmetric-cavity-electroabsorption- 
modulator' (SCEM) in order to distinguish it from the symmetrical structures where 
the electrorefractive effects are used to shift the position of the FP resonance [Simes et 

al., 1988].

Firstly, we discuss the principle of operation of SCEMs and introduce the 
trade-offs involved in the performance characteristics. Experimental results from two 
different devices are presented and compared to modelled spectra. Subsequently, we 
refer to the tolerances of such structures and show how  the tolerances may be 
improved using a double-cavity configuration. SCEMs offer certain advantages in the 

normally-off mode, as compared to other types of m odulators. This makes them 
potentially useful for SEED operation. We consider this possibility starting from a 

study of the limitations of normally-off AFPMs. Subsequently, we give a brief account 
of the parameters that affect SEED operation and proceed to demonstrate a symmetric- 

SEED using SCEMs. The relative merits and disadvantages of SCEMs are given a short 
note at the end of this Chapter.
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8.2 OPERATION OF THE SYMMETRIC CAVITY ELECTROABSORPTION

MODULATOR

The absorber ad  incorporated in a Fabry-Perot (FP) cavity controls the 

effective back mirror reflectivity, as described by the expression R^ff =Rbe"2otd, where 

Rb is the back mirror reflectivity, a  the absorption coefficient and d the thickness of the 

absorbing material respectively. This holds irrespective of the specific mirror design. A 

cavity where the front and the back m irror reflectivities are equal, i.e. a symmetric 
m irror structure, is balanced with no absorber incorporated. Note that when the two 
m irrors are equal the total reflectivity of a FP cavity is zero. Contrary to the 
asymmetric case, the absorber incorporated in such a cavity serves to unbalance the 

cavity by means of an effective reduction of the back reflectivity, thereby causing an 
increase of the total reflectivity.

The on-resonance reflectivity of an FP cavity with Rf=Rb is plotted in Fig.8 .2.1

as a function of the incorporated absorber for different m irror values. As R^ff is 
reduced with increasing ad , the total reflectivity R tends to that of the front m irror Rf. 

The equations governing the FP operation are identical to those presented in Chapter

2. In Fig.8.2.2 we plot the reflectivity R as a function of R^ff for various front 
reflectivities Rf. Here both the AFPM (Rf<Rb) and the SCEM operation are included.
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Fig.8.2.1 The reflectivity of a Fabry-Perot cavity with equal front and 
back mirrors plotted against the amount of absorber incorporated in the 
cavity.
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Clearly, the incorporation of MQWs in a sym m etric structure will yield a 
voltage induced m odulation of the reflected intensity. SCEM devices exhibit the 
reverse function of that obtained by AFPMs at a certain wavelength, since in the case 

of SCEMs an increase of the absorber yields an increase of the reflectivity (Fig.8.2.1 and 
8 .2 .2 ). As a result, operation at a wavelength longer than the zero-bias exciton peak 
gives rise to normally-off operation, i.e. a bias-reflecting device, whereas similarly 
operation at the vicinity of the exciton peak results in normally-on operation, i.e. a 
reduction of the reflectivity with bias. As was the case with AFPM devices, an

0 .9 5 ------------- 065

0.85

0 .7 5 ------------- 045
.................. 0.35.

0.55

0.8

0.6

0.2

0.80.60 0.2 0.4 1

Fig.8.2.2 The reflectivity of a Fabry-Perot cavity plotted against the 
effective back mirror reflectivity for various front reflectivities. Both the 
AFPM and the SCEM cases are included.

integrated MQW SCEM may be realised using Bragg reflector stacks as integrated 
m irrors (Chapter 2). O ur discussion concerning the im posed difficulties, design 

considerations, and the possibility for dielectric front m irrors apply here as well. In 
practice, the fact that the minimum absorption coefficients of MQWs may be non-zero 

at the chosen operating wavelength alters the m irror design. The front m irror 

reflectivity has to be slightly lower than the back m irror (Rf<Rb) in order to attain a 

balanced cavity at zero volts, i.e. low off-state reflectivity.
Let us first examine the effect of the m irror design upon the m odulation 

characteristics of an SCEM. For this we use the experimental absorption modulation 
values from a 95A well sample (see Fig.5.3.3) Aiming at large reflection changes we 
choose 0.7<ad<l, as is implied necessary by Fig.8.2.1. In Fig.8.2.3 we plot the evaluated
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Fig.8.2.3 The reflection-change attained by a SCEM plotted against the 
back mirror reflectivity for various values of the amount of absorber that is 
induced into the cavity upon the application of a field. A field of 96kVlcm 
and 95A GaAs wells with AIqjGoqjAs barriers are assumed (Fig.5.3.3).

reflection-change AR as a function of Rb. Fixed values have been used for the 

minimum and maximum absorption coefficients taken from experimental results. The 
values, noted in the inset of the figure, correspond to operation at 96kV/cm (at 8 6 6 nm) 
of 95A w ide GaAs wells with A ^ G a Q jA s  barriers (CB308, Fig.5.3.3). The front

reflectivity is calculated such that Rf=Rb at zero volts. The attained reflection-change 

is increased when moving farther from the zero-bias exciton peak; indeed operation 
4nm to shorter wavelengths shows a maximum AR of 70% when the rest of the 

param eters are left the same as in Fig.8.2.3. It is evident from Fig.8.2.3 that AR is 

increased with increasing mirror reflectivities. It may be seen that large reflection 
changes (90%) may be attained, albeit at high voltages.

Before proceeding any further, it is useful to note the following. Normally-on 

SCEM operation is exhibited, as m entioned above, at the vicinity of the zero-bias 
exciton where the absorption modulation is limited. As a result, poor characteristics 
are obtained by such devices. Considering the excellent modulation characteristics that 
may be obtained by a normally-on AFPM, as those have been studied in the previous 

Chapters and especially Chapter 7, the performance of a normally-on SCEM compares 
unfavourably. On the other hand, normally-off AFPMs, that have to operate at the
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vicinity of the heavy hole exciton, exhibit very large insertion loss and m oderate 
reflection changes (section 8.5) so that SCEMs may offer a possibility for improvement 
in this case. Thus the primary interest in SCEMs is in normally-off structures. Another 
point to be made regards the tolerances of SCEMs which are discussed in section 8.5. 
However, it is important to note at this stage that the off-state of such devices is one of 
high finesse both in absolute terms, since low m irror reflectivities result in limited AR 

(Fig.8.2.3), and in comparison to the on-state where one of the m irrors is effectively 
reduced by the absorber. Note that the tolerances of the off-state determ ine the 

contrast-associated tolerances (Chapter 5). Consequently, the tolerances of the off-state 
are indeed limited and therefore it is impractical to aim at high contrasts using SCEMs. 
Large reflection changes are, however, attainable. In accordance to the above, we will 
concentrate upon normally-off SCEMs aiming m ainly at low insertion-loss, large 
reflection change operation.
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Fig.8.2.4 The absorption of a SCEM plotted against the absorber 
incorporated in the cavity for various front reflectivities. A fixed large 
value has been used for the back mirror as was implied from Fig.8.2.3.

A possible incentive for such devices is their app lication  in SEED 
configurations. Thus another im portant perform ance param eter is the negative 

differential resistance (NDR) that is a precondition for SEED operation. This is directly 
related to the current and thus to the absorptance A. The dependence of the 

m odulation of the absorptance A upon the m irror design of SCEMs is shown in 

Fig.8.2.4. At low values of ad both Rf and R^ff are high. The resulting large cavity-
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efficiency leads to high absorptance at low values of ad . As ad  increases is 
reduced and so is the cavity efficiency (Chapter 2) so that the absorptance actually 
drops. The corresponding curves for the reflectivity R are shown in Fig.8.2.5. A few 
interesting points may be drawn from figures 8.2.4 and 8.2.5. Firstly, it is evident that 
small modulation of the absorber ad  yields a considerable AR and AA in the case of 

large front reflectivities Rf. The drawback is that the amount of absorber that results in 

a well-defined off-state is indeed restricted to a very narrow  range of values. This 
reflects the difficulties imposed upon the design and also the low tolerances associated 
with such structures. These are relaxed for lower front reflectivities. At the same time 
though, the amount of absorber required to raise the reflectivity by a significant degree 
is considerably increased, often to an impractical amount. Another point is that the 
amounts of absorber that result in maximum AA and maximum AR for a given mirror 
design do not absolutely coincide. This, in the case of large mirror reflectivities, may 
mean that large AA and AR may not be obtained simultaneously.
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0.2 0.80
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Fig.8.2.5 The reflectivity of a SCEM plotted against the amount of 
absorber incorporated in the cavity for the same mirror values as in the 
previous figure.
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8.3 EXPERIMENTAL RESULTS

8.3.1 QT153 SCEM.

E pitaxia l s tru c tu re

A s  a first attem pt at a SCEM we designed a structure to yield large-AR operation at 

m oderate voltages. The epitaxial structure is shown in Fig.8.3.1. The back m irror
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n  Top Reflector Stack:

8  periods of LH

1130AA 1 q j G % ) 7  A s _________
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95A GaAs 
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P ^  hll':" gM  IXr'J'fi'SS'JTs!

Fig.8.3.1 A schematic of the epitaxial structure of QT253 grown by 

M O C V D  at the University of Sheffield.

consists of 17.5 periods of HL with an estim ated reflectivity of =99% and the front of

8.5 periods yielding an estimated 92% reflectivity. The 55A barrier w idth is well above 

the m inim um  value required for no inter-well coupling (Chapter 7).

E xperim enta l results

Reflectivity spectra from QT153 are show n in Fig.8.3.2. A reflection change of 35% is 

obtained under 5V reverse bias at =852nm. The insertion loss is =0.86dB. These results 

do show  the principle of operation but otherw ise they are unim pressive. M odelled 

resu lts and  discussion on the possible cause of the d im in ished  perform ance are 

presented later on in this section. The heavy hole exciton is obtained at =846nm 

suggesting a well w idth of =84A. As bias is applied the heavy hole appears at first as a 

local m inim um  (up to 2 Volts). W ith the exciton approach ing  the resonance the 

reflectivity increases, its peak at the vicinity of the resonance being now at the position 

of m axim um  ad. Thus the heavy hole is in fact a local m axim um  in the spectra at 3V 

and  beyond. One im portant feature is the evident vo ltage-induced shift of the FP
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resonance. We have already discussed (Chapter 2 ) the effect of electrorefraction upon 
the position of the FP wavelength. The cavity finesse has been seen to leave this shift 
unaffected (Chapter 5). The shift is dependent upon a) the proportion of absorbing 
material within the total cavity length which determines the relative change of the 
optical length, b) the well w idth since this governs the MQW electrorefraction 
(Chapter 2), and c) the wavelengths involved since the m agnitude and sign of these 
effects are wavelength dependent. However, although the m irror design does not 

affect the magnitude of the shift, the impact on the m odulation characteristics is far 
greater in the case of high finesse cavities resulting from the fact that the wavelength 
range over which large modulation may be obtained is severely restricted. It appears
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Fig.8.3.2 Reflectimty spectra at different reverse bias voltages obtained 
from a device off QT153.

therefore that the electrorefractive effects ought to be taken into account in the 

modelling of such devices in order to get a full picture of the m odulation spectra.
Scaled photocurrent data are presented in Fig.8.3.3. The scaling (section 2.3.2) 

was perform ed at =750nm where absorption and photocurrent m easurem ents on 

similar MQW material show no change with bias. The features clearly correspond to 
those in the reflectivity spectra explained previously. The internal quantum  efficiency 
of this particular structure was rather poor as deduced from the fact that the 
photocurrent increases with bias at =750nm. From that the internal quantum  efficiency 

at 0V may be estimated to be about 70% of its maximum value at higher voltages. This 
is quite important for SEED operation as it limits the responsivity of the device at low
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Fig.8.3.3 Photocurrent spectra at different reverse biases obtained from 
the same device offQT153 as in the previous Fig.8.3.2. The data have been 
scaled with respect to one other at 750nm.

voltages, reducing thereby the negative differential resistance. Note, however, that the 
internal quantum  efficiency is associated with the quality of the grown material and 
also with the well and barrier widths and A1 compositions [Fox et a l,  1990]. It is thus 
independent of the existence of a FP cavity. A more detailed discussion on the 
application of SCEMs in SEEDs is presented in section 8.5.

Modelled spectra

The electrorefractive effects of MQW material are included when modelling SCEM 
spectra so as to obtain realistic evaluations. The refractive index of MQW material 
under bias (inclusive of the zero-bias case) may be deduced from that of bulk Ga As by 
use of the Kramers-Kronig relations. For this, it is required to know the absorption 
spectra of both bulk GaAs and MQW m aterial (Chapter 2). In the following 

calculations we use bulk GaAs refractive index data from Sell et al. [1974] and 
absorption spectra of lightly doped GaAs from Sturge [1962]. Experimental absorption 

data are required for these spectra calculations since the modelled spectra do not 
include high-order excitonic transitions and would as a result induce a considerable 
error in the calculated refractive index change. Absorption data from a 95A well 

sample were obtained from photocurrent spectra using the method described in
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Fig.8.3.4 Modelled reflectivity spectra for the nominal structure of 
QT153 (Fig.8.3.1). Experimental absorption spectra from 95A wells have 
been used for the calculation. The electrorefractive effects are included.
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Fig.8.3.5 Modelled absorption spectra for the nominal structure of 
QT153. Comments as in the previous Fig.8.3.4..
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section 3.3.4. The resulting data are shown in Fig.5.3.3.
The calculated reflectivity spectra for the structure shown in Fig.8.3.1 are 

presented in Fig.8.3.4. The expected reflection change is *75% obtained under 6V 
reverse bias at =860nm. Modelled absorption spectra are shown in Fig.8.3.5. A large 
absorption modulation from 95 to 25% is predicted by the theory. This is important for 
SEED operation as we discuss in section 8.5.

The well w idth of the actual structure differs from the 95A used  in the 
calculation. This, however, does not suffice to explain the dramatically diminished 
performance. The main reason appears to lie with the Bragg reflector stacks.

1.0

0.8

>•p* 0.6 "

0.4  0V
- -  4.8V 
----  5.4V 
— - 6.1V 
 6.8V0.2

0.0
850 870840 860 880

W avelength (nm)

Fig.8.3.6 Modelled reflectivity spectra that attempt to explain the large 
discrepancy between the predicted (Fig.8.3.4) and the experimentally 
obtained (Fig.8.3.2) spectra for QT153. The nominal epitaxial structure 
has been used in this calculation but for the back reflector where the AlAs 
and AIq jGaggAs thicknesses have been increased by about 6%.

Specifically, it is mandatory that the reflectivities are as-intended at the wavelength of 

operation. In the case where one of the mirrors is e.g. below the intended value, the 
matching between the two mirrors is destroyed and the reflectivity of the off-state may 
be inadmissibly high. The experimental data do show a broader resonance than would 
be expected for the particular cavity design (compare to calculated data in Figs. 8.3.4, - 

5) which points tow ards a lower finesse, i.e. lower m irror reflectivities. X-ray 
measurements suggested that the thicknesses of the layers comprising the stacks differ 
for the front and the back mirrors in the case of QT153. This would cause the centres of

-204-



the high reflectivity bands of these to be non-coincident and would indeed account for 
the diminished performance. In Fig.8.3.6 we present modelled spectra for the case 
where the thicknesses of the layers comprising the back m irror are increased to 769A 

and 648A for AlAs and A l^ G a ^ A s  respectively., which would cause the centre of the 

respective high reflectivity band to be shifted to *910nm. The excellent agreement with 
the experimental data maintains that this may indeed reflect the actual case. The cause 
of the disparity between the two stacks may be a long-run drift of the growth process, 

and although this has been a problem  for our structures it is not in principle 
unavoidable. Furthermore, the implementation of in-situ m onitoring of the grown 
optical thickness (Chapter 5) would eliminate this difficulty.

Conclusions.

The data obtained from QT153 were rather poor. Double-pass (AR-coated) reflection 

modulators (Chapter 1) have in fact the potential for a better performance and without 
the complications and stringent growth requirements imposed by a high finesse 
Fabry-Perot structure. Nevertheless, the principle of operation was dem onstrated at 
the time although this type of structure was independently first dem onstrated by 
W alther and Ebeling [Sept. 1990] and later by Pezeshki et al. [March 1991].

O ur results have identified the limitations of SCEMs. Indeed, it has been 
pointed out how the SCEM is by far less tolerant than the AFPM. On the other hand, 
this configuration does present the opportunity for low insertion-loss large reflection- 
change m odulation in the norm ally-off mode and it is therefore w orth further 
assessing as we do the next structure.

8.3.2 QT280B SCEM.

Epitaxial structure

This structure is similar to the previous in many respects, the epitaxial layers being 

shown in Fig.8.3.7. The front m irror consists of 8.5 periods of HL, as in the previous 
structure, with an estimated reflectivity of 92%. The top 50A of the high-index layer in 
the front m irror have been replaced by a p+ GaAs capping layer for contacting 
purposes. The num ber of periods in the back mirror have been increased to 20.5 in 
order to ensure a very high reflectivity estimated to be 99.7%. The number of wells has 

also been increased to 60 to allow operation farther from the zero-bias exciton peak
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w here the resulting m odulation is im proved. In order to m inim ise the penalty on the 

operating voltage, the barrier thickness is reduced to 50A, still well above the no

coupling limit (40A). A nother modification with respect to the previous design

n

+ CaAs
A niGanoAs

Top Reflector Stack 

8 periods of LH

A1ojG%7 As 

GaAs

1 60 periods:

95A GaAs 

50A AlnjGa otAs

400A"rmr

Reflector Stack :

20 periods of HL, H

Fig.8.3.7 A schematic of the epitaxial structure of QT280B, grown by 

M O C V D  at the University of Sheffield.

com prises of the inclusion of a 500A (bulk) GaAs layer. This ought to increase the 

satu ration  intensities by a factor of three, w ith the device being still an efficient 

absorber at the off-state. We discuss this advantage offered by SCEMs separately in 

this section.

R esu lts

Reflectivity spectra from QT280B are shown in Fig.8.3.8. A reflection-change of =45% is 

obtained at 853.3nm u n d er 7.5V reverse bias, w ith an insertion-loss of 1.3dB. The 

features on the graph have been explained w hen discussing QT153. The contrast is low 

at =4.2dB. Photocurrent data for the sam e device are presented  in Fig.8.3.9. The 

estim ated m axim um  absorption is 68%. The peak  in pho tocu rren t at =854nm is 

underestim ated due to the restricted resolution of the m onochrom ator system.

M odelled  spectra

Reflectivity spectra calculated in the m anner presented in section 8.3.1 are show n in 

Fig.8.3.10. These refer to the epitaxial s tructu re  show n in Fig.8.3.7. The predicted  

reflection-change and  absorption m odulation are 70% and 65% respectively. The 

experim ental results are, however, notably inferior. A relative m isposition of the front

- 206 -

02



1.0

0.8

*
.Z 0.6
ua*

53a»
tC  0.4

ov
0.2

0.0
840 850 860 870

W avelength (nm)

Fig.8.3.8 Experimental Reflectivity spectra for a device from QT280B.
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Fig.8.3.9 Experimental photocurrent spectra for the same device as in 
the figure above. The data have been scaled with respect to one-other at 
750nm. The peak at OV appears cut-off due to limited resolution.
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and back reflector stacks appears responsible for the diminished modulation obtained 
for this structure in the same way that this inhibited the proper function of QT153. 
Indeed, a misposition, for example, of both stacks by 2-3% either way from the 
intended centre wavelength causes the off reflectivity to increase substantially enough 
to explain our experimental results. Absorption spectra for the relative FP-resonance 

heavy-hole exciton wavelength separation corresponding to the device presented here, 
as well as reflectivity and photocurrent spectra from other devices from QT280B point 
towards the reality of this view. Another possible cause could be an under-estimation 
of the absorption coefficient of bulk GaAs (in the intrinsic region), but this is unlikely.

1
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► 0.6
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&  0.4
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830 840 850 860 870 880
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Fig.8.3.10 Modelled spectra for the nominal QT280B structure.
Experimental absorption spectra from 95A wells (Fig.5.3.3) and 
electrorefractive effects (Chapter 2) are used in the calculation.

Increase of the saturation intensity

W hen the intensity of the light that is absorbed w ithin a sem iconductor material 
exceeds a certain value, the absorption saturates [Chemla et al., 1984]. The carriers that 
are created following the absorption may occupy certain allowable states. If these 

available states get filled-up faster than they are being freed by carrier sweep-out 

processes, saturation starts taking place. In quantum  wells the lifetime of the states 
associated with excitons is larger in comparison to that in bulk material. As a result, 
the excitonic features start to saturate at far lower intensities than those that invoke an 
effect on the bulk material absorption. Since the saturation intensities are determined 

by carrier lifetime, they differ from one w ell/barrier system to another depending

ov
5.9V
6.7V
7.5V
8.4V
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upon the well thickness, barrier Al concentration, barrier thickness, electric field etc 
[Fox et al., 1991]. In the case of the typical 100A GaAs/AIq 3Gao7 As wells, the 

saturation intensity of bulk is about three times as large at wavelengths around the 
quantum  well band-edge. Note that this is wavelength dependent.

We have seen in Fig.8.3.5 that the absorption A falls with field for normally-off 

SCEMs whereas we are actually operating at a wavelength where the absorption 
coefficient a  increases with field. This may be used to increase the saturation intensity 
of the final diode as follows. Let as assume the case where the diode absorbs 100% in 
its off state and 30% in its on state. Obviously, there is no point in increasing the 
maximum power that may be incident on a diode by merely reducing the percentage 
that is absorbed. As was done for QT280B, we include so much bulk GaAs in the 
intrinsic region that at OV (maximum absorption) one third of the power is absorbed 
by the quantum  wells and two thirds by the bulk GaAs. This only requires a small 
am ount of GaAs as the absorption coefficient of the wells is very small at OV. Indeed in 
the case of QT280B with no bias the quantum well absorption coefficient is about 1 /20 
that of GaAs at the wavelength of interest. With reverse bias applied to the device the 
absorption coefficient of the well material increases dram atically so that all the 
absorption is virtually due to the wells. Yet only one third of the incident intensity is 
actually absorbed now that the device is on. Therefore, the wells absorb one third of 
the power at all instances. Since the saturation intensity of GaAs is at least twice as 
large as that of the wells, and more so at smaller energies below the bandedge, it 
follows that the saturation intensity is in fact increased by a factor of three. This is an 

additional benefit on top of any improvements brought about by an optimisation of 
the quantum  well material. However, there are two points to be made here. One is that 
as the saturation intensity of the wells is improved, it tends to that of the bulk. That 

way the improvement by this method will ultimately be restricted to a mere factor of 
just above two. Secondly, the inclusion of GaAs may affect the design of the m odulator 
or else cause the performance to deviate from its optimum.

Conclusions

In summary we have achieved a reflection change of 45% w ith an insertion loss of 
1.3dB at 7.5V in the normally-off mode. A lthough this is significantly below the 

potential of this SCEM design, this is a record performance for a normally-off device, 
and also the deviation from the intended perform ance is well understood. This 

structure is designed to achieve an increase of the saturation intensities by a factor of 
three in comparison with a device consisting of the same quantum  well material and 

being 100% efficient in absorption at its off state. This is significant for SEEDs.
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8.4 FURTHER DISCUSSION: TOLERANCES OF THE SCEM

In Chapter 5 we discussed in detail the tolerances of asymmetric Fabry-Perot 
modulators. The equations leading to the evaluation of the tolerances of SCEMs are in 
principle identical. Both these classes of structures are electroabsorption based Fabry- 
Perot devices the function of which relies upon exactly the same principles. Thus the 
very sharp off-state resonance of the SCEM signifies its poor tolerances, in particular 
the contrast associated tolerances being especially slim. This stems from the fact that, 
contrary to the AFPM, the off-state is one of high finesse (typically «30 for 90% 

reflecting mirrors) and therefore very sensitive. This is depicted in Fig.8.2.1 where the 
reflectivity changes dramatically at low values of ad , whilst it is virtually insensitive to 
ad  at larger values. Since it is the off-state that effectively determines the exhibited 
contrast, it follows that in fact it is impractical to aim at high contrasts using SCEMs. 
The reflection-change associated tolerances are also relatively poor, but certainly to a 
significantly lesser extent. This is a major disadvantage that may prohibit the practical 
implementation of SCEMs.

Double cavity structures

We have already discussed in Chapter 5 that in the case of an AFPM the tolerances 
with respect to lateral non-uniformity may be improved by the incorporation of a 
double-cavity. For SCEMs the situation is somewhat reversed in that the off-state is the

operation
1

0 ■ ■ ■ ■ I ■ ■ ■ ■ I ■ *.-*3 ■ ■ ■ i_I ■ ■ ■ ■
830 840 850 860 870 880

W avelength (nm)

Fig.8.4.1 Modelled reflectivity spectra for a double-cavity arrangement 
shown in Fig.8.4.2.
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high-finesse state, w hich leads to the possib ility  of an increase of the con trast 

associated tolerances. The use of a double-cavity  generally does offer a practical 

solution provided that the grow th process is controlled to a very fine degree. The top 

cavity w ould preferably be a dielectric cavity deposited  after the end of the epitaxial 

step. This deposition is required to be very accurate in term s of both  the thicknesses 

and the refractive indices of the deposited materials. An im provem ent in this direction 

is of great im portance for SCEMs the perform ance of w hich is indeed  drastically  

lim ited by their low tolerance.

In Fig.8.4.1 we present calculated reflectivity spectra of a double-cavity SCEM 

using  experim ental absorption data from  95A w ells (CB308, Fig.5.3.3) w here the 

electrorefractive effects are also included (Chapters 2,3). The structure used for these 

calculations (Fig.8.4.2) consists of a SCEM sim ilar to QT153 that com prises the bottom  

cavity, while the top cavity is formed by a deposition of a VxO y spacer followed by 3 

periods of YxOy/S i0 2 d ie lec tic s tack . A m axim um  reflection-change AR=80% is 

exhibited, while AR>60% is achieved over a 8nm range. This is substantially

o d d  #  h i
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Fig-8.4.2 A double-cavity structure may be formed by a deposition of a 

dielectric spacer and a dielectric reflector stack after the metallisation step 

has taken place. The epitaxial structure is similar to QT153.
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broadened in comparison to that of the initial single cavity structure (Fig.8.3.4) 
indicating an improvement of the tolerance to lateral non-uniformity. The contrast 
tolerances are markedly increased as now the off state is in fact one of large stability. 
Note that this is not the case when a double-cavity is im plem ented with AFPMs, 
where the reflection-change tolerances are improved and not the contrast associated 
ones.

The above and the operation of the double cavity may be clarified in the 
following. The design is such that the top cavity that is formed between the top 
dielectric mirror and the front epitaxial m irror is at resonance at =860nm. The cavity 
formed between the two epitaxial mirrors (similar to QT153) is also at resonance at 
860nm. However the larger cavity defined by the very top dielectric mirror and the

Double cavity 
single cavity

0.8 -

0.6

0.4

0.2

0.80 0.2 0.4 0.6 1

Fig.8.4.3 The operation of the single cavity SCEM with a 92% front 
reflector is at point A without bias and at B with bias. The corresponding 
points are shown for a double-cavity arrangement with a front mirror of 
80%, i.e. matching the on-state of the single-cavity. Near-ideal case.

bottom epitaxial mirror is not at resonance. This is what we referred to as "decoupled 

cavities". Thus the structure may be viewed as a passive cavity (top cavity) the back 
mirror of which is electrically controlled. The off state of the composite structure 
corresponds to the on state of the single bottom (active) cavity and vice versa. In 
Fig.8.4.3 we illustrate the operating points for both cases, i.e. for the single and the 

double cavity. It follows that after this reversal the on-state of the double cavity is now 
the one most sensitive to variations in m anufacture or operational param eters.
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Depending mainly on the front mirror of the top cavity, the net reflection change may 
be lower and the contrast higher for the double-cavity case. The real gain lies with the 

increase of the contrast tolerance that stems from the fact that the off-state is defined 
by a non-sensitive state. As far as the reflection-change is concerned, in effect one gains 
in terms of tolerances at the expense of the peak performance characteristics, although 
it is also possible to attain an enhancement of the peak performance. Most importantly, 
the above may only be accomplished provided the m anufacture is finely controlled,
i.e. tolerances in fabrication precision are exchanged for better lateral non-uniformity 
and operational conditions associated tolerances. It should be noted that the affordable 
variations in ambient temperature should not be considered dramatically improved. 
The temperature-induced variations of the amount of absorber in the cavity (Chapter 

4) has a profound effect on the off-state reflectivity of the initial single-cavity. This is 
well illustrated in Fig.8.2.1 where the sensitivity of that state (low values of ad) upon 
the amount of ad  is evident. The resulting greatly modified off state reflectivity of the 
bottom cavity will disrupt the operation of the double cavity quite substantially. This 
will be manifested mainly as a drastically decreased Ron. In sum m ary, the double 

cavity arrangement should be regarded as a means to improve mainly the lateral non
uniformity tolerances of SCEMs, while the problems that are caused by variations of 
the am bient tem perature ought to be tackled by a dynam ic stabilisation of this, 
possibly using integrated Peltier coolers (see Chapter 4).

8.5 APPLICATION OF SCEMs IN SEEDs

In this section we will examine theoretically and experimentally the potential 

of SCEMs in SEED configurations. Prior to this we evaluate the lim itations of the 

performance of normally-off AFPMs that are also candidates for such composite 
devices.

8.5.1 Normally-off AFPMs: Performance limitations.

Asymmetric Fabry-Perot modulators may be used in SEED arrangem ents as 
they offer high contrast or generally enhanced-modulation switching at low voltages.

-213-



Normally-off AFPMs are implemented in this case where the absorption (and hence 
the photocurrent) drops with voltage thereby attaining negative differential resistance 
that is required for SEED operation. In this section we will evaluate the performance 

characteristics that may be obtained by normally-off AFPMs. This will then comprise a 

reference platform for the assessment of SCEMs.
Normally-off AFPM operation is obtained at the vicinity of the zero-bias 

exciton position where the absorption coefficient of the quantum  well drops with field. 
Optimised performance is attained by larger wells [W hitehead et a l, 1990b] for two 
reasons. Firstly, the absorption m odulation at the vicinity of the exciton peak is 
maximum for larger wells [Whitehead et a l, 1988]. Secondly, the electric field applied 
across the quantum  wells is of prime importance for SEEDs since the switching energy 

of the devices is directly proportional to the field (next section). Large well w idths 
operate at lower fields and they are therefore preferred for such devices.

In our calculations in the following we will assum e a m odulation of the 

absorption coefficient from a max=13,200cm"1 to a 0 =4,000cm' 1 at 8 8 kV /cm , as this is 

derived by experimental transmission data from 145A wide GaAs/Alo 3Ga<) jA s  wells 

[Whitehead et al., 1988]. A large back mirror reflectivity has been proven to improve 
the operational characteristics, in particular to minimise the insertion loss (Chapter 6 ). 
In Fig.8.5.1 we plot the reflection-change and absorption-change that can be achieved 
by very high contrast (>20dB) normally-off AFPMs of various front reflectivities. 
Assuming barriers of 25A, that is the minimum safe value to ensure no interwell 
coupling, we find that very low operating voltages are required =2-3V. It is evident 
from Fig.8.5.1 that the maximum reflection-change for a high contrast device is just 
28%, implying a minimum insertion loss of 5.5dB (RO££=0). The large insertion loss 

limits the cascadability of such devices especially when high speeds are aimed for (see 

next section). At the same time the small absorption-change denotes a diminished 

negative differential resistance as well as a narrow bistability loop. The latter is very 
important as it is a direct measure of the tolerances of such devices to input power 
fluctuations. The obtained reflection-change is on the whole a very critical parameter 

and not only because the on and off levels are then well defined, which is always 
desirable in structures incorporating m odulators or indeed any multi-state device. 
Most importantly, large reflection change means a large absorption change as well 

generally for AFPMs and this determines the feedback mechanism that establishes 

bistability. For a fixed Rb=0.997, as used in Fig.8.5.1, the reflection-change (AR) does 

not change dramatically with Rf. Additionally, AR increases when the num ber of wells 

is reduced slightly so that only a fraction of the critical absorption [ad]c required to 

zero the off-reflectivity is incorporated in the cavity. In Fig.8.5.2 we calculate the
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Fig.8.5.1 Operating characteristics for a normally-off AFPM based on 
experimental absorption data obtained from 145A wells. The minimum 
barrier (Al0jGa0 7As) width of 25A has been assumed in the calculation of 

the operating voltage..

reflection change as a function of the fraction of the critical absorber in a cavity with 
Rf=0.6 and Rb=0.997. The choice of Rb has been justified earlier, while that of Rf is 

arbitrary. However, bearing in mind that it is desirable to maximise both AR and AA 
and at the same time not impose an enormous toll upon the tolerances (i.e. not use 
very high values of Rf), Rf=0.6 is a good compromise (Fig.8.5.1). It is deduced from 

Fig.8.5.2 that the maximum reflection-change of 40% is obtained when just 0.4 of the 
critical absorber is incorporated. The same holds for the absorption-change. AA is not 
plotted in Fig.8.5.2 but it follows the reflection-change curve very closely. The reason 

for this maximum at ad=0.4[ad]c stems from the fact that whereas Roff increases 

'slowly' with decreasing ad , Ron increases much 'faster'. The net result is that their 

difference AR increases in fact with decreasing a d  until the latter is far too small to 

cause any substantial modulation. At the maximum AA point Ron is 70% (Fig.8.5.2). 

The absorption at the off state, i.e. the highly absorbing state, drops from 1 with 
decreasing ad, as expected. This is clearly not desirable as it means that only a fraction 

of the incident optical power will be actually used for the switching. It is evident from 
Fig.8.5.2 that A off at the maximum-AR point is 80%, which is quite acceptable. Very 

high contrast S-SEED operation using AFPMs has been demonstrated [Grindle et a l,
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1991].
It has been proposed [Livescu et al., 1992] that by the incorporation of a larger 

am ount of absorber than required (ad>[ad]c) one may accomplish high contrast at a 

position closer to the light-hole exciton peak. The strong electrorefractive effects at that 
w avelength range shift the resonance to shorter w avelengths w ith bias allowing 

thereby larger reflection-changes (lower insertion-loss). Additionally, different well

Off-state
Absorptance0.8

on0.6

0.4

Reflection Change
0.2

0
0.4 0.6 0.80 0.2 1

ad/[(xd]c

Fig.8.5.2 Optimisation of the reflection- and the absorption-change with 
regard to the amount of absorber that is incorporated in the cavity. Very 
high contrast is only obtained when ad=[cd]c.

structures such as coupled wells [Atkinson, 1990], superlattices [Law et aU 1991], or 
asym m etric coupled quantum  wells [Miller DAB, 1988] may attain  a better 
performance. In this section we have restricted our evaluations to a certain well 

system. Notwithstanding, our calculations are a good estimate of the limitations in the 

performance of normally-off AFPMs.
The optim isation of the m odulator characteristics w ith respect to SEED 

operation is not a straightforward process. Additionally it depends greatly on the 
application and thus it may not be done for the general case. In this section we have 
merely hinted at some of the issues involved in the optimisation, while in the process 
of evaluating the limitations in the performance characteristics of normally-off AFPMs.
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8.5.2 SCEMs in SEEDs.

General Considerations

Self-Electro-optic-Effect-Devices (SEEDs) have been presented in the Introduction 
(Chapter 1 ) of this thesis. A fair am ount of work has been done on such devices and 
there are excellent introductory papers [Miller D A B  et a l, 1985b; Lentine et a l, 1990] 
as well as recent reviews [Miller D A B ,  1990] and optim isation orientated papers 

[Lentine et a l, 1991]. The case where two identical diodes are connected in series to 
create a symmetric SEED (S-SEED) is of particular interest. The S-SEED has the 
advantage of simplicity over the transistor incorporating SEED (T-SEED), while time- 

sequential differential logic and full integrability compare favourably with the resistor 
SEED (R-SEED). For a short introduction see Chapter 1.

The main parameters taking part in the function of SEEDs are:
i. Switching Energy. This is the absorbed optical energy that is required to switch the

device from one state to the other and is given by
ftco

Ea =  CV
e

th(o
AF

e 8.5.1
where C is the capacitance of each device, V is the maximum voltage applied across a 
device, A is the mesa area, and F is the maximum electric field across the intrinsic 
region. It is evident that clearly it is the operating field and not the operating voltage 
that determine Ea .
ii. Switching Speed. This is determined by the time taken to switch the SEED from one 

state to the other. There are more than one mechanisms that play a role in this. Firstly, 
for switching to occur, the capacitance of the electroabsorptive diode must be charged 
by the generated photocurrent. The time xa required for this action to take place 

depends on the optical power. Indeed, the device switches to its new state when the 
total absorbed optical energy is Ea (eqn.8.5.1). The total absorbed energy, however, is 

the integral of the power AP absorbed over an interval At, times that time interval. 

Therefore larger optical powers allow for faster switching. Simultaneously there is an 

RC time xRC associated w ith the overall circuit. The resistance R is the series 

combination of the contact resistances and the source resistance. The total capacitance 
involved is the capacitance of the two diodes connected in series, i.e. half that of the 
individual device. Finally, a third process, the time needed for the carriers to escape 
from the wells and contribute to the photocurrent may also limit the switching speed. 
This vertical transport associated time xv is an average of the sweep out times over a 

varying electric field. In total, the switching speed is determ ined by the slowest of
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these processes.
A result of the above is that in the case of multi-stage devices, the bit rate may 

be ultimately affected by the insertion losses of the electroabsorptive diodes. This 
determines the power incident upon the second stage of devices and thus determines 
the time required for Ea to be absorbed at that stage of devices. Another point to be 

m ade with regard to switching speed is concerned with exciton saturation. There is a 
limit to the power that may be incident on MQW devices as dictated by the absorption 
saturation effects caused by excess optical power. This may impose restrictions upon 
the switching speed according to our earlier arguments. Typically optical switching 
energies of =10fJ/pm2 are required for SEED operation. Assuming that the switching 
time should not exceed lOOps (corresponding to below 10GHz), the pow er incident 
upon the device ought to be of the order of 100pW /(im 2. This is well above the 
saturation intensities of GaAs/AlQ 3Ga0 7As quantum  wells [Fox et al., 1990]. It is 

therefore valuable to increase the saturation intensities of the devices implemented in 
SEED configurations. Fast carrier escape out of the wells is one way of increasing the 
saturation intensities [Fox et al., 1991], since as we m entioned in section 3 the 
saturation intensity is determined by carrier lifetime. As a consequence 'shallow' wells 
[Goossen et al., 1990] are very advantageous in terms of switching speed. These have 
fast carrier sweep out which practically eliminates vertical transport (xv ) as a factor 

that limits speed. Simultaneously, the saturation intensities are increased allowing 
thereby the use of larger optical powers and therefore a reduction of xa .
iii. Signal Beam Tolerances. In practical implementations it is vital that the operation is 

not critically sensitive to spurious fluctuations of the input powers. A measure of this 
insensitivity is the w idth of the bistability loop of the input- versus output-pow er 
diagram. The width of that loop depends on the biasing voltage, but is in any case 
directly proportional to the absorption change AA achieved by the electroabsorptive 
diode between the two states. Note that this is not necessarily the maximum AA that 

the diode may achieve under ideal biasing conditions. It follows thus that it is 
desirable to maximise AA in order to optimise the signal beam tolerances.

A couple of additional points may be m ade regarding the operation of SEEDs. The 

insertion loss of the diodes is an im portant param eter firstly with respect to device 

cascadability. Note that most functions require two stages of devices [Lentine et al., 

1990]. As far as exchange/bipass switches are concerned, however, a fresh clock may 
be applied at each stage so that the insertion loss becomes to some extent irrelevant. At 
the same time the reflection change and the absorption change are required to be 
maximised. These three parameters are, however, directly related so that optimising
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the performance with respect to one of them has a positive effect on the other two. 
Another point to be considered is that of the operating voltage and electric field. It was 
discussed above that it is important to minimise the electric field at which the devices 
operate since this causes a direct reduction of the switching energy (eqn.8.5.1). The 
operating voltage is of less significance. However, low operating voltages are an 
advantage mainly due to pow er consumption considerations and also for better 
integrability with electronic circuitry. Finally, the discussion with respect to AFPMs 
(Chapters 2  and 5) regarding the tolerances of the devices to manufacture, temperature 
and operating param eters (such as wavelength, voltage, angle of incidence, and 
alignment) clearly holds here as well. It is thus of great importance that the tolerances 
are optimised to comply with real conditions.

Experimental demonstration of S-SEED operation using SCEMs
Two devices from QT280B were connected in series (Fig.8.5.3) to create a symmetric 
SEED (S-SEED). The responsivity-voltage characteristic of diode 1 (D l) at the 
wavelength of maximum reflection-change is shown in Fig.8.5.4. A large change in 
responsivity with bias is evident from this plot and is a consequence of the relatively 
large absorption- (reflection-) change of this device. The two diodes used for the S- 
SEED operation were not identical in this experiment, the optimum wavelength of D2 
being about lnm  longer than that of D l. Thus at 853.3nm, that the operation was set, 
the maximum absorption (low voltage) of D2 is lower than that of D l while the 
minimum absorption is comparable for both diodes. The responsivity of D2 exhibited 
therefore a shallower decrease with voltage. A diagram of the experimental set-up is 
shown in Fig.8.5.5. Light at 853.3nm was obtained from a tunable argon-pum ped Ti- 
Sapphire laser. A fixed pow er beam was incident on D2 while the power incident on 

Dl was ramped using a variable attenuator. The output was detected from D l. Before

n 1
i

l l

Vc

Fig.8.5.3 Schematic of two diodes connected in series in the S-SEED 
configuration. The device is bistable in the ratio of the two input optical 
beams.
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Fig.8.5.4 Experimental responsivity versus voltage for the device used 
for the S-SEED (QT280B).
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Fig.8.5.5 A schematic of the experimental set-up used to demonstrate the 

S-SEED.
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connecting the two devices in the S-SEED arrangement, the power on D2 was adjusted 
such that the photocurrents on the two diodes were equal at the m iddle range of the 
attenuator. That way the bistability loop is ensured to be w ithin the input power 

range. Because of the difference between the characteristics of the two diodes, this 
matching of the photocurrents could only be done over a limited range of voltages. It 
was decided to equalise the currents at about 5.5V since this resulted in similar I-V 
behaviour for both diodes at low voltages up  to about 5.5V with an evident divergence 

at larger biases.

AB

bias

Vc

Fig.8.5.6 A diagram of the loadlines and the operating points of two  

diodes with N D R  connected in series in the S-SEED configuration. The 

horizontal axis is the voltage across diode 1 in the previous figure.

By keeping the pow er (Pbias) on one diode (D2) fixed while ram ping the 

pow er (Pin) on the other (Dl) switching is achieved at two different input power 

values, creating thereby the bistability loop in the input-output power diagram. This is 

clarified in Fig.8.5.6 that depicts the load-lines of the two diodes for the ideal case 
where the diodes are identical. With very little power on D l, all the voltage is virtually 
dropped across that diode, setting it at the on-state. As the pow er increases, the 
operating point moves to slightly smaller voltages until it reaches point A where it 

switches down to point B. Now D l is at its off state with little voltage dropped across 
it. The switching takes place at a pow er P AB- As the pow er is decreased again 

switching occurs from point C to point D at a power P c d ^ a b  w^ ere D l switches back 

from the off to the on state.
The experimental input-output power characteristic at 6.5V and 853.3 nm is 

shown in Fig.8.5.7. The accuracy of the measured powers is not excellent in absolute
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terms. However, the whole diagram just scales with power so that this does not limit 

the validity of the results. Optimum operation in terms of the contrast P ^ x /  P™" was 
obtained under VC=6.5V. In this case, switching from A to B (Fig.8.4.9) corresponded to 

a change of the bias V1 across D l from -7.3V to +0.9V, and from C to D corresponded 

to a change from around OV to -7.5V. A contrast of *2.5 for AB and *2.4 for CD were 
exhibited. The very broad bistability loop signifies good tolerances to fluctuations of 
the input power. Indeed, the input power may fluctuate by ±45% around the median 
value without prohibiting bistability to occur (assuming here that Pbias is constant). 

Similarly, bistabiltity was observed over a wide range of voltages Vc from about 4V to 

8V. Another feature worth pointing out is that the output at the on state is a large 
fraction of the input power as a result of the low insertion loss of the diodes.

The (normally-off) SCEM shows best modulation characteristics when using 
well widths *10 0A. This stems from the operation at wavelengths longer than the zero 

bias exciton, as was discussed extensively in Chapter 7 with regard to the normally-on 
AFPM. As a consequence, the operating field is larger for SCEMs than for normally-off 
AFPMs or double-pass (AR-coated) reflection m odulators. The resulting larger 
switching energy Ea is a clear disadvantage. Larger well w idths m ay be used for 

SCEMs but the operating voltage will be significantly increased. Another disadvantage 
is that the large Bragg stacks that are used at the p and n regions cause an increase of

0.5
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Fig.8.5.7 Experimental input- versus output-power characteristic. Data 
fitted to straight-line but for the vertical switching points.
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the contact resistances and thus raise xRC. Graded interfaces [see for example Sugimoto 

et al., 1992] almost eliminate this problem but they clearly add another complication to 
fabrication. The SCEM does offer the advantage of large absorption changes. However, 

the exhibited negative differential resistance (NDR) is in fact comparable to that of 

AFPMs. Firstly, one should note that the NDR is a function of the optical power. 
Assuming thus equal powers on both the AFPM and the SCEM, the typical attained 
change in responsivity is roughly twice as large for the SCEM as that of the AFPM. On 
the other hand, the required voltage is also twice as large so that finally the NDR, and 
thus the feedback mechanism, are of comparable magnitude.

Summarising this section, the AFPM offers high contrast operation [Grindle et 

al., 1991] at low voltages but with a low absorption-change and a very high insertion 

loss. The SCEM offers low insertion loss large absorption-change operation resulting 
in better cascadability, possibly faster switching, and better tolerances to input power 

fluctuations. The obvious disadvantage of this configuration is, how ever, its low 
tolerance. Double cavity configurations attain an increase of the tolerances as well as 
higher contrast operation. Although NDR is still exhibited, the reflection is at the on- 
state w ith no bias, which might prove advantageous in terms of alternative logic 
functionality.

8.6 SUMMARY

The incorporation of quantum  wells in a symmetric Fabry-Perot cavity allows 
for normally-off operation at wavelengths longer than the zero-bias exciton peak. The 

resultant device can exhibit very large reflection-changes in the normally-off m ode 

thereby showing a large negative differential resistance. This latter is a precondition 
for SEED operation. This type of electroabsorption m odulator was first dem onstrated 

by W alther and Ebeling [Sept. 1990] and later by Pezeshki et al. [March 1991] while 

my independent first attem pts had been unsuccessful due to erroneous grow th 
(QT153). In fact Guy et al. had earlier [1987] proposed the SCEM configuration in a 
m ainly theoretical paper, while even before Ryvkin [1981] had used an identical 
arrangem ent but in bulk GaAs material where he used the Franz-Keldysh effect. All 

this work was not to my knowledge when initially working on QT153 nor w hen 

designing QT280B.
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In this Chapter we have presented a study of the symmetric Fabry-Perot 
electroabsorption m odulator (SCEM). We have presented experimental results from 
two structures one of which exhibited 45% reflection change and 1.3dB insertion loss at 

7.5V which is a record performance for a normally-off device. By way of comparison, a 
very high insertion loss is inherent to normally-off AFPM operation. In the case of 

GaAs/A Iq 3Gaoj As, a maximum reflection change of 28% can be predicted for a high 

contrast normally-off AFPM device, that can be only improved to 40% maximum for a 
low contrast one. The SCEM offers the advantages of very large absorption change and 
low insertion loss that are beneficial for SEEDs. Indeed, we demonstrated symmetric- 
SEED operation for the first time using SCEMs. Despite the non-ideal performance of 
the SCEMs incorporated in the dem onstrated S-SEED, the large reflection-change 
(AR=45%) led to a relatively broad bistability loop, denoting an insensitivity to 
spurious input power fluctuations.

The big drawback of an implementation of the SCEM is its poor tolerance 
which puts it at disadvantage in comparison to the normally-off AFPM. A double 
cavity arrangem ent has been proposed to improve the tolerances w ith respect to 
lateral non-uniformity but at the expense of simplicity in manufacture and often of the 
maximum reflection-change. However, the exhibited contrast may be considerably 
enhanced in this way. Integrated Peltier coolers would be required to alleviate the 

effects of tem perature sensitivity upon the performance (see Chapter 4). In addition, 
the incorporation of the double cavity configuration yields an inversion of logic which 
may prove useful in terms of alternative logic functionality. One possible advantage of 
the SCEM is that its saturation intensity may be increased by a factor between two and 

three in comparison with other highly absorbing structures. Nonetheless, it appears 

that the disadvantages of SCEMs with regard to SEED applications outweigh the 
advantages. On the other hand, the very wavelength selectivity of SCEMs that denotes 
their poor tolerances also signifies their potential for other applications where it is in 
fact an asset. A tunable- filter, detector, demultiplexer that utilises SCEMS is discussed 
in the next Chapter.
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CHAPTER 9: a p p l i c a t i o n s  o f  t h e  f a b r y - p e r o t  m o d u l a t o r  a t  t h e  c h i p

LEVEL

9.1 INTRODUCTION

So far in this thesis we have been dealing with the study of the Fabry-Perot 
(FP) MQW modulators and the optimisation of their performance. In this Chapter we 
return to their application not at the systems level (Chapter 1 ) but rather at the chip 
level. After a brief introduction to the importance of integration and the various 
available integration techniques, we concentrate on the m ethods of integration of 
optoelectronic devices with electronic circuitry.

Subsequently, we focus on the integrability of the FP m odulator with other 
optoelectronic devices. We examine the versatility of the FP structure and its potential 
to realise multiple functions in the form of devices that are mutually integrable on the 
same chip. This allows the formation of both transmitter and receiver modules as well 

as composite devices of complex and new functionality. In the same section we also 
refer to the fabrication of two-dimensional arrays of devices and give a brief account 
on AFPMs realised in material systems other than the GaAs/AlGaAs considered in 
this thesis. Finally, in the last section of the Chapter, we present some novel 
configurations where the FP modulator is employed in composite devices of increased 

functionality.
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9.2 INTEGRATION

9.2.1. General.

The key to the deploym ent of optoelectronic technology lies w ith the 
monolithic integration of high performance devices on the same chip. This has been 
the major factor prom oting the great success of electronics. Integration eliminates 
parasitic reactances arising when interfacing discrete devices and  thus yields an 
improvement of performance for the overall system [Wada, 1990]. Specifically, higher 
speed of operation and better receiver sensitivity, that stems from noise reduction, are 

achieved. Secondly, the combination of different components in close proximity leads 
to better and often new  functionality and thus allows for higher complexity 
a rrangem ents. A dditionally , com pact packaging resu lts  in  overall be tte r 
m anufacturability and reproducibility thereby yielding increased reliability and  a 
reduction of cost.

The issues involved in integrated circuit design are quite distinct from discrete 
device design. Indeed, in order to take proper advantage of the economics of 
integrated circuits it is necessary to select structures for both the electronic and the 
optoelectronic devices that provide processing com patibility and overall good 
component matching. Optoelectronic technology dem ands the integration of devices 
that are not inherently compatible and therefore necessitates a certain degree of 
compromise so as to obtain the best overall performance possible [Dagenais et a l,

1990]. The advancements in III-V (especially GaAs) technology, and in particular in 
electronic circuitry with GaAs MESFET ICs being at the mature stage, provides a solid 
foundation to build upon [Wada, 1990]. Clearly, components that are easily integrable 
and provide versatile functionality are much sought after. In this section we will 
examine the Fabry-Perot (FP) modulator in this respect.

The basic technologies for integrating a laser diode or a photodetector with 

electronic circuits were established by 1985 [Shibataef a l, 1984; Ohnaka et a l, 1985]. 
Subsequently, the trend may be seen to have separated in three directions [Matsuda 
and Shibata, 1992] that are distinguishable depending on the am ount of optics 

incorporated and the applications they are predominantly aimed for. Each area poses 

quite distinct requirements. One area is directed at communications, large capacity 
optical fibre transmission systems using time-domain multiplexing techniques. Here 

only a single, mainly, optical device (such as a laser diode or a photodiode), is 
incorporated in a large electronic circuit [Fujita et a l, 1990]. Secondly, there is a class 
of optoelectronic circuits that have been named photonic integrated circuits (PICs) as 

stemming from the fact that the proportion of optical components is relatively high
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[Koch and Koren, 1990]. Thus different optical and electronic p lanar devices are 
connected using waveguides involving a certain degree of com plexity for the 
components used. A basic PIC may comprise, for example, a frequency stabilised DFB 
laser, a 3dB coupler, a balanced receiver and surrounding electronic circuitry. This 
w ould be required in wavelength division m ultiplexed (WDM) transm ission and 

coherent optical receivers. Prototype PICs have been realised in both GaAs and InP 

[see for example Grande et al., 1990; Hayashi et alH 1991]. A third class of OEICs 

involves a large degree of complexity in both the electronic domain and possibly the 

optical domain, involving two dimensional arrays of optical nodes. This is directed at 
achieving parallel transmission eg. in parallel processing architectures (possibly 3D), 
optical interconnects, and optical computing.

The FP m odulator falls into the last category of OEICs w here at the early 
stages the node complexity is expected to be relatively low. Most of the effort has 
concentrated on PICs in recent years, however, the know-how gained may benefit 
other areas of integration.

Integration configurations may be classified into two types depending on the 
relative positioning of the layers used for various types of devices, namely vertical and 
horizontal integration [Dagenais et al., 1990]. In the former case, as the name implies, 
the layers for the various structures are sequentially grown on top of one other and 
layers are etched to reveal individual devices. Often selective area epitaxy and 
regrowth may be employed, as is discussed later on. Horizontal integration, on the 
other hand, refers to the configuration where the various devices are formed 
horizontally on a sem i-insulating substrate yielding a desired m inim isation of 
capacitance coupling. In this case, and when integrating optics with electronics, the 

layers required for the optoelectronic devices are normally grown in a groove so that 
the top surface is at the same height as that of the rest of the substrate [Hayashi et al., 

1991]. The resulting planar surfaces are of great importance mainly because they allow 
for processing of very fine features. The FP structures discussed in this thesis are 
inherently vertical structures. However, several devices may be produced from the 
same basic epitaxial structure and may thus be integrated in an horizontal manner. 
The mesa structure prevents large scale integration and also causes difficulties 
encountered with the electrode wiring, it is nevertheless obviously the only approach 
to densely packed devices suitable for free-space links. Also, for many applications, 

such as interconnections in VLSI, where the devices act as optical "pads' that replace 

electronic connections, both the feature sizes and the array density may be determined 

on different grounds, i.e. not limited by the nature of vertical integration.
The integration on the same wafer of various components that individually 

need distinct structures poses certain requirements (see section 9.2.3) that may be met
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using selective etching or masking combined with regrowth [Berger et al., 1991b] or 
selective area growth [Gaihanou et a l, 1991]. Such techniques are also employed when 

integrating optics with electronics. This brings about considerable problems mainly 
due to the complexity of the grow th process and the effect on the quality of the 
regrown or selectively grown layers. In the case of quantum  well structures selective 
area control of the grow th speed, such as the in-plane bandgap-energy control 
technique [Aoki et a l, 1992] may be employed to yield differing QW thicknesses 

selectively on a wafer. Alternatively, post growth techniques may be em ployed to 
either destructively disorder the quantum  well region and produce a passive area 
(applicable mainly to waveguide devices), or controllably tailor the absorptive and 

electroabsorptive (and consequently also the electrorefractive) effects of the QWs. 
Impurity induced layer disordering (IILD) [Deppe et a l,  1988] is commonly used for 
the former. On the other hand, impurity free vacancy diffusion (IFVD) [Ghisoni et a l, 

1991] yields a controllable degree of interdiffusion between the well and barrier 
materials and results in a blue shift of the excitonic features while retaining at the same 
time the QCSE. Thus individual devices may be operating at different wavelengths 
and the technique lends itself to large scale integration. This may be employed with 
the FP modulator, as we discuss later, moreover acquiring suitable lateral resolution to 
be applied to very small features and to not degrade the performance of individual 
devices [Ghisoni, 1992]. The intermixing process is encouraged by the deposition of 
SiOx on the front surface and therefore deposition of different oxide thicknesses yields 

differing degrees of interdiffusion for a single annealing cycle enabling thus fully 
integrated configurations [Ghisoni, 1992]. Finally, several techniques that are very 
popular in other types of structures and in particular in horizontal integration, such as 
for example ion implantation or selective area diffusion of dopants, do not really apply 
to the vertical modulator [Wada et a l, 1989], although they may apply to the rest of 

the circuitry the modulator is attached to.

9.2.2 Integration with electronics.

As discussed in C hapter 1 , the role of optics is in intim ate relation with 

electronics [Midwinter, 1987] and thus the integration of optoelectronic with electronic 

circuitry is of paramount importance. Electronic circuitry is almost entirely Si-based.
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This is not only because Si is a cheap material readily available in large quantities and 
Si technology is a m ature well-established technology. Si electronics acquire certain 
unbeatable advantages in terms of the obtainable overall characteristics of the final 

integrated chips. These have to do, firstly, with the robustness of Si and its other 
physical properties that make it suitable for fabrication of active electronic devices 
w ith good characteristics. Secondly, its native oxide allows the construction of 
capacitor structures and field-controlled devices and additionally acts as an excellent 
insulating and impurity protecting layer thereby facilitating the formation of densely 

packed integrated circuits [Sedra and Smith].
GaAs-based electronics, on the other hand, have received a lot of attention 

since the 70's when it was envisaged that GaAs ICs would find a widespread use in 
high speed system applications. Higher carrier mobilities in GaAs compared to these 
in Si allow operation at higher speeds. But the main advantage of GaAs is the 
availability of low-defect semi-insulating substrates. This has a major impact on circuit 
design since the device to device and device to substrate parasitic capacitances are 
then considerably minimised [Haigh and Everard] enabling operation at higher 
speeds. Si-on-Saphire and Si-on-Insulator CMOS technologies have also evolved to 
overcome the limitations imposed by the doped Si substrates. In general, despite the 
progressively maturing GaAs technology, in particular MESFET technology being a 
bright example, there are major disadvantages that have made it apparent that GaAs is 
not going to displace Si in the majority of applications [Haigh and Everard]. The 
disadvantages of GaAs are its relatively high pow er dissipation, relatively small 
voltage swing, and correspondingly low noise margins, low packing density (mainly a 
result of the high power dissipation), and low manufacturing yield [Sedra and Smith].

Thus whereas GaAs appears useful for specialised applications requiring high 
speed and relatively low complexity, Si is expected to be used in the m ajority of 
applications as it is ideally suited for lower speed high complexity circuitry. For 

example, entirely GaAs-based technology may be considered for LANs, but Si 
electronics are almost certainly going to be used in VLSI. It is evident thus that 

integration with Si electronics is of great importance.

Integration o flll-V  optoelectronics with Si electronics

There are three ways III-V optoelectronics may be integrated with Si electronics:-
i. Flip-Chip solder bonding. This technique is m ore of a hybrid m ounting than 

integration as such [Wada et al., 1990]. The optoelectronic chip is m ounted top side 
dow n to the electronic chip using solder bum p contacts. These act as connections 

between metallisations on the optoelectronic chip and corresponding ones on the 

electronic chip simultaneously yielding a self-aligned assembly of the two [Moseley et
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al.f 1991]. The optical addressing is done from the substrate thus requiring good AR 
coatings. This flip-chip bonding may only be employed when the substrate material is 
transparen t at the w avelengths of operation such as for the InG aA s/InP , 

InG aA s/G aA s and other QW m aterial systems. In the case of the Fabry-Perot 

modulator, addressing from the substrate requires modified designs since the front 
m irror of the FP cavity is at the interface w ith the substrate [Moseley et a l, 1990]. 
M ounting of III-V electronic circuitry on a Si supporting block is actually often 
employed for the reason that the resulting assembly has better mechanical and thermal 
behaviour as a result of the superior properties of Si in these respects compared with 
GaAs and InP. This results in overall improved packaging.
ii. Epitaxial lift-off (ELO). Here the main part of the optoelelectronic structure is 
stripped off the substrate and subsequently m ounted on the host substrate either by 
aligned metallisations [Yoffe et a l, 1991] or using Van der Waals bonds on a dielectric 
finish [Pollentier et a l, 1990]. Processing of the optoelectronic part may be done before 
or after the ELO step in the latter case. This approach, in common w ith flip-chip 
bonding, has advantages associated with the much easier processing since the epitaxial 
regrowth steps are eliminated. Additionally, and very im portantly, integration of 
lattice mismatched semiconductors (such as GaAs and Si) or even non-crystalline 
materials may be realised without compromising the quality of the materials involved. 
Spatial alignment of the ELO films to host substrate features may be achieved with 
good accuracy using rotationally-asymmetric geometries for the sample footprint (Luc 
Buydens, private communications). Problems that are encountered with the use of Van 
der Waals bonds are linked with the mechanical robustness of the final assembly and 
flip-chip is superior to ELO in this respect. ELO is, on the other hand, superior to flip- 
chip bonding with regard to the avoidance of metal interconnections over large steps 

that result in increased reactances.
One of the AFPMs in this thesis, QT223 (Chapter 6 ), has been designed 

specifically for ELO mounting on a Si substrate at IMEC, Belgium. For this purpose, an 
AlAs etch-stop layer and several stress-compensating layers have been incorporated in 
the epitaxial structure below the bottom reflector stack. The front surface of the sample 
to be m ounted on Si is covered in wax and the substrate is etched off to the 
incorporated etch-stop AlAs layer underneath the reflector stack. The thin sample is 

now supported by the wax until it is bonded on the new substrate. This latter bonding 

is in this case achieved using Van der Waals bonding onto a SiC>2 layer on Si. After the 

substrate is etched off, the difference in lattice constants am ong the layers that 
comprise the device will result in a warpage of the sample which, when Van der Waals 
bonding is used, may prevent successful mounting. Thus stress-compensating layers 

need to be included which in the case of FP structures is quite difficult due to the high
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Al content in the stacks (see Chapter 6 ). Finally, the devices are electrically connected 
to the Si electronic circuitry using either fine wires or, ultimately, metal tracks on 

polyimide (see section 9.2.3).
An AFPM structure m ounted on Si has been dem onstrated by Yoffe et al. 

[1991], where the back reflector is formed by a thick Au film. This film also comprises 
one of the contacts as well as the bonding means to an Au metallisation on the Si 

substrate.
iii. Monolithic heteroepitaxv on Si. This approach is more sophisticated and by far the 
most demanding. Monolithic integration is no doubt desired, however, it encounteres 
a num ber of difficulties. The 4.1 % lattice mismatch between GaAs and Si as well as 
their difference in thermal properties result in a degradation of the quality of the 
heteroepitaxial material. High densities of dislocations are generated at the interface 
between the two materials. Consequently, good quality lasers or other minority carrier 
devices are difficult to be realised [Chong et al., 1987]. Several techniques have been 
used in attem pts to improve the quality of the grown material using for example 
superlattices at the heterointerface [Yamaguchi et al., 1989; Nozawa and Horikoshi,
1991]. An effective way to diminish the problems associated w ith this heteroepitaxy 
seems to be, how ever, grow th on patterned  substrates [Dagata et al., 1990; 
W oodbridge et al, 1992] or in restricted areas using for exam ple some m asking 
process [Coudenys et a l, 1992] or other selective growth techniques.

Reflection modulators do not rely on radiative recombination and thus their 

performance is by far less sensitive to the presence of dislocations. Moreover, because 
the power dissipated is generally lower than that of lasers there do not seem to be any 
apparent problems associated with the strain due to the mismatch of the therm al 
properties between the two materials [Barnes P. et a l, 1992]. Indeed, very good AFPM 
performance has been demonstrated from GaAs on Si [Barnes P. et a l, 1991] which is 
in fact comparable to a similar modulator design in GaAs (51 % reflection-change at 8V 
for a device with no front Bragg stack).

9.2.3 The integrability of the Fabry-Perot modulator.

The class of modulators presented in this thesis falls mainly in the category of 

vertically integrated structures (section 9.2.1). The same structure can be both a
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m odulator and an efficient detector (Chapter 2) while also the same basic structure 
may comprise a vertical optical amplifier [Tombling et a l,  1991]. This ability to realise 
different functions is a big advantage of this type of modulator. Thus different types of 
devices may be realised from the same epitaxial layers and may be integrated in an 

horizontal form. There are of course disadvantages connected w ith the compromises 
brought about by the inevitable non-optim um  design. These are, however, to a 
significant extent relaxed by the possibility of using a dielectric front m irror (Chapter 
2 ) which allows a large degree of flexibility in optimisation of the design of individual 

devices. Note that the back mirror is, in any case, always preferably highly reflecting. 
The three types of devices mentioned above may form, when integrated together, a 
receiver or transm itter module in which case all devices m ust operate at the same 

wavelength. This imposes some difficulties since an optical amplifier operates at the 
vicinity of the exciton peak whereas, as we have seen in this thesis, m odulators give 
their optimum performance at wavelengths longer than the zero-bias exciton peak. 

Also a QW detector will have a better quantum  efficiency when operating under a 
bias, which implies operation at a wavelength longer than the zero bias exciton. It is 
evident thus that the integration of these components on the same chip necessitates the 
use of some bandgap engineering technique to selectively yield different quantum  
well structures laterally on a wafer (see section 9.2.1). Selective growth poses packing 
density restrictions which is a very important issue when many complex optical nodes 
are required to be integrated to achieve parallel architectures (Chapter 1 ). Im purity 
free vacancy diffusion appears the technique most suited to this case of vertical 
devices (section 9.2.1).

The use of the same post-growth technique can be employed to produce a 
normally-on and a normally-off AFPM from the same wafer [Ghisoni et a l, 1991]. 

Goosen et a l [1992] have also dem onstrated such operation by selective tailoring of 
the cavity effects by means of antireflection coatings. However, their technique is not 
very effective as it does not enable operation of both devices at the same wavelength, 

which would be a great drawback for most systems, neither does it allow for any form 
of optimisation of the performance of the individual devices. When using IFVD, and 

although the absorption coefficient drops with increasing intermixing, the normally- 

off device (i.e. the most intermixed) will have excess absorber (ad) com pared to the 

normally-on (Chapter 6 ). The use of dielectric mirrors again enables the minimisation 
of the effect of the imposed compromises. In this case, the use of a higher front mirror 
for the normally-on than for the normally-off structure will enable both devices to 
attain very high contrast. This will also attain a better m atching of their operating 

voltages thereby optimising the performance of composite structures in SEED-like 
configurations (Chapter 8 ).
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Alternatively, the use of a dielectric cavity on top of an epitaxially grown 
normally-off AFPM, may produce a device with inverted logic (i.e. reflecting at no 
bias, in this case) while still showing negative differential resistance (Chapter 8 ). This 
would eliminate the need for painful selective growth or post-growth steps. Finally, 
another element, that is in principle compatible with the FP structure with regard to 
integration, is the HBT phototransistor the basic structure of which requires an extra 
n-doped layer on top of, for example, a p-i-n diode.

Thus, normally-on and normally-off devices as well as phototransistors are 
integrable in close proximity on the same chip. This allows a large flexibility in the 

realisation of various types of logic, and in general increases the scope for new 
functionality. For example, Chen et al. [1991] have dem onstrated a bistable switch 
using an AFPM, a detector, and a resonant tunnelling diode (this is in the 
InGaAs/GaAs system). The combination of such a broad variety of functions is a very 
powerful characteristic of the structures discussed in this thesis, that consequently 
enhances the potential for the realisation of high complexity smart pixels.

The FP structures may be integrated in dense two-dim ensional arrays of 
devices. The processing of such arrays involves covering of the finished mesa devices 
(Chapter 2 ) in an insulating material, such as polyimide, which is subsequently 
selectively etched off to reveal the top and bottom contact metallisations as wells as to 
leave the optical windows exposed. Metal tracks connecting to the remote pads are 
then deposited following the photolithographic step required for lift-off. A completed 
4x4 array of devices is shown in Fig.9.2.1. Much larger arrays of individually  
addressable 1 0 pmX1 0 |xm mesa devices are possible to fabricate as has been done for 
the more complex S-SEEDs [Chirovski et a l, 1991].

Finally, it is useful to discuss at this point the successful realisation of AFPM 
structures in material systems other than GaAs/AlGaAs. An inverted (i.e. addressed 
from the substrate) AFPM in the InG aA s/InP system has been dem onstrated by 
Moseley et a l  [1990]. A short period InP/GaAlInAs Bragg stack comprises the front 

m irror in that structure while the back m irror is formed by a T i/A u film deposited at 

the top surface (note that the device is inverted). InP/AlGaAsP m irrors may also be 
used in this system [Choa et a l, 1991].

Hu et a l [1991a] have demonstrated AFPM operation in InGaAs/GaAs using 
G aA s/A lA s mirrors both in addressing from the top and in addressing from the 
substrate configurations [1991b]. Sale et a l  [1991] have actually show n S-SEED 
operation in the InGaAs/GaAs system. Also Buydens et a l  [1991] have demonstrated 
an AFPM with InGaAs/AlGaAs quantum wells using again GaAs/AlAs mirrors. Fritz 

et a l  [1991] have realised an AFPM using InGaAs/AlGaAs strained layer superlattices 

as the active medium, while the mirrors are formed by unstrained InGaAs/InAlAs
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q u arte r-w ave  layers grow n on a strain-relaxed  InGaAs buffer on GaAs. In the 

G aA s/A lG aA s system , excellent results (high contrast, 1.65dB insertion loss at 4V 

swing) have been obtained by short period superlattices [Law et a l ,  1991]. H ow ever, 

this latter result as well as the relatively good results in o ther m aterial system s the 

electroabsorptive effects of which are w eaker com pared with those of GaAs, are solely 

d ue  to the good cavity designs, i.e. to the increased front and  back m irro r reflectivities 

(see C hapter 6). Finally, Pezeshki et al. [1992] have realised an AFPM operating in the 

visible using Al0^sGag ssAs wells w ith AlAs barriers (see also G oossen et al., 1992) 

w here the reflector stack is formed by A lA s/A l0 6Gao 4As quarter w ave layers.

Fig.9.2.1 A complete bonded 4x4 array of 85p.mx85p.rn mesa devices 

with 60pm x60pm  optical windows. Processing and photograph by Tony

Rivers.
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9.3 PROPOSED APPLICATIONS OF FABRY-PEROT MODULATORS IN COMPOSITE 

DEVICES

In this section w e present som e novel ideas w here the FP quan tum  well 

structure is incorporated in composite devices.

Waveguide-to-Vertical (and vice-versa) SEED

W e have already in troduced the self-electro-optic effect device (SEED) in C hapter 1 

and discussed details of its operation in C hapter 8. That type of arrangem ent m ay be 

im plem ented to perform  a conversion from in-plane w avegu ide operation to free- 

space and vice-versa. For this purpose, a w aveguide m odulator m ay be connected in 

series w ith a surface-norm al m odulator in a vertical in tegration  arrangem ent as is 

schem atically show n in Fig.9.3.1. W ith a constant beam  inciden t on the vertical 

m odulator, a digital signal will be im printed on the reflected signal as im posed by the 

inpu t to the w aveguide. A lternatively, a signal incident on the vertical device can be 

im printed on the beam leaving the w aveguide. The two devices used may be operated 

either in their norm ally-on or their normally-off mode, w here w hen at least one of the 

tw o show s negative d ifferential resistance bistability  m ay be obtained from  the 

com posite structure. This is, however, not necessary as the proposed element is aim ed

O U T

M etallisa tion

M Q W

Reflector
Stack

M Q W

Fig.9.3.1 A schematic of the combination of a waveguide with a surface- 

normal reflection modulator to produce a converter from the in-plane to the 

surface-normal mode and vice-versa. Care is needed that the performance of 

the waveguide is not affected by the presence of the top layers, which may 

imply differing lateral positions for the two components.
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at a m ode conversion rather than the realisation of a logic function (at this stage it is 

difficult to forsee an application for a logic element in this form).

The w avelengths of the light in the two m odes can be different from one other. 

Also the pow ers may be unequal to allow for control of a large pow er beam  by a lower 

pow er one, provided careful design has been perform ed. The vertical m odulator may 

be realised by a double-pass reflection structure (Chapter 1). H owever, the use of an 

AFPM will be advantageous not only because of the superio r perform ance of that 

device (Chapter 2) but also because the low voltages of operation m ake it easier to 

m atch those of a w aveguide structure (Chapter 1).

FP T-SEED

As m entioned in C hapter 1, the connection in series of a transistor w ith a m odulator 

results in a com posite device where the input to the transistor and the ou tpu t from the 

(pum ped  w ith a constant beam ) m odu lato r show  a characteristic w ith  tw o well 

defined on- and off- states. This device may be used to perform  optical logic and in

Input

Output

w  =
—. n —........ =

n Emitter

P Base

- ■ . p ==
===== Collector =====

R2

R3

Transistor Modulator

Fig.9.3.2 A schematic of the proposed configuration for a T-SEED. The 

modulator part is an AFPM  and the transistor part is also a resonant 

structure. K l, R2, and R3 are the reflectivities of the corresponding Bragg 

stacks.

general take part in a complex node or sm art pixel [Taylor, 1990].

Taylor [1990] had proposed the use of an AFPM to com prise the m odulator 

element in such an arrangem ent, thereby obtaining better contrast. In that proposal the 

layers from top to the substrate are as follows: a p-type reflector stack followed by a p-
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i(MQW)-n m odulator, and finally an n-p-n transistor. Subsequently, this would be 
flip-chip bonded to a host supporting block (such as sapphire) and the substrate 
etched off thereby yielding an AFPM window at places where the transistor layers are 
etched off or a transistor window otherwise. This device has an inherent inflexibility in 

terms of the AFPM design, involves a certain difficulty concerning the quality of the 
top surface of the AFPM after the long etching process, and also requires an AR 
coating at the transistor surface.

Kurokawa et al. [1992] have demonstrated a T-SEED where they use a Bragg 
m irror between the m odulator and transistor elements to achieve optical isolation 
between the two. The modulator and the transistor are addressed from the top and the 

substrate respectively. AR coatings are used to avoid Fabry-Perot effects.
Here we propose an arrangement where both elements are addressed from the 

top surface, m aking the device much more flexible in term s of addressing and 

integrating, and they are m utually optically isolated by a reflector stack. The 
m odulator is an AFPM with a front m irror (Rl) that can be designed as required to 
optimise the performance (Fig.9.3.2). The transistor also takes advantage of the FP 
effects so as to absorb all the incident light thereby increasing its efficiency [Unlii et 

a l,  1990]. In this design we are actually making use of the finite length and the phase 
change introduced from a Bragg reflector stack (Chapter 8 ) to produce this structure 
where the cavity that corresponds to the final transistor element (on the left in 
Fig.9.3.2), thus without a front mirror, is at a resonance whereas the cavity formed 
between the two lower mirrors (R2 and R3) is at an antiresonance. This latter cavity 
acts then as a highly reflecting back m irror for the m odulator part. In that way the 
optical pum p beam to the modulator will have only a negligible direct effect on the 
transistor. The etching step required to reveal the transistor m ust be done using some 
in-situ monitoring and control of the etching process (Chapter 5) so as to accurately 
stop directly after the second reflector stack (R2). It should be noted, however, that a 

slight error would not have a tremendous effect on the operation of the transistor since 
the resonance will be reasonably broad (low finesse).

Thus, in this design we manage to both increase the transistor efficiency, by 

making use of the FP effects, and achieve an improved m odulator performance using 
the AFPM. This device is expected to outperform any previous such structure (i.e. T- 

SEED) and thus be a very efficient high contrast switch with inherent gain that may 
lend itself to an array of optical systems (Chapter 1 ).

Integrated externally modulated surface emitting laser diode

Chirp in directly modulated lasers [Surbo, 1986] has promoted external modulation, 

especially so in telecommunications links where it limits the bandw idth and the speed
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of operation [Ribot et a l ,  1989]. Here we propose a vertically integrated device where 

a surface em itting laser is externally m odulated using a FP MQW m odulator.

The structure is show n in Fig.9.3.3. The m odu la to r constitu tes in effect an 

electrically controlled m irror that will prom ote lasing w hen at its high-reflection state, 

and will prevent lasing w hen at its low-reflection state. Indeed, if the laser is injected 

at just above the threshold current corresponding to the highly reflecting state of the 

m odulator, a decrease of the reflectivity by a sufficient am ount will destroy the carrier 

balances and pull the laser to a non-lasing state since the threshold current will then be 

increased (decreased cavity efficiency). H owever, since the carrier build-up continues 

taking place in the laser, chirping will be dim inished.

The m irrors for surface em itting lasers are required to be quite high so as to 

achieve low threshold currents [Coldren et a l ,  1992; H asnain et a l ,  1992]. Thus the 

m odulato r is required to have a characteristic w ith a very low insertion loss as the 

m irro rs for the surface em itting  lasers m ust be very high to achieve lasing at 

reasonable current densities. Thus the on-state reflectivity of the m odulator ought to 

be preferably Ron>99% while a relatively small reflection change (estimated <20%)

E£ Output

modulator

L aser < MQW 1 -

F ig .9 .3 .3  The double cavity  arrangem ent to realise an integrated  

externally modulated surface emitting diode. See text for details.

ought to suffice allowing at the same time for a certain tolerance in the injection levels 

(Cai Bo, private communications). This m odulator perform ance may be realised by a 

double-pass reflection m odulator operated very far from the exciton (im plying a high 

operating voltage). A lternatively, a norm ally-on AFPM m ay be used w here only a 

fraction of the critical am ount of absorber is incorporated in the cavity and the back 

reflector is as highly reflecting as may be realised (Chapter 6). Another option is to use 

a SCEM with a very high front m irror and a low er back m irror so as to obtain the 

required large on-state reflectivity (Chapter 8). In either case the quantum  wells in the
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modulator would have to be narrower than those in the laser structure since the laser 
operates at best at the vicinity of the heavy-hole exciton peak, while all the modulator 
structures mentioned above operate at wavelengths longer than the zero-bias exciton.

This structure is realisable in this form thanks to the decoupled double cavity 
configuration discussed in Chapter 8 . Thus with correct design, there is no coupling 
between the top and the bottom cavity. The cavity formed between R1 and R2 as well 
as that formed between R2 and R3 may be at a resonance w ithout the longer cavity 
being formed between R1 and R3 being at a resonance. The problem  of this 
configuration is, however, that it is very dem anding on the epitaxial growth and it is 
not very tolerant to any deviations from the designed structure or from the optimum 

operational conditions. Worse, deviations from the optimum conditions could cause 
the device to cease to operate altogether.

Fritz et al. [1989] have dem onstrated an electrically m odulated m irror in 
GaAs/AlGaAs and Blum et a l  [1991] have realised such a m irror in the InG aA s/InP 
material system, both using similar complex Bragg stacks where one of the X /4  layers 
in the stack is in fact a MQW region. Modulation is achieved mainly by means of the 
electroabsorptive effects, which, however, limits the m axim um  reflectivity of the 
m irror while the attained changes in transmission are quite low (=14%). The use of a 
m odulator is by far preferable in terms of the flexibility, and the optimisation, of the 
performance characteristics. Our proposed structure is an efficient compact form of an 
externally m odulated laser that would be quite valuable in optical communications 
and optical processing applications.

Tunable detector/ add-drop filter, demultiplexer

In Chapter 8 we saw that the SCEM is an inherently highly wavelength selective 

device which is a disadvantage for a modulator, while at the same time it denotes the 
low tolerances of that structure. However, this very characteristic may be actually 

exploited to produce devices where wavelength selectivity is desired. Furthermore, a 
com bination of a) IFVD (section 9.2.1), to shift the excitonic features to shorter 
wavelengths, b) dielectric front mirrors, to leave the cavity exposed, and c) etching 
back, to tune the cavity length to the wavelength required for each individual device 

[Unlii et a l, 1990], may produce a composite device that consists of many SCEMs that 
operate at distinct wavelengths. The control of the am ount of interm ixing by the 

different oxide thicknesses enables the realisation of a fully integrated such device as 

discussed earlier. The composite device is schematically shown in Fig.9.3.4.
A large num ber of wells needs to be incorporated in this structure so as to 

compensate for the loss in absorption and the broadening of the excitonic peaks that 

follows the IFVD process. The consequent broadening in particular, requires operation
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at increasingly larger distances from the zero bias exciton peak for the m ore diffused 

wells. In total, a good SCEM perform ance has been calculated to be attainable by 

different, (i.e. in differing degrees intermixed) devices.

Eventually thus, the SCEM m odulation  characteristic  can be obtained at 

different w avelengths from individual devices in close proxim ity to one other. The 

spacing of the channels can be very sm all by using long cavity lengths, how ever, a 

reasonable spacing m ay be estim ated to about l-2nm . The trade-off involved here is 

b rought about by the fact that as the resonance becomes sharper, allowing thus for

F ig .9 .3 .4  SCEM operation may be obtained at different wavelengths from  

adjacent devices on the same wafer. The QW effects are post-growth shifted 

using IFVD , the resonant wavelength is tailored by etching, and a 

(common design) dielectric m irror is deposited to realise the SCEM  

configuration.

dense channel spacing, the tolerances of the structure are increasingly dim inished.

With all devices biased bar one, only that one of the w avelengths incident on 

the com posite device will be absorbed and thus a tunable detector is realised. W ith the 

m ultiple wavelengths going through the devices in sequence of increasing w avelength 

(by m eans of an hologram  or a m irror in the sim ple case), any w avelengths may be 

chosen to be picked out thereby realising a drop-out filter in both the reflection and the 

photocurrent mode. This action is com plem entary sim ultaneously in the two modes. 

Finally, this arrangem ent may act as a dem ultiplexer in free-space links.

In the case of the tunable detector and the filter configurations, there is a 

restriction in the overall range of wavelengths that m ay be used. This is im posed by 

the resonance that lies at shorter w avelengths (lower order) than that of operation and

D ie le c tr ic
J te f le c to r

MQW M etal
con tac t

R e flec to r  Stack:
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which will cause the devices to absorb the corresponding wavelengths, in addition to 
their prime wavelength of operation and obviously regardless of the voltage applied to 
the terminals of the device. A typical range is =30nm as obtained for a high-finesse 
device of typical cavity length. There is no such restriction of range for the straight 

demultiplexer where the devices are addressed in sequence of increasing wavelength, 
provided of course the absorptance of the devices at their operating wavelengths is 
sufficiently high.

The problems encountered with this structure are brought about firstly by its 
low tolerance that requires a good design, to yield reasonable operation by all devices, 
and also requires stable operating conditions, m ainly a control of the am bient 
temperature. The IFVD process is potentially controllable and reproducible [Ghisoni,
1992] and the etching back step may be carried out very accurately using in-situ optical 
monitoring (Chapter 5). One serious consideration is the accuracy in the deposition of 
the front mirror which, unlike other steps of the overall fabrication process, may only 

be corrected by a repeat. This front m irror (one single for all devices) also poses 
difficulties in designing the structure as the phase-change introduced by it is 
wavelength dependent. Note that the phase-change m odifies the cavity length 
required to obtain the resonance at a certain position and therefore it may result in a 
severe alteration of the device performance.

Tunable detection, add-drop  filtering and dem ultiplexing are valuable 
functions [see for example Ragdale et al., 1992]. The composite device proposed here 
would be a very useful element for systems where the capacity of the links has been 
extended by the implementation of wavelength division multiplexing.

9.4 SUMMARY.

In this final Chapter we have examined the FP m odulator in term s of its 

potential to take part in complex integrated optoelectronic modules. Firstly, we have 
explained the role of integration and the means by which the m odulator may be 
integrated with other optoelectronic devices as well as with electronic circuitry. We 
have subsequently focussed on the versatility of the FP structure and have pointed out 

how it may lend itself to efficient integrated modules of complex functionality. The
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large range of ultimately integrable devices that may be realised by the same basic 
structure opens up  a broad area of applications and establishes an increased scope for 
novel configurations. We have raised the main issues involved in the matching of the 
various components and have pointed out how the work presented in this thesis may 
be employed to yield an optimisation of the overall performance.

Finally, we have proposed some novel com posite devices w here the FP 

m odulator plays a key role. These and other possible configurations may be 

implemented in a range of applications in optical communications and processing.
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CONCLUSION

The work described in this thesis started with the asymmetric Fabry-Perot 
m odulator (AFPM), a device that had been demonstrated to exhibit contrast over 20dB, 
reflection change of 45%, at operating voltages of 9V. It appeared that there was scope 
for a thorough investigation and performance optimisation of this type of structure 

which we decided would be directed tow ards an exam ination of the achievable 
characteristics under real operating conditions.

The work carried out for this thesis includes a num ber of distinct contributions 
which have advanced the field in the following ways:-

We have shown that the AFPM can exhibit very high contrast and large 
reflection changes with low operating voltages. Specifically, we have dem onstrated 
13dB contrast, 52% change in reflectivity, with 3.4V. The result is significant because it 
opens up  the possibility of driving m odulators from standard electronic circuitry 
thereby enhancing the attraction of the im plem entation of AFPMs as interface 
elements between optics and electronics.

We have developed a num ber of design procedures which allow optim um  
design of AFPMs for a variety of specifications, involving both quan tum  well 
optimisation and micro-resonator optimisation. Realistic modelling has predicted that 
contrasts in excess of 20dB, reflection changes over 90%, may be attained at operating 
voltages below 3V. A detailed investigation has highlighted the flexibility of the AFPM 
showing quantitatively how various performance characteristics can be traded-off in 
different designs. Our procedures permit tailored design to predefined specifications.

The structures used are inherently sensitive to variations in thickness and 
composition of the layers during fabrication, tem perature changes, and operational 

conditions such as operating voltage and optical wavelength as well as the angle of 

incidence when optically addressing them. We have studied these sensitivities in 
detail and developed designs which are least sensitive to these problems. Specifically, 
we have shown that it is possible to obtain good device perform ance over a 
temperature range of =20 °C which is encouraging because this degree of tolerance can 
be coped with in many applications by unsophisticated control systems. Additionally, 
several ways of im proving this sensitivity have been examined experimentally. 
Variations in layer thickness during growth are probably the most restrictive of all 
parameters involved in the AFPM. Indeed, whilst individual devices can be produced 

and small arrays can be fabricated, the stringent imposed requirements cannot be fully
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provided in current growth systems if high yields are demanded. We have suggested 
various ways of dealing with this among which is our proposed use of a new double
cavity arrangem ent that results in an im provem ent of the overall tolerances in 
applications where large reflection changes are required. Nevertheless, a satisfactory 
solution of this problem requires further advancements in epitaxial growth systems.

We have proposed, demonstrated, and investigated in detail the Symmetric 
Cavity Electroabsorption Modulator (SCEM). The work was developed independently 
but the idea was first published by others. We showed that the device is suitable for 
normally-off operation, demonstrated a record reflection-change in that mode, and for 
the first time switching using a symmetric self-electro-optic effect device (S-SEED) 
configuration.

We have attem pted to evaluate critically the role micro-resonator m odulator 

devices may play in future optoelectronic systems where versatility and integrability 
are particularly important. The course of this work generated some ideas that we 
maintain further enhance the attraction of such m odulators in that respect, and we 
proposed a num ber of new integrated configurations and novel composite device 

structures.

The AFPM has been realised in III-V materials other than GaAs/AlGaAs. The 
insights gained from our work in this thesis may be implemented in the optimisation 

of these as well as yield efficient operation in other III-Vs such as the G alnP/A llnP and 
InGaAlP/GaAs systems. Furthermore, resonant devices may also be attem pted in 
materials that are currently at a less developed stage, such as II-VIs that have received 
a lot of attention in the last couple of years, or Si/Ge.

The course of this work has highlighted various aspects of the m odulator that 
need further investigation. In most applications it is desirable that the device can 
handle large optical powers and therefore it is im portant to examine the impact of 

saturation effects upon the performance. Another area of particular practical interest is 

the optical addressing by a highly converging beam, as is required for high-speed 

operation where the device features are scaled down to a few microns. This may lead 

to diminished modulation depth.
But at this stage of development it is particularly important that applications- 

oriented prototype systems are demonstrated and future work should progressively 
head in that direction. Hence steps towards narrow ing the evident gap between 

component-building and systems-architecture are required  that will ultim ately 

facilitate a sober evaluation of the potential of actual implementations. This asks for 
advancements in the purely technological side of assembled miniature optics, a closer 
link with the inevitable hosting electronics, and efficient sophisticated integration.
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APPENDIX

DETAILS ON MODELLING

A.l Evaluation of the sub-band energies

As mentioned in Chapter 3, the sub-band energies and overlap integrals were obtained 
using the model developed by Peter Stevens that uses the tunneling resonance 
technique. In Chapter 3 we gave a brief outline of that technique. The param eters used 
for those calculations are listed below.

There are two approaches to account for the non-parabolic bands, where the 
effective masses are either assumed velocity-dependent or energy-dependent. These 
have been presented by Hiroshima and Lang [1986] and Nelson et al. [1987a]. An 

energy dependent effective mass has been employed in the calculations of Stevens 
[1989] that we use when the modelling the absorption spectra. Thus the effective mass

i f

m ^(E) of the particles in the direction perpendicular to the layers, is given by

interest (be it in the well or in the barrier material) and y is the band non-parabolicity. 
This expression for the mass refers to both the electron in the conduction band and the 

hole in valence band.
The effective masses [Miller R C et a l, 1984], bandgaps [Casey and Panish], 

band offset ratios [Duggen et a l, 1985], and non-parabolicity param eters [Nelson et 

a l,  1987a] used for the modelled GaAs/AlGaAs system are shown in the Table below, 
where x is the Al concentration.

ml  (E) = m j_ • [l + (E -  V) /  Enp ] 

where Enp = %2/ m ^y

where E is the energy of the respective particle, V is the potential at the position of 

Parameter Value

Electron mass (m0)

Heavy hole mass (m0)

Light hole mass (m0)

Bandgap Energy (eV)

Band offset ratio (%)

Electron non-parabolicity (m2) 
Light hole non-parabolicity (m2)

0.0667+0.0835 x 

0.34+0.412 x  

0.094+0.066 x  

1.4247+1.247 x  

65

4.9x10-™ 
7.35x10-™
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A.2 Evaluation of the absorption spectra

The binding energies required in order to obtain the position of the final 
transition have been assum ed field-independent and well w idth  dependent, as 

mentioned in Chapter 3. The values used in our model have been obtained by a 
polynomial fit to those reported by Ekenberg and Altarelli [1987], and are finally given 
by

E{jh = 2S.135337 -0.63813686-LW +1.0720868-lO-2 L2W 

-9.1849721-10"5 L3w + 3.8235542-10'7 L4W

-6.1557315 10"l o L5w

Eg1 = 25.422539 -  0.56194801 • Lw + 9.6858652 • 10"3 • L2 ,

-  8.6270938-10-5 -L3w +3.7064877-10~7 •L'jv

-  6.1224895•10~10• L3W

where hh denotes the heavy hole and lh denotes the light hole, Lw is the well w idth in 

A, and the obtained binding energy values are in meV.
The masses used in the calculation of the absorption spectra refer to the 

motion of the particles within the plane of the wells. The heavy and light hole masses 
in the direction parallel to the layers differ from their values in the perpendicular 
direction and are given by [Chemla and Miller, 1985]

m hh  -----5-----------•—
3 m _Lhh + m ±lh

* _  4 - m l hh - m l lh
m l h  ; ------ ; — »—

m ±hh + 3-m_uh

* *
where m ^  and m jjh are the heavy and light hole masses, respectively, in the 
direction perpendicular to the layers (see above). The exciton reduced mass is given by

» »
mr -mv

M- = — r ---- t -
mc + m v

*  *

where m c is the mass of the electron in the conduction band and m v is the mass of the
particle in the valence band, i.e. the mass of either the heavy or the light hole as
expressed by the preceding equations. The Rydberg is then given by (in eV)
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where e is the material permittivity, and h is Planck's constant. Depending on whether 
the reduced mass p of the heavy-hole associated or the light-hole associated exciton is 
used in this equation, the corresponding Rydberg is found. This value is subsequently 
used to calculate the exciton area relative to the continuum level (Chapter 3).

The Sommerfeld factor, that is included in the continuum  of states when evaluating 

the absorption spectra, varies with photon energy E as given by

w here S(E) above starts at the corresponding band-edge and  Ry is the 

corresponding Rydberg constant.

The thermal lineshape employed in our model is a Lorentzian with exponential tails. 
We give details of the empirically derived exponential roll-off in C hapter 3. The 
Lorentzian used is the one used by Peter Stevens.

The Lorentzian lineshape centred at the exciton position Eex is given by

explained below, Tt  is the FWHM of the Lorentzian, k is Boltzman's constant, T is the 

temperature (K), and Q is the LO phonon energy (37meV) [see Chemla et a l, 1984]

The FWHM of this lineshape was derived by a fit to experim ental data. 
Specifically, the heavy-hole exciton linew idth was m easured as a function of 
temperature. Then the linewidth Tph employed in the Lorentzian above was estimated 

as that which provided the best fit to the obtained data after a convolution with a 
Gaussian that corresponded to one monolayer fluctuation of the well thickness and a 
square lineshape to account for broadening due to field non-uniformities. The details 

of this are given in Peter Stevens' Ph.D. thesis [1989].

S (E )- 2

Broadening

,(hO/kT)

where 1"^ is clearly an im portant param eter the empirical derivation of which is
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Finally, let us refer to the field-induced broadening. We have given a description of the 
technique employed to account for field-induced broadening in Chapter 3. It is useful 
to note here that in the field-versus-distance diagram  (see C hapter 3), the area 

underneath the curve within the intrinsic region is equal to the total voltage, i.e. 
Area = V + Vbi where V is the applied voltage and Vbi is the built-in field. The slope of 

that curve is a function of the doping concentration Nb and is given by 
slope = N b |e| /  e . These allow the calculation of the field seen by individual wells.
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