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Sumário da Tese 
Propriedades Optoelectrónicas de Díodos Túnel Ressonantes 

José Maria Longras Figueiredo 

Esta tese descreve o estudo das propriedades optoelectrónicas de guias de onda semicondu
tores unipolares incorporando um díodo túnel ressonante de dupla barreira de potencial (DBQW-
RTD), implementado, sucessivamente, nos sistemas materiais semicondutores AlGaAs/GaAs e 
InGaAlAs/InP, e com comportamento análogo ao do DBQW-RTD (resistência diferencial nega
tiva, NDC). Os sistemas materiais empregues permitem a operação nos comprimentos de onda 
900 nm e 1300/1550 nm, respectivamente. Este díodo unipolar combina o confinamento óp
tico com o ganho eléctrico e as propriedades de banda - larga do DBQW-RTD. A investi
gação concentrou-se na demonstração do seu potencial como modulador óptico baseado no efeito 
de Franz-Keldysh: díodo túnel ressonante modulador por electro-absorção (RTD-EAM). Um 
método fiável de fabricação do RTD-EAM foi estabelecido para ambos os sistemas materiais. 

O RTD-EAM baseado em AlGaAs/GaAs consiste num guia de onda unipolar AlGaAs-GaAs-
AlGaAs contendo um DBQW-RTD em GaAs/AlAs. Este dispositivo apresenta NDC com uma 
razão corrente de pico - corrente de vale de 1.6, densidade de corrente de pico até 13.5 kcm - 2 

e tensão de pico no intervalo 1.5-3.2 V. Da característica corrente-tensão e do comportamento 
espectral do dispositivo, estimou-se uma profundidade de modulação óptica da ordem de 14 dB. 
A modulação por electro-absorção foi caracterizada usando uma "streak camera", medindo-se 
profundidades de modulação até 18 dB em RTD-EAMs de AlGaAs/GaAs com área activa de 
4 ^m x 200 fim. Foi também demonstrada modulação óptica associada à auto-oscilação do RTD-
EAM, observando-se profundidades de modulação até 11 dB. A partir da análise da operação no 
modo de oscilação de relaxação, é de esperar uma largura de banda superior a 30 GHz. O estudo 
das propriedades dos dispositivos baseados no sistema AlGaAs/GaAs permitiu a elaboração de 
um modelo de operação simples, que constituiu uma ferramenta de grande utilidade no desenho 
das estruturas baseadas em InGaAlAs/InP apresentando NDC significativa. 

O RTD-EAM implementado no sistema material InGaAlAs, com rede cristalina ajustada à do 
InP, opera no comprimento de onda 1560 nm. A configuração deste dispositivo corresponde a um 
guia de onda unipolar de InAlAs-InGaAlAs-InP incorporando, na região do núcleo de InGaAlAs, 
um DBQW-RTD de Ino.53Gao.47As/AlAs. O RTD-EAM de InGaAlAs apresenta superior NDC à 
dos dispositivos de GaAs (razão corrente de pico - corrente de vale até 7 e densidade de corrente 
de pico de 18 kAcm"2). Um sinal de baixa frequência de 1 V de amplitude induz profundidades 
de modulação até 28 dB no comprimento de onda de 1565 nm. A resposta em electro-absorção 
apresenta uma alteração de 5 dB na absorção, induzida por variação de 1 mV na tensão de 
operação na região NDC. Foi observada uma alteração de 13 dB na absorção para variações de 
tensão entre os extremos da região de NDC. 

Esta configuração do dispositivo mostrou o seu potencial para aplicações em sistemas opto-
electrónicos de comunicação de alta frequência. 

http://Ino.53Gao.47
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Abstract of the Thesis 
Optoelectronic Properties of Resonant Tunnelling Diodes 

José Maria Longras Figueiredo 

This thesis reports an investigation of the optoelectronic properties of unipolar semiconduc
tor optical waveguides incorporating a double barrier quantum well resonant tunnelling diode 
(DBQW-RTD), implemented successively in the AlGaAs/GaAs and the InGaAlAs/InP mate
rial systems, and showing typical DBQW-RTD behaviour (negative differential conductance, 
NDC). The material systems employed allow operation at wavelengths around 900 nm and 
1300/1550nm, respectively. This unipolar diode combines waveguide optical confinement with 
the electrical gain and potential wide bandwidth properties of the DBQW-RTD. Research concen
trated on the demonstration of its potential as an optical modulator based on the Franz-Keldysh 
effect: the resonant tunnelling diode electro-absorption modulator (RTD-EAM). A reliable RTD-
EAM fabrication process was established for both material systems. 

The AlGaAs/GaAs RTD-EAM consists of an unipolar AlGaAs-GaAs-AlGaAs waveguide em
bedding a GaAs/AlAs DBQW-RTD. This device presented NDC with a peak-to-valley current 
ratio around 1.6, peak current densities up to 13.5 kAcm - 2 and peak voltages in the range 
1.5 — 3.2 V. From the devices current-voltage characteristic and spectral behaviour, an opti
cal modulation depth of around 14 dB was estimated. The electro-absorption modulation was 
characterized using a streak camera, and modulation depths up to 18 dB were measured in 
4/xm x 200 /zm active area AlGaAs/GaAs RTD-EAMs. Optical modulation associated with 
RTD-EAM self-oscillation was also demonstrated, showing modulation depth up to 11 dB. From 
analysis of the operation in the relaxation oscillation mode, a bandwidth higher than 30 GHz is to 
be expected. Knowledge of the electrical properties of the devices based on the AlGaAs/GaAs 
system allowed a simple operation model to be established, which was employed to help the 
design of InGaAlAs/InP wafers presenting significant NDC. 

The RTD-EAM implemented in the InGaAlAs material system, lattice matched to InP, oper
ated at around 1560 nm. This device configuration consists of an unipolar InAlAs-InGaAlAs-InP 
waveguide incorporating, in the InGaAlAs core region, an Ino.53Gao.47As/AlAs DBQW-RTD. 
The InGaAlAs RTD-EAM showed larger NDC (peak-to-valley current ratio up to 7 and peak 
current density as high as 18 kAcm -2) than the GaAs device. A low frequency electrical signal 
with an amplitude of 1 V induced an optical modulation depth as high as 28 dB at around 
1565 nm. The electro-absorption response showed a change in absorption of 5 dB for a 1 mV 
variation in the bias voltage within the NDC region. A total change in absorption of 13 dB was 
observed as the RTD-EAM bias voltage was swept through the NDC region. 

This device configuration proved its potential for applications in high frequency optoelectronic 
communication systems. 

http://Ino.53Gao.47As/AlAs
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Sommaire de la Thèse 
Propriétés Optoélectroniques de Diodes Tunnel Résonnantes 

José Maria Longras Figueiredo 

Cette thèse traite des propriétés optoélectroniques de guides d'ondes optiques à base de 
semiconducteur unipolaire incorporant une diode tunnel résonnante à puits quantiques double 
barrière (DBQW-RTD). Cette structure a été appliquée avec succès aux systèmes AlGaAs/GaAs 
et InGaAIAs/InP et a montré un comportement typique RTD (conductance différentielle néga
tive, NDC). La longueur donde des deux systèmes semiconducteurs employés se situe autour de 
900 nm et 1330/1550 nm respectivement. Cette diode unipolaire allie le confinement optique 
du guide d'onde avec le gain électrique et les propriétés éventuelles de large bande passante des 
DBQW-RTD. Cette étude a été concentrée sur la démonstration de ses possibilités en tant que 
modulateur optique basé sur l'effet Franz-Keldysh: le modulateur électro-absorbant à diode tun
nel résonnante (RTD-EAM). Un procédé de fabrication fiable de RTD-EAM a été établi pour les 
deux systèmes étudiés. 

Le modulateur RTD-EAM AlGaAs/GaAs est constitué d'un guide d'onde unipolaire AlGaAs-
GaAs-AlGaAs enchâssant une structure DBQW-RTD AlGaAs/GaAs. Ce dispositif présente une 
conductance différentielle négative avec un rapport de courant maximum/minimun d'environ 1.6, 
des densités de courant maximum allant jusqu'à 13 kAcm -2 et des tensions maximum dans la 
gamme 1.5 - 3.2 V. A partir des caractéristiques courant- tension et de la réponse spectrale des 
dispositifs, on a pu estimer la profondeur de modulation optique à environ 14 dB. La modulation 
électro-absorbante a été caractérisée en utilisant une "streak camera", et des profondeurs de 
modulation allant jusqu'à 18 dB ont été mesurées sur des modulateurs RTD-EAM AlGaAs/GaAs 
de zone active 4 /xm x 200 //m. La modulation optique associée à l'auto-oscillation du modulateur 
a également été démontrée, montrant une profondeur de modulation allant jusqu'à 11 dB. A 
partir de l'analyse du fonctionnement en mode oscillation de relaxation, une bande passante 
plus large que 30 GHz est attendue. La connaissance des propriétés optiques des dispositifs 
basés sur le système AlGaAs/GaAs a permis d'établir un modèle de fonctionnement simple, qui 
a aidé à concevoir des wafers InGaAIAs/InP présentant une conductance différentielle négative 
significative. 

Le modulateur RTD-EAM réalisé dans le système InGaAIAs, de même paramètre de maille 
que InP, opère autour de 1550 nm. La configuration de ce dispositif est constituée d'un guide 
d'onde unipolaire InAlAs-lnGaAlAs-InP incorporant, dans le coeur InGaAIAs, une diode tunnel 
résonnante à puits quantiques double barrière Ino.53Gao.47As/AlAs. Le modulateur RTD-EAM 
InGaAIAs présente une conductance différentielle négative plus grande que le dispositif équiva
lent dans le système GaAs (rapport de courant maximum/minimun allant jusqu'à 7 et densités 
de courant maximum allant jusqu'à 18 kAcm""2). Un signal électrique à basse fréquence et 
d'amplitude 1 V induit une profondeur de modulation optique jusqu'à 28 dB aux environs de 
1565 nm. La réponse en électro-absorption a montré une modification en absorption de 5 dB 
pour une variation de tension de 1 mV dans la région de conductance différentielle négative. Une 

http://Ino.53Gao.47As/AlAs
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modification maximale d'absorption de 13 dB a été observée quand la tension balaie la totalité 
de la zone de conductance différentielle négative. 

Nous avons donc prouvé qu'une telle configuration pour ce dispositif est potentiellement 
intéressante pour des applications dans le domaine des systèmes de communication optoélec
tronique à haute fréquence. 
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Chapter 1 

Introduction 

Semiconductor devices are key components in advanced communication systems that process 
digital data at high rates, or handle analogue signals at high frequencies. To achieve high 
speed/high frequency capability a semiconductor device must have its operation based on charge 
carriers that respond strongly and rapidly to changes in the applied electric field and/or to the 
incident optical field. In Optoelectronics, a high speed device is either one that can generate, 
modulate or detect light at microwave frequencies or one that can handle very short pulses (that 
is, pulses with appreciable Fourier components in the microwave or millimetre-wave region, or 
above).1 

Double barrier quantum well resonant tunnelling diodes (DBQW-RTDs) [1][2] have been de
signed to have cut-off frequencies well into the millimetre-wave (30 - 300 GHz) and tera-hertz 
(above 300 GHz) ranges [3]; high speed applications, including high frequency signal generation 
[4] [5] [6], high frequency signal detection [7] and high speed switching [8][9], have been demon
strated. 

This thesis reports a novel optoelectronic approach for light modulation and detection at mi
crowave and millimetre-wave frequencies based on a unipolar diode heterostructure implemented 
by incorporating a DBQW-RTD within a moderately doped optical waveguide core: the resonant 
tunnelling diode electro-absorption modulator (RTD-EAM). 

This chapter contains a short overview of the state of the art of the Optoelectronics Semi
conductor Technology and of Optical Communication Systems, introduces Resonant Tunnelling 
Devices and presents the RTD Electro-Absorption Modulator. 

In this context, high speed in Electronics and Optoelectronics respects to either high capacity for information 
transmission or ultrafast transient behaviour, implying typical operation above 1.0 GHz. 

21 



22 CHAPTER 1. INTRODUCTION 

1.1 Optoelectronic Semiconductor Technology 

Optoelectronics corresponds to the interrelation between electrical and optical phenomena, and 
results from the synergy of various fields of Science and Engineering: Optics, Electronics, Materi
als and Microtechnologies [10]-[21]. It covers diverse topics, such as light generation, modulation, 
transmission, routing, and detection, which, aside from their scientific relevance, are the basis 
for advanced applications in Communications and Signal Processing. Implementation of these 
functions relies on the optical, electro-optical and acousto-optic properties of materials such as 
semiconductors, silica glass, dielectric and ferroelectric single crystals, and polymers [16]. In 
many cases, functions like light generation, modulation, detection and routing are mainly im
plemented with recourse to semiconductor materials, where electrons and photons can interact 
efficiently. Optoelectronic semiconductor devices, such as light emitters, waveguides, intensity 
or phase modulators and/or detectors, have found widespread applications ranging from com
munications and radar to imaging systems, displays, compact disc systems, information storage, 
barcode reader systems, sensors, laser printers, chemistry and materials processing [15]. Optical 
fibre communication systems, optical interconnects and high power infrared laser diodes represent 
the major driving forces behind the development of optoelectronic semiconductor devices. 

Semiconductor Optoelectronics work started in the early 1950s with silicon-based solar cells. 
The late 1950s saw the discovery of a new class of semiconductor materials: the three-five (III-
V) family [17].2 Almost at the same time, the idea of making solid solutions of these binary 
compounds (ternary compounds; the quaternary compounds appeared in the 70s) emerged. The 
first heterojunction lasers were obtained with gallium arsenide (GaAs) based materials (AlGaAs) 
in 1969, and the first indium phosphide (InP) based laser was demonstrated in 1975. At the 
present time, device properties are no longer strictly bound by those of the bulk, naturally 
occurring materials; instead, layered material structures can now be produced and tailored to 
specific device applications [22] [23]. 

Optoelectronic components rely simultaneously on the optical and electronic properties of 
the materials they are fabricated from. In their most versatile form, optoelectronic systems are 
built up from components that are very different in functionality - light emitters, waveguides, 
intensity or phase modulators, and/or detectors, among others. Each one of these specific com
ponents requires a different material composition, often through heteroepitaxial structures with 
accurately controlled parameters, to achieve optimum performance [13][15][19]. 

Until the 80s, Liquid Phase Epitaxy (LPE) and Vapour Phase Epitaxy (VPE) were the ma
jor industrial techniques for producing LEDs, lasers and solar cells. The need for complex, well 
controlled multilayered structures resulted in the development of two new techniques: Metal 
Organic Vapour Phase Epitaxy (MOVPE) and Molecular Beam Epitaxy (MBE).3 The general 
feeling is that, to date, MOVPE is more advanced for meeting these requirements when pro-

semiconductor families are defined by those materials that share the same lattice constant or by materials 

that may be combined, as alloys, to lattice match a third material [11]. 
3The traditional LPE and VPE techniques have almost disappeared from the laboratories, but are still quan

titatively dominant in industry [17]. 
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auction of sophisticated optoelectronic devices is involved, while MBE is often chosen for new 
demonstrations in the laboratory. 

Progress in crystal growth, specially through molecular beam epitaxy (MBE), and advances 
in micro-fabrication technologies, allow the fabrication of artificial semiconductor structures con
stituted by layers, a few nanometers thick, of different materials. These include silicon (Si) based 
materials (e.g. GeSi/Si), and GaAs based materials (e.g. AlGaAs/GaAs). The most important 
semiconductors for high speed applications are Si, and the III-V family, which includes GaAs, 
InP and their related compounds and solid solutions (e.g., ternary compounds as AlGaAs and 
InGaAs, and quaternary compounds as InGaAsP and InGaAlAs). For many optoelectronic 
applications the systems of interest are direct bandgap semiconductor materials, such as the 
AlGaAs/GaAs, InGaAlAs/InP and InGaAsP/InP families [17]. High quality semiconductor 
substrates are only available for Si, GaAs and InP [15] (quartz substrates are also available and 
used for some applications [16]). Apart from silicon based solar cells and specific long wavelength 
applications based on II-VI compounds, most of the high speed optoelectronic devices are built 
on GaAs, GaP or InP substrates [15] [17]. 

Strained heteroepitaxy (lattice mismatched semiconductor growth) results in the incorpora
tion of built-in strain, leading to important effects on the electronic and optoelectronic properties 
of the material that can be exploited for production of high performance devices [22] [24]. In prin
ciple, it can solve the substrate availability problem (allowing the possibility of growing GaAs 
on Si, for example) [17]. As a result of the strain, the cubic symmetry is no longer present in 
face centred cubic structure (fee) based semiconductor crystals. An important consequence is a 
decrease of the density of states mass in the valence band (a reduction by up to a factor of 3) [22]. 
In quantum wells, strain can restore the degeneracy lost due quantum confinement, producing a 
very high density of hole states at the bandedge, which can be exploited in optical modulation 
[22] [24]. The motivations for using strain in quantum well lasers are bandgap tuneability (up to 
150 meV), reduced threshold current (the reduced hole mass allows the inversion condition to 
be reached at a lower injection density), laser emission with tailored polarization (TE, TM, or 
unpolarized light) [24], reduction in Auger rates (as a consequence of the reduced hole masses), 
and improved laser reliability (by suppressing defect migration into the active region) [23] [24]. 

The appearance of optical fibres with very low attenuation, Fig. 1.1, led to the development 
of studies on ternary, then quaternary, compounds of the III-V family (specially InGaAlAs 
and InGaAsP on InP), aimed at obtaining optoelectronic device characteristics matched to the 
properties of these silica fibres [17]. Minimum loss below 0.2 dB/km at 1550 nm and zero 
dispersion at 1300 nm of standard single-mode optical fibres have caused the spectral windows 
at 1300 nm and 1550 nm to become dominant in today's optical telecommunication systems [14]. 
It is for this reason that the compound semiconductors InGaAsP and InGaAlAs, lattice-matched 
to InP and covering this wavelength range, have gained enormous importance over the past 15-20 
years in providing the material basis for the optoelectronic components used in those systems 
[25]. The GaAs-based mixed crystal system Ga(In)AlAs, matching the 800-1100 nm wavelength 
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range, is predominantly utilized in optical interconnection applications [15], because of its high 
degree of technological maturity, specific superior material properties and the short transmission 
distances involved.4 

2.0 -
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Figure 1.1: Attenuation in optical fibres as a function of the wavelength. (EDFAs: erbium doped 
fibre amplifiers; WDM: wavelength division multiplexing.) 

Optoelectronic devices based on silicon and III-V semiconductor materials are processed 
or fabricated using many of the technologies that form the basis of silicon integrated circuit 
production [20] [21]. A particularly ambitious goal is the production of optoelectronic integrated 
circuits (OEIC) [15], monolithically combining different active and passive devices in the same 
chip. 

1.2 Optical Communication Systems 

Basic communication systems perform the task of information transfer between two points using 
modulation of a high frequency carrier wave [10] [14]. The information is normally coded in the 
form of an electronic signal exhibiting a one-to-one correspondence to the modulated parameter of 
the carrier wave. The modulation rate is, in general, much lower than the carrier frequency. Lim
itations to the performance of communication systems arise mainly from insufficient bandwidth 
or excessive noise level [14]. As lower frequency bands become more crowded, there is pressure 
to utilize higher carrier frequencies for emerging applications and systems, which require higher 
bandwidth channel capacity, higher frequency signal sources, modulators and receivers. 

As the bit rate increases, the biggest problems in electronic communication systems are chip-
to-chip connection, the limited bandwidth of components and crosstalk effects [10] [14]. When 
the switching speed rises, so does the size of the output buffers necessary to provide fast voltage 
changes, and electrical power dissipation increases correspondingly [19]. Furthermore, problems 
with the maintenance of good signal integrity along the interconnecting lines become more acute 
at high switching speeds, as any mismatch between the line impedance and the line load can 

4This is also true for high-power laser diodes, being extensively developed for use as pump sources for optical 
fibre amplifiers and solid-state lasers, for materials processing, and other applications [15]. 
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cause severe "ringing" at the signal edges, making electrical signal transmission a bottle-neck 
in electronic systems [10] [19]. All signal lines have to be treated as transmission lines at high 
frequencies and this complicates the process of printed circuit board design and production, 
particularly where multiple chips are being driven from one signal line [10] [26]. In the future, 
communication between and within electrical boards will be made optically, using fibres, planar 
waveguide structures and free-space transmission [15] [19]. Optoelectronic fibre links between 
computers have already been put into practical use, for example. 

Optoelectronic interconnection and communication technologies are being widely studied 
due to their inherent parallelism (simultaneous action on many beams or wavelengths), and 
low crosstalk effects [14]. Moreover, all-optical transparent networks, which include all optical 
switching, are extensively pursued at the present time [19]. Advanced optical communication 
systems/networks will take advantage of the fibre-optic wide-bandwidth and low loss, Fig. 1.1, 
together with the interference free signal distribution supported by lightwave carriers, and will 
be mainly based on intensity modulation and direct detection [15] [19]. To become practical, 
these systems require low cost high bandwidth optoelectronic devices, in order to create sufficient 
performance advantages over other types of communication systems, such as satellite links where 
high frequencies can also be employed. Direct broadcast satellite and other direct satellite-to-
customer links are currently being used. 

Present trends are to increase the transmission capacity by rising the bit rate (>10 Gbit/s) 
and by exploiting optical frequency division, time division, and wavelength division multiplexing 
techniques [14][19], which utilize different technologies to achieve this goal. Multiplexing tech
niques allow multiple communication channels to share the same link, increasing its capacity 
[14][15]; all three multiplexing technologies can be combined for maximum information transfer 
by fibre optics. However, to make fibre optic communication systems widely used, low cost opto
electronic devices requiring low drive voltage and consuming a small switching power are needed. 
Devices for such systems are, among others, stable distributed Bragg reflector lasers, wavelength-
tuneable lasers and laser arrays, high speed lasers, fast and stable soliton sources, semiconductor 
optical amplifiers, optical fibre amplifiers (erbium doped fibre amplifiers, EDFAs), broadband 
modulators, low loss optical waveguides, wavelength-(de)multiplexers, wavelength-converters, 
space switches, and high efficiency balanced photo-receivers [14][15]. 

In addition, linear modulation in analogue systems has been actively considered, such as 
in optical community antenna television systems and radio-on-fibre (fibre-optic distribution of 
microwave and millimetre-wave signals) subscriber systems using subcarrier multiplexing in the 
access network [14] .5 Currently, the bandwidth of the total system is mainly limited by the 
performance of its microwave-optical and optical-microwave converters [14][15]. These systems 
demand high speed fibre-optic links, which require optoelectronic devices operating in the 40-100 
GHz range, including switches, modulators and full optical logic ports [10][14]. 

Presently, great emphasis is placed on system development and definition of standards that 
5 The process of combining multiple microwave subcarriers into a modulated optical carrier is known as sub-

carrier multiplexing [14]. 
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will form the foundation of a new information industry with the emphasis on integrated services 
[15]. Electro-absorption modulators (EAMs) are most promising as external optical modulators 
or optical switches for future multimedia large capacity optical communication systems [13] [19], 
because of their small size and low power consumption. 

1.3 Resonant Tunnelling Devices 

The rapid progress in crystal growth and microfabrication technologies over the past two decades 
has led to the development of nanometre-scale semiconductor electronic/optoelectronic structures 
[22][23], where the wave-nature of electrons becomes relevant. As the size of a device scales 
down to that of an electron wavelength, quantum effects take over and new device concepts are 
needed beyond those used classically [22] [30]. Nano-electronics research goes back to the work 
on resonant tunnelling [1], quantum wells and superlattices [22]. Significant examples of such 
devices are multiquantum well (MQW) lasers [24], MQW modulators and MQW photo-detectors 
[13] [19], as well as electronic components based on quantum effects such as resonant tunnelling 
diodes [11]. 

Resonant tunnelling based devices, which utilize electron-wave resonance in potential barriers, 
have emerged as one of the most important testing grounds for modern theories of transport 
physics, and are central to the development of new types of semiconductor nanostructures [26][31]. 
Resonant tunnelling in semiconductor double/dual potential barriers was first demonstrated by 
Chang, Esaki and Tsu in 1974 [1][27], and since then has become a topic of great interest, 
investigated both from the standpoints of quantum physics and of its application in functional 
quantum devices [2] [26] [30]. Over the past two decades, RTDs have received a great deal of 
attention, following the pioneering work by Tsu, Esaki and Chang: well over a thousand research 
papers have been written on various aspects of this seemingly simple device. 

Despite its simple structure, the resonant tunnelling diode (RTD) is indeed a good laboratory 
for electron-wave experiments, which can reveal various manifestations of quantum transport in 
semiconductor nanostructures, such as single electron tunnelling [2], and enable the study of 
more complex and advanced quantum mechanical systems [11][30]. Significant accomplishments 
have been achieved in terms of RTD device physics, modeling, fabrication technology, and circuit 
design and applications [26][31][32]. Prom the practical application point of view, the challenge 
is to reduce variations in peak current and voltage of RTDs across the wafer and from wafer to 
wafer [33], as well as fabrication dependent parasitic impedance of devices [32]. 

RTDs have two distinct features when compared with other semiconductor devices, from 
an applications point of view: their potential for very high speed operation and their negative 
differential conductance (NDC) [2]. The former feature arises from the very small size of the 
resonant tunnelling structure along the direction of carrier transport. The NDC corresponds to 
electric gain in active devices which can be applied in signal generation, detection and mixing, in 
multivalued logic switches at extremely high frequency, as well as in low-power amplifiers, local 
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oscillators and frequency locking circuits [8] [9] [26]. The RTD can also generate multiple high 
frequency harmonics, extending well into the submillimetre-wave band [2] [11]. 

Besides this high speed potential, the negative differential conductance (NDC) makes it 
possible to operate RTDs as so-called functional devices, enabling circuits to be designed on 
different principles from those applied to conventional devices. Functional applications, such 
as a one-transistor static random acess memory, signal processing circuits with significantly 
reduced number of devices and multiple-valued memory cells using RTDs have been proposed 
and demonstrated [26][32]. These functional applications are highly promising since RTDs, with 
their simple structure and small size, can be integrated with conventional devices, such as field 
effect and bipolar transistors [26]. 

Most of the work on resonant tunnelling devices has been entirely concentrated on electronic 
high speed applications [2] [11]. However, use of the resonant tunnelling (RT) effect in the op
tical and infrared regions has been proposed by several groups [3] [28] [29], due to its functional 
characteristics, high speed response and low rf power consumption. The optical applications 
utilize interband transitions (bandgap transitions) [34]-[39], whereas the infrared region employ 
intersubband transitions (transitions within the same band) [28] [29]. 

Interband absorption at photon energies close to but smaller than the bandgap can be induced 
in a depletion region adjacent to the DBQW [39]. However, the interaction volume between the 
RTD depletion region and the optical radiation field is, in general, very small, as the depletion 
layer width (<100 nm [4]) in a typical RTD is much smaller than the optical wavelength (~1000 
nm). This limitation is overcome if the light propagates in a direction parallel to the tunnelling 
plane, therefore increasing the interaction volume [41]. The same applies to intersubband tran
sitions; a radically different type of semiconductor laser, the quantum cascade (QC) laser based 
on the resonant tunnelling effect, has been recently developed [42]. 

1.4 RTD Electro-Absorption Modulator 

Embedding a RTD within an optical waveguide core can enhance the interaction length between 
its active region and the guided light. S. G. McMeekin et al [41][43] demonstrated electro-
absorption modulation (at around 900 nm) from a 900 MHz CW signal and a 2 ns pulse signal 
with an optical response time of 500 ps, in an AlGaAs/GaAs optical waveguide containing a 
GaAs/AlAs double barrier quantum well RTD, via the Franz-Keldysh effect. 

This thesis reports further developments of this concept [44], and presents the design and 
demonstration of the modulator in the InGaAlAs material system, lattice matched to InP, op
erating at around 1550 nm: the resonant tunnelling diode electro-absorption modulator (RTD-
EAM) [45]. The device consists of an unipolar InAlAs-InGaAlAs-InP waveguide incorporating an 
InGaAs/AlAs DBQW-RTD in the core region (InGaAlAs). This waveguide modulator configura
tion is shown schematically in Fig. 1.2, together with the refractive index n and the T-conduction 
band energy (Ec) profiles of the semiconductor waveguide. 
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Figure 1.2: Scheme of a RTD-EAM. 

The presence of a RTD within the optical waveguide introduces high non-linearities into the 
electric field distribution across the waveguide core, which becomes strongly dependent on the 
bias voltage due to accumulation and depletion of electrons on the emitter and collector sides of 
the RTD, respectively. Modulation relies on a depletion region that is formed in the waveguide 
core, on the collector side of the DB-RTD; depending on the bias condition, a substantial part 
of the diode terminal voltage may be dropped across this region, inducing a large electric field 
distribution in the depleted part of the waveguide core. This electric field shifts the waveguide 
transmission bandedge to longer wavelengths via the Franz-Keldysh effect [41], changing the 
transmission characteristics of the waveguide. 

A small high frequency ac signal (<1 V) can induce high speed RTD switching. This produces 
substantial high speed modulation of the waveguide optical absorption coefficient and, therefore, 
light modulation at photon energies slightly lower than the core bandgap energy. The modulation 
depth can be considerable because, under certain conditions, the RTD operation point switches 
well into the two positive differential resistance portions of the current-voltage characteristic [46], 
with a substantial part of the terminal voltage dropped across the depleted region on the collector 
side [45]. Compared to conventional pn electro-absorption modulators,6 the advantage of the 
RTD-EAM is that, when dc biased close to the RTD negative differential conductance (NDC) 
region, the device behaves as an optical waveguide electro-absorption modulator integrated with 
a wide bandwidth electrical amplifier [44]. 

This new modulator type, implemented in the InGaAs-InAlAs material system lattice matched 
to InP, appears to be a promising route towards high speed, low rf power consumption, opto
electronic (rf-optical and optical-rf) converters. The RTD-EAM could be an important ele
ment in these systems due to its electrical gain and potential wide bandwidth (up to 60 GHz). 
Other applications to be considered are optical injection locking of free-running microwave or 
millimetre-wave remote local oscillators based on RTDs, which could also be useful for clock 
recovery through generation of an electric signal locked to the optical signal bit rate. Its capabil-

6The electrical bandwidth of reverse-biased p-i-n junction electro-absorption modulators can be limited to 
~20-30 GHz by the creation of carriers that must be swept out of the active region [13][15]. 
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ity to operate in the self-oscillation mode can be used to implement self-oscillating modulators, 
which are of interest for WDM systems as the sidebands produced by the modulator can provide 
a comb of frequencies at the appropriate channel spacing. 

1.5 Thesis Outline 

The aim of the work reported in this thesis was to investigate the optoelectronic properties 
of optical waveguides containing a resonant tunnelling diode (RTD) for light modulation at 
microwave and millimetre-wave rates. The major application areas could be microwave and 
millimetre-wave fibre-radio systems, mobile broadband systems and broadband wireless access. 

The contents of this thesis are arranged in seven chapters, which are outlined here. 
Chapter 2 introduces a background of III-V semiconductor physics, including a description 

of carrier transport mechanisms and electronic behaviour in heterostructures. Relevant optical 
properties, such as refractive index and absorption, are addressed, together with optical confine
ment and optical modulation. 

Chapter 3 presents the basics of the resonant tunnelling diode structure, discussing its high 
frequency performance. A novel electro-absorption modulator based on integration of a RTD 
with an optical waveguide is introduced. 

Chapter 4 describes the general processes involved in fabrication and characterization of the 
RTD-EAM, as used in this work, from wafer and waveguide designs to photolithography, etching, 
metallization, passivation, packaging, and optoelectronic characterization. 

Chapter 5 contains the description of high speed electro-absorption modulation of light at 
wavelengths around 900 nm with RTD-EAMs implemented in the GaAs/AlGaAs material sys
tem, by direct electrical excitation and due to self-oscillation. 

Chapter 6 is devoted to electro-absorption modulation of light with wavelength around 1550 
nm with RTD-EAMs based on the InGaAlAs/InP material system. 

Finally, Chapter 7 summarizes the contents and the main results obtained in this research, 
and finalizes with a discussion of the conclusions drawn from the experiments, together with 
suggestions for future work in the field. 
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Chapter 2 

Physics and Properties of 
Semiconductors 

Semiconductor device operation typically involves some form of response of the materials 
physical properties to external perturbations, which are usually electric or electromagnetic fields, 
and the device performance depends upon how charged carriers respond to these external stimuli. 
In this chapter, the basic semiconductor concepts and notations, which will be used throughout 
the thesis, about crystal structure, energy bands, carrier concentrations, doping, and current 
transport mechanisms are introduced. Device building blocks, such as homojunctions, hetero-
junctions, potential barriers, quantum-wells, superlattices, and metal-semiconductor contacts 
will be summarily discussed. The physical phenomena upon which electronic and optoelectronic 
semiconductor devices are based, and the interaction of light with semiconductor structures and 
its applications, will also be introduced, with particular emphasis on the aspects relevant to 
high frequency operation of electro-absorption devices and the specific implementation of the 
RTD-EAM. 

2.1 Charge Transport in Semiconductors 

The electronic and optical properties of semiconductors are determined mainly by their crystalline 
structure [48]-[53]. Elemental semiconductors, such as Si, present diamond lattice crystalline 
structures, while compound semiconductors, such as GaAs, AlAs, InP, have Zinc Blend structure 
(face centred cubic structure, fee, with two non-identical atoms per basis) [48]-[53]. For GaAs the 
arrangement of the two species is alternate: Ga occupies the original sites of the fee lattice, while 
As occupies the tetrahedral sites, to give a unit cell that contains four atoms of each species.1 

A complete description of the semiconductor electrical and optical properties is rather involved 
[12][50]. Due to the cubic symmetry of the semiconductor crystals, useful information can be 

l The length of each side is the lattice constant a ~0.565 nm in GaAs at 300 K (1 mono-layer, ML, corresponds 
approximately to 0.283 nm). 
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obtained, however, using approximations [50]; a standard simplification that allows treatment 
of the dynamics of carriers in a semiconductor as though they were free, rather than using the 
complicated band structure of the semiconductor, known as the effective mass approximation 
[22], will be used throughout this text. 

2.1.1 Energy Bands 

To understand the optoelectronic properties of semiconductors, such as absorption due to elec
tronic transitions in the presence of an incident optical wave, it is necessary to know the electronic 
band structure [12]. The electron wavefunction in the semiconductor must satisfy the Schrõdinger 
equation [12]: 

2m + U(?;t) *(7»;t)=»»õ£*(T*;f), (2.1) 

where * ( !* ; t) is the particle wave function, U{1*) is the potential energy, ^4(7*; t) is the vector 
potential (representing magnetic fields), e is the elementary charge, and m is the carrier mass in 
the semiconductor. It is convenient to develop the discussions in terms of monoenergetic wave 
functions *&(!*;i) = ip(!*) exp(—iEt/h); for the moment, it will also be assumed that there are 
no magnetic fields, so that the vector potential ~A{~^\t) can be set to zero [12]. 

The time-independent form of the Schrõdinger equation [54] is obtained, 

-£*+*<*) ^(7*) = Eil>{l>). (2.2) 

Because of the symmetry and periodicity of the semiconductor crystals, the potential function 
(7(7*) is periodic, leading to a periodic electron density across the crystal, and consequently the 
solutions of Eq. 2.2 have a component with the same periodicity as the crystal [50]. The Bloch 
theorem states that the electron wavefunction in a crystal is the product of a function tt(7*) 

le ~T* 

with the same periodicity as the background potential with a plane wave el K ' r , which typically 
varies much more slowly: 

(2.3) 
tp{J*) = it(7*) exp (i k 7*) , 

with E = h2 k /2m, and ii(7*) being known as the Bloch function [50]. 
The electronic and optical properties of semiconductors are determined by the atoms outer

most electrons, which correspond to electrons staying in orbitais either of the s-type or of the 
p-type. Consequently, the Bloch functions in semiconductors are adequately described by s- and 
p-type like functions [53], or their combination. 

The wavefunction solutions for the electronic states provide the electron energy as a function 
of the plane wave vector k and the unit cell periodic part of the wave function u(7*). The 
magnitude of the vector k is related to the wavelength of the electron wave function (de Broglie 
wavelength) by ~t — 2f\ the quantity ~f = hk is called the crystal momentum [50]. 
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The energy solutions correspond to regions in the k space where there are allowed states 
(allowed energy bands) separated by regions where allowed states cannot exist (forbidden energy 
bands) [50]. The energy-momentum (E — k) relation is called the energy band-structure of the 
semiconductor. Figure 2.1 represents the energy bands along different k directions of Si, GaAs 
and AlAs. 

Silicon Gallium Arsenide Aluminum Arsenide 

L mu r [looi x L mi] r [loo] x L mu r [îoo] x 
Wave Vector 

Figure 2.1: Energy-band structures of Si, GaAs and AlAs [11]. 

The energy bands that are normally filled with electrons at 0 K in semiconductors are called 
the valence bands, while the upper unfilled allowed bands are called the conduction bands. The 
separation between the energy of the lowest conduction band and that of the highest valence band 
is called the bandgap energy, Eg, which is one of the most important parameters in semiconductor 
physics [49]. The energy difference between the vacuum level and the highest occupied electronic 
state is the work function, and the energy difference between the vacuum level and the bottom 
of the lowest conduction band is the electron affinity [23]. 

At 0 K, the electrons are bound in their respective lattice points (forming the valence band); 
consequently, they are not available for conduction.2 However, at finite temperature some of the 
electrons are thermally excited, breaking the bonds with the lattice atoms, which gives rise to 
conduction electrons that can participate in current flow. An electron deficiency is left in the 
covalent bond, which may be filled by one of the neighbouring electrons, resulting in a shift of 
the deficiency location. This valence band unoccupied state (electron deficiency) behaves as a 
particle similar to an electron but with symmetrical charge, and is called hole (h) [49]. If the 
electron momentum in the valence band is ke, the corresponding hole momentum is fc/, = — ke 

[49]. Under an applied electric field, all conduction electrons move in the direction opposite to 
the electric field, resulting that the vacancy states move in the field direction. Thus, the hole 
responds to an electric field as if it had a positive charge. 

For the face centred cubic structure, which is the crystaline structure for most semicon
ductors, the relevant A;-vector values are confined to the first Brillouin zone [50] ,3 centred at 

2When an allowed band is completely filled with electrons, the carriers in that band cannot contribute to any 
current unless they move to an empty band, because the electrons, being fermions, can only move into an empty 
state. 

3The Brillouin zone corresponds to a polyhedron in k -space. 
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k = (0,0,0)  the Tpoint; other important high symmetry points in the Brillouin zone are 
the Xpoint, corresponding to k  (§,0,0), and the Lpoint, corresponding to k = (^, ^, ^ ) , 
where a is the lattice constant. The bandedges (minimum or maximum) of the allowed bands of 
most semiconductors occur at k values corresponding to these points. The top of the valence 
band of most semiconductors occurs at the Tpoint, where the wavefunction character is ptype. 
The bottom of the conduction band in some semiconductors occurs also at the Tpoint, with 
a wavefunction purely stype; such semiconductors (like GaAs, InP) are called direct bandgap 
semiconductors [50]. In other semiconductors, such as Si, Ge, AlAs, the bottom of the conduc

tion band does not occur at the Tpoint, but at a certain other point A; ^ (0,0, 0), and they are 
called indirect bandgap semiconductors [50]; an electron transition from the valence band to the 
conduction band in these materials requires not only an energy variation (> Eg) but also some 
change in the crystal momentum k [50]. 

In general, the valence band structure close the bandedge is more complicated than the 
conduction band, Fig. 2.1, and the situation becomes worse if the cubic symmetry is broken 
[50]. In the zinc blend structures, it consists of four branches when spin is neglected (each 
branch is doubled when spin is taken into account). Three of the four branches are degenerate 
at the Tpoint, and form the upper edge of the valence band structure. Along a given direction, 
the top of the valence bands and the bottom of the conduction bands can be approximately 
fitted by parabolic bands with different curvatures d2E/dk2 [23]. Typical semiconductor energy

momentum (E  k) relations near the top of the highest valence bands and the bottom of the 
lowest conduction band are schematically shown in Fig. 2.2. In this figure the bottom of the 
lowest conduction band is designated by Ec, and the top of the highest valence band by Ev. 
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Figure 2.2: Schematic representation of the valence, direct and indirectgap conduction bands. 

In most semiconductor devices the performance is controlled by the bandedge states at the 
bottom of the lowest conduction band and at the top of highest valence band. The top valence 
bands can be approximately fitted by two parabolic bands with different curvatures: the heavy

hole band (the wider band, with smaller d2E/dk2) and the lighthole band (the narrower band, 
with larger d2E/dk2) [50]. For most semiconductors, the energy of the splitoff band, A (Fig. 
2.2), is quite large, and therefore there is a negligible number of holes in this band. As a result, 
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when analysing semiconductor properties it is sufficient to consider only the heavy-hole and 
the light-hole valence bands [50]. The terms heavy-hole and light-hole should not always be 
associated with the effective mass of the heavy- and light-hole states, respectively. Under certain 
conditions (e.g., when the semiconductor is under strain) the valence band mass can be altered 
considerably. It is then possible for the light-hole mass to become actually heavier than the 
heavy hole mass in some directions [24]. 

Near the conduction bandedge (occurring at k = ko) it is possible to represent the conduction 
band structure by 

E(tXo) = E(t0) + h2 £ {h~y\ (2.4) 
i—x,y,z e 

where the subscript i represents the x, y, z components of k and ko [50]. For a direct bandgap 
material, ko = (0,0,0), and if the band structure is isotropic, as with most direct bandgap 
semiconductors, the relation becomes 

ECU) =EC + ^ - . (2.5) 

Ec is the conduction bandedge energy. The zero of energy is conventionally taken at the top of 
the highest valence band. Energy in the conduction band is conventionally defined to be positive 
when measured upward, and the valence band energy is positive when measured downward, Fig. 
2.2. The quantity me, the electron effective mass in the semiconductor, is defined by the relation 

J_ I d2E 

ml ~ ¥ ~dP ' (2-6) 

which, in some semiconductors (such as Si), is dependent on crystal orientation [49].4 A similar 
expression holds for the effective mass of the bandedge states near the top of the valence band. 

The effective mass in the valence band is, in general, higher than the conduction band electron 
effective mass. In the case of GaAs, me = 0.067mo for electrons, for light-holes (Ih) rrnh — 
0.082mo and for heavy-holes (hh) m^u = 0.45mo [12]; mo represents free electron mass. 

2.1.2 Carrier Concentrat ions and Doping 

In semiconductors the bonding force between atoms has, in general, a covalent nature.5 At 0 K, 
the electrons are bound in their respective lattice points, but at finite temperature, thermal ex
citation may break the bonds, giving rise to electrons that can participate in current conduction. 
In fact, the conduction properties of semiconductors are sensitive to temperature, illumination, 
external fields, and minute amounts of impurity atoms. 

2 V 
4The effective mass is, in general, tensorial, with components rriij defined as —^- = Jj Au »k U^l-
5 Covalent bonding can occur between atoms of the same element or between atoms of different elements that 

have similar outer-shell (valence) electron configurations. 
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Intrinsic Semiconductors [49] 

In intrinsic (pure) semiconductors at a finite temperature, electrons are scattered from the valence 
band into the conduction band, and consequently there are electrons in the conduction band and 
holes in the valence band which can transport current. 

The probability of an electronic state with energy E to be occupied by an electron is given 
by the Fermi-Dirac distribution function, fe, 

Mm = Ur- (2-7) 

and the probability of an electronic state with energy E to be empty, the hole distribution 

function, //,, is given by 

fh(E) = 1 - fe(E) = j E_E (2.8) 

where ks is the Boltzmann constant, T is the absolute temperature, and EFi is the Fermi Level 
energy (the Fermi level energy is such that the probability of occupation is exactly 0.5), which 
can be determined from the charge neutrality condition. The Fermi level energy for an intrinsic 
semiconductor is given by 

Ec + Ev UBT (mh\ . . 
£Fi = _ _ _ + _ In ( ^ - j . (2.9) 

At room temperature, the second term is small and the Fermi level generally lies very close to 
the middle of the bandgap. 

The number of allowed electronic states in a given band per unit volume per unit energy 
around an energy E is the band density of states, which depends on the dimensionality of the 
system and its respective energy vs. momentum relation, E(k). For a bulk semiconductor and 
assuming that the energy momentum relation near the bandedges has the simple parabolic form 
E(k) = Tp-, the density of states takes the form 

PME) = ^ y * ^ , (2.10) 

where mdos represents the density of states effective mass. For direct bandgap semiconductors, 
the conduction band density of states effective mass is identical to me. A similar expression 
holds for the valence band, but the heavy-hole and the light-hole masses have to be considered 
instead. The difference in effective mass for electrons and holes shows that the density of states 
in the valence band is almost 20 times greater than in the conduction band. 

For an intrinsic semiconductor, the density of electrons in the conduction band, n, is equal to 
the density of holes in the valence band, p,p = n = nt, where n, is the effective intrinsic carrier 
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density. The electron density in the conduction band is given by 

n = jTp3D(E)fe(E)dE = iVcexp (Ec~JF^ , (2.11) 

where Nr = 2 m~kF? represents the effective density of states in the conduction bandedge. 
A similar expression holds for the hole density p in the valence band. For GaAs, at room 

r 13/2 

temperature (300 K), Nc is 4.7 x 1017 cm ' 3 , and Nv is 7 x 1018 cm"3, where Nv = 2 [m^L\ ■ 
The relation p • n — nf is called the mass action law, and is valid for any semiconductor under 
thermal equilibrium. The intrinsic carrier density is then 

ni = v ^ = VN~N~C exp (  g f ^ ) » (212) 

where Eg = Ec — Ev (the energy bandgap). For GaAs at 300 K, n* =1.79 x 106 cm  3 (whereas 
in metals, carrier concentrations are i%i ~ 1021 cm  3 ) . Intrinsic (pure) semiconductors have low 
concentration of carriers that can contribute to a current. Semiconductors become most useful 
when doping is used to alter, in a controllable manner, the density of charge carriers. 

Extr insic Semiconductors [49] 

The conductivity of a semiconductor can be increased by replacing a fraction of an element con

stituting the semiconductor with another element, known as impurity or dopant. Dopants are 
elements that either possess an extra electron in the outer shell compared to the host semicon

ductor, or instead have one less electron, the dopant being called donor or acceptor, accordingly. 
For a ntype semiconductor, the material is doped with a donor impurity, and for a ptype the 
dopant is an acceptor. 

When a semiconductor is intentionally doped with donor impurities, additional allowed energy 
states are created in the bandgap region near the conduction bandedge, the donor impurities 
energy levels. The same considerations apply for an acceptor, with the exception that acceptor 
impurity energy levels are created in the forbidden gap, near the valence bandedge. In heavily 
doped ntype materials, all valenceband states and some extent of conduction band states are 
filled, with the Fermi level energy being shifted upwards into the conduction band. On the other 
hand, a heavily doped ptype semiconductor exhibits a downward shift of the Fermi energy into 
the valence band, so that the entire conduction band and some states lying near the top of the 
valence band are empty. 

At low temperatures, the donor electrons in ntype semiconductors are tied to the donor sites 
and this effect is known as carrier freeze out. At room temperature, the donor impurities are 
ionized, freeing electrons into the conduction band. Such electrons can carry current and modify 
the electronic properties of the semiconductor, leaving the donor atoms positively charged. The 
ionization energy for donors (measured from the conduction bandedge) in GaAs is around —0.007 
eV. Under a complete ionization condition, the number of extra electrons in the conduction band 
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is roughly equal to the donor concentration, N£, and the electron density in the semiconductor 
is n — ni + Nf. d 

Doping causes the balance between electron and hole concentrations to be broken, that is, 
n — p = An ^ 0. However, the law of mass action still holds (the relation is not valid only at 
high doping levels [50]), with the electron and hole densities being 

n = ^ A n + ^ A n 2 + 4n? (2.13) 

p = - - A n + -yjAn2 + 4nf, (2.14) 

with 

where Epn is the Fermi energy level corresponding to the doped semiconductor (the subscript n 
refers to the n-type semiconductor). 

The Joyce-Dixon approximation [53] relates the Fermi level energy with the carrier concen
tration: 

EFn =EC + kBT , n \ I n (2.16) 

A similar expression can be written for holes {p). 
At room temperature, the donors and acceptors are essentially all ionized. Three regions can 

be identified: the freezeout regime discussed above; the saturation regime, which corresponds 
to complete ionization of the impurity, where the charge carrier density is essentially equal to 
the impurity density; the third regime occurs at high temperatures, where the intrinsic carrier 
density dominates. 

The band-structure discussed so far applies to the case where all the electrons are in the 
valence band and the conduction band is empty. The introduction of extra electrons in the 
conduction band, or holes in the valence band, induces changes in the E{ k ) relation. An 
electron (e) - hole (h) pair is coupled through the Coulombic interaction forming an exciton 
[12] [19]. In bulk semiconductors, excitons are usually observable optically only in high purity 
samples, due to their rather small binding energies [19]. However, when quantum confined, the 
exciton binding energy is greatly increased; moreover, this binding energy can be controlled 
easily by simple electronics or optics, allowing the use of excitonic transitions for high speed 
modulation of optical signals [12], as well as for optoelectronic switches [19]. 

The presence of excess electrons in the conduction band and/or holes in the valence band 
shifts the bandgap energy, decreasing it slightly, and this phenomenon is often called bandgap 
renormalization [53], which is relevant with heavily doped materials. 

2.1.3 Carrier Transport Mechanisms 

Electrical conduction in semiconductors relies on several physical mechanisms, such as drift 
and diffusion of carriers, their generation/recombination and tunnelling effects. In the study 
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of semiconductor components such as diodes and transistors, the characteristics of the devices 
are described by the voltage-current relations [49]. The standard equations governing the car
rier transport and the electrostatic potential distribution are the drift-diffusion and Poisson 
equations, respectively [49]. 

Drift Current [11] 

At finite temperatures, electrons in the semiconductor are scattered as a result of collisions with 
lattice atoms, impurity atoms, and other scattering centres. The average distance and time 
between collisions are designated mean free path (lcp) and mean free time (rcf), respectively. 
This random motion of electrons gives no net contribution to the current. However, when an 
electric field S is applied to a semiconductor, a force F — —ec will accelerate the electrons 
in the direction opposite to the field. A steady state is established in which the electrons have 
an additional velocity component, superimposed upon their thermal motion, which is called the 
drift velocity, v%. The momentum mev% gained by the electron is equal to - e £ T C Í , giving 

v'd = -
ejct ? = -»nt, (2-17) 

where jj,n = eTct/me represents the electron mobility. (A similar expression can be written for 
holes in the valence band.) In the quantum mechanical picture, the mobility is given by 

Hki erct 
hÁ 

d2E 
dkt 2 ' (2.18) 

where the second derivative of the energy is evaluated in the ki -space direction of carrier motion 
in the bandedge.6 

In the presence of an electric field there is a flow of charge across the semiconductor due to 
electron and hole densities, n and p, respectively, given by 

t = - n e « | = ^ * ? (2.19) 

X = +epv>d = P^Lf. (2.20) 

The conductivity a = J /1 , J = Jn + Jp, of the semiconductor is, then: 

ne2Tct pe2rct , , „,„,* a = - + - = e (n/in + p M p ) . (2.21) 
me mh 

The electron mobility in pure GaAs is ~8500 cm 2V _ 1s _ 1 ; the hole mobility is around 
400 c m ^ - ' s " 1 . 

6It can be shown that an ideal high-speed semiconductor should have a small, direct energy gap [11]. However, 
if the band-gap becomes too small, electron-hole pairs may form spontaneously, creating a leakage current that 
appears as a "dark current" in an optical device, or premature breakdown in a high-field condition [11]. 
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Negative Differential Mobility [49] 

At low values of the applied electric field £ the electron drift velocity v^ is proportional to 
the field. At sufficiently high fields, the differential mobility, -£jr, in typical semiconductors 
becomes vanishingly small and the drift velocity reaches a value referred to as the saturation 
drift velocity, vsat- Figure 2.3 presents the drift velocity - electric field characteristic of most 
common semiconductors. 

IO2 io> IO* lo5 ié 
electric field (V/cm) 

Figure 2.3: Velocity-field characteristic for carriers in the most used semiconductors [11]. 

In some semiconductors, such as silicon, the saturated drift velocity is the maximum drift ve
locity However, certain semiconductors, notably direct-gap III-V compounds, display an anoma
lous peak in the drift velocity at a certain field strength (threshold electric field, £th), as shown in 
Fig. 2.3, above which they exhibit negative differential mobility. While velocity saturation occurs 
at sufficiently high fields in all semiconductors, the negative differential mobility is a property 
associated with a conduction band structure in some direct-gap III-V compound semiconductors. 
These display several heavy-mass satellite valleys [local minima of the energy dispersion E{ k )] 
that are not too far separated in energy from the r-valley, which is responsible for conduction 
at low field values. Electrons energized by the electric field scatter from a high mobility, lower 
energy valley (r: k = U ) into higher energy, low mobility valleys (e.g., L: k ^ 0 ), leading to 
a decrease in the average electron velocity and, consequently, to negative differential conductance 
(NDC): Gunn effect. 

Velocity Overshoot [11] 

For field values below the threshold £th, the electrons remain in thermal equilibrium. However, 
if the device dimensions in the direction of charge flow are small enough, the carriers may pass 
through a high field region so quickly that few scattering events occur, being accelerated to higher 
velocities before relaxing to the equilibrium velocity: the transient velocity overshoot effect. The 
motion is termed ballistic, with the degree of velocity overshoot dependent on how long the carrier 
can avoid scattering; the overshoot will shorten the electron transit time through a high field 
region. Figure 2.4 shows the calculated electron velocity in submicron field-effect transistors as a 
function of carrier position, z, within the channel, making clear that the characteristic overshoot 
length (i.e., the distance of electron travel at velocity above the steady-state value) in GaAs can 
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be as long as 1 fim. 
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Figure 2.4: Velocity overshoot dependence on the carrier position within the channel [11]. 

For longer distances, carriers should regain thermal equilibrium and thus revert to velocity 
values cited in Fig. 2.3. If there were no collisions at all, the carrier velocity would be determined 
by the conservation of energy, mv2/2 = e<j>{z) [11], where <f>(z) = Ez is the electrostatic potential. 

Scattering Mechanisms [11] [49] 

Scattering effects influence carrier mobility and hence semiconductor conductivity, limiting the 
performance of both electronic and optoelectronic devices. Two important scattering mechanisms 
are lattice scattering and impurity scattering. Lattice scattering results from thermal vibrations 
of the lattice ions around their positions of minimum energy at any temperature above absolute 
zero. In quantum mechanics these modes of lattice vibration are called phonons. The periodicity 
of the lattice causes the phonon energy to have a band structure in much the same way as the 
electrons. Two kinds of lattice vibrations, denoted by acoustic and optical phonons, are possible.7 

Additionally, there are two transverse and one longitudinal modes of vibration for each kind of 
lattice vibration. These vibrations disturb the lattice periodic potential and allow energy to be 
transferred between carriers and the lattice, this becoming the dominant scattering mechanism 
at high temperatures; as a consequence, the mobility decreases with increasing temperature. 

In compound semiconductors with two different atoms in the basis of the crystal structure a 
dipole momentum exists [53], and an extremely important scattering potential arises additionally 
from optical phonons. When optical vibrations take place, the effective dipole in the unit cell 
vibrates causing polarization fields from which the electron scatters: polar optical phonon scat
tering [53]. In materials like GaAs and some other III-V semiconductors, optical polar phonon 
scattering is the dominant scattering process in the T-valley at high field or room temperature, 
with scattering rates of 1012 — lO^s""1 [53]. Optical polar phonon scattering can determine the 
ultimate bandwidth of devices, such as lasers and Schottky diodes. 

Impurity scattering results when a charge carrier travels past an ionised dopant impurity, 
as its path will be deflected by the Coulomb interaction. Its probability depends on the total 

7 T h e acoustic phonons can be character ized by vibrat ions where t he a toms in t he basis of the uni t cell (i.e., 
Ga and As for GaAs) v ibra te wi th the same sign of the ampl i tude . In the case of optical phonons, the two a toms 
on the un i t cell v ibra te in opposing motion. 

GaAs @ 30 kV/cm 

GaAs @ 20 kV/cm 

Ge@10kV/cm Si @ 40 kV/cm 
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concentration of ionised impurities, and decreases with an increase in temperature, as this causes 
the carriers to travel faster and be less affected by the ionised impurities. For GaAs with 
n ~ 2 x 1016 cm  3 , the electron mobility decreases to ~4000 cm 2V _ 1s _ 1 [ l l ] . 

Carrier Injection and Diffusion current [49] 

In the operation of electronic and optoelectronic devices, electrons and holes are injected into 
a semiconductor region either by an external biasing circuit or by absorption of light, usually 
under nonequilibrium conditions, p ■ n > n] (excess carrier injection). In some cases, optical 
excitation for example, the carriers can be injected at energies much greater than the thermal 
energies (~ ksT), and are called hot carriers. 

When carriers are injected into a semiconductor, they will gain or lose energy until they are 
in thermal equilibrium with the lattice: carrier thermalization. The carrier thermalization relax

ation time is an important parameter for high speed performance of electronic and optoelectronic 
devices that depend upon carrier injection at high energies. Polar optical phonon scattering is 
responsible for relaxation of hot electrons injected into a semiconductor. Hot electrons in GaAs 
lose energy at the rate of about 0.16 eV/ps due to the emission of optical phonons, typically, 
with carrier relaxation time around 1 ps [11]. 

Whenever there is a gradient in the concentration of a species of mobile particles, the particles 
diffuse from the regions of high concentration to the regions of low concentration according to 
the third law of thermodynamics: carrier diffusion. For example, the excess carriers generated in 
the optically illuminated region of a semiconductor will diffuse towards the portions not affected 
by light. 

An electron gradient concentration, n(z,t), in the absence of an external electric field, gives 
rise to a diffusion current density: 

1% dn{z,t) dn{z, t) 

where Dn is the diffusion coefficient for electrons, lpc is the electron mean free path between 
collisions, and rci is the mean collision time (a similar expression applies to holes). In many 
electronic devices the charge moves under the combined influence of an applied electric field and 
a concentration gradient. The total electron current is then: 

Jn = efinn(z,t)E + eDn———. (2.23) 

The relation between the mobility and the diffusion coefficient, is the Einstein relation: 

Dn = kBT 

which is valid at equilibrium for the nondegenerate case. 
Similar expressions can be written for holes in the valence band. It must be stressed that, 
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when using these expressions, the mobility is not constant in general, but only at low electric 
fields. 

Impact Ionization [11] 

In the transport mechanisms considered in the previous sections, the carriers (electrons and 
holes) remain in their respective band during transport. At very high electric fields, this is not 
always true and the semiconductor can suffer a breakdown, in which the current has a "runaway" 
behaviour due to impact ionization. Under a very high electric field, the electron acquires so 
much energy that it can scatter a valence band electron into the conduction band, originating an 
extra electron in the conduction band and one hole in the valence band. Highly energetic holes 
can undergo a similar process. The initial current Ji becomes M x Jj, where M is a multiplication 
factor that depends upon the impact ionization rate, which varies with the material bandgap 
and the applied field. The critical electric field - breakdown field, Sbdown - is reached, for a given 
semiconductor, when the impact ionization rate approaches 104cm -1 , that is, there is about one 
impact ionization event when a carrier travels a distance of one micron. (Sbdown is ~ 4 x 105 

V/cm for GaAs and ~ 2 x 105 V/cm for Ino.53Gao.47As [53].) Once the applied bias becomes so 
large that S = Sbdown, the impact ionization process becomes dominant and the current rapidly 
increases due to carrier multiplication and control over the current is lost. 

In narrow bandgap materials, breakdown can also occur by a mechanism which involves band 
to band tunnelling of electrons [11][22], which will be discussed next. This process is important 
in avalanche devices [49]. 

Impact ionization generation-recombination processes usually depend on the incident current 
densities instead of the carrier concentration, with the ionization coefficients related to the electric 
field in the ionization region. 

Recombination and Generation [12] 

The basic generation-recombination processes in semiconductors can be classified as radiative or 
non-radiative. The radiative mechanisms involve the creation or annihilation of photons. The 
non-radiative transitions do not involve photons; they may involve the interaction with phonons 
or/and exchanges of energy and momentum with other carriers. 

The recombination and generation processes can be discussed in terms of band-to-bound 
state transitions and band-to-band transitions (interband transitions). Interband recombination, 
where an electron-hole pair recombines, is, in general, a radiative process; the recombination 
rate, R, of electrons and holes should be proportional to the product of the electron and hole 
concentrations: 

Rn = Rp = Ccn-p, (2.24) 

where Cc is a capture coefficient. 

http://Ino.53Gao.47As
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The generation rates being Gn = Gp = g, give the net recombination rate: 

R = RnGn = RpGp = Ccnpg. (2.25) 

If there is no external perturbation, such as electrical or optical injection of carriers, the gener

ation rate is written as 
g = Ccn0po, (226) 

where n0 and p0 are the electron and hole concentrations in thermal equilibrium (n0 ■po = ni). 
Auger recombination/generation occurs when an electron (or hole) is emitted/captured with 

the released/required energy taken/supplied by another electron or hole. It corresponds to elec

tron (or hole) excess energy transfer to either an electron or a hole after their recombination, 
without producing photons. Auger processes are relatively unimportant in semiconductors with 
bandgaps larger than approximately 1.4 eV (e.g., GaAs, AlGaAs, and InP), but are a serious 
nonradiative mechanism in narrow bandgap materials (such as Ino.53Gao.47As, Eg ~ 0.8 eV), 
and are thus a serious hindrance for development of long wavelength lasers [18]. 

Tunnelling [11] 

In Quantum Mechanics, the term tunnelling describes a host of phenomena associated with the 
existence of finite solutions of a particle wave function in regions where the potential energy is 
higher than the particle total energy [54]. 

In a semiconductor, an electron is constrained to move within a given band as long as it does 
not absorb enough energy to be scattered into the next higher energy band. However, under a 
strong electric or magnetic field, electrons can tunnel through the bandgap into the next band: 
Zenner tunnelling [23]. Under an applied electric field, the semiconductor bandeges are tilted 
because of the potential energy e£z from the electric field £, as indicated in Fig. 2.5. 

e=0 

i conduction band 

bandgap Eg 

Ev(z) 

valence band 

(a) (b) 

Figure 2.5: Bands of a one dimensional system under an applied electric field. Considering a 
charge  e in a uniform electric field £ along z, its potential energy is U{z) = e£z [23]. 

The probability of tunnelling from the valence band into the conduction band under high 
field conditions may be approximated by considering tunneling through a triangular potential 
barrier dependent on z and constant in time [23]. For a crude estimate of the tunnelling rate, 
the gap barrier is taken to be of height U0{z)  Eg, decreasing linearly from Eg at z = 0 

bandgap 

Ec(z) r / , i 

http://Ino.53Gao.47As
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to 0 at z = d = Eg/e£ (the barrier thickness). The decay wave number in the gap is then 
K « J2mEg/fi2, and the probability of tunnelling, T(£), can be derived in the WKB (Wentzel-
Kramers-Brillouin) approximation as: 

T {£) oc exp -2 / KZ exp 
2^Ë] 

e£Ti 
(2.27) 

where m is the effective mass of the tunnelling carrier. The tunnelling rate may become significant 
if the field is large or the bandgap is narrow. Taking n as the number of valence electrons 
tunnelling through the gap and vth as the thermal velocity of the electrons, the tunnelling 
current density can be written as 

J tun = envthT(£). (2.28) 

Three basic conditions are necessary for tunnelling: (1) occupied energy states at the in
cidence region; (2) unoccupied energy states at the same energy levels as in (1) at the exit 
region; and (3) low potential barrier height and short tunnelling distance so that there is a finite 
transmission coefficient. 

Tunnelling is very common in semiconductor devices: ohmic contacts to heavily doped ma
terial are possible precisely because of this effect [49]; a heavily doped p+-n+ junction achieves 
negative differential conductance (NDC), over a small range of forward bias voltages [49], by the 
mechanism of carrier tunnelling through a quantum-mechanical barrier. 

Poisson's and Current Continuity Equation [12] 

The Poisson's equation can be derived from the Maxwell's equations using the quasi-electrostatic 
fields approximation. For devices with a dc or low frequency bias, i.e., when the time variation 
is slow, Faraday's law is given by V x £ ~ 0 , and in this case the solution of the electric field 
can be put in the form of the gradient of an electrostatic potential (j>, £ = —V(/>. Gauss's law 
(Poisson's equation) in a semiconductor becomes 

V-(eV</>) = - p , (2.29) 

with p being the charge density given by p = e (N£ - N~ +p — n), where N^ and N~ are 
the ionized donor and acceptor concentrations, p and n are hole and electron concentrations, 
respectively. In the case of a n-type semiconductor invariant in the x and y directions, the 
Poisson's equation becomes 

d ( d4> 
dz \e{z)Tz = —e N+-n(z) (2.30) 

This fundamental equation relates the charge distribution with the electric field. 

Carrier charge conservation, incorporating generation (G) and recombination (R) effects, 
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results in the current continuity equations for electrons and holes: 

—- = Gn — Rn-\—V • Jn ot e 
dp 
dt 

(jTp tip V-Jp. 

(2.31) 

(2.32) 

2.1.4 T h e pn and Meta l -Semiconductor Junct ions 

Junctions between differently doped semiconductors, between metals and semiconductors, and 
between different semiconductors, provide the building blocks of devices [11][12]. This section 
reviews the fundamentals of semiconductor pn and semiconductor-metal junctions, pointing to 
their optoelectronic applicattions. 

The p-n Junction [49] 

The n-type and p-type regions of a pn junction can be formed in intrinsic semiconductor materials 
by selectively introducing slight deviations from stoichiometry with dopants or impurities. The 
fabrication techniques used to form p- and n-type regions of a junction involve i) epitaxial 
procedures (to be discussed), where the dopant species are simply switched-in at a particular 
instant during growth; ii) ion-implantation, in which the dopant ions are implanted at high 
energies into the semiconductor; iii) diffusion of dopants into an oppositely doped semiconductor. 
The p-n junctions ii) and iii) are obviously not as abrupt as in the case of epitaxial techniques. 
Fig. 2.6 gives the schematic view of a pn junction and the corresponding band diagram in the 
absence of applied bias. 

£A 

Vf 

- + 
- + 

L p-type - + «-type J 
- + 
- + 

Wp 0 w„ 

p depletion regior n 

c 
•-C 

E * p 

i 

\ ' • \ ? p . 
EFn 

E * p 
/ r > 

„rP 

\ 
Ep C-V 

\ \ 
Ep 

+ + + 

— w—» 

Figure 2.6: The pn junction and its band profile structure under equilibrium. 

Three regions can be identified: a) the p-type region, where the material is neutral and the 
bands are flat, as the density of acceptors NA exactly balances the density of holes; b) the n-type 
region, also neutral and where the density of immobile donors Np exactly balances the electrons 
density; c) the depletion region, which extends a distance Wp into the p-region and a distance 
Wn into the n-region, and where mobile charges do not neutralise the charges of the donors and 
acceptors. The depletion region is the result of electron diffusion from the n-side into the p-side, 
and hole diffusion from the p-side into the n-side, due to the difference in electron and hole 
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densities across the junction. The space charge distribution formed causes a potential difference 
</> (the contact potential barrier) and hence an electric field at the junction, which prevents further 
diffusion from occurring; a drift current exists which conterbalances the diffusion current, and 
an equilibrium configuration is reached where there is no net current flow. 

The energy of an electron at the bottom of the conduction band is lower by e(j) on the n 
side of the junction than on the p-side, Fig. 2.6. The opposite occurs for a hole in the valence 
band. The depletion region {—Wp < z < Wn) in the vicinity of the junction has a much higher 
resistivity than any other part of the semiconductor, and most part of any applied voltage will 
be dropped across this region. 

When a forward bias voltage V = Vf is applied to the crystal,8 the potential barrier at the 
junction becomes (f) — Vf, Fig. 2.7. As a result, the electric field across the depletion region 
decreases, and the depletion width W = Wp + Wn becomes narrower. The system is no longer 
under thermal equilibrium, and two quasi-Fermi energy levels, Epp and Epn, are assigned to 
the n- and ^-regions, respectively, with Epn - Epp — eVf, as represented in Fig. 2.7. As the 
potential profile is altered by the applied bias, the carrier profile changes accordingly, affecting the 
diffusion current component. Under forward bias, there will be a supply of minority carriers on 
each side of the junction, with the probability of carrier diffusion across the junction proportional 
to exp (eVf/ksT). Majority electrons (holes) on the n(p)-side surmount the potential barrier to 
migrate to the p(n)-side; regardless of the bias, electrons or holes that come into the depletion 
region are swept out and contribute to the same current, independently of the field. 

Figure 2.7: Schematic diagram of a pn junction band profile under forward bias, Vf . 

Balance between drift and diffusion currents no longer exists, giving rise to a net current 
flow; the total current density due to both carriers can be expressed as 

where pn and np are the hole density on the n side and the electron density on the p side, 
respectively, and Le and Lh are the electron and hole diffusion lengths, Fig. 2.7. The width W 

In forward bias Vf, the p-side is at a positive potential with respect to the n-side. 
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of the depletion region is given by 

W = 
I2e(<f>-Vf) 

NA
 + ND)' 

(2.34) 

The diode equation, Eq. 2.33, which gives the current through a pn junction under forward bias 
(V — Vf > 0), also applies under reverse bias (V = Vr — -Vf < 0) condition, Fig. 2.8. However, 
under reverse bias the current saturates to a generally small value Jo = - e f-̂ 221 + ~j^)i 
typically less than 1 /j,A [49]. 
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Figure 2.8: A pn junction band profile under reverse bias, Vr. 

The current flow through the pn junction shows non-linear rectifying behaviour, Fig. 2.9; 
the diode current becomes significant (~mA) at the cut-in voltage, Vc, which is ~0.7 V for Si 
diodes and ~1.2 V for GaAs diodes [49]. As the reverse bias is increased, the diode current may 
abruptly run away (breakdown) as a consequence of impact ionization or Zener tunnelling; the 
electric field (voltage) at breakdown is known as the breakdown field (voltage, VB)-

3 ' 
' / 

o / 
VB y 

Vc Voltage 

Figure 2.9: Diagram of the pn junction voltage-current I-V characteristic. 

Semiconductor pn junctions have many optoelectronic applications, such as in light emission, 
detection, and modulation [15]. In a pn junction under forward bias, minority carriers are in
jected, electrons into the p side and holes in the n side, which can radiatively recombine with 
the majority carriers (typical recombination time around 10 ns), yielding photons with energy 
close to the semiconductor bandgap energy Eg. The resulting electro-luminescent device is a 
light-emitting diode (LED), which should use a semiconductor material with a direct gap.9 In 

9Radiative transitions in indirect gap materials require the assistance of phonons and so have emission yields 
many orders of magnitude lower than in direct gap semiconductors. 
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heavily doped (degenerate) junctions, application of a forward bias voltage results in carrier 
population inversion, leading to optical gain (by stimulated emission) [24]. If a feedback mecha
nism is provided (using the reflectivity at the crystal facets, gratings, or external mirrors), laser 
oscillation is obtained. AlGaAs/GaAs lasers emit at around 840 nm; InGaAsP and InGaAlAs 
materials have been developed for longer infrared wavelength lasers, 1.3 /im and 1.55 //m [25]. 
Semiconductor lasers can be modulated at much higher frequency (>20 GHz) than LEDs [18]. 

An important application of reverse biased pn structures is in photo-detection [15]. When 
light impinges upon a pn junction depletion region, many of the electron-hole pairs generated are 
split and the charge carriers swept rapidly by the electric field (electrons into the n-region and 
holes into the p-region), and then collected at the contacts. The photocurrent is independent of 
the applied bias, away from the breakdown regime (contrary to the case of the avalanche photo-
diode, APD). Since the electrons and holes contributing to the photo-current move under high 
electric fields, the response can be very fast. The foremost issue in detector design is the choice 
of a material which has a good absorption coefficient at the relevant optical frequencies. For 
applications where GaAs/AlGaAs (Eg ~ 1.45 eV) sources are used, Si detectors with absorption 
lengths of several micra are adequate, unless high speed is required. Fast response requires direct 
band gap materials, so that the active absorption length (depletion region) can be brought down 
to a micron or less to decrease the carriers transit time; InGaAs detectors are now widely used 
for high speed long haul communication applications [14]. Schottky diodes, discussed below, have 
the fastest response due to their lower parasitics [11]. Ultra high speed photo-detectors have, of 
course, small diameters (below 12 ^m in [60]). 

Another important optoelectronic application of a reverse biased pn structure is as optical 
modulator [12] [13], which will be discussed later in this chapter. 

Metal-Semiconductor Junctions [20][49] 

Metal-semiconductor junctions are needed to connect the active region of a device with external 
circuitry. Their current-voltage characteristics are usually classified as either ohmic, Fig. 2.10(a), 
where the current through the junction and the voltage across it obey a linear relationship 
(independent of the polarity of the applied bias), or rectifying (or Schottky), where the I-V 
characteristic depends on the polarity of the applied voltage, Fig. 2.10(b). 
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Figure 2.10: Current-voltage characteristic of (a) ohmic and (b) rectifying metal-semiconductor 
junctions. 
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Schottky Junction 

When a metal is placed in intimate contact with a semiconductor, the valence and conduction 
bands of the semiconductor "bend" to make the Fermi levels in the metal and in the semiconductor 
equal (thermal equilibrium), as with the pn junctions. Figure 2.11 represents the metal-n type 
semiconductor junction band diagram. (Only the n-type semiconductor will be considered here.) 
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Figure 2.11: Metal-n semiconductor and metal-n+ semiconductor junctions [20]. 

In the simplest approximation, the resulting potential barrier depends only on the work 
functions of the metal, <f>m, and of the semiconductor, <j>s, and on the electron affinity, x- The 
potential barrier to electron flow from the semiconductor to the metal is <pm - (f>s, and the 
potential barrier to electron flow from the metal is 4>b — <t>m - X (the barrier height). Such 
metal-semiconductor junction is rectifying, and is known as Schottky junction. Its height can be 
experimentally measured, and is generally a function only of the semiconductor chosen. Typically, 
its value is close to 0.8 eV for GaAs, caused by the large density of surface states present on 
GaAs. It is difficult to make ohmic contacts to wide-gap semiconductors: a metal does not 
generally exist with a sufficiently low work function to yield a low barrier. 

Carriers may traverse the potential barrier when their thermal energy is sufficient to pass over 
it, thermionic emission, Fig. 2.11(a), or by quantum mechanical tunnelling or field emission, 
Fig. 2.11(b), if the barrier is sufficiently narrow. A mixture of these mechanisms often occurs, 
and is referred to as thermionic-field emission. For most III-V semiconductors, bending of the 
bands at the surface is not as large as would be required to achieve thin barriers because of the 
problem of surface state pinning. 

In all of these conduction regimes (thermionic, thermionic-field, or field emission), a potential 
difference must exist across the barrier to cause current flow. The metal-semiconductor contact 
is characterized by the specific contact resistance, rc, defined as 

TV = 
dJ_ 
dV 

(2.35) 
v=o 

per unit area, for current flow perpendicular to the contact (fiem2 units; the contact resistance, 
Rc, is a function of device size, and is often given in Slmm). 

Thermionic emission is the major current flow mechanism in Schottky junctions formed on 
moderately doped GaAs. If Vf is the forward voltage applied across the metal-semiconductor 



2.1. CHARGE TRANSPORT IN SEMICONDUCTORS 51 

junction, the current density across the barrier is 

J oc exp (e<f>b/kBT) [exp {eV/kBT)  1], (2.36) 

giving (using Eq. 2.35) 
rc « 6XP (0) • ^ 

A small rc requires low barrier height; Schottky junctions do not provide a good ohmic contact, 
and thermionic emission is thus seldom exploited. 

Ohmic Junction 

For a ntype semiconductor with ND < 1017cm 3, the current is mainly due to thermionic 
emission, and rc is essentially independent of doping. As the semiconductor doping level in the 
contact region increases, the width of the potential barrier decreases and tunnelling can occur, 
Fig. 2.11(b), and as a consequence the probability of electrons to tunnel across the barrier 
increases. The tunnelling current density across the junction is 

Jvf^4 (238) 
From Eq. 2.35, 

2v/êm éh 
r c (xexp  s  ■£» , (2.39) 

n V^D_ 
which shows that, for a tunnelling contact, the specific contact resistance depends strongly 
on the barrier height and contact doping density, i.e., semiconductors with low barrier height 
and high doping concentrations must both be used to make a successful ohmic contact. The 
general technique for making an ohmic contact involves the realization of a heavily doped thin 
semiconductor layer, to obtain a metaln+n junction, Fig. 2.11(b). In this case the resistance 
of the n + to n junction may be the limiting factor in lowering the contact resistance. 

The required doping value for GaAs is on the order of 1 x 1019 cm  3 ; however, low solubility of 
the ntype dopants in GaAs typically limits the value to 2 x 1018 c m  3 [20] [56]. Various methods, 
such as shallow diffusion, alloy regrowth, indiffusion of a dopant contained in the contact metals, 
and ion implantation can be used to obtain ohmic metaln+nGaAs junctions. The one usually 
adopted employs metal alloys which can highly dope the contact layer of the semiconductor 
[20]. For ohmic contacts on nGaAs, a AuGe alloy (with 82% Au) is first evaporated onto 
the semiconductor; these metalsemiconductor junctions are then alloyed at the corresponding 
eutectic temperature into the semiconductor [20], in inert atmosphere (such as argon or nitrogen). 

The contact resistances can be measured using the transmission line method [20] [55]. 
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2.2 Heterostructures 

Artificial III-V and II-VI semiconductor materials have been investigated to increase the range 
of semiconductor properties available for applications [11] [17]. Heterostructures are artificial 
semiconductor structures composed of two (or more) different types of material, where variations 
in composition are used to control the motion of electrons, holes and photons through band 
engineering, modifying the material electronic and optical properties [22]. Figure 2.12 shows the 
relationship between two important characteristics of semiconductor materials, the minimum 
energy bandgap and the lattice constant. The horizontal axis displays the crystalline lattice 
constant both in nanometre and as percentage mismatch to the silicon lattice constant of 0.5543 
nm. The vertical axis represents the minimum energy bandgap (Eg) both in electron volts and as 
an effective wavelength A5 = 1239.8/Eg. Light of wavelength À smaller than Xg will be absorbed 
by the semiconductor. 
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Figure 2.12: Energy bandgap versus lattice constant for some semiconductors [11]. 

The active regions of most heterostructures are typically a few nanometers thick, seat at/or 
close to single interfaces (heterojunctions) or involve many thin layers of different compositions. 
In general, when a heterojunction is, or belongs to, the active region, it must have a nearly 
perfect interface to perform well. A high quality heterostructure requires the materials to have 
the same crystal structure (or at least symmetry), and the two lattice constants to be nearly 
identical, if there is to be no strain in the final structure [15][17].10 For example, an alloy such 
as GaAs-AlAs, which is generally denoted by AlxGai_xAs (where x denotes the composition 
fraction of the chemically inter-changeable atom), and GaAs have an excellent lattice match: 
the lattice constant of Al^Gai-xAs changes less than 0.15% as a function of x, which makes 
possible to grow layers of GaAs and AlAs, or any of the intermediate alloys AL^Gai-zAs, on top 
of one another, without significant stress at room temperature; InP is an alternative substrate, 
with two ternary alloys having the same lattice constant and direct bandgap: Ino.53Gao.47As 
(abbreviated InGaAs) with energy bandgap 0.75 eV, and Ino.52Alo.4sAs (abbreviated InAlAs) 
with energy bandgap 1.439 eV. 

10The initial effort was concentrated on materials of nearly identical lattice constant. Current applications 
require properties that can be met only by mismatched materials, using "strained layers" [24]. 
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In layered heterostructures, films can be sufficiently thin, which requires a fabrication tech
nology able to change the composition of successive layers very rapidly, preferably from one 
mono-layer to another [24]. Through epitaxial growth techniques, such as molecular beam epi
taxy (MBE) and metal-organic chemical vapour deposition (MOCVD) [57], a range of artificial 
semiconductor heterostructures can now be tailored to the device needs; several building blocks 
of many present-day electronic and optoelectronic devices are layered structures grown by MBE 
and/or MOCVD [11] [15]. 

The heterostructures employed in this work, optical waveguides incorporating a DBQW-RTD 
(AlGaAs/GaAs/AlGaAs on a "semi-insulating"-GaAs substrate and InAlAs/InGaAlAs/InP on 
a n+-InP substrate), were grown by Molecular Beam Epitaxy in a Varian Gen II system by 
the MBE Group at the Department of Electronic and Electrical Engeering of the University of 
Glasgow, Scotland. 

2.2.1 Molecular B e a m Epi taxy 

Molecular beam epitaxy is a heteroepitaxy crystal growth technique involving the reaction of 
one or more thermal beams of atoms or molecules with a crystalline surface (substrate) under 
ultra-high vacuum conditions [57]. It allows monolayer (~0.3 nm) control over the chemical com
position, so abrupt changes in the optical and electrical properties of the semiconductor artificial 
crystals are attainable along the growth direction [22]; the crystalline orientation of the deposited 
layer is the same as that of the substrate [57]. Molecular beam epitaxial growth techniques al
low engineering of the conduction and the valence bands of semiconductor heterostructures in 
one-dimension [22]; MBE can simultaneously achieve precise control over chemical composition 
and doping profiles, on single-crystal multilayer structures with thickness on the order of a few 
atomic layers [57]. The first DBQW-RTD showing negative differential conductance was grown 
by MBE [1]. 

The basic process of MBE is ultra-high vacuum evaporation [57]. A functional schematic of 
a MBE system is shown in Fig. 2.13(a). The apparatus consists of growth, auxiliary and load 
chambers, and each chamber has an associated pumping system. The auxiliary chamber may 
contain supplementary surface analytical tools not contained in the growth chamber, additional 
deposition equipment or other processing equipment. The load chamber is a smaller chamber 
connected to the growth chamber via a sample exchange load-lock, which permits maintenance 
of ultra-high vacuum in the growth chamber while changing substrates. 

The growth chamber is shown in detail in Fig. 2.13(b); its main elements are: sources of 
molecular beams (K-cells) and shutters to occlude the molecular beams; substrate manipulator; 
gauge to measure chamber base pressure and molecular beam fluxes; a reflection high energy elec
tron diffraction (RHEED) gun and screen to monitor film surface structure; and a quadrupole 
mass spectrometer to monitor specific background gas species or molecular flux compositions. 
The sources of molecular beams are effusion ovens where the elements that compose the het-
erostructure - here Ga, As, Al, and In - are evaporated; one or more effusion ovens may be 



54 CHAPTER 2. PHYSICS AND PROPERTIES OF SEMICONDUCTORS 

(a) (b) 

Figure 2.13: (a) Functional schematic of a basic MBE system, (b) Schematic cross-section of a 
typical MBE growth chamber [57]. 

used for dopants.11 They are connected to the growth chamber via orifices directed towards the 
substrate, but shielded from it by shutters; growth commences when the shutters are opened. 

The growth chamber is evacuated to ultra-high vacuum (UHV), typically 10""u mbar or 
better; at this low pressure, the mean free path of the molecules between collisions is much 
larger that the width of the chamber (this is the Knudsen or molecular-flow regime of a gas) [57]. 
Molecules that emerge from the effusion ovens form a molecular beam, travelling in straight lines 
without collisions until they impinge on the substrate, or elsewhere. The flux of each element 
and hence the deposition rate is controlled through the temperature adjustment of each furnace. 
The heterostructures must be grown with extreme purity if their properties are not to be spoilt 
by contamination, so all materials used must have a high degree of purity. The background 
pressure in the chamber must be kept low to reduce contamination, as well as to ensure that the 
Knudsen regime holds. The flux from the effusion ovens must be uniform across the substrate, 
or there will be variations in composition across the wafer (which are minimised by rotating 
continuously the heated substrate during growth); the temperature of the furnaces must also be 
carefully controlled to keep the flux constant. 

The morphology of the surface depends in a complicated way on substrate temperature (for 
example, AlGaAs and GaAs grow better under different conditions), which is also important in 
other ways [57]: defects will not have time to be removed by annealing if the substrate tem
perature is low, while unwanted diffusion will occur and blur the interface if the temperature 
is too high. Hence, the optimum growth conditions for each compound are met almost empiri
cally. As mentioned, several in situ diagnostic techniques are used to monitor growth, including 
mass spectrometry for residual gas analysis and reflection high energy electron diffraction [57]; 
uniformity of the epitaxial layers is typically 1% in doping and 0.5% in thickness. 

Advantages of MBE include highly abrupt junctions between different materials, good control 

" T h e dopant used in the heterostructures employed in this work was Si, which is in group IV of the periodic 
table. It can act as a donor or acceptor in a group III-V compound (it also tends to become amphoteric). In 
practice, it usually acts as donor, but this can be changed by growing on a different surface orientation from the 
usual (100) or using very high concentrations (around 1019cm~3) [56]. 
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over the thickness of layers, and reasonable reproducibility. Disadvantages include cost and the 
fact that the process does not scale well for production [15] [57]: MBE is a slow process, growing 
materials at about 1 mono-layer per second or 1 ̂ m per hour; the heated sources and substrate 
in a UHV environment place a tremendous demand on the vacuum systems used. 

The next section discusses in more detail AlGaAs/GaAs and InGaAlAs heterojunction inter
faces grown on GaAs and InP substrates, respectively. 

2.2.2 Heterojunct ions and Band Engineering 

The fundamental reason for growing heterostructures is the opportunity they offer to manipulate 
the behaviour of electrons and holes through bandgap engineering [22]. 

The heterojunction between two materials, such as GaAs and AlGaAs, with EGaAa <EAlGaAs, 
is first considered. Significant bandgap differences can be obtained in the AlxGai_xAs system, 
as the band gap is given by EVg{x) =1.424 + 1.247a; eV for x < 0.45, and Erg(x)=lM(J + 
0.215a; + 1.147a;2 eV for x > 0.45 [23]. Below the critical composition x — 0.45, the bandgap 
is direct; above this composition, the conduction band minima are at X points of the Brillouin 
zone (EXg{x)=1.90Q + 0.125a; + 0.143a;2 eV; ELg{x)=1.708 + 0.642a; eV), while the valence 
band maximum remains at the T-point [23]. 

When two materials are joined, knowledge of band alignment at the junction is essential to 
predict and take advantage of the new structure properties. Although it is not easy to determine 
exactly the energy bands configuration even for the most-studied junction, GaAs-AlGaAs, a 
variety of models can be applied for design of specific structures [22] [23]. Anderson's rule [23] 
states that the vacuum levels of the two materials making a heterojunction should be lined up, as 
in Figure 2.14(a). From Fig. 2.14(a), it results that AEC = EAlGaAs - EGaAs= x

AlGaAs - x
GaAs 

which, for GaAs (x = 4.07 eV) and for Alo.3Gao.7As (x = 3.74 eV), predicts AEC = 0.33 eV; the 
bandgap changes by AEg ~ 0.37 eV, so AEV - 0.04 eV [23]. The fraction of the bandgap that 
has gone into the conduction band is Q = AEc/AEg « 0.88, according to this model; the value 
Q « 0.60 is now established for x < 0.45 [22]. 

A£^r= 0.35 0.87 1.12 
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Figure 2.14: Alignment of bands at the heterojunction between GaAs and AlGaAs [23]. 

A difficulty can arise when the components of a heterostructure have band minima at different 
points in the Brillouin zone. Figure 2.14(b) shows the energies of the three lowest minima in the 
conduction band of AlxGai_xAs for three values of x. If the T minimum is the lowest throughout 
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a ALjGai-zAs-GaAs structure, it is reasonable to neglect the higher energy bands, provided that 
the energy of the incident electron is well below the top of the higher Al^Gai-^As barrier present. 
In the case of AlAs (for example, in a GaAs/AlAs/GaAs sandwich), it appears as a potential 
barrier if T-valleys are considered, but is a potential well from the point of view of the X-band, 
which lies lowest inside the barrier. This specific case will be discussed in more detail in Chapter 
3. The AlGaAs-GaAs band alignment is called type I or straddling alignment [23]. 

A heterojunction of InP and Ino.52Alo.4sAs, Fig. 2.15(a), shows type II or staggered alignment 
[23], where the bands favour electrons in InP but holes in In AlAs, thus a sandwich results in 
a potential well for one species but a barrier for the other. The other possibility is that the 
two bandgaps do not overlap at all, giving type III or broken-gap alignment [23]. The classical 
example is InAs-GaSb, also shown in Fig. 2.15(b). In this case the conduction band of one 
material overlaps the valence band of the other, by 0.15 eV in this example. 

(a) (b) 

Figure 2.15: Band alignment in InGaAs-InAlAs-InP and InAs-GaSb-AlSb heterostructures [23]. 

Heterostructures also give control over the position of the extra carriers introduced by doping, 
allowing physical separation of the carriers from the ionized impurites [22][23]. This is illustrated, 
for a heterojunction between a layer of AlGaAs doped with donor impurites and an undoped 
GaAs layer, in Fig. 2.16. 

wave function 

Figure 2.16: Conduction band discontinuity in a n-AlGaAs-undoped GaAs heterojunction [23]. 

Most of the released electrons in the n-AlGaAs region close to the interface diffuse into 
the GaAs region and cannot move back up to the AlGaAs conduction band because of the 
potential barrier due to the conduction band discontinuity. As a consequence, an electric charge 
distribution is created across the interface (positive ions in the AlGaAs region and electrons in 
the GaAs region), giving rise to an electrostatic triangular potential well <p(z) [22] which squeezes 
excess electrons in the GaAs material against the interface, in a region typically 10 nm wide, 
where they are trapped, forming a two-dimensional electron gas (2DEG) [22][23]: these electrons 
are free to move in the plane parallel to the interface, unhindered by the impurity atoms, with 

http://Ino.52Alo.4sAs
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much higher mobility than in bulk GaAs. This kind of structure permits the implementation of 
much faster devices, and is the basis of new electronic devices [11][22]. 

2.2.3 Layered Structures: Quantum Wells and Barriers 

Research in the field of low dimensional layered semiconductor structures started in the early 
seventies with the strong impulse supplied by the prediction of new physical phenomena and 
novel devices, derived from the engineered conduction and valence bands [22]. 

A semiconductor structure shows classical electrical behaviour (ohmic behaviour) if its di
mensions are much larger than each of these characteristic length scales [30]: (1) the carriers de 
Broglie wavelength, (2) the carriers mean free path, and (3) the phase-relaxation length, which is 
the distance that an electron travels before its initial phase is destroyed. Small structures, whose 
dimensions are much larger than those of the atoms but not large enough to be ohmic, are called 
mesoscopic. These length scales vary widely from one material/structure to another and are also 
strongly affected by temperature, electric and magnetic fields [30]. 

A brief survey of some of the structures that can be grown is presented next. (Only the 
behaviour of electrons in the conduction band is considered, but similar considerations apply to 
holes in the valence band, subject to the complications of the valence band). 

Potential Barrier [23] [54] 

An example of an electron potential barrier is provided by the conduction band profile of a layer 
of AlGaAs surrounded by two thick layers of GaAs, as shown schematically in Fig. 2.17(a); the 
AlGaAs layer acts like a barrier because Ec is higher in A^Gai-^As than in GaAs, and the 
difference AEC provides the barrier height i/o-
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Figure 2.17: Schematic representation of tunnelling in a potential barrier. 

Classical physics predicts that a particle with energy E, travelling towards a potential barrier 
of height Uo, will not be able to overcome the barrier, being reflected, unless it has sufficient 
kinetic energy to pass over the top. On the contrary, according to Quantum Mechanics, the 
particle has a finite probability to be transmitted or tunnel through the potential barrier. 

A schematic representation of the wave functions across the barrier is shown in Fig. 2.17(b). 
Assuming an incident-particle from the left, represented in region I (x < 0) by an incident 
wave function (with amplitude A\) and a reflected wave function (with amplitude B\); in region 

A, 

B2 

V(z) 
A3 
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III (x > d, d = Z2  zi), by a transmitted wave function (with amplitude A3); in region II 
(0 < x < d), the wave function contains components decaying in both directions, with a phase 
diference between them (with amplitudes A2 and B2, respectively). 

The Schrõdinger equation (Eq. 2.2) for the electron in any region can be written as 

2m,i 
d2j>j{z) 

dz2 + Ui(z)^l(z)^Eijl(z), (2.40) 

where the subscript i indicates the i th region. The wave function solutions can be expressed as 

ipi(z) = Ai exp {jkiz) + Bi exp {jhz) (2.41) 

where Ai and Bi are constants to be determined from the boundary conditions, and k{ = 
l2mi{EUi) 

v—v—■ 
Since the wave functions and their first spatial derivatives (i.e., d (ipi/rrii) /dz = d (^i+i/mj+i) /dz) 

at each potential discontinuity must be continuous, solution of the corresponding equations gives 
the transmission coefficient across the barrier. 

Assuming a constant effective mass across the three regions, the transmission coefficient is 
given by [2] 

T(E) ^
2 

1 + 
m 1  1 

4E (C/0 - E) 
sinh kid (2.42) 

When kid > 1 , the transmission coefficient varies as [Fig. 2.17(c)] 

T(E) 
WE ÍQE 

■ exp (—2kid) — —^— exp 
U0 Uo 

2d\ 2m (Up ~ E) 
h2 (2.43) 

For a given energy value E, to have a finite transmission coefficient the barrier must be thin, 
have a small height i/o, and a small effective mass m. 

Singlebarrier tunnelling has found widespread applications in semiconductor devices, such 
as heterojunction barrier varactor diodes [11][63][86]. 

Quantum Wells [23] [54] 

The opposite of the barrier structure is a quantum well (QW), Fig. 2.18, which is obtained by 
sandwiching a thin layer (a few nanometers thick) of a given bandgap material, for example 
GaAs, between thicker layers of a wider bandgap material, for example AlGaAs. 

Electrons in the conduction band and holes in the valence band tend to move to the lower 
bandgap region, which acts as a well for electrons in the conduction band and for holes in the 
valence band. Carriers in a quantum well are confined only in the direction perpendicular to the 
layers, and allowed energy states in the growth direction are discrete and quantized. 

Quantum wells in the GaAsAlGaAs system are far from the idealized case of an infinite 
depth quantum well; the ideal "square" quantumwell consists of a finite region of space, of width 
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Figure 2.18: Quantum well schematic energy diagram. 

d, bound by infinitely high barriers. For the infinite depth QW the allowed energy states can 
be analytically calculated, and are often used as a first approximation to the solutions of a real 
quantum well. 

Assuming the growth direction as the zdirection, the electron has zero potential energy in 
the well region d/2 < z < d/2 [i.e., Uo(x,y,—d/2 < z < d/2) = 0]. Schrõdinger equation 
solutions for particle motion in the z—direction inside the well are identical to those for free 
space, where the potential energy is assumed to be zero: 

tpZi(z) = AZi exp (+ikZiz) + BZi exp {ikZiz). (2.44) 

The infinitely high potential energy regions outside the well prevent the electron from straying 
beyond the well region. The wave function must remain well behaved across the whole structure; 
as in the barriers the Schrõdinger equation takes the form 

■£^-<*-*>«,w, (2.45) 

for the term U(z)ipZi(z) to remain finite, i>Zi(z) = 0 must stand inside the barriers. Disconti

nuities in the wave function are not allowed, so ipZi (z) must vanish at the edge of the barriers; 
the boundary conditions are, therefore, 4>Zi(z = —d/2) = 0 and tpZi(z = d/2) = 0. The electron 
eigenstates and allowed energies are, then 

mr i^zniz) = AZnûnkZnz = AZnsm—z 

2^2 
Eg = 

hZTT 

2m d? n 

(2.46) 

(2.47) 

i.e., the wave number kZi and the energy EZi in the z direction are quantized; the integer n = 
1,2,3,... is a quantum number that identifies these eigenstates.12 

The electrons are free to move in this xy plane, where there is a continuous energy state 

12R. Dingle et al (1974) performed optical measurements which showed directly the quantization of energy in 
QWs [22]. 



60 CHAPTER 2. PHYSICS AND PROPERTIES OF SEMICONDUCTORS 

distribution: 

(2.48) 

In praticai quantum wells, when the separation between these energy levels is much larger 
than the thermal energy fc^T, the particles appear to be frozen into the ground state (n = 1) 
and no motion will be possible ouside the well plane. 

A quantum wire is formed if carriers are confined in a two dimensional potential well (analogue 
of an optical fibre), where the carriers are free to move in one dimension only. When the electrons 
are restrained to a finite 3-D volume in space, a quantum-box or quantum-dot is formed [22]. 

Double-Barrier Quantum Well [2] [23] 

The high bandgap regions (barriers) on either side of the low bandgap layer (well) are usually 
made much thicker than the well region, resulting in bound states [54]. However, if the quantum 
well barriers are made thin enough and are surrounded by the same material as the well layer, 
electrons in the well can now tunnel through the barriers and the states are quasi-bound or 
resonant states, rather than true bound states [84] [85]. The structure obtained forms a double-
barrier quantum well (DBQW), Fig. 2.19. 
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Figure 2.19: Double barrier quantum well. 

Electron tunnelling through the barriers is strongly enhanced when its energy equals to one 
of the energy levels in the well - theoretically, a transmission probability of 1 is possible [87]. This 
corresponds to resonant tunnelling [1][27], and the DBQW structure acts as a filter such that 
only electrons with energy close to the resonance energies have high probability of crossing the 
two barriers. This unique electron tunnelling phenomenon was predicted and demonstrated in 
1974 by Chang, Esaki and Tsu [1], for an AlGaAs/GaAs DBQW diode (the resonant tunnelling 
diode, RTD). RTDs show negative differential conductance at room temperature. 

The next chapter contains a discussion, in greater detail, of the RTD structure and its 
applications in Electronics and Optoelectronics. 

Superlattices and Multiple-Quantum Wells [22][23] 

Alternating layers of wells and thin barriers, as shown in Fig. 2.20(a), form an artificial periodic 
one-dimensional structure, known as a superlattice, which imposes a second level of periodicity on 
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that given by the crystalline nature of the semiconductor. In a superlattice, the larger bandgap 
layers are thin enough so the wave function of the states in different wells do overlap, resulting 
in non-localised states which form energy minibands. An electron can now tunnel from one well 
into its neighbours. This new potential periodicity affects motion only along the direction of 
growth and is governed by Bloch's theorem (the period is, of course, longer than that of the 
crystal and the periodic potential is also weaker, with the result that the energy bands and gaps 
appear on a much smaller scale of energies). 

Figure 2.20: Superlattice and multi-quantum well schematics. 

As the barriers between wells are made thicker, the minibands become narrower due to a 
lower wavefunctions overlap, which makes tunnelling between wells less important [22]. In the 
limit, in which wells are practically isolated from their neighbours , the superlattice is known as 
a multi-quantum well (MQW), Fig. 2.20(b), and the quantized states are localised. 

Superlattices have been used to filter the energy of electrons, allowing only those with energy 
within the minibands to pass and reflecting those in the minigaps; absorption between the 
minibands can be used to detect infrared radiation [11]. It is also a common practice to grow a 
superlattice on top of the original substrate, then a buffer, and finally the desired structure; the 
interfaces trap many defects and impurities that would otherwise migrate up with growth and 
contaminate the active region of devices. MQW are widely used in optical applications such as 
in lasers [24], optical modulators [19] and detectors [15]. 

2.2.4 Optical Field Confinement 

Propagation of electrons in mesoscopic systems has quite interesting similarities with the prop
agation of light, although the vector nature of light makes the calculations more complicated 
[12][59]. Electrons tend to be confined in regions of lower potential energy, while light can be 
confined to regions of higher refractive index, as represented in Fig. 2.21(a). When a simple 
double heterostructure guides light effectively its width is so large that quantization of electronic 
states is unimportant. The solution is to employ a separate confinement heterostructure, as in
dicated schematically in Fig. 2.21(b), where light and particles are confined separately, with a 
narrow inner well for charged particles and a broader outer region for light [24]. This structure is 
widely used in lasers to maintain an optimum trade-off between low optical power density, high 
confinement factor, and low barrier to charge transport [18] [24]. 
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Figure 2.21: (a) Electron and photon confinement in semiconductor heterostructures [30]. The 
length scales of the confining structures are rather different, because the wavelength is around 
1 /urn for near infrared light but only about 50 nm for electrons, (b) Separate confinement 
heterostructure (SCH). 

In semiconductor materials, the index can be varied by changing the number of carriers 
(homojunction) and/or changing the composition of the semiconductor (heterojunction), but 
strain and/or electrical fields can also be used to locally alter the refractive index [58]. The 
bandgap and the refractive index of a semiconductor are both functions of the alloy composition, 
making heterostructures the most widely used way to alter the properties of both electronic 
and optical states [22]. A smaller bandgap is usually associated with a larger refractive index, 
and therefore both charged particles and light waves will be confined into the GaAs region of a 
sandwich of AlGaAs/GaAs/AlGaAs, for example. By carefully controlling the composition, it 
is possible to grow different closely lattice-matched ternary and quaternary layers on GaAs and 
InP binary substrates [17]. Low optical loss, high quality optical waveguide structures require 
a good lattice match between the different layers and between the layers and the substrate, in 
order to avoid the formation of dislocations and strain at the interface and/or in the grown layer 
[15][58]. 

The propagation of photons is described by the Maxwell's equations [71]. In describing steady-
state phenomena involving electromagnetic waves it is common to talk in terms of monochromatic 
waves (similarly with electron monoenergetic waves); the solution for a guided mode in a slab 
waveguide, Fig. 2.21(a), is obtained by matching solutions of the Maxwell's equations in the three 
different regions: the higher refractive index region, and the two surrounding lower refractive 
index regions. From the wave equations 

( V 2 + w V ) ^ = 7Î, 
(2.49) 

(2.50) 

and satisfying all the boundary conditions, the solutions (modes) for the electromagnetic field 
are obtained everywhere; here, c and H are the electric and the magnetic components of 
the electromagnetic wave, respectively, UJ represents the frequency of the electromagnetic field, 
\i is the magnetic permeability and e is the electric permittivity of the medium. Two sets 
of transverse modes are allowed for this planar waveguide: transverse electric field (TE), and 
transverse magnetic field (TM). Transverse electric modes are polarized with the electric field 
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parallel to the interfaces; transverse magnetic modes have the magnetic field field along that 
direction. 

For a planar symmetric heterostructure waveguide, such as AlGaAs/GaAs/AlGaAs, with 
core and cladding refactive indices nco and nc\, respectively, to guide £ modes, the core thickness 
(dc) must be [53] 

dc ~ . ^A (2.51) 
V

n
co - n

ll 
Taking A ~ 1/xm, ng = 3.590 (GaAs) and nc; = 3.385 (Alo.3Gao.7As), the cutoff thickness of the 
second mode (£ = 2) is ~0.4 /um, that is, for a waveguide core 0.4 /urn thick only the fundamental 
mode (£ = 1) is efficiently guided. The fraction of optical power in the waveguide core in the 
zdirection is the optical confinement factor, jfz, which is given by 

*-$£■
 (2

'
52) 

where £op represents the optical electric field magnitude [53]. 

However, the planar structure provides no transverse confinement of the light within the 
higher refractive index region. Just as electrons can be further confined to wires, light can 
be confined in semiconductor channel waveguides, which are used in many active and passive 
integrated optic devices, including lasers, modulators, switches and directional couplers [15]. 
This additional confinement is usually required to bring about desirable device characteristics, 
such as savings in drive power and drive voltage, and in addition compatibility with single mode 
fibre guides [15].13 Waveguide channels can be made either ridged, or imbedded in the substrate, 
or result from striploading of planar guides, Fig. 2.22. The mode profiles of the guided light 
depend on the type of channel; Fig. 2.22 also shows schematic profiles of the fundamental mode 
for the three waveguide types. The optimum channel structure for a given application will depend 
on the light intensity profile required. For example, an optical waveguide modulator must be 
designed such that its mode profile presents a high overlap with the optical fibre mode profile, 
that is, any modulator optimisation should include good coupling efficiency (low insertion loss) 
with standard singlemode optical fibres [14], which requires the simultaneous consideration of 
both material and waveguide design optimisations. 

In general, no exact analytic solutions for the modes of channel waveguides exists. Approx

imate calculations are usually employed for practical applications. The most popular methods 
are [59]: Marcatili method, effective index method, and beam propagation method (BPM). The 
BPM can compute the propagation of any beam in the waveguide structure; however, because 
BPM is a perturbation method, only structures with small index differences can be analyzed in 
principle. 

13In monolithic integrated optics, all optical functions must be obtained in a single material. These functions 
can be broadly categorized as light generation, guiding, coupling, modulation and detection. IIIV semiconductors 
and related compounds are the only materials to date in which all functions have been obtained [15]. 

http://Alo.3Gao.7As
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Figure 2.22: Diagrams of basic channel waveguide configurations [58]. 

The waveguides implemented in this work are ridged waveguides, usually made by etching 
away unprotected semiconductor material from planar layers by means of chemical, rf sputtering 
or ion-beam etching techniques [20] [21]. Optical confinement (waveguiding) is achieved in the 
vertical direction perpendicular to the substrate plane by refractive index difference due to mate
rial compositionnal changes, and in the lateral direction due to the etched ridge. The ridge guide 
has air on either side of the waveguide channel, which results frequently in highly multimode 
guided light propagation because of the large dielectric discontinuity in the transverse directions 
[59]. The guided light profile typically fills the channel and has almost no field penetration into 
the air [13]. The waveguides used in this work were analysed using FWave,u a software based 
on a finite difference implementation of the vector electromagnetic wave equation solution. 

In practical optical waveguides, an exponential attenuation of the optical power in the guided 
modes is observed, Fig. 2.23, which is characterized by the loss (extinction) coefficient, a. 
Loss sources in waveguides are generally attributable to three mechanisms [58] [69]: absorption, 
scattering, and radiation leakage, Fig. 2.23. 
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Figure 2.23: Loss mechanisms in ridge waveguides [69]. 

Absorption is usually the most important process in semiconductors and arises from imper
fect material transparency, corresponding to photon annihilation [23]. In contrast, when photons 
are scattered or radiated, they change their direction of travel (as in Rayleigh and Mie scatter
ing) and sometimes their energy (as in Brillouin and Ramam scattering), involving the transfer 
of optical energy from guided waves to nonguided radiation, thus constituting a loss as far as 
the total transmitted power is concerned [69]. Scattering arises from imperfect refractive in
dex distributions (e.g., interface roughness), whereas leakage can occur even for ideally smooth 

1 4 M. R. S. Taylor, "FWave IV: a vector E-M wave solver," user manual , University of Glasgow, Glasgow, Uni ted 
Kingdom (URL: h t tp : / /www.e lec .g la .ac .uk /~michae l t / sof tware / fwave/ ) . 

http://www.elec.gla.ac.uk/~michaelt/software/fwave/
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structures [59], as in the case of the AlGaAs/GaAs/AlGaAs based waveguides grown on GaAs 
substrates, where the core and the substrate have the same refractive index. To avoid radiation 
leakage from the core towards the substrate, the thickness of the substrate AlGaAs layer must 
be made thicker than the decay length of the waveguide fundamental mode [58][69]. 

The absorption loss of a given waveguide mode depends both on bulk material losses and 
the overlap of the modal distribution with the absorbing material [58] [69]. Waveguides incor
porating electrodes (metal and/or doped semiconductor), such as lasers and electro-absorption 
modulators, exhibit excess propagation loss due to electrode absorption above that obtained in 
waveguides without electrodes [69]. This loss can be minimized by reducing the overlap of the 
waveguide mode with the highly doped material but, in general, at the expense of device effi
ciency [13][15]. In devices driven by injection currents, separation of driving electrodes decreases 
the volume charge density achieved for a fixed injection current and hence the efficiency [13] [15]. 
It should be noted that optical waveguide losses depend, in general, on the state of polarization of 
the guided light [69]. This may result simply from differences in the optical intensity distribution 
between polarizations, causing different overlap with scattering and absorptive material regions; 
polarization can also affect waveguide leakage losses [69]. 

Integrated optical channel waveguides, including both passive (i.e., power splitting from one 
to several channels) and active (such as electrical-to-optical signal conversion) types, require low 
propagation loss. However, photonic integrated circuits will benefit in many instances from the 
inclusion of an optical amplifier to compensate for coupling, splitting, and absorption losses. 
(In theory, use of integrated semiconductor preamps as receiver front ends can provide receiver 
sensitivities close to the quantum limit [14].) 

2.3 Optical Properties of Semiconductors 

Semiconductor optoelectronic devices depend upon the interaction of electromagnetic field with 
the electrons in the semiconductor, which can be described by scattering theory [12]. Photons 
can induce scattering within a band as well as between bands, Fig. 2.24.15 Interband scattering, 
involving valence and conduction band states, is the most important mechanism for optical 
devices, such as lasers, modulators and photo-detectors [13][15].16 

This section is devoted to a brief overview of the optical properties of direct bandgap III-V 
semiconductors, focusing on band-to-band and intraband absorption. 

l5Perturbations, such as ionised impurities and phonons, can also cause scattering of an electron from an initial 
Bloch state to another state. 

16The exciton-photon interaction in semiconductor structures is also of great technical interest for high speed 
modulation and optical switching [13][19]. 
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Figure 2.24: Electron scattering induced by an electromagnetic field [53]. 

2.3.1 Optical Interact ions in Semiconductors 

The semiconductor optical macroscopic properties, which ignore the details of the Bloch functions 
and bandstructure, are characterized by the electric permitivity, function er (a;).17 The refractive 
index and the extinction coefficient, which are related by the KramersKronig relations, will 
be presented in terms of er (w) components, which can be determined from the microscopic 
properties of the semiconductor. Based on the perturbation theory [54], the physics behind 
devices operation, such as semiconductors optical detectors and light sources, will be briefly 
discussed. 

Refractive Index and Extinction Coefficient [12][53] 

In a macroscopic theory, the semiconductor response to an electric field, in the harmonic and 
linear regime, is characterized by its complex relative permitivity 

er (w) = ei (CJ) + ie2 (w), (2.53) 

which describes the optical properties of the medium at all photon energies E = hoj (e2 describes 
conduction, which is a dissipative process, whereas ei describes polarization). The complex 
relative permitivity depends strongly on crystal structure [22]. 

The real and imaginary parts of the complex relative permitivity are related by the Kramers

Kronig relations: 
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(2.54) 

(2.55) 

In principle, information on e2 (ei) at all wavelengths should be included in the integrals. 
However, if one of the electronic transitions is dominant, the calculation of the integral is 

17In the analysis of a semiconductor response to an optical field, the effect of the magnetic field component is 
usually much smaller than the effect of the electric field component, and will be ignored. It is assumed that the 
magnetic permeability is y. = /io
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markedly simplified; in particular, for photon energies in the transparency region of semicon

ductors or insulators, only the fundamental absorption edge has generally to be considered. 
The complex refractive index, n = sJTT [71], is defined as 

n (u) =n(u)+ in (w) = [ei (w) + ie2 (u)]2 , (2.56) 

where n (w) is the real refractive index, and K (U) is the extinction coefficient, also known as 
the attenuation index. The extinction coefficient and the refractive index in the vicinity of the 
fundamental absorption edge depend strongly on crystal quality. The functions n (w) and K (U>) 
are known as the dispersion and absorption curves of the material, and are related to er by 

ei = n 2  / t 2 (2.57) 

e2 = 2UK. (2.58) 

In a lossy medium, where J = at (a is the electrical conductivity), the wave equation for 
the electric field is: , . 

2* d2£ d£ 
V £ = eieQiiQ—^ + ano — . (2.59) 

The general solution is of the form: 

£ = £o exp I i (kop ■ T^ — tot J >. (2.60) 

In terms of the real refractive index, n (OJ), and the absorption coefficient, a (OJ), the electric field 
wave becomes (for propagation in the 7* = (0,0, +z) direction): 

? = £, o exp < tu) 
n (LJ) 

exp( X ^ 2 ) ' (261) 

where À is the vacuum wavelength of the light. The velocity of the wave is c/n (LJ) and its 
amplitude is damped exponentially by the factor exp Í —  " ^ z J. 

In terms of macroscopic quantities, the optical absorption coefficient, a(uj), in a medium, 
, number of photon: 

med as a = u v—vr~r 
number or pnotc 

absorbed per unit distance),18 is: 

, . , number of photons absorbed per unit volume per second /., , ,. , , 
defined as a = r ir—T—7 =—=—, y =r c  j— (the traction oi photons 

number or photons injected per unit area per second v * 

a(co)   ^ « ( w ) . (2.62) 
A 

The reflection coefficient, R(u), of a wave impinging on a medium characterized by real 
refractive index, n(w), and extinction coefficient, a(u), is given by: 

[n(hj) 1]2 + K(O;)2 

[n (w) + l]2 + K (LJ)' 
R (c) = ^ 2 y^n)w>2. (2.63) 

18The injected number of photons per unit area per second is the optical intensity S = hu>c/nrV (Wcm  2) 
divided by the energy of photons hui, where V represents the absorbing medium volume and c/nr the light velocity 
in the medium. 
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Measurement of the reflection and absorption coefficients gives the optical constants n (u>) 
and K (u) of the material. 

Electron-Photon Interaction [12] [53] 

Let the electromagnetic field applied to the semiconductor medium be represented by the vector 
potential A ("T*; t) = Aw cos (if • 1*  ut) it, where the unit vector ~vt gives the polarization of 
the associated electric field £ = dA/dt. Assuming weak optical signals ( A is small), the 
Schrõdinger equation (Eq. 2.1) takes the form 

- ^ V
2 + C / 0 - — I-? 

2mo mo 
* = ih 

It' (2.64) 

where ^ = {pi,p^,pz) =  » W represents the momentum operator, and ^A • p is the pertur

bation term due to the electromagnetic field.19 Expanding the perturbation term, gives 

1st. f = £k U?-^-«0 + e-(^^-01 fo.f). 
mo 2m0

 L J \ / 
(2.65) 

The first term represents the absorption of a photon by the electron, increasing the electron 
energy by hw and its momentum by /ilf ; similarly, the second term describes the emission of a 
photon so that the electron loses both energy and momentum.20 The photon momentum 7i|lf |, 
for most energies of interest in solid state devices (hu ~0.12 eV; |lf | ~ 106 m" 1) , is very small 
compared to the electron momentum in the crystal ( k « ir/a ~ 1010m_1; a ~ 0.5nm), and 
can be usually neglected when considering the electronphoton interaction. As a consequence, 
if = U can be set in the equations and the electric field can be treated as constant in the 
electronic states region: electricdipole approximation. 

The net electron transition rate per unit volume from a state i (Ei) to another state / (Ef) 
due to scattering of an electron by the electromagnetic field is given by the Fermi's golden rule 

Wi, = | f ( ^ ) £ lit • f̂ |2 x [f(Ei)  f(Ef)] 6 (Ef Ei M , 

with 
^•p^l = |(^/|^-

T
'(^-?)|V' 

(2.66) 

(2.67) 

(where =p applies to absorption and emission, respectively, and V represents the medium volume; 
the polarization dependence of the absorption coefficient is contained in the (it ■ pif) term). 

In terms of the electron transition rate per unit of volume, Eq. 2.66, the steady state optical 
19 Even for an optical beam carrying 1 MW/cm2 , the value of eA^/p is small enough so that perturbation 

theory can be used, and only the first order term in A will be considered (where ~f represents the electron 
momentum); in some cases, specially for forbidden transitions, the higher order terms containing A need to be 
included [12]. 

20In the quantum theory of radiation, the electromagnetic field is expressed in terms of creation and destruction 
operators [54]. 
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absorption coefficient, a, in a medium (the fraction of photons absorbed per unit distance), 
becomes: 

'W-^-t^zZv-iffxvw-nBmB,-***,), (268) 

where 5 = hu;c/nrV is the optical intensity (the injected number of photons per unit area per 
second). 

The element of the momentum matrix, in the dipole approximation, is given by 

Pfi = (l>f\?\1>i) = Jrff^id3t = -ihJrc,kfVi>v,kid3l>. (2.69) 

Typical optical excitation is performed with visible or near-visible light wavelengths, which are 
much longer than the unit cell dimension in a semiconductor crystal, or the period of a superlat-
tice, which set the scale of the electronic wave functions. Carrying out the differentiation (Eq. 
2.69), the momentum matrix element in the dipole approximation is 

Peí = (i'ckflfl^ki) = tâiji>*c,kf AM d3"*» - ïhjuljki (Vu»,*,) e ' l *" ')' d V , (2. 70) 

where uc,kt a n d Uy^ represent the conduction and valence band periodic parts of the Bloch 
functions. 

Taking into account the small wavevector of the photon, hi — kt, the left-hand side term of 
the momentum matrix element, / u*ck (Vu^/tJ d3!*, is much greater than the right-hand side 
term, hk% J iplt^kià3^, because this reduces to the integration of the product of orthogonal 
Bloch states, which is zero (or very small). For near bandedge transitions it will be assumed that 
uc,kiKQ and uVjkffíio are given by their zone centre values, which are s-type for the conduction 
band (the s-type state uc>o = \s) is a spherically symmetric state), and a combination of p-type 
states for the valence band (uVio = \PxPyPz), p-states are anisotropic in space due to non-zero 
orbital angular momentum). From symmetry, only matrix elements of the form (px\plc\s) = 
(Py\Py\s) = (Pz\íh\s) =Pai are non-zero. 

2.3.2 O p t i c a l A b s o r p t i o n a n d R a d i a t i v e R e c o m b i n a t i o n 

Photon absorption and electron-hole radiative recombination in bulk and quantum well semicon
ductor structures are now considered. 

Optical Absorpt ion [12][53] 

The value of the optical absorption coefficient, a(hw), in a semiconductor can be considered to 
result from three separate processes, which are shown in Figure 2.25: direct (indirect) transi
tions from the valence band to the conduction band (interband transitions), with a contribution 
avc(huj); intraconduction band absorption acc (hu); and free-carrier absorption ctfc(hu)). The 
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avc and acc terms are relevant when hu > Eg and hu > AECC, respectively; the freecarrier 
absorption a/ c becomes significant at longer wavelengths. 

Figure 2.25: Optical absorption mechanisms [53]. 

Optical interband transitions in direct bandgap materials can occur satisfying both momen

tum and energy conservation laws, contrary to intraband transitions; however, it is possible to 
have strong intraband transitions in low dimensional semiconductor structures, which become 
quite exciting for long wavelength optical oplications, such as in quantum cascade lasers [28] [29]. 
In bulk semiconductors, the intraband transitions must involve a phonon or some other scattering 
mechanism (ionized impurites, defects, etc.) to ensure momentum conservation. The free carrier 
absorption, as the absorption due to intraband transitions in bulk semiconductors is called, is 
particularly important for lasers and modulators, since it is responsible for losses in the guiding 
and cladding layers [18] [13]. 

Interband Absorption in Direct Gap Semiconductors [50] 

The selection rules for bandtoband transitions in direct gap semiconductors state that in the 
process of scattering of an electron from the valence band to the conduction band, energy and 
momentum have to be conserved. Thus, in the first order perturbation theory, electronic transi

tions due to photons are vertical in the E  k description. The hole energy in the valence band, 
the bandgap and the energy of the available state with the same k as the hole, determine the 
photon energy, Fig. 2.25: 

21.2 
Tiu) = Ec — Ev + hzk 1 | J_ 

me mh 

E — 
9 2mr ' 

where mr represents the electronhole reduced effective mass, and Eg 

coefficient is then given by 

o2 

Er 

a (hu) = ne 1 
nrceoTriQ ui 

~tipã}\ Ncv(hu), 

(2.71) 

■Ev. The absorption 

(2.72) 

/2ml 
with Ncv (hu>) being the joint density of states, which is Ncv (hu) — \2T/ \fhû Eg

In a bulk semiconductor, the absorption coefficient at hu = Eg has a zero value, and initially 
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increases as y/hu — Eg, but it has a l/\/hÃJj behaviour at high energies (where the density of 
states is not parabolic anymore.) Because of the degeneracy of the heavy-hole and light-hole 
states, there is no polarization dependence of the absorption coefficient near the bandgap region. 
In practice the absorption edge exhibits a complex structure with an exponential absorption tail 
(Urbach tail) extending to photon energies below the energy bandgap, Eg (Urbach rule) [16]: 

(2.73) 

where B and a are adjustable constants. Other prominent features may result as consequences 
of semiconductor doping: the whole absorption spectrum shifts to higher energies as the free-
electron concentration increases (Moss-Burnstein shift), and a more pronounced absorption tail 
appears [50]. 

Interband Absorption in Indirect Gap Semiconductors [50] 

Direct interband transitions in semiconductors between states at different k -values are not 
possible. An indirect transition can be described by a direct transition to a short-lived virtual 
state in the conduction band with simultaneous absorption or emission of a phonon to scatter the 
electron to the final conduction band state. In a similar manner, an indirect transition can also 
be described as a transition from a bandedge state to a virtual state, both in the valence band, 
followed by a direct transition to the conduction bandedge state. Indirect transitions described 
in terms of these virtual states can be analyzed by second-order perturbation theory, as their 
probabilities are much smaller than those for direct transitions [51]. Because of the additional 
degree of freedom intoduced by the phonon with energy %us and momentum hqt, transitions to 
many more states are possible, and indirect band-to-band absorption begins at photon energies 
below the bandgap. 

It can be shown that the absorption coefficient in indirect allowed transitions varies as 
(hu> — Eg)2, whereas in direct allowed transitions it varies as y/hui — Eg (this different behaviour 
allows the absorption processes to be distinguished experimentally). For a direct semiconductor, 
the absorption coefficient is very strong once the photon energy exceeds the bandgap, whereas for 
indirect materials the absorption coefficient rises much more gradually. It should be noticed that 
only phonons were considered in the scattering process. However, other scattering mechanisms, 
such as alloy scattering, impurity scattering, can also cause optical absorption in semiconductors. 

Interband Absorption in Quantum Wells [22][24] 

The periodic part of a Bloch function in QWs is relatively unaffected by the presence of the 
confining potential. However, the nature of the wavefunction, at least for the low lying states 
confined to the well region, is dependent on the potential; the density of states has now a step-like 
form. The absorption rates are calculated only for the well region since the barrier material has 
a higher bandgap and does no participate in the optical process until the photon energies are 

a (hu>;Q) = Bexp a 
yhuj — hujg) 
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much higher. 
The absorption coefficient for interband transitions in QWs is given by 

a ( M = JH^_ (1\ | ^ . ^ | 2 H^Mj2f^H (hu, - Et) , (2.74) 
nrce0m2

0 \huj dZeff ££ V J 

where n and m indicate conduction and valence band states, respectively, fnm is close to unit for 
n = m, and about zero otherwise (f%m is related to the overlap integral of the conduction- and 
valence-band envelope functions), H is the Heaviside function, N2D (hv) = ^jftn represents the 
jointed density of states of the two dimensional structure, and dZeff is the effective well width, 
dZeff = d+ ^2m(U~E)/h2. 

The momentum matrix element \lt • p£,\2 is isotropic for bulk cubic semiconductors, but 
is polarization dependent for quantum-well semiconductors. The absorption coefficient in the 
quantum well structure is quite distinct from the bulk case mainly because of the density of 
states function. Another difference arises because of the lifting of the heavy-hole and light-hole 
degeneracy, which makes the absorption coefficient strongly polarization dependent. 

Intra-Band Absorption in Bulk Semiconductors [50][58] 

A second class of optical transitions takes place between different energy levels in the same band, 
either in bulk or in quantum well structures. Most of the relevant transitions occur between levels 
in the conduction band. 

Absorption of radiation by electrons in the conduction band and by holes in the valence bands 
produces an absorption background below the fundamental absorption edge which increases with 
wavelength.21 In this process the electric field of the incident radiation accelerates the free 
carriers, which, in turn, are decelerated by collisions with the lattice; free carrier absorption 
[67]. In general, free carrier absorption involves both intra- and interband transitions. Intraband 
free-carrier absorption, afc, can be described in terms of the classical dispersion theory. For 
acoustic phonon-assisted processes, the absorption coefficient is 

e3A2ATc OLfJhu) « 2 3 2 , (2.75) 

where Nc is the free carrier density, nr is the refractive index, and / / a c the mobility due to 
acoustic phonon scattering, c is the light velocity and A is the wavelength of light in the vacuum. 

The same free carrier effect that leads to an increase in the imaginary part of the dielectric 
function can also lead to a reduction of its real part. The effect on the refractive index has 
two origins: free-carrier plasma dispersion (intraband free-carrier absorption), and modification 
of the fundamental absorption gap (Moss-Burstein shift and/or bandgap shrinkage) [65][66]. In 
a semiconductor with Nc free carriers per unit volume, the permitivity below the bandedge is 

21 Various intraband scattering processes contribute to the background absorption, such as polar optical phonon 
scattering, acoustic phonon scattering, and ionised-impurity scattering [53][67]. 
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given approximately by 
e2A2JVc , , 

where ef is the permitivity of pure material, A is the wavelength of the optical field in free space, 
and c is the velocity of light. Since efc is small compared to ef, the refractive index is given 
approximately by 

n= J— = n f - An = n f - —- r
_ > v2-'") 

where nf is the refractive index of the pure film material at A. 
In n+-GaAs, nf=3.5, m = 0.067mo, where mo is the mass of a free electron, An = 1.8 x 

10'21NC, with Nc in cm"3 and A in fim. For A=l fxm and Nc = 2 x 1018 cm - 3 , An = 0.0036, 
which is sufficient to permit guiding if the pure layer is sufficiently thick [65][66]. 

Intra-Subband Absorption in Quantum Wells [22] [28] 

The intra-subband levels in a quantum well can be tailored to any arbitrary separation by 
adjusting the quantum well geometry. The optical properties of superlattices and quantum wells 
have attracted much attention in recent years due to the large oscillator strength of optical 
transitions between quantum subbands (levels) [24]. 

A quantum well which is n-type doped, so that the ground state has a certain electron 
density and the excited states are unoccupied, will absorb light with a photon energy equal to 
the ground-excited states separation energy, with the ground state electrons being scattered to 
upper states. In n-type doped quantum well structures, intersubband absorption is of interest 
because of its applications to far-infrared photodetectors [3] [64] [68]. 

Radiative Recombination [12] [53] 

It has been assumed so far that the initial electron state is occupied while the final state is 
empty. In actual devices this is, of course, not true; when electrons and holes are present in the 
conduction and valence bands, respectively, they can recombine radiatively, emitting photons. 
Non-radiative recombination effects such as defect trapping, will not be discussed here.22 

Bulk Semiconductors [50] 

Radiative recombination by spontaneous emission of photons occurs typically at a rate of ~ 
1 n s - 1 , provided an electron is present in the state k and a hole is present in the same state k 
in the valence band. In reality, however, the recombination rate per unit volume depends upon 
the occupation probabilities of the electron and hole with the same k -value. Under certain 
conditions, injected electrons into the conduction band and holes into the valence band can 

2 2The non-radiative recombination competes with radiative recombination, and can have a positive or negative 
impact depending upon the device [18]: in a laser the non-radiative recombination is not desirable, but it is 
purposely increased in pn diodes to increase speed [11]. 
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recombine and emit more photons than can be absorbed. The diference between the emission 
and absorption coefficents is defined as the gain coefficient; for simple parabolic bands, the gain 
g{huj) is given by 

g(hu) = n6h
2 j  \lt ■ p?f\

2 Ncv (hu>) {fe (Ee) - [ l - h (Eh)}} . (2.78) 
nr€Qm,Qcnuj 

A positive value of gain (negative absorption) occurs for a particular energy when fe (Ee) > 
1 — fh{Eh) = fe(Eh), that is, the number of electrons in the conduction band surmounts 
the number of electrons in the valence band: population inversion condition. Laser action in 
semiconductors requires fe (Ee) > fe (Eh) [24]. 

In real semiconductors, intentionally or not, there are always impurities which produce elec

tronic levels in the bandgap. These impurity levels are due to chemical impurities or native 
defects such as vacancies or antisite defects (i.e., in compound semiconductors, an atom in the 
wrong sublatticeGa on an As site, for example) [15]. The bandgap levels are states in which 
the electron is "localized" in a finite space near the defect, unlike the Bloch states which are 
extended. As the "free" carriers move in the allowed bands, they can be trapped by the defects, 
which also allow the recombination of an electron and a hole without emitting a photon. 

Quantum wells [28] [29] 

The observation of intersubband radiative recombination in simple superlattices and quantum 
wells is a rather difficult task because of the overwhelming contribution of nonradiative phonon 
relaxation. A typical value of the optical phonon emission time TO is on the order of 1 ps, the 
acoustic phonon relaxation time is ~3xl0~ 1 0 s, while the interband radiative time ~10~7 s 
[53]. Optical phonon emission is the most important mechanism of electron relaxation in polar 
semiconductors. 

The non radiative recombination process through phonon emission is more efficient than 
the radiative recombination. In spite of the inefficiency of the radiative recombination, there 
have been several suggestions to create a population inversion between minibands  a necessary 
condition for laser action. These structures, when designed for practical realization of population 
inversion, encounter serious difficulties related to the necessity to simultaneously provide high 
injection current density and quickly remove electrons from the lower ground state laser level. 
However, in 1994 J. Faist et al [42] have successfully overcome these drawbacks and demonstrated 
efficient intersubband laser emission at a wavelength of 4.2 /zm, the quantum cascade laser. 

2.3.3 Electro-Optic and Electro-Absorpt ion Effects 

The real part of the complex refractive index of a material determines the velocity of light 
in the medium; the imaginary part determines the attenuation of the light. In principle, any 
modification in either of these quantities can be exploited to design specific optoelectronic devices, 
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such as switches and logic gates [13][58]. Optical signals propagating in the medium can be 
modulated by changing either the material real refractive index and/or its extinction coefficient. 

When the real refractive index is modified by an electric field, in a region where the photon 
energy is such the value of the absorption coefficient can be neglected, the effect on a light beam 
propagating in the material is called electro-optic. On the other hand, if the photon energy falls in 
an interval where the absorption coefficient is relevant and can be directly changed, the intensity 
of light emerging from the sample will be altered and the effect is known as electro-absorption.23 

Fast and efficient optical intensity modulation based on these effects has been demonstrated 
[13][15]. 

The electric field across the semiconductor material is normally created either by reverse 
biasing p-i-n epitaxial structures (with the i layer being the active medium, either a bulk-like 
semiconductor or a MQW layer), or by a Schottky-barrier contact located directly on top of a 
high purity semiconductor region, which is the optical waveguiding region where the lightwave 
propagates [13] [15] [16]. 

Electro-Optic Effect [13][16][71] 

The action of an applied electric field f o n a given medium changes the material index ellipsoid, 
and the medium index tensor element Kij becomes Kij + A i ^ . 2 4 In the simplest case, the 
change AKij is proportional to the electric field 

3 
e0AKij = J2^Jh£k. (2.79) 

fe=l 

The linear electro-optic effect is also known as the Pockels effect, and the r ^ coefficients are 
the Pockels coefficients. (Depending on the symmetry of the crystal, many of the matrix elements 
r-jjfc may vanish.) Equation 2.79 can be generalized to include the quadratic (Kerr) electro-optic 
effect, which is usually much smaller than the linear effect. The Pockels and Kerr coefficients 
constitute third- and fourth-rank tensors, whose components depend on the light wave frequency 
u due to material dispersion. The Pockels and Kerr effects do not involve any transfer of charge. 

In the electro-optic effect, the applied electric field is essentially used to alter the phase of 
propagating signals. This effect can be exploited in an interference scheme to alter the polariza
tion or intensity of the light [15] [71]. 

2 3The electric field-induced changes (An in the real refractive index, also referred as electro-refraction, and AK 
in the imaginary part, electro-absorption), are simultaneously present, as a consequence of the Kramers-Kronig 
relations, Eq. 2.55, but this effect is only appreciable near optical resonances [12][16]. 

24The index tensor K is defined as the inverse of the permitivity tensor e, ( e _ I ) , and is often represented as 

( l / n % [16][71]. 
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Electro-Absorption Effects [12] [16] [19] 

Optical absorption at frequency w i n a direct semiconductor can occur only if two carrier states 
can be found with separation energy hu, and provided that the state functions overlap in space. 
As a consequence, optical absorption does not occur efficiently at photon energies hu < Eg, 
because there are no final states available in the forbiddengap, i.e., in the absence of any pertur

bation, the material is transparent below a certain photon energy (hu < Eg), above which the 
absorption rises rapidly [50]. However, application of an electric field across a bulk semiconduc

tor causes the bandedges to slope in space, giving rise to states in both valence and conduction 
bands at all energies, Fig. 2.26(a). 
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Figure 2.26: Energy band diagram under an electric field, without (a) and with (b) photon 
absorption. Absorption edge broadening (c) [23]. 

The valence and conduction band state functions under an applied electric field have evanes

cent tails in the forbidden gap [23]; there is a triangular potential barrier between any electron 
state in the valence band and the nearest available conduction band state, through which valence 
electrons must tunnel to reach the conduction band [23] [50]. 

In the absence of a photon, the tunnelling distance Aí and barrier height UQ, Fig. 2.26(a), for 
direct transitions, are given by Eg/e£ and Eg + hk2/2mr, respectively, where mr is the reduced 
electronhole effective mass [50]. With photon absorption, the barrier height and thickness are 
reduced [50], Fig. 2.26(b), becoming 

U0 Eg + hk2/2mr  hu (2.80) 

Aí = 
Eg + hk2/2mr  hu 

e£ 
(2.81) 

Absorption of a photon with energy below the bandgap is considerably enhanced in the 
presence of the electric field, with a corresponding decrease in the absorption of photons with 
energy higher than the bandgap; the electric field induces absorption edge broadening to lower 
energies [76][77], Fig. 2.26(c). In bulk semiconductors this phenomenon, which is associated 
with interband photonassisted tunnelling, is known as the FranzKeldysh effect [50]. 

In quantum wells, Fig. 2.27(a), no absorption is possible for hu < Eg%weu, and there is a 
continuous band of absorption for hu > Eg:Uarrier. For a photon energy Eg<weu < hu < EgiUarrier 
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the absorption spectrum shows discrete lines (peaks) because the states in the well are quantized. 
The strongest transitions occur between states in the valence and conduction bands with the 
same quantum number, i.e., ne = n^ [22][79]. The lowest energy at which absorption can occur 
is E^1 = Eei — Ehx, corresponding to the energy difference between the lowest states of the wells 
in the conduction and in the valence bands [79]. Under an electric field perpendicular to the 
quantum well plane, the bands in the well slope, resulting in a decrease of the energy difference 
E^{£) = Eei(£) - Ehl(£) [22][79], Fig. 2.27(b). As a consequence the absorption peak shifts 
to lower energies, and is accompanied with an absorption reduction above the edge, Fig. 2.27(c) 
[22][79]. This phenomenon is polarization dependent, and is known as the quantum-confined 
Stark effect (QCSE) [79][80][81]. 
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Figure 2.27: Quantum-confined Stark effect (QCSE) in semiconductor quantum wells [23]. 

2.3.4 The Franz-Keldysh Effect 

In 1958, W. Franz and L. V. Keldysh reported theoretical studies of the effect of an electric field 
on the absorption edge of a semiconductor [76] [12]. They predicted that absorption of a photon 
with energy below the bandgap is considerably enhanced in the presence of the electric field [77]. 
In bulk semiconductors this phenomenon, which is associated with interband photon-assisted 
tunnelling, is known as the Franz-Keldysh effect [12][50]. 

The absorption coefficient was derived in section 2.3.2 (Eq. 2.68 [12]) as: 

a (hu) = ne 
nrceomQùJ V 

Y^\(*f\rf'*{*'f)\*i)\2[f(Ei)-f(Ef)]ô(Ef-Ei-hu). 
i-ú 

(2.82) 
The summation over the initial \tpi) and final \ipf) states, taking into account the Fermi oc
cupation factor, gives the overal absorption spectrum; the delta function accounts for energy 
conservation and the matrix element in the formula incorporates momentum conservation au
tomatically, with no interaction being considered between electrons and holes; V represents the 
interaction volume. The initial state corresponds to all electrons in the valence band, with the 
final state being the electron-hole pair (resulting from photon absorption). 
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To describe an electronhole pair state, the twoparticle wave function ip (ft, ft) for an elec

tron at position ft and a hole at position ft can be expressed as a linear combination of the direct 
product of the single (uncorrelated) electron and hole Bloch functions, i>c,ke (^e) a n d Í>vke (H)'

</> (ft, H) = E E A(£, kl)i>c,ke (ft) ^v,kh (ft), (2.83) 

where ^4(A;e, k^) represents the amplitude function [12]. In the effective mass approximation for 
electron and hole pairs, the wavefunction envelope $ ( r | , ft) can be written as the planewave 
expansion of the twoparticle wave function [12] 

Hft,H) = J2J2A(^eX)' 
ikeft eikhft 

= $(%?) 
iÈ~È 

Tarf)' ;¥•¥• 

„iK ■ li 
4>(^), 

(2.84) 

(2.85) 

(2.86) 

where <fi ("r*) satisfies 

2m w
2 + u(t) </>(!>) EEn 

h2K2 

2M H^), (2.87) 

with "^ = ft  ft, ^ = (meft + mhft) /M, k = (meke  mhkhj /M, K = ke + kh, and 
m" 1 = m j 1 + m^1, with M = me + m^. 

In the long wavelength (or dipole) approximation if ~ U (therefore, A = ke + kh = if ~ U', 
as /c = A;e ~ — fc/,, the A; selection rule), the matrix element between the initial state and the 
final electronhole state is given by [12] 

*/|é<**(*.?)|*) = ç ç A (sr,e) (+J2 [«^^ (^. fOk ĵBt) 

~ tfpãEWt,t) (289) 
t 

= tfpãEa*(^) (29°) 
= it ■ p?vW <f>* (o), (2.91) 

where l / • p^, is assumed to be independent of k 
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The absorption coefficient is obtained substituting the matrix element into Eq. 2.82: 

,2 

a (hu) ne 
ceonrm,QUJ 

\ltp^v\
22j2\4>n{0)\2o(En + Egnuj), (2.92) 

where n corresponds to the discrete and continuum states of <f> (r) satisfying the effective mass 
equation in the difference coordinate system, Eq. 2.87, with K = 0 . The optical absorption 
spectrum for an interband free electronhole transition is given by integrating Eq. 2.92 (with 
Zn = V/(2n)3fd3t) 

a0 (hu) = ne 
ceonrmQLj 

I'd Pa, 
1 / 2 m r \

3 / 2 
2

 x / ">'"T 

2n
2 V h

2 yjhUJ - Eg, (2.93) 

which gives the absorption coefficient due to a free electron and hole pair [12]. The momentum

matrix element of a bulk semiconductor is: 

I u ycv\ — o íJ'pi (2.94) 

with Ep ~25 eV for GaAs [53]. 

The interaction potential, U(ft, ft), corresponding to the potential energy of a free electron 
and a free hole in the presence of a uniform electric field £, takes the form25 

U(rt, ft) = et ■ (ft - ft) = et ■ 7». (2.95) 

The Schrõdinger equation, for the wave function $(!*) under an external uniform electric field 
£ applied along z, with K = U , becomes [12] 

2mr 
V

2 + et ■ y 4>Ç?) = [EEg]4>Cr>). 

A solution of the form 

results in 

pi(kxx+kyy) 

VÃ 

h
2 d

2 

2mr dz
2 + e£z <j>(z) = Ezcf>(z), 

(2.96) 

(2.97) 

(2.98) 

and the total energy E is related to Ez for the ^dependent wave function as 

h2 

* = w(*2+ $+*.■ (2.99) 

2 5The interaction potential of the form U(re, r^) = r=%—=rr leads to the exciton effect in optical absorption 

[12]. Excitonic electroabsorption in bulk semiconductors is mostly observed at low temperatures [13][19]. 
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Equation 2.98 can be simplified by a change of variable: 

El 
e£ 

2mre£\llz 

hl z — 

becoming 
d2ct>{Z) 

dZ2 Z<j){Z) = 0. 

(2.100) 

(2.101) 

The solutions are Airy functions Ai (Z) or Bi (Z) [82]. Since the wave function has to decay 
as \z\ approaches +oo because the potential grows as e£z, the function Ai (Z) has to be chosen.26 

In the absence of the field only certain energies are allowed; however, under the applied field 
the energy spectrum becomes continuous (i.e., all energies from oo to +oo are, in principle, 
possible for these transitions), since the potential is not bound as z —> oo [23]. Therefore, the 
wave function satisfying the normalization condition, 

f 
J —i 

4>EZI {z)<f)EZ2 {z)dz = 6 (EZ1 EZ2), 

for a continuum spectrum, is [12] 

/2mry/
3 1 

(2.102) 

**.(*) = ( IF ) (e£) 1/6 Ai 
2mre£\1/3 

h2 z — El 
e£ 

(2.103) 

The optical absorption spectrum for an interband electronhole transition under an uniform 
applied electric field (with £ n = J2k J^k I dEz) becomes [12] 

a (hu>; £) = 7re 
2\~à'Pc 

ceonrmQU) 
A0 / 2 m r \ 3 / 2 
2TT V h2 

\
2
^r'

E9
\<f>EA*=o)\

2
dEZ 

nn JEZ=OO 

-r,\M(r,)\
2 + \Ai'(V)f 

(2.104) 

(2.105) 

where An = ,_4 —i.,2 c h2e2e2V/s 

2mr ceorirrriQUi 
the Airy function Ai (77) with respect to 77 

. V = 
E„—hw 9o  ; Ai' (rj) represents the derivative of 

So 

For £ = 0, equation 2.105 goes over into the familiar expression for the absorption due to 
direct allowed transitions (the absorption spectrum for interband free electronhole transition 
given Eq. 2.93): 

(2.106) a (hu; £) » an (hw) = Ac hUJ — Eg. 
2TT2 v hz 

The prefactor An depends on the bulk momentum matrix element, which can be determined 
experimentally by fitting the measured absorption spectrum with the above theoretical functions 
with £ = 0 and £ 7̂  0 [50][77]. At photon energies below the energy bandgap the absorption 

5Ai(i) = r e kt+i ■) dk 
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coefficient at zero bias, ao (hoj;0), can be approximately given by Eq. 2.73 (Urbach rule): 

ao {hu\ 0) = B exp a 
{hu — hu)g) 

where B and o are determined experimentally by fitting the measured absorption spectrum with 
Eqs. 2.93 and 2.105 [12][13]. 

The wave functions, (J>EZ{Z)-> tunnel into the potential for z > Ez/e£, decaying more rapidly 
as the potential increases. (This corresponds to the tail of the wave function that tunnels into the 
classically forbidden region, where the kinetic energy is negative.) The wave functions oscillate 
for z < Ez/e£, undulating more rapidly as (z — Ez/e£) becomes more negative and the kinetic 
energy increases. As an electron with constant energy travels in the +z direction until it hits 
the potential barrier at Ez/e£, being reflected and returning along — z, interference between the 
two waves of equal intensity sets up a standing wave, Fig. 2.28(a) [23]. 
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Figure 2.28: Energy band diagram in an electric field (a) without and (b) with photon absorption. 

Figure 2.28(b) shows the states in the valence and conduction bands separated by AE < Eg, 
but overlapping because of the tail that tunnels into the bandgap [23] [50]. In the presence 
of photons with energy hu — AE, the electron tunnels into the conduction band, leading to 
absorption, in spite of the fact that it has only absorbed a photon with energy TIUJ < Eg [50]. 
The overlap in space between valence and conduction band states depends on the difference in 
their energies; it is strong if AE > Eg, when the oscillating part of the wavefunctions overlap. 
Only the tails overlap if AE < Eg and this decays rapidly with Eg — AE, the absorption edge tail 
resulting from assisted tunnelling [50]. The electric field spreads out the edge of the band, which 
introduces absorption at frequencies below the bandedge, which is compensated by a reduction 
in the absorption above the bandedge.27 

In conclusion, the Franz-Keldysh absorption spectrum shows decaying behaviour for energies 
below the bandgap, and oscillation phenomena above the bandgap [23][50]. At a given photon 
energy, huj, the absorption change due to the electric field is: 

Aa (hu; £) = a (hu>; £) — aç, (HLJ) . (2.107) 

"Consequence of the /-sum rule: ^ f c fk = N, where /*; represent the oscillator strengths and N is the total 
number of electrons [23]. 
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The absorption bandedge broadening can be interpreted as a reduction of the effective 
bandgap which results in an absorption bandedge "shift" to longer wavelengths. It can be shown 
[76] [79] that the effective change in bandgap energy, AEg, is given by 

AEg^ 2mr 
(2.108) 

where mr is the electron-hole system effective reduced mass. 

The resonant tunnelling diode electro-absorption modulator (RTD-EAM), consisting of an op
tical waveguide incorporating a double barrier quantum well resonant tunnelling diode (DBQW-
RTD), employs the electric field across the DBQW-RTD depletion region to modulate, via the 
Franz-Keldysh effect, the transmission properties of the waveguide. 

2.4 Optical Modulation 

To carry information, the light waves must be modulated either in amplitude, frequency, or 
phase, the choice depending upon the particular application and technology available [14]. The 
characteristics of a light wave travelling through a medium can be modified through modulation 
of the complex refractive index of the medium by an external agent, such as a magnetic field, a 
mechanical stress or an electric field [12] [16]. 

The most frequently used optical modulators are based on electric field induced changes in 
the real and imaginary parts of the complex refractive index of the material in which the optical 
field propagates, resulting on variations in measurable quantities (such as phase, intensity, po
larization or direction of propagation) - electro-refraction and electro-absorption [12][16], respec
tively. Apart from electro-refraction and electro-absorption, other effects, such as acousto-optic 
or magneto-optic effects, can be employed for lightwave modulation [16]. 

Devices can be implemented either in bulk or waveguide form. The waveguide types are most 
relevant for photonic integrated circuits, in which the input and/or output are to be propagated 
in a waveguide to another device along the surface of the substrate [13] [15]. In future optical 
transmission systems, external modulators with very high bandwidth will be needed. The most 
promising candidates in this respect are electro-absorption modulators, whose response time 
extends to the subpicosecond scale [13]. Provided that parasitics are limited by suitable mounting 
techniques, the bandwidth of electro-absorption modulators can be increased to values in the 
hundred GHz range, by reducing device capacitance [13][15][19]. 

The primary emphasis in this section is on a discussion of electro-absorption modulation 
through the Franz-Keldysh effect [12]. However, a summary of electro-optic modulators, which 
can also be used for the desired electro-optic transduction, is also given. 
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2.4.1 Modulation Schemes and Modulation Implementations 

The information to be transmitted is coded into a carrier beam (an optical beam for optical 
communication) which is then transmitted over an appropriate medium (usually an optical fibre 
in optical communication). Communication systems may involve coding the information into the 
intensity, amplitude, frequency, or phase of the signal [14]. 

Two major lightwave modulation implementations are used: direct modulation, where light 
is directly modulated inside the light source [14][18]; and external modulation, where an external 
device (modulator) acts on the continuous light wave output from the light source [13][14]. 

Modulation Schemes [14][18] 

The most common approach used for transmitting signals is by intensity modulation, in which 
the power of an optical source is modulated to send a signal; the signal is then directly detected 
by the detection module. Such modulation scheme is compatible with photo-detectors. The 
noise levels produced are quite high and the full bandwidth of the optical system cannot be used. 
This coding has a relatively high noise level, compared to coding schemes that involve frequency, 
phase, or amplitude modulation. 

In amplitude modulation the field of the carrier wave is given by £c = £QC sin(a;ci), and that 
of the modulation signal by £m = £om s'm(ujmt). In this scheme, the maximum amplitude £QC of 
the carrier wave is made proportional to the instantaneous modulation field £m. The modulation 
index is defined as m = £om/£oc-2S The amplitude modulated carrier contains three terms: i) 
the unmodulated carrier term; ii) an upper side band with frequency uic + uim; hi) a lower side 
band with frequency uc — um. 

In the frequency modulation approach, as the name implies, the carrier frequency is mod
ulated. The unmodulated carrier wave is £c = £QC SÍXI(2TTfct + <f>). If the modulating signal is 
£m = £0m cos(umt), the frequency of the modulated signal is / = fc [1 + ç£om cos(wmí)], where 
ç is a proportionality constant which is dependent upon the details of how the modulation is 
done. The frequency modulated signal has a number of frequencies present, unlike amplitude 
modulated signals, and requires a larger spectral width for transmission; the extremes in the 
frequency of the modulated carrier occur at values / = / c [ l T<>£om]- The higher bandwidth 
needed is, however, compensated by the lower noise that is possible in frequency detection sys
tems. Closely related to the frequency modulation scheme is the phase modulation approach 
where the modulating signal varies the phase of the carrier signal. 

In the above description, only modulation of analogue signals was considered; however, digital 
coding schemes are being increasingly used. In this case, the amplitude, frequency, or phase is 
not varied continuously, but assumes only two values corresponding to the 0 and 1 bits. The 
modulation schemes are then called amplitude, frequency, or phase shift keying, i.e., ASK, FSK, 
and PSK, respectively. 

28It must be kept in mind that the optical carrier frequencies are in the range of 1014 — 1015 Hz while the 
modulating frequencies are ~ IO10 Hz. 
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Direct and External Modulation [14][18] 

Direct modulation is most frequently used with laser diodes and LEDs due to its simple implemen

tation; the signal to be transmitted drives the light source directly, as represented schematically 
in Fig. 2.29. However, this has several undesirable effects, such as optical frequency chirping 
(due to refractive index modulation)29 and linewidth broadening, which can introduce distortion 
in the transmitted signal, limiting system performance specially in long distance and high data 
rate operation. 

bias current light 
. source . 

modulated output 
O 

modulating 
input signal 

Figure 2.29: Diagramatic represention of direct modulation [14]. 

The overall modulation response of semiconductor lasers can be limited by extrinsic and 
intrinsic factors. Relevant intrinsic factors are photon lifetime in the optical cavity, electron

hole recombination times, speed at which the carriers can be injected or extracted, and carrier 
thermalization. The main extrinsic factors are: laser heating, maximum operating power (to 
avoid catastrophic failure), resistance, capacitance and inductance parasitics. The restriction due 
to laser heating is specially important when the device is biased at high current to achieve fast 
response: heat produced causes deterioration of the device parameters, such as gain spectrum 
and threshold current. Also, there can be output delays and oscillations when the input has 
large and rapid variations. Fundamental physical processes limit the small signal response of 
semiconductor optical sources to less than 50 GHz. 

Some of these effects can be reduced or eliminated using external modulation, Fig. 2.30. 
External light modulation and switching were demonstrated in the early 1950s using potassium 
dihydrogen phosphate (KDP) and NH4H2P04 (ADP) crystals [16]. Since then, other crystals 
have been employed, including ferroelectric perovskites, such as LiNb03 and LiTaO3, as well as 
semiconductors, such as GaAs and InP [16]. 
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Figure 2.30: Schematic represention of external modulation [14]. 

The advantages of external modulation are higher attainable modulation frequencies, and 
29The chirp parameter is defined as the ratio of the changes in the real and imaginary parts of the refractive 

index, An/Aft [14]. 
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possibility of control over phase content [12] [13]. A disadvantage compared to direct modulation 
is the need to couple the lightwave in and out, which gives rise to loss and packaging difficulties, 
making this approach more costly [15]. For high speed operation, specially designed contacts 
have to be used to provide electrical bias as well as the electrical data signal, in order to efficiently 
encode the optical output [13] [15]. 

2.4.2 Electro-Refract ion Modulators 

Electro-refraction provides a physical method to modify in a controllable way the phase, direction 
or polarization of a lightwave [12] [14]. Electro-refraction modulators are based mostly on the 
linear electro-optic effect [13][15]. For GaAs, the phase change induced by an applied electric 
field of magnitude £ is given by 

2-7T 
<P=-r- Ln3

rV£, (2.109) 
A 

where A is the wavelength of the light, L is the electric field - crystal interaction length, nr is the 
GaAs refactive index, and r is the electro-optic coefficient (~ 1.2 x 10 - 1 2 m/V for GaAs) [12]. 

Intensity modulators can be implemented using electro-refraction through, for example, 
Mach-Zehnder interferometers and directional coupler switches, Fig. 2.31(a) and (b), respec
tively, with relatively large effective optical bandwidth [10] [13]. 

^ (a) / (b) 

Figure 2.31: (a) Mach-Zehnder modulator, (b) Directional coupler electro-optic switch. 

The electrical bandwidth of semiconductor Mach-Zehnder interferometers is generally limited 
by the RC time constant of the reverse-biased p-i-n structures employed, and bandwidths of ~5 -
10 GHz tend to result for active lengths of ~1 mm. LiNbÛ3 based modulators show modulation 
frequencies up to 60 GHz [70] [72]. With travelling-wave designs [10], in which the electrical signal 
is propagated on a microstrip line along with the optical wave, bandwidths in excess of 100 GHz 
are possible [70] [72] [73]. Refractive index modulation is desirable because of the reduced power 
absorption and associated heating effects. However, due to the small values of the electro-optic 
coefficients (~ 10~12 m/V), the interaction lengths are long (millimetres or more) and hardly 
compatible with modern microelectronics [70] [72] [73]. The need to construct an interferometer or 
directional coupler switch to provide intensity modulation requires careful design and fabrication 
control [10]. 
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2.4.3 Electro-Absorpt ion Modulators 

There is an intense search for materials and devices with improved physical properties capable 
of providing more efficient intensity modulation [12][13][16]. Electro-absorption based semicon
ductor waveguide modulators are becoming widely used for high frequency applications due to 
their compatibility with the electronics technology and their small size [13][15]. 

The use of the Franz-Keldysh and the quantum-confined Stark effects for modulation is 
straightforward, where the usual Schottky barrier or p-i-n diode on a heterostructure waveguide 
are often employed for application of the electric field [58]. Electro-absorption modulators can 
be designed using either a waveguide configuration, Fig. 2.32(a), or a transverse transmission (or 
reflection) configuration, Fig. 2.32(b). For operation close to the absorption-edge, absorption 
can be electrically augmented by several orders of magnitude, typically from background values 
of several tens cm - 1 to several thousands cm - 1 . 

Light 

V(t)<S> 
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J L Pou. =T(V)Pi„ 
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Figure 2.32: Electro-absorption modulator types, a) Waveguide modulator, b) Transverse trans
mission modulator [58]. 

Electro-absorption modulators draw photo-current and thus can present a heat dissipation 
problem (absent in electro-optic modulators) [15]; however, by monitoring the current of the 
diode when biased into absorption, electro-absorption modulators may also be operated as photo-
detector waveguides [58]. 

Electro-Absorption Modulator Characteristics [13] [14] 

There are five important characteristics to be examined in intensity modulators: on/off ratio, 
applied voltage for required on/off ratio, 3-dB bandwidth, insertion loss, and chirp. A modulator 
should provide large modulation bandwidth (or fast response), large modulation depth (large dy
namic range of the modulated quantity), high linearity (in the case of analogue communications), 
small size, low insertion and propagation loss, and low electric power consumption. 

On/Off Ratio 

A modulator electro-absorption spectrum is represented schematically in Fig. 2.33(a), at two 
different bias voltages, where TIUJQ is the photon energy of the incident light, which is assumed to 
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be fixed and is supposedly chosen near the absorption bandedge; aa(V0ff) and aa(Von) represent 
the absorption coefficient at V(t) = V0ff and Von, respectively. 

V(t) 

S'UUTJTTLJ 
PouAO 

toultyon) 
A 
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Figure 2.33: a) Absorption spectrum, b) Applied bias and transmitted optical power. 

The on/off ratio is defined as the ratio of transmitted light intensity at V(t) = Von, Pout {V — Von), 
to transmitted light intensity when V(t) — V0ff, Pout (V = K//)> [Fig- 2.33(b)]: 

Rn 
PoutiV^Von) T(Von) 

on/off~ Pout(v = voff) T(voffy 

When a voltage V = V(t) is applied, Fig. 2.33(a), the transmission coefficient is 

T(V)<xexp[-at(V)L], 

(2.110) 

(2.111) 

where L is the total active length of the guide the waveguide modulator; at{V) represents the 
total loss coefficient in the waveguide, given by at = J/aa + " s , with aa being the absorption 
coefficient due to electro-absorption, and as the loss due to all other effects related to the 
particular waveguide structure, such as absorption by free carriers and scattering loss due to rough 
waveguide edges. (For the transverse transmission modulator, a(V) is the average absorption 
coefficient of the active region, and L is its total thickness). 7/ is the optical filling factor, given 
by the overlap integral of the (normalised) optical mode intensity profile with the absorption 
region, Eq. 2.52, which in this case corresponds to the fraction of the optical power in the 
depleted region of the waveguide. It is implicitly assumed in Eq. 2.111 that 7/ is independent 
of the applied bias. Electro-absorption has also been observed to be dichroic, i.e., it attenuates 
TM modes more than TE modes [77][80]. 

Using a logarithmic scale: 

Ran/off (dB) = 10 log R. on/off (2.112) 

= 4.3437/ [a(Voff) - a(Von)} L, (2.113) 

that is, the on/off ratio (in dB) is given by the product of the absorption coefficient change and 
the sample thickness or length for transverse and waveguide mode configurations, respectively. 
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Therefore, the magnitude of the extinction ratio or the on/off ratio can be made, in principle, 
as large as possible by increasing the cavity length. Usually, 15 or 20 dB is necessary from the 
system point of view. 

Applied Voltage for Required On/Off Ratio 

As discussed previously, the absorption coefficient change, A Q , strongly depends on the applied 
voltage and the operating wavelength. From a practical point of view, the smaller the applied 
voltage, the better for design of driving electronic circuits. Up to now, 2 V peak-to-peak operation 
is necessary for high speed (more than 10 Gb/s) operation. In traditional electro-absorption 
modulators, the applied voltage is determined by the total thickness of the intrinsic/low-doped 
layer. 

Bandwidth 

The bandwidth is usually determined by the device capacitance, C, when the device is operated 
in the reverse bias condition. The 3-dB bandwidth is given as follows: 

lus = j ^ , (2.114) 

where R is the load resistance. The device capacitance is proportional to the sample length L 
and width W, and is inversely proportional to the low doped region thickness d when the stray 
capacitance (induced from the bonding pads, etc.) is neglected. It is assumed that the transit 
time of the light, Tug, through the sample is much smaller than RC, otherwise the bandwidth 
will be limited by the the transit time Tng {fuB ~ l/71"7"/̂  = c/imgL). 

Insertion Loss 

Operation of a modulator based on the Franz-Keldysh effect implies relatively high insertion loss 
[13]. Insertion loss, a,„s, defined as [Fig. 2.33(b)]: 

ains = P ' n ~ p ° " t 0 / ° n ) = 1 - T(Von) = 1 - exp [-Va(Vm)L], (2.115) 

at the transmission (on) state, consists of transmission loss, reflection loss, and coupling loss (). 
The transmission loss results from residual absorption loss of the material, free carrier ab

sorption, and scattering loss. The reflection loss is at most 3 dB and can be eliminated by 
anti-reflection coating. The coupling loss is due to the mode mismatch between the incident and 
the guided light. The coupling efficiency, rjCm, and coupling loss (in dB), aCm, are defined as: 

power coupled into (out of) the mth order mode 
Vc = í (2.115) 

total power in optical beam prior to coupling 

aCm = -101og77cm. (2.117) 
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The coupling efficiency to the waveguide fundamental mode (m = 1), rj^, can be calculated 
from the overlap integral of the field pattern of the incident beam and the waveguide fundamental 
mode profile, given by 

\S£in(z)-e;1(z)dz]2 

Ifc, = l- ^ * r , 2.118 
[f£in(z)-£;n(z)dz}[f£gi(z)-£*gi(z)dz] 

where £in{z) is the amplitude distribution of the input beam, and £gi(z) is the amplitude distri
bution of the fundamental mode. 

In semiconductor waveguides, the mode spot size is generally very small, specially in the 
direction perpendicular to the layers due to the large refractive index difference between the 
guide and cladding layers. III-V semiconductor optical waveguides present high insertion loss 
when compared with other materials, such as LiNbÛ3 or glass, for example [58] [69] [70]. The 
large insertion loss in semiconductor waveguides is mainly due to the coupling loss, but mode 
spot size transformers can be used to decrease it. 

The modulator insertion loss can be measured as the simple transmission loss of the device 
or it can be cast in the context of total insertion loss of the device inserted in a single-mode fibre 
system. The latter is more meaningful for most applications and points to the need to have a 
modulator optical mode cross section that provides a good overlap with the fibre mode profile. 
Any modulator optimisation should include good coupling efficiency with standard single-mode 
optical fibres, which requires the simultaneous consideration of both material and waveguide 
design optimisations. However, in advanced systems employing highly efficient optical amplifiers, 
the electro-absorption modulator relatively large insertion loss will not be a crucial issue. 

Chirping 

As discussed previously, any change of absorption coefficient in a material will be accompanied by 
a phase shift of the lightwave, since the refractive index is also changed; the real and imaginary 
parts of dielectric function constitute a Kramers-Kronig transformed pair. This causes frequency 
chirping in intensity modulation, and intensity fluctuation in phase modulation. The magnitude 
of chirping is defined as the ratio of the change of the refractive index n to the change of the 
extinction coefficient K, An/An. Chirping decreases as the operating wavelength approaches 
the absorption bandedge energy, while the "on" state absorption (the insertion loss) increases; 
therefore, some compromise is necessary. 

When chirping is induced, the transmitted optical pulses are broadened along the fibre path 
due to dispersion, this being a limiting factor of the capacity of long-haul high bit rate optical 
fibre communication systems. Chirping from electro-absorption external modulators is thought 
to be much smaller than from directly modulated laser diodes. 
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Electro-Absorption Waveguide Modulator [13][15][58] 

A practical implementation of a GaAs waveguide modulator based on the Pranz-Keldysh effect 
is represented schematically in Fig. 2.34. The left hand-side shows a GaAs/AlGaAs optical 
waveguide structure, with the epilayer surface being a Schottky contact. 
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Figure 2.34: Franz-Keldysh effect in n-doped AlGaAs (n = 3 x 1016 cm"3) [58]. 
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Application of a reverse bias voltage to this rectifying junction causes a charge depletion layer 
to form, resulting in band bending extending to a depth z within the semiconductor. Outside this 
region the bands are flat, and a photon can be absorbed only if it has enough energy to promote 
an interband transition, as transition (a). Close to the surface, where the bands have been bent 
by the electric field, a transition (b) can occur in which the photon energy is below the bandgap 
energy, due to the presence of the electric field which broadens the valence and conduction band 
states into the gap. Because of the steepness of the absorption edge in a direct bandgap material, 
such as GaAs, very large changes in absorption can be obtained; in the specific example shown 
in Fig. 2.34, for light of 900 nm wavelength, the absorption coeficient a increases from 25 cm - 1 

to 104 cm - 1 when a field £ ~ 105 V/cm is applied. The length of the modulator and the applied 
voltage are chosen by using absorption curves, such as those in Fig. 2.34, in order to establish a 
desired minimum insertion loss and a maximum modulation depth for a given wavelength. The 
maximum applied voltage in these devices is limited by avalanche breakdown; the maximum 
allowable field strength, €max, increases with increasing bandgap and doping [15]. In electro-
absorption waveguide modulators based on semiconductor structures, the dopant concentration 
in the guiding region should, ideally, be small enough so that the depletion layer extends all the 
way through the guiding region. 

The Franz-Keldysh and the QCSE effects produce primarily electro-absorption, and can be 
used to implement useful optoelectronic devices, particularly modulators and switches [19] [81]. 
Recalling the Kramers-Kronig relations, Eq. 2.55, electro-absorption includes not only a change 
AK in the optical extinction coefficient but also a change An in the real refractive index. At 
wavelengths quite close but below the bandgap, both An and An are strongly wavelength de
pendent. For wavelengths much longer than the bandgap, the magnitude of absorption and real 
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refractive index changes decreases [77]. For direct bandgap semiconductors, near the bandedge, 
the magnitude of the refractive index n is much larger than the magnitude of the extinction 
coefficients /t; however, their perturbations are of the same order of magnitude [77]. The en
hanced absorption gives rise to a change in refractive index which, far below the bandgap energy, 
manifests itself as a quadratic electro-optic effect: the variation in An with applied electric field 
is quadratic, taking the form An = FFK£2, where FFK is a proportionality constant [77]. For 
GaAs at A = 1.06 /im, FFK = 4.5 x 10"19 m2 /V2 , and FFK = 7.9 x 10"20 m2 /V2 at 1550 nm. 

If the medium shows gain, the structure results in an electro-absorption amplifier, where the 
output can actually be larger than the input in the "on" state [15]. Optical bistability has been 
also demonstrated employing p-i-n MQW electro-absorption structures (self-electro-optic effect 
devices or SEEDs) [19] [79] [80]. 

For either gain or loss electro-absorption modulators, the optical bandwidth is small because 
they can only be operated efficiently near the absorption edge of the semiconductor [13] [15]; in 
both cases, the effective optical wavelength bandwidth is ~10 nm, slightly above (gain) or below 
(loss) the absorption edge for bulk material [15]. For quantum well based modulators, the optical 
bandwidth is generally even smaller, ~4 nm, although the efficiency can be correspondingly 
higher [13][15]. 

Other negative aspects of these modulators include power consumption/heat generation and 
high chirp, and in the case of amplifiers problems with reflections and crosstalk [14][15]. For 
gain or absorption modulation chirp is a major problem, and for small-signal modulation the 
amount of chirping tends to be similar to that from directly modulated lasers [18]. However, for 
large-signal modulation the wavelength chirping effect tends to be much smaller than with lasers, 
since relaxation ringing effects associated with the resonant laser cavity are absent [18]. Absorp
tion generates free carriers, which produce a non-uniform field and a reduction in modulation 
bandwidth if allowed to accumulate, and which also induce a refractive index change [65] [66]. 

The electrical bandwidth of reverse-biased pn absorption modulators can be limited by the 
creation of carriers that must be swept away from the active region, as in photo-detectors [15]. 
However, this sweep-out time still generally allows bandwidths of ~40-50 GHz, which are usually 
larger than the i?C-limited bandwidth [10][13][15]. This RC bandwidth also tends to be a little 
higher than in index modulators, simply because the length of the devices tends to be shorter 
[13][19]. Of course, travelling-wave geometries are possible here as well [10][72][73]. 

2.4.4 A l G a A s and InGaAlAs Material Sys tems for Optical Modula t ion 

high speed optoelectronic devices require a direct bandgap semiconductors with high electron 
mobility and high saturation velocity, but high thermal conductivity and high breakdown field 
are also welcome properties. 
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A l s G a i - z A s / G a A s System [12][17][67] 

The Al^Gai-xAs/GaAs material system can be used to implement optoelectronic devices op
erating in the wavelength range 680-900 nm, such as LEDs, lasers, modulators and detectors; 
electro-optic modulators operating in the wavelength ranges 1300 nm and 1550 nm can also be 
implemented using AlxGai_xAs/GaAs [15]. 

The electron mobility is high in AlxGai_xAs for x < 0.45 as a result of the small effective 
mass associated with the T-valley conduction band minimum, m =0.067mo (in pure material, 
free of impurity scattering, the electron mobility reaches 8500 cm 2 V - 1 s _ 1 ) . The high electron 
mobility tends to decrease the electron transit time and increases the conductivity of undepleted 
n-type semiconductor regions. Hole mobility is not particularly high because of the presence of 
heavy holes (the effective hole mobility in pure GaAs is around 400 cm 2V _ 1s _ 1 ) . At electric 
fields higher than 3kV/cm, electrons in GaAs display negative differential mobility under steady-
state conditions, and their velocity decreases with increasing electric field until it saturates at 
around 0.6 x 107 cm/s [11]. When electrons reach high field regions, their velocity considerably 
exceeds this limit over short times. This velocity overshoot is of high importance in decreasing 
the transit time of carriers across the depletion regions in devices [11]. 

As a result of the wide bandgap of GaAs, the intrinsic carrier concentration is low at room 
temperature, n; = 2 x 106 cm - 3 . Intrinsic material (frequently described as "semi-insulating", 
SI) has a resistivity on the order of 5 x IO8 ficm [11]. GaAs substrates can be manufactured 
conveniently with resistivities approaching this limit, which helps to simplify the task of device 
and interconnect isolation, and considerably helps to reduce the capacitance between devices or 
interconnects and the substrate. This is of major significance in devices operating at microwave 
and millimetre-wave frequencies. GaAs substrates allow monolithic integration of a variety of 
electronic and optoelectronic components. 

The Alo.33Gao.67As/GaAs alloy, MBE grown lattice matched to GaAs, was employed to form 
the waveguide and the DBQW RTD of the short wavelength RTD-EAM studied in this work. 

IncsaCAlsGai-aOiusAs/InP System [12][17][21][25] 

For band gap energies between 0.75 eV and 1.439 eV, quaternary alloys lattice matched to InP, 
which combine In, Ga, Al, and As (Ini-x-^Ga^Al^As) or In, Ga, As, and P ( In i -x^GaxAsi^P, , ) , 
can be used in optoelectronics. Most efforts have been concentrated on devices based on In-
GaAsP; however, phosphorus based heterostructures show unfavourable characteristics: the con
duction band discontinuity is much smaller than the valence band discontinuity, preventing a 
strong localization of electrons in the lower band gap material. These phosphorus based com
pounds are difficult to grow with conventional MBE systems due to the need to handle solid 
phosphorus, deal with high phosphorus concentrations at its vapour pressure and because the 
As/P ratio is difficult to control [57] .30 

30Structures incorporating InGaAsP are usually grown by MOCVD [61]. 

http://Alo.33Gao.67As/GaAs
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InP substrates have several shortcomings. The current small production scales make the 
substrate crystals significantly more expensive than GaAs. The material is somewhat weaker 
and may suffer higher breakage rates during processing; although breakage can be reduced by 
increasing wafer thickness, this only exacerbates the cost issue. Finally, InP will evaporate as 
a molecule (e.g., congruently) at temperatures of only 360 °C, sharply limiting the range of 
acceptable device processing temperatures. Semi-insulating substrates are also available, usually 
InP doped with Fe (which produces a deep acceptor level near midgap), with thermal conductivity 
higher than GaAs (0.7 versus 0.5 Wcm_ 1K_ 1) . 

The quaternary alloy Ini-^-^Ga^Al^As (x + y ~ 0.47), which can be grown lattice matched 
to InP with bandgap energy varying from Ino.52Alo.48As (1.439 eV) to Ino.53Gao.47As (0.75 eV) 
at 300 K, has considerable potential for fabrication of optical emitters, waveguides and detectors 
operating in the wavelength range 1000 - 1600 nm [61][62]. The conduction bandedge discon
tinuity of Ino.52(AlxGai_x)o.48As varies linearly with the Al composition, AEc(x) = 0.53a; eV 
for 0 < x < 1, being proportional to the bandgap difference, AEg: AEc(x) = 0.72AEg(x) eV 
for 0 < x < 1. The lower AEV in the InGaAlAs system, compared with the value in InGaAsP, 
is a major advantage for high frequency operation, since holes can easily tunnel through the 
barriers. Thus, under applied voltage, their sweeping out by the electric field should not limit 
the bandwidth of these modulators; for the same reason, the applied electric field will not be 
screened by hole pile-up in the wells. Therefore, modulation contrast should not decrease at 
high input optical intensities. In MQW designs there can be a problem with hole trapping in 
the active region [24]. In AlGaAs/GaAs or InGaAlAs/InP this effect can be dealt with, but 
for InGaAsP/InP, in which the MQW hole barriers are higher, hole trapping appears to be the 
dominant speed limitation [15]. 

Electron mobility in Ino.53Gao.47As is 11000 cm 2V _ 1s _ 1 , ~1.6 times higher than in GaAs. 
The electrons effective mass associated with the T-valley conduction band minimum is also 
smaller, m =0.045mo- Electron saturation velocity higher than 1.5 x 107 cm/s can be achieved 
[2][83], and the extent of transient electron velocity overshoot is also greater in InGaAs, InP, 
and InAlAs than in GaAs. The separation between the T-valley conduction band minimum and 
the satellite valleys is considerably higher than in the case of GaAs, AE(F — L) m 0.3 eV and 
AE(T - X) Ri 0.48 eV for GaAs, against 0.55 eV and 1.0 eV, respectively. The recombination 
velocity at surfaces of InGaAs is much smaller than with GaAs surfaces (103 cm/s versus 10 
cm/s), so there is less current caused by periphery recombination and scaling to small device 
dimensions is easier. 

Lasers and LEDs, modulators and detectors for operation at 1300 and 1550 nm, based on 
InGaAs/InAlAs layered structures have been implemented with high speed capabilities [13] [18]. 
The low value of the bandgap energy in InGaAs can lead, however, to low values of the breakdown 
voltage and to relatively high leakage current [11]. 

The Ino.52(Alo.nGao.87)o.48As and Ino.52Alo.4sAs alloys, MBE grown lattice matched to InP, 
were employed to form the core and the upper cladding of the waveguide of the long wave-

http://Ino.52Alo.48As
http://Ino.53Gao.47
http://Ino.53Gao.47
http://Ino.52Alo.4sAs
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length RTD-EAM, with the InP substrate being the lower cladding; the RTD consisted of a 
Ino.52Alo.4sAs/ Ino.53Gao.47As DBQW. 

2.5 Final Comments 

This chapter presented and discussed essential semiconductor physics, emphasizing III-V AlGaAs-
GaAs and InGaAs-InAlAs-InP compound properties: band structure, the nature of bandgap 
discontinuities and charge distribution in heterostructures, carrier transport mechanisms and 
their influence on device characteristics. The transport processes include non-linear velocity -
electric field characteristics (negative differential mobility), transient effects (velocity overshoot 
and ballistic behaviour) and tunnelling conduction. These effects can give rise to special ter
minal characteristics, such as high frequency operation and negative differential conductance. 
The key transport effects, such as thermionic emission, tunnelling and carrier confinement, in 
p-n, metal-semiconductor junctions and sharply defined layered heterostructures resolved on a 
nanometer scale, were considered. The special case of resonant tunnelling in unipolar double 
barrier quantum well structures (the active region in the RTD-EAM devices) was described, and 
will be discussed in greater detail in chapter 3. The optoelectronic properties of III-V direct 
bandgap compounds, of quantum wells, of multiple barrier and quantum well structures were 
briefly analysed. Optical absorption and its application to modulation and switching were ad
dressed, together with modulation and switching schemes. The Franz-Keldysh effect and its 
application to light modulation was discussed in detail. 

The next chapter includes a detailed discussion of resonant tunnelling in DBQWs, and 
presents the RTD-EAM concept, together with an analysis of its high frequency operation. De
vice operation relies on a depletion region that is formed in the collector region; a small change 
in the bias voltage, close to the peak-to-valley transition region, can cause a large variation in 
the electric field distribution across the depletion region which, via the Franz-Keldysh effect, 
modulates the transmission characteristics of guided light with photon energy slightly smaller 
than that of the core bandgap. 

http://Ino.52Alo.4sAs/
http://Ino.53Gao.47As


Chapter 3 

RTD Electro-Absorption Modulator 

In this chapter, the resonant tunnelling diode electro-absorption modulator (RTD-EAM), 
consisting of a a semiconductor optical waveguide incorporating a double barrier quantum well 
(DBQW) resonant tunnelling diode (RTD) embedded in the waveguide core, is presented. The 
physics of resonant tunnelling through double potential barriers is discussed and analysed, aiming 
at its application in high speed optoelectronic converters (rf-optical and optical-rf), such as light 
emitters, modulators and detectors. Finally, the RTD-EAM is presented, with a discussion of its 
operation principle and a proposal for its application. 

3.1 Double Barrier Quantum Well RTD 

Classical electronic devices, such as FETs and BJTs, even in their heterojunction forms, are 
limited in high frequency performance by their operating mechanism [11]: the voltage controls 
the charge in the active region, which flows across it with a velocity that is limited by the 
drift-diffusion processes of semiconductors; the maximum operating frequency is limited by a 
combination of geometric and physical constraints. 

The transit time limitation is one of the driving forces towards scaling in the direction of 
ever smaller device geometries. Even if the problems of lithography on increasingly finer scales 
continue to be solved, this progress will be limited by material constraints, such as the maximum 
doping densities that are allowed by solid solubilities, and quantum phenomena. 

Some of the limitations on high frequency operation of devices based on planar transport 
can be overcome employing charge transport perpendicular to active epitaxial heterostructures 
[22][26]. Higher functionality is also made possible by complex association of semiconductor 
layers [11]. A further advantage of perpendicular transport is that the current is essentially 
proportional to the area of the device, so that large currents can be handled. 

Double barrier quantum well resonant tunnelling diodes (DBQW-RTDs) are based on quan
tum tunnelling mechanisms, with the carrier transport being perpendicular to the DBQW plane, 

95 
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and are excellent candidates for nanoelectronic circuit applications due to their wide-bandwidth 
negative differential conductance (NDC), pronounced non-linear current-voltage (I-V) charac
teristic, inherent high speed, structural simplicity, relative ease of fabrication, flexible design, and 
versatile circuit functionality [26][31][32]. Very high speed operation arises from the extremely 
small size of the RTD structure along the direction of carrier transport and the tunnelling process 
responsible for carrier flow. 

One of the main characteristics of tunnelling phenomena is that the tunnelling time is not 
governed by the conventional transit time concept (t = W/v, where W is the barrier width and 
v is the carrier velocity), but rather by the quantum transition probability per unit of time (the 
corresponding tunnelling time being, in general, much smaller than the transit time through the 
barrier if the tunnelling conditions are fulfilled) [11]. 

3.1.1 Resonant Tunnel l ing 

As referred in chapter 2, the wave function solution associated with a particle travelling towards 
a finite potential barrier contains two counter-propagating decaying terms in the potential barrier 
region, and travelling terms in regions outside the barrier. This means that a particle has a finite 
probability to cross or tunnel through the barrier, continueing its motion without being affected 
[54]. The case of two potential barriers separated only by a few nanometers (the double barrier 
structure) is of special interest because of the resonant tunnelling effect. 

Tunnelling through a double barrier was first solved in the WKB approximation by David 
Bohm in 1951 [84], who pointed out that resonances in the transmission coefficient occur at 
certain incident electron energies. Later, in 1964, Iogansen [85] discussed the possibility of 
resonant transmission of an electron through double barriers formed in semiconductor crystals. 
In the early 1970's, Tsu, Esaki, and Chang [27] computed the two terminal current-voltage (I-
V) characteristic of a finite superlattice, and predicted that resonances could be observed not 
only in the transmission coefficient but also in the I-V characteristic [1]. Advances in the MBE 
technique led to observation of negative differential conductance (NDC) at terahertz frequencies, 
as reported by Sollner et al [7], in the early 1980s. This triggered a considerable research effort 
to study tunnelling through multi-barrier structures. 

Two important transport phenomena have emerged from the study of double-barrier struc
tures, namely resonant tunnelling and single-electron tunnelling [2] [30]. Resonant tunnelling 
arises from the wave nature of electrons, which gives rise to energy quantization in confined 
structures, while single-electron tunnelling arises from the quantized charge nature of electrons 
[30]. Resonant tunnelling is not observed if the distance between the barriers is long enough, 
so that the spacing between allowed energy levels is negligible compared to kBT. But single-
electron tunnelling can still be observed, as long as the capacitance (C) is small enough so that 
the electrostatic energy of a single electron (e2/C) exceeds kBT [30]. (This effect would be absent 
if the charge was not quantized, that is, if e was equal to zero.) The following discussion will 
concentrate only on the resonant tunnelling phenomenon. 
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Energy Resonances in a Double Barrier Structure [2] [11] 

As discussed in the previous chapter, the electronic states in a quantumwell with very thick 
barriers are bound states, and an electron cannot leave the well without an external excitation, 
because there are no equivalent energy states outside the well to where the electron can move. 
However, if the barriers are made thin enough, the electron remains in the well for a certain time, 
the dwell time, tunnelling then through the barriers. The structure is represented schematically 
in Fig. 3.1, and forms what is known as a double barrier quantum well, which is a close analogue 
of an optical FabryPérot étalon [71]. The electron states are now quasibound or resonant states, 
rather than true bound states; as a consequence of the finite barriers, the energy of a resonant 
state is spread into a range h/r, where T (the dwell time state) is the lifetime of the carriers in 
that state. 

Zl Z2 Z3 z4 

Figure 3.1: Schematic structure of a doublebarrier. The electron occupation probability is also 
represented. 

The distinctive feature of the tunneling process in the DBQW structure is that the trans

mission rises to much higher values than the product of the two individual barrier transmissions 
at energies around the values corresponding to the resonant levels: resonant tunnelling.1 In a 
structure with identical barriers there is perfect transmission at the resonance energy, however 
small the transmission through the individual barriers. 

Quantitative knowledge of the transmission coefficient is necessary to estimate the current

voltage characteristic of a DBQWRTD. The basic structural parameters of a symmetric DBQW 
are the barriers height Uo and width L;,, and the quantum well width, Lw. In Fig. 3.1, the four 
potential transitions are specified by the coordinates {z\, zi, z%, 24). Assuming that the potential 
function U{1*) in the effective mass Schrõdinger equation (Eq. 2.2) can be written as the sum of 
a transverse (crosssectional) confining potential Uxy{x,y) and a longitudinal potential Uz(z), 
the problem can be separated into two parts because the effective mass will depend only on the 
^coordinate. The transverse potential determines the transverse state energies, 

h2 ( d2 d2 \ TT . . 
■2^{d^ + W +UXYiX'y) ipxY{x,y) = EXYipxY(x,y), (3.1) 

while the longitudinal potential defines the scattering problem associated with the doublebarrier 

1 Resonant tunneling through single layer heterostructures has also been reported and discussed [86]. 
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structure, 
Ti2 d ( 1 d 
2 dz \mdz 

+ Uz(z) ipz(z) = Ezipz(z), (3.2) 

where Ez — EXYZ  EXY (EXYZ is the electron energy in the structure). 
In a first approximation, the transverse confining potential UXY{X,V) does not change along 

the z direction in DBQW structures, and consequently it does not induce any electron scattering 
from one state to another. Therefore, knowledge of the potential Uz{z) is sufficient to obtain the 
transmission probability T{E) for an incident electron (in any transverse state xy, with energy 
EXY, with longitudinal energy E = Ez = EXYZ  EXY) [54]. The following discussion neglects 
all scattering processes not determined by the potential barriers. 

The longitudinal effective mass Schrõdinger equation in any of the five regions (I to V) 
represented in Fig. 3.1, assuming identical effective masses across them (m = rrii, where subscript 
i indicates the ith region), can then be written as 

ft2 d2 rr < s 
■2^d? + Uz>iz) ipZi{z) = Ei)Zi{z). (3.3) 

The wave function ipZi (z) in the î t n region can be expressed as 

ipZi(z)  Ai e x P Ukiz) + Bi e x P (Jhz), (3.4) 

where ki = J2m (E  UZi) /h,2. Ai and Bi are constants to be determined from the bound

ary conditions: the wave functions and their first derivatives (i.e., dipzJdz) at each potential 
discontinuity must be continuous [54]. The boundary conditions give A5/Ax as 

lA _ eip(2Lb+Lw) 
cy Tp T J 

cosh (kbLb)  i ,^lTT ^ sinh (kbLb) 
n 2 

+ " sinh2 {kbLb) e 

2JE(U0E) 
-l 

DiPLu 

i/3Lv 

E(U0E) 

and then the transmission probability through a doublebarrier, T(E), is 

1 

(3.5) 

TDsiE)=(%)=
+ u% sinh2 {kbLb) H2/ 4E2{U0E) 

(3.6) 

with 

H = 2^/[E(U0E)]cosh (kbLb) cos {0LW)  {2E  U0) sinh (kbLb) sin (/3LW), (3.7) 

where U0 is the barrier height, kb = ^2m{U0  E)/h2 and p = yJ2rnE/h2 [87]. The resonance 
condition occurs at incident energies E = En, so that H(En) = 0 [87], and thus T = 1. The 
electron momentum in the DBQW is quantized in the direction perpendicular to the barriers 
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(growth direction), giving rise to a set of n discrete energy levels. 
The resonant energy levels, En, are solutions of the transcendental equation H(En) = 0: 

2y/E(U0-E) 
2E~U0 

= tan (/3LW) tanh (k^Lb) (3.8) 

As a first-order estimate, the results of a quantum well with infinite barrier heights, Eq. 2.47, 
can be used: 

E„ 
2*2 n2h 

2mwL2
u 

n2. (3.9) 

For a double-barrier structure, the energy levels, En, will be lower, but have a similar depen
dence on the effective mass and well width; that is, En increases with decreasing mw or Lw, and 
is essentially independent of Lf, [88]. 

The transmission coefficient T(E) for single and symmetrical double barrier structures is 
shown schematically in Fig. 3.2. The lobes of the transmission coefficient for DBQWs broaden 
with an increase in energy, because the barriers become more transparent. 

i ii m 

'"1 <*2 z, z2 3 A 4 10 10 
transmission coefficient 

Figure 3.2: Single and DBQW transmission coefficients as functions of energy. 

In the Wentzel-Kramers-Brillouin (WKB) approximation [54], the width of the nth resonance, 
AEn (i.e., the full-width at half-maximum points, where T = 0.5), is 

AEn « En exp -2Lh 
l2mb {Up - En) 

h2 (3.10) 

where m^ is the effective mass in the barrier2 of width L&. The transmission coefficient can be 
approximated by 

T{E) ±TLbTRb 

(Tu+TRS< 1 + 
E - En 

. hAEn 

-\ - i 

(3.11) 

where Tib(TRb) is the transmission coefficient through the left (right) barrier, Eq. 2.42. 
The electron flow across nth resonant state is given approximately by 

JRT = en±(En)vEriT(En)AEn, (3.12) 
2 The effective mass in the barrier is not a well defined quantity, since the conventional definition for the 

effective mass holds only in the allowed energy bands, not in the forbidden regions [11]. 
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where VEU is the perpendicular component of the velocity of the electrons with incident energy 
E — En, and n±(En) is the incident electron distribution with energy around En ± AEn. 

The lifetime T„ of an electron in the resonant state En is given approximately by rn « h/AEn 

(Heisenberg's uncertainty principle), and is the characteristic time of DBQWs, which is important 
in high speed DBQW applications. Numerical calculations of the time evolution of a wave 
packet have been performed in order to evaluate the dwell time [89][90]. An experimental study 
of dwell time has also been performed by Tsuchiya et al [91] using time-resolved picosecond 
photoluminescence (PL) techniques. There is an overall agreement between these results in the 
regime L(,<4 nm (where the tunneling escape process dominates the radiative recombination 
process, to be discussed later). 

3.1.2 Effect of an Appl i ed Bias 

The basic RTD configuration consists of a DBQW sandwiched between thick layers of highly 
doped lower bandgap material (the emitter and the collector contacts). The material forming 
the barriers must have a positive conduction-band offset with respect to the smaller bandgap 
material (type I heterostructure). Figure 3.3 shows schematically a GaAs/AlAs RTD, together 
with the corresponding T-valley conduction band profile, with the respective first resonant state, 
in equilibrium and under applied bias. The RTD structure may have many variations in terms of 
the potential energy profile, which is determined primarily by the specific material layers used. 
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Figure 3.3: Schematic structure of a GaAs/AlAs RTD, and the conduction T-valley profile 
without bias. The band diagram drawn is a greatly simplified version of the real band structure. 

A DBQW surrounded by a Fermi sea of electrons is considered, as shown in Fig. 3.4. The 
double barrier structure acts as a filter, whose action can be exploited applying a voltage across 
the structure to control the number of electrons which can take part in the conduction through 
resonant tunnelling. Under applied bias, the overall electron flow through a well designed double 
barrier structure is qualitatively different from that of a single barrier diode [23]. Peaks in electron 
transmission of a semiconductor double-barrier quantum well structure, a few nanometers thick, 
will correspond to peaks in its current-voltage characteristic [2]. 

Under an applied bias V, the electron energy on the positive side (collector) relative to that on 
the negative side (emitter) is lowered by -eV (the electron energies are measured with respect to 
the left side contact, the emitter contact). The first resonant state is pulled down, approximately 
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by about \V for symmetric structures, so that E\{V) « £i(0) - \eV (assuming almost all the 
applied voltage to be dropped across the DBQW). Assuming operation at low temperature, the 
resonance occurs when 0 < E\ (V) < Epe. The effect of the applied bias on the T-valley profile 
and on the first resonant level of a DBQW is shown schematically in Fig. 3.4. 
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Figure 3.4: Effect of bias on the DBQW T-valley profile and on the first resonance [23]. 

In equilibrium, the distribution of electrons in the emitter and the collector is given by the 
Fermi-Dirac function, which is no longer valid under bias as the potential profile is perturbed 
due to non-uniform charge distribution acrosss the structure. Figure 3.4 shows that the bias has 
major effects, altering the profile and transmission properties of the barriers: 

- the band profiles close to the barriers are curved (due to electron accumulation at the 
emitter and creation of a depletion region at the collector) - the applied voltage necessary to 
line up the electrons in the emitter Fermi sea with the resonance creates an asymmetry in the 
potential profile which significantly reduces the transmission coefficient [92] [93][94]; 

- emitter and collector have now their own quasi-Fermi energy levels, Epe and Epc, respec
tively, which differ by Epe — Epc = eV, where V is the applied voltage. 

When the applied bias is small, i.e., 7 < Fj,, the band structure is not much affected, 
remaining almost flat, as indicated in Fig. 3.4(a); the first resonant energy stays well above the 
sea of incoming electrons, and little current flows. As voltage increases, the energy of the first 
resonant level is moved downwards to the Fermi sea of electrons in the emitter, Fig. 3.4(b); the 
current increases almost linearly with the voltage, reaching a local maximum Ip at Vp ~ 2E\(0)/e, 
when the overlap between the spectrum of the incident electrons and the first resonant level 
spectral function reaches a maximum. A further increase in the applied voltage pulls the energy of 
the first resonant level towards the bottom of the T-valley and into the forbidden gap, where there 
are no longer electrons available to efficiently cross the DBQW, Fig. 3.4(c); the current decreases 
sharply: the negative differential conductance region of the current-voltage characteristic. An 
additional increase of the bias will further lift up the electron distribution in the emitter, and 
tunnelling through higher resonant levels or through the top regions of the barriers will lead to 
a current increase. 
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3.1.3 Negat ive Differential Conductance 

Negative differential conductance was first demonstrated experimentally by Chang, Esaki, and 
Tsu in 1974 [1], who reported oscillatory behaviour of the vertical differential conductance in a 
structure consisting of a thin GaAs layer between AlGaAs barriers sandwiched by heavily doped 
layers of GaAs grown by MBE. 

The negative differential conductance in DBQW diodes can be explained from momentum 
and energy conservation considerations [95] [31]. In the process of resonant tunnelling, electrons 
are incident from a 3D region (where the electrons have a plane-wave-like behaviour) into the 2D 
quantum well (where the electrons have a plane-wave-like motion only in the x and y directions). 
The electron energy in the 3D regions can be written as 

E3D (t) = Ez(kz) + | - \k?yf , (3.13) 

where Ez = Ez(kz) — Ec + ^k2
z, Ec is the conduction bandedge energy, and kxy = (kx, ky). 

The electron energy in the quantum well is 

+-2 Q 

E2D(t)=En + — \k?y\ , (3.14) 

where En is the energy of an available nth subband in the quantum well, corresponding to the 
zeros of Eq. 3.8 (the subband bandedge). 

A reduction of dimensionality occurs, but as the tunneling electrons are not subject to any 
potential change in the transverse directions, their transverse momentum, kxy, is conserved. 
The electron longitudinal momentum kz, however, generally changes with distance across the 
structure, except in the flat band regions. As E\{n = 1) is the first accessible (unoccupied) 
energy state in the quantum well, energy conservation implies that resonant tunnelling through 
the first energy level is possible only for electrons with a longitudinal momentum [95] 

kzckR = ^2m(E1(V)-ECe)/n2, (3.15) 

where V represents the applied voltage (Figure 3.4). As the collector-edge is pulled down under 
bias (relative to the emitter-edge), the resonant level samples the emitter Fermi sea and the 
number of electrons that can tunnel is enhanced according to the Fermi-Dirac distribution (first 
PDC region). When E\{V) ~ Ece, which corresponds to kz ~ 0, the number of tunnelling 
electrons per unit area reaches a maximum, giving high current flow. As Ece rises above E\(V), 
the number of electrons in the emitter that can tunnel into the quantum well, while conserving 
their transverse momentum, drops sharply (the NDC region). The current is now mainly due 
to thermionic emission, tunneling through higher resonant levels and through the barriers (the 
beginning of the second PDC region) [2]. 
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3.1.4 Current-Voltage Characteristic 

Ideally, the DBQWRTD valley current will be very small and the ratio Ip/Iv will be very high 
[2] [30]. However, at room temperature, there is always a significant background valley current 
due to resonant tunnelling through other conduction band valleys than the V valley, Y  X 
intervalley scattering, phonon scattering, impurity scattering, etc. [2]. Figure 3.5 presents the 
experimental IV characteristic of a AlGaAs/GaAs DBQWRTD at two different temperatures, 
showing negative differential conductance (Gn = dl/dV < 0) for a range of applied voltages. 
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Figure 3.5: Experimental currentvoltage characteristic of a GaAs/AlAs DBQWRTD at two 
different temperatures. 

The RTD currentvoltage characteristic is antisymmetric around the zero bias point, dis

playing negative differential conductance (NDC) for both polarities, because the DBQWRTD 
structure is symmetric and the device is unipolar. For a given polarity of the applied bias, the 
IV curve of the basic RTD can be divided into three branches. There are two positive differential 
conductance (PDC) zones, one before the peak point and one beyond the valley point, with the 
region of negative differential conductivity (NDC) in between.3 

As the applied voltage across the RTD terminals is increased from zero, the current increases, 
mainly due to tunnelling, until it reaches a local maximum, Ip (the peak current), when the 
voltage reaches Vp (the peak voltage). Although there is always a background current due to 
different transport mechanisms, resonant tunnelling dominates the current flow in the first PDC 
branch of a welldesigned device. Continueing to increase the voltage beyond Vp, the current 
drops to a local minimum, due to a reduction in resonant tunnelling, until the voltage reaches Vv 

(the valley voltage): the NDC branch. The current corresponding to Vv is the valley current Iv. 
Beyond Vv, the current starts to increase again, approximately in accordance with conventional 
diode behaviour. 

The voltage across the RTD when it is operating in the first PDC region and the current 
equals /„ is called the first voltage Vf. Similarly, the voltage across the RTD when it is operating 

3Dc negative differential resistance of double barrier diodes at small dc bias voltages, as a result of an applied 
ac voltage, has been also demonstrated [96]. 
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in the second PDC region and the current equals Ip is called the second voltage Vs. A voltage 
swing (Vi ) may also be defined as the voltage difference between the peak on the first PDC 
branch and the point at which the current reaches Ip on the second PDC branch. For a current 
in the interval [Iv, Ip], there are two possible stable voltages: V < Vp or V > Vv. 

In most applications, a too large value of the peak current Ip is certainly undesirable from 
the point of view of power dissipation, specially for future large-scale circuit integration [32], 
because it implies exceptionally low contact resistance. In addition, it takes time to reach a 
large peak current point and then decrease the current to the valley point, which is undesirable 
for high speed operation. In general, a low valley current density is desired, being necessary 
for switching and advantageous for low power consumption when large-scale RTD circuits are 
integrated [32]. For microwave applications, a peak current density on the order of a few tens of 
kA/cm2 is adequate [32]. 

Other important RTD I-V parameters used in this work are defined as follows [31]: 

Gd=k iv Ip 

vv-vp 
(3.16) 

L PVCR = f (3.17) 
•Ml LV 

PVVR = ^ . (3.18) 

Here, G d (Rd) is the average magnitude of the negative differential conductance (resistance), 
PVCR is the peak-to-valley current ratio, and PVVR is the peak-to-valley voltage ratio. 

From an application standpoint, the negative differential conductance can provide the gain 
necessary to sustain oscillation, and small intrinsic delay and RTD capacitance enable the diode 
to self-oscillate at high frequencies [2]. There have been reports of oscillators at frequencies never 
reached by other semiconductor devices [5] [6] [7]. 

3.2 Physical Mechanisms in DBQW-RTDs 

The current in ideal DBQW structures would be the result of resonant tunnelling through the 
T conduction band valley. However, other transport processes take place in real structures, 
such as resonant tunnelling through other conduction band valleys rather than the V valley, 
phonon scattering, impurity scattering, F - X intervalley scattering, and dimensional changes 
across the interfaces [2]. The electrons may suffer from incoherent scattering processes which, 
in general, degrade the PVCR through momentum and energy relaxation, allowing transitions 
of electrons from resonant to non-resonant states. These incoherent mechanisms of electron 
transport contribute mainly to the valley current, although the resonant tunnelling process must 
be dominant in well-designed RTD devices [2]. 
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3.2.1 Transport Processes 

A simplified picture of the major physical processes pertaining to resonant tunnelling and current 
transport mechanisms in DBQW-RTDs is given in Fig. 3.6; only mechanisms involving electron 
transport in the T-conduction valley, under applied bias, are represented. The resonant tunnelling 
process is indicated in Fig.3.6 by (a) and (b), for electrons with energies coincident with the two 
resonant levels represented. Under applied bias, resonant tunnelling will occur at certain bias 
voltage values mainly through only one resonant level, in general through the first one. 

Figure 3.6: Physical processes and current transport components in DBQW-RTDs. 

In addition to transport through resonant levels, other processes are pictured: 
- thermionic emission, (c): as a result of thermal excitation, a fraction of the electrons in the 

tail of the Fermi-Dirac distribution will have sufficiently high energy to overcome the barriers; 
field assisted tunnelling, (d), and tunnelling through evanescent states, (e): incident electrons have 
a finite, but small, probability to tunnel through the non-resonant energy ranges that lie between 
the resonances; electrons with sufficiently high energies can flow non-resonantly or through higher 
lying quantum levels [97]. The current due these processes is the main contribution to the valley 
current, and increases monotonically with increasing voltage in a similar manner to that of a 
tunnel diode. It is strongly temperature dependent and appears to overshadow the NDC at 
high temperatures. To reduce this non-resonant current the barriers should be made as high as 
possible, and the RTD should be designed to operate at relatively low bias voltages; 

- inelastic tunnelling, (f): elastic scattering in 3-dimensional space (such as impurity scatter
ing) is, in general, inelastic scattering in one-dimensional space, because the energy component 
in each axis is not conserved. The resulting incoherent electrons redistribute themselves in the 
emitter and well regions and subsequently tunnel through the barriers incoherently [2]; 

- leakage current, (g): current flowing along the periphery of the device generated by a surface 
effect, or a component resulting from carrier multiplication across high field regions, or current 
due to generation-recombination effects. 

In a more realistic picture, the physical processes involved in RTD operation are actually 
much more complex than the preceding simple description. Electrons exchange energy and mo
mentum with lattice vibrations, impurities, interfaces, as well as in interactions among themselves 
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[2] [98]. Electrons in the double-barrier structure may emit or absorb longitudinal optical (LO) 
phonons during resonant tunnelling; as this is an inelastic scattering process [99], the electrons 
involved do not conserve the components of momentum, neither parallel or perpendicular to the 
barriers, affecting the transmission probability [23]. The LO phonon-assisted resonant tunnelling 
is particularly pronounced in RTDs with lowly doped layers between contacts and barriers, in 
which the emitter states present are quantized [2]. The valley current, due to non-resonant or 
inelastic tunnelling current, is also composed of phonon-coupled and impurity-assisted tunnelling 
components [2]. 

The energy dissipation processes of tunnelling electrons, such as LO-phonon emission, lead to 
a non-equilibrium electron distribution in the quantum well. Thus a simple Fermi-Dirac distribu
tion function does not necessarily describe the accumulated electrons in the well and a complex 
non-equilibrium transport theory would in general be required [2]. The non-uniform electron 
charge distribution across the structure will generate an electric field, £(z), which modifies the 
DBQW profile,4 affecting the transmission coefficient T and the quantized energy levels, En. An 
exact quantitative analysis of the resonant tunnelling behaviour requires knowledge of £(z) as 
a function of the applied voltage V [93]. The modified profile will affect the total charge in the 
well, which in turn changes the electric field distribution. This feedback mechanism is believed to 
be responsible for the hysteresis and shoulder-like behaviour observed in the I- V curve of RTDs 
[100] [101]. Determination of the charge distribution in RTDs under non-equilibrium conditions 
is one of the crucial issues under lively discussion, as it is closely related to the energy dissipation 
processes in the system [102]. 

Up to now only electrons in the T-valley were considered, without paying attention to the 
contributions from those in the X- and L-valleys [103][104][105]. This is reasonable as long 
as the minima of these upper valleys are at much higher energies than the T-valley. However, 
the X-valley forms the conduction band minimum for Al^Gai-^As when x > 0.45, and the 
FGO,AS-XAIAS energy difference, AECrx, is much lower (0.27 eV for x = 1) than the TcaAs-^AiAs 
difference, AECrr (1.12 eV). Therefore, it is expected that the smaller AECvx barrier height will 
play a significant role in carrier transport [104] [105]. 

As a consequence of these mechanisms, development of an accurate physical model of realistic 
RTDs becomes a formidable task. 

3.2.2 Models of DBQW-RTDs 

Significant effort has been devoted to development of RTD models, with varying degrees of sophis
tication and success [31]. Formal treatment of RTD modeling entails advanced quantum theory, 
possibly including rather intricate formulations of multi-band effective mass theory, quantum 
statistical theory based on the density matrix, Wigner and Green's functions [2] [102]. Interest 
in achieving an accurate RTD model lies in the fundamental motivation to gain insight into the 

4The voltage dropped across a typical DBQW (10 nm thick) is around 0.1 V, therefore a typical electric field 
on the order of 105 V/cm exists in the well and in the barriers. 
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quantum mechanical aspects of electron transport in mesoscopic structures, but also on the need 
of guidance for device design. 

The RTD, as a nanoelectronic device, is an open quantum system in which electron transport 
is three dimensional, time dependent, time irreversible, dissipative, and many-body interactive, 
with both particle and energy exchanges with the device environment [102]. The device system is 
therefore very different from a simple isolated quantum system, where a conservative Hamiltonian 
and the boundary conditions for the Schrõdinger equation may be readily formulated [22][54]. 

Any accurate RTD modeling effort requires energy-band calculations, such as the band offsets 
at the heterointerfaces, multiband effects, carrier effective masses, etc.. The transport formalism 
must be able to model the major processes in the RTD, such as those represented in Fig. 3.6, 
and must include an adequate treatment of the particular boundary conditions, space charge 
distribution effects, and the various scattering mechanisms (beside the simplifications, approxi
mations and numerical discretization typically employed to simplify the calculations of specific 
device properties) [31]. 

Coherent Models [2][30] [31] 

Tsu, Esaki and Chang described the resonant tunneling current-voltage characteristic as the 
result of the transmission and reflection of coherent electron waves through the structure [27]. 
They assumed that the distribution of incoming electrons on each side is given by a Fermi-Dirac 
distribution with an appropriate value of the Fermi energy, Ep (as electrons are assumed in 
thermal equilibrium, due to interactions among them and with their surroundings), and that 
electrons are not reflected after crossing the double barrier, otherwise the incoming distribution 
would be perturbed (the contacts are taken as regions where the potentials have reached their 
plateaus, so the wave functions are plane waves).5 

Assuming the transverse dimensions of the RTD structure to be much larger than the electrons 
de Broglie wavelength, the system can be considered translationally invariant in the rcy-plane. 
Since the transmission probability through the structure only depends on the motion perpendic
ular to the interfaces, it is possible to group together the states that have the same energy for 
perpendicular motion but different kinetic energy for parallel motion, at a given applied potential 
V, as 

(3.19) S(EZ;EF;V) = ^fln (EF -Ez-eV 
1 + e X P ( ÛT  

This function is designated as the supply function, and corresponds to the density of electrons in 
a subband Ez(kz). The spectrum of electron eigenstates in the emitter is driven by the voltage 
applied across the RTD, as shown in Fig. 3.6. The current density (the current components due 
to electrons impinging on the DBQW from the left and due to electrons arriving from the right) 
is obtained by summing the current density of each state, over occupied states, multiplied by 

5 The contacts are typically heavily doped to provide low ohmic contact resistance and high current density. 
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their transmission probability: 

p f°° 
hun{V) = — / [Tleft(Ez; V)Se (Ez; EFe; 0)  Tright(Ez; V)SC (Ez; EFc; V)] dEz, (3.20) 

where Ez represents the "longitudinal component" of the total energy, Ez — ECec + h2kl/2m. 
This simple picture is called global coherent tunnelling model since the phasecoherence of an 
electron wave is mantained throughout the whole structure. 

The coherent tunnelling approximation assumes that the phasecoherence of the electron 
waves is conserved. However, the electrons involved in resonant tunnelling stay in the DBQW 
for a dwell time ranging from a few tens of femtoseconds, to a few hundred nanoseconds depending 
on structural parameters.6 While in the DBQW, the electrons may suffer from scattering pro

cesses which lead to momentum and energy relaxation, with breaking of phasecoherence (caused 
by electronelectron interactions, electronphonon interactions, residual impurity scattering, dis

order scattering, and so on). A sequential tunnelling model was proposed by S. Luryi [111] as 
an alternative explanation of the resonant tunneling process. This model describes resonant 
tunnelling as two continuous tunnelling processes: tunnelling from the emitter into the quantum 
well followed by tunnelling into the collector. Between these two processes electrons suffer from 
scattering processes in the DBQW and are relaxed into locally quasiequilibrium states. Weil 
and Vinter [112] demonstrated theoretically the equivalence between resonant tunnelling and 
sequential tunnelling. 

Space charge effects, which reflect the density of electrons, are due to the impurity doping 
profile and the mobile electronic charge that exists in the quantum well, in the emitter notch 
or accumulation region, and give rise to nonuniform potential profiles [108]. A simple Fermi

Dirac distribution function does not necessarily describe the accumulated electrons in the well 
and emitter regions. Since this charge density responds to the same electrostatic potential it 
generates, the potential and charge distributions have to be solved in a selfconsistent form. 
An important assumption in such methods resides in which locations the injected carriers are 
assumed to be thermalized, as this plays a critical role in the quantitative results for the quantum 
well charge and the current density These aspects depend on the specific device structure being 
modeled and the operating conditions [108]. 

In the framework of the global coherent tunnelling model, the electron density in the RTD 
can be expressed as 

+ f_ \*kz(z)\2m In [l + exp ( ^ j ^ ' ) ] <**«} ■ (321) 

The distortion of the potential due to the presence of electrons requires a selfconsistent 

6The typical mean free time of electrons in bulk GaAs material is of the order of subpicoseconds, at room 
temperature [17]. 
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solution of Schrodinger's and Poisson's equation. The space charge distribution determined by 
Eq. 3.21 results in the self-consistent Hartree potential, Usc(z), which is obtained through the 
following Poisson equation: 

dz 
,dUsc(z) 

6 { Z ) ^ Z - = —e N+(z)-n(z)}. (3.22) 

The self-consistent potential is then added to Uz{z) in the Schrõdinger equation, Eq. 3.2. 
These equations can be solved numerically in an iterative way until self-consistent solutions for 
^kz{z) and Usc(z) are finally obtained [108]. 

The self-consistent calculations take into account effects such as band bending, changes in 
effective barrier height, the effective voltage drop across the barrier, and shifting of the resonant 
state energies in the quantum well. A consequence of bandbending is the formation of a 2-D 
accumulation layer in the RTD emitter region, in which the injected electrons can scatter into 
the quantized states and then tunnel through the resonant energy levels with or without further 
scattering [31]. Current transport through the emitter accumulation layer is important since it 
can change the device current significantly [109]. 

The coherent tunnelling approximation is a single-band model, which does not include the 
effects of band nonparabolicity (which is due to the k .~p* repulsion of the light hole and con
duction bands) [94]. Nonparabolicity in the conduction band causes the effective mass to rise as 
energy increases above the band minimum, which lowers the resonance energies. This is specially 
important for RTDs made of small bandgap materials, such as InGaAs lattice-matched to InP. 
Also important is the decay length of the wave function in the barriers, which is also affected 
by nonparabolicity, being significantly longer in the two-band model [31] [94]. The single-band 
models can easily underestimate the current density by a factor of two or more. Several formu
lations incorporating optical phonon scattering mechanisms have been attempted with varying 
degrees of success [109][110]. 

Recent descriptions using envelope functions have incorporated additional important physical 
aspects, such as space charge effects, the 2-D accumulation layer in the emitter region, multiband 
effects, and phonon scattering [2] [94] [31]. These models cannot in principle treat the time-
evolution of a system with internal force terms, such as inelastic phonon scattering [102]. 

Kinetic Models [2] [30] 

A more realistic formalism must include scattering processes due to longitudinal-optical phonons 
and ionised impurities, which destroy the phase-coherence of the electron waves. These dissi-
pative tunnelling processes result in broadening of the transmission peaks at resonance and a 
degradation of the peak-to-valley current ratio. The scattering processes may also influence the 
electron distribution in the quantum well. 

A proper description of the complex transport properties and of the heavily doped contact 
regions (and, if used, undoped spacer regions as well), beyond the coherence tunnelling formalism, 
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is given in terms of non-equlibrium quantum transport models adopting a dissipative quantum 
transport theory, such as the density matrix, Wigner function or non-equilibrium Green's function 
theory. Phonon scattering is treated semiclassically in these models, within the relaxation time 
approximation. 

In principle, the fundamental difference between the coherent (or dynamic) and kinetic models 
is that the former are based on the single-particle picture using the pure state description, 
while the latter are based on the many-particle picture with mixed state description (due to the 
statistical nature of quantum theory, a definite, conservative Hamiltonian for the system cannot 
be specified).7 These formalisms have not been used for device modelling because of their difficult 
implementation. Major problems, such as boundary conditions and correct initial conditions for 
the density matrix and Wigner function, are still under discussion [93] [95] [102]. 

Other Models 

RTD quantum models based on kinetic theories are too complicated and not sufficiently accu
rate to be directly called from a device simulator. However, there is a need of a relatively simple 
analytic model that closely relates essential RTD physical parameters with measured /- V charac
teristics. Analytical approximations for the I-V characteristics based on transmission calculations 
with adjustable empirical parameters, linked as closely as possible to real physical quantities, 
are usually implemented [114]. Recently, attempts have begun to incorporate the NDC into 
commercial circuit simulators based on SPICE-type computer design tools [113] [114] [115]. 

There are several important issues to be noted when comparing theoretical and experimen
tal results, including uncertainties in material and doping profiles, possible errors in growth 
data, material parameters employed such as effective masses and band offsets, and effects of 
imperfectly known parasitic impedances on the measured I-V curve. These factors make it very 
difficult to obtain an accurate prediction or reproduction of experimental I-V characteristics. 
Finally, inclusion of series and contact resistances, which modify the device I-V characteristics, 
is conceptually simple but very difficult to be realized in practice. Usually, a rough estimate or 
measurement is made to fit the measured I-V curve, which in general is not satisfactory if the 
RTDs being used have large fluctuations in their resistance values and, therefore, in their peak 
and valley parameters. A recently proposed technique to determine the RTD I-V characteristics 
experimentally, based on measurement of microwave reflection coefficients, may be useful in this 
regard [116]. 

At present these models cannot accurately predict the I-V characteristics for the whole range 
of RTD design parameters. 

7In kinetic quantum transport models, a quantum system is considered to be a particle ensemble, characterized 
by the density matrix, the Wigner distribution function, or Green's functions [30][102], 
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3.2.3 Material Sys t ems 

Prom the electronics point of view, the desirable material system would be silicon based, compat
ible with current silicon IC technology. Attempts at building RTDs in the Si/SiGe system have 
not yet been encouraging, with PCVRs not much larger than one, mainly because the conduction-
band offset between Si and SiGe alloys has been limited to a few tenths of an electron volt [117]. 
This is not enough to produce the necessary quantum confinement for a strong resonant state 
in the DBQW structure. Other possibilities using materials with different bandgaps that are 
lattice matched to silicon, for example SiGeC materials, have been proposed [118], but a real 
breakthrough is yet to come. 

A proper treatment of boundary conditions, space charge distribution effects and scattering 
mechanisms requires the knowledge, with sufficient accuracy, of structural and material parame
ters such as geometric dimensions, doping profile and other material characteristics. The relevant 
material parameters in DBQW-RTDs are the energy-band offset, particularly the T valley con
duction band offset, Y — X and Y — L valleys energy difference and the materials effective masses. 
Most of the work on RTDs is based on III-V compound semiconductor materials due to the 
relatively large energy-band offset between different lattice matched materials. RTDs made from 
these semiconductors can achieve very high peak current density, sufficient large PVCR, and 
very high speed [2][11]. 

GaAs/AlAs RTDs [20] [67] 

The original material system, GaAs/Al^Gai-^As (x < 0.45) [1][119], has been replaced by 
GaAs/AlAs [120]. AlAs is used in the DBQW barriers because it presents a higher value of the 
barrier potential for T-valley electrons, yielding a larger PVCR when compared with Al^Gai-^As 
with x < 0.4 [107][119]. The barrier height determines the width of the transmission resonance 
lobes. The peak current density Jp is approximately proportional to the width AEn of the 
resonant level through which a great part of the resonant current flows (Eq. 3.12). Moreover, 
the AlAs barriers are free from various complexities associated with AlGaAs barriers, such as 
statistical fluctuations of the interfaces, barrier heights, and thicknesses. 

The profiles of the three lowest conduction band minima of GaAs/AlAs heterojunctions are 
shown in Fig. 3.7. For the GaAs/AlAs heterojunction, the YcaAs — FAiAs-po'mts offset, AEcrr, 
is 1.12 eV, the YoaAs — LAlAs-points offset, AEcrL is 0.45 eV, and the YoaAs — XAiAs-po'mts 
offset, AEcrx, is 0.27 eV, which correspond to the T, L, and X barrier heights, respectively.8 

Also shown are the Y — X and Y — L valley separations in GaAs, which are approximately 0.48 
eV and 0.28 eV, respectively. Because the YQQAS — XAIAS barrier height is much smaller than 
the YGaAs - rAIAS and the YGaAs - LAiAs barrier heights, the YGaAs - XAiAs barrier plays a 
significant role in carrier transport. 

Tunnelling through the A-valley was first reported by Bonnefoi et al and Mendez et al 
[104] [105]. It is now well established that tunnelling through this AEcrx barrier is a dominant 

8For the GaAs/AlAs heterojunction, the YGaAs — TAIAS valence band offset, AEv, is 0.474 eV [23]. 
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Figure 3.7: AlAs/GaAs/AlAs and GaAs/AlAs/GaAs/AlAs/GaAs F-, L- and X-conduction 
band valleys energy profiles. 

component of the valley current in a GaAs/AlAs DBQW; this has been confirmed through hy
drostatic pressure experiments [105].9 These studies have also shown that the resonant tunneling 
current, which is the dominant component of the current on the first PDC region, is determined 
by the T-band profile, and is essentially independent of the applied pressure [104]. The saturation 
velocity of electrons in n-GaAs layers is less than 1 x 107 cm/s [20]. 

Although impressive results have been obtained with GaAs/AlGaAs based RTDs, higher 
performance can be achieved with InGaAs/AlAs DBQW-RTDs [121]. 

InGaAs/AlAs RTDs 

The discussion above, which illustrates the importance of X-valley related transport in GaAs/AlAs 
DBQWs, suggests that higher performance (higher PVCR without sacrificing the peak current 
density, Jp) would be achieved if the AEcrx barrier height could be increased. This is possible 
if the lower bandgap material (GaAs) is substituted by Ino.53Gao.47As [121][122]. The conduc
tion bandedge for the Ino.53Gao.47As/AlAs interface is shown in Fig. 3.8, where the AEcrr and 
AEcrx barrier heights are now 1.2 eV and 0.65 eV, respectively [12][121]. 

1.05 eV T 
AE 

_i_ 
rx =0.65 eV 

AErr=1.20eV 

InGaAs AlAs InGaAs AlAs InGaAs 

Figure 3.8: T - and X-conduction band valleys energy profiles for Ino.53Gao.47As/AlAs hetero-
j unctions. 

The F-X valley separation in Ino.53Gao.47As is approximately 1.05 eV, which is higher than 
in GaAs. Comparison between the two conduction band profiles, Figs. 3.7 and 3.8, while showing 
similar AECrr barrier height, indicates that the AECrx barrier height is considerably higher in 
the Ino.53Gao.47As/AlAs case. Therefore, this material system is superior to GaAs/AlAs since 
the parasitic F - X mediated transport will be reduced. Indeed, PVCRs as high as 30 at room 

9These experiments rely on the fact that the AErx barrier height varies strongly with applied pressure, 
decreasing at a rate of 11 meV/kbar, while the AErr barrier height is essentially independent of the applied 
pressure [105]. 

http://Ino.53Gao.47
http://Ino.53Gao.47As/
http://Ino.53Gao.47As/AlAs
http://Ino.53Gao.47
http://Ino.53Gao.47As/AlAs
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temperature (with Jp about 5 kA/cm2) [122], and peak current densities as high as 460 kA/cm2 

(with a PVCR of 4, resulting in a A J of 345 kA/cm2 - the highest A J published) have been 
reported [121]. Another advantage results from the lower effective mass of conduction electrons 
in the Ino.53Gao.47As material. The lower electron effective mass, the higher the tunnelling 
probability - higher Jp - and, possibly, the lower the scattering probability of tunnelling electrons 
resulting in reduced Jv. Indeed, Ino.53Gao.47As/AlAs pseudomorphic DBQW-RTDs exhibit both 
a remarkably high PVCR and large peak current density, as demonstrated by the I-V curve in 
Fig. 3.9 of a 200 ^m2 RTD grown by MBE, with 2 nm thick barriers and a 6 nm wide well. 
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Figure 3.9: Experimental Ino.53Gao.47As/AlAs DBQW-RTD I-V characteristic. 

Because Ino.53Gao.47As has a Schottky barrier height of 0.2 eV (lower than for GaAs, which 
is approximately 0.4 eV) and can be very heavily doped, non-alloyed ohmic contacts with re
sistivity as low as 3 x 10~8 ikm 2 [11][21] (about 10 - 6 i km 2 for GaAs [5]) are achieved. This 
is an important point since the extrinsic voltage drop at the ohmic contact could be serious 
(with rc of 10 - 6 - 10~5 item2) when the current density is as high as 10 kA/cm2. Saturation 
velocities of electrons in n-Ino.53Gao.47As layers are as high as 1.5 x 107 cm/s [11][21], a signif
icant improvement compared to the GaAs/AlAs system. These two properties make clear that 
the InGaAs/AlAs pseudomorphic material system is the preferred are for high speed oscillator 
applications. 

Ino.53Gao.47As/Ino.52Alo.48As [123] has been also employed because of lattice matching and 
the Ino.52Alo.48As light electron effective mass (which causes high tunneling probability, and hence 
high Jp) [123]. However, AlAs instead of Ino.52Alo.4sAs is used as the barrier material because it 
presents a higher barrier height for the T-valley electrons, which is effective in minimising the non-
resonant tunnelling current through higher lying quasi-continuum sub-bands, which constitutes 
a substantial portion of the non-resonant current. AlAs acts also as an efficient thermal barrier, 
although complications may arise from the crossover of the various conduction band minima. 

http://Ino.53Gao.47
http://Ino.53Gao.47As/AlAs
http://Ino.53Gao.47As/AlAs
http://Ino.53Gao.47
http://n-Ino.53Gao.47As
http://Ino.53Gao.47As/Ino.52Alo.48As
http://Ino.52Alo.48As
http://Ino.52Alo.4s
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InAs/AlSb RTDs 

The InAs/AlSb system has been suggested as an alternative to the GaAs/AlAs and InGaAs/AlAs 
systems due to the very high conduction band offsets available: 1.8 eV for F — F barrier height 
and 1.35 eV for the F — X barrier (InAs T-point to AlSb X-point). This is expected to reduce 
A-point mediated tunnelling currents and, consequently, increase the PVCR. InAs exhibits a 
negative Schottky barrier, which implies exceptionally low contact resistance (5 x 10~9 Qcm2) 
leading to calculated maximum operating frequency values exceeding 1 THz for a 4 /xm2 RTD 
[3]. The highest published [6] operating frequency for a RTD, 712 GHz, was achieved in the 
InAs/AlSb material system taking advantage of a variety of subtle effects which favour tunnelling 
through the barrier in this staggered-bandgap material [143]. However, from a device application 
perspective, InAs/AlSb DBQW-RTDs may suffer from impact ionization events occurring in the 
very narrow bandgap InAs material (Eg =0.35 eV) [12][53][143]. This is particularly true for 
high current density RTDs, where electric fields on the order of several hundred kV/cm are 
encountered [2]. 

3.2.4 Structural Parameters 

The DBQW-RTD characteristics can be adjusted up to a certain point, to its specific applica
tion by judicious choices of the size and properties of the various semiconductor layers within 
the device. For a given material system, to optimise the performance of DBQW-RTDs, one 
can vary both structural (well and barriers widths, Lw and Lb respectively; barrier height UQ, 
and impurity concentration N^ in the electrode regions outside the DBQW) and growth pa
rameters (such as substrate temperature). Resonant tunnelling diodes are often fabricated with 
low-doped/undoped spacer layers. Relatively thick spacer layers produce major effects on device 
performance: under applied bias a significant portion of the spacer layer may be depleted, result
ing in a transit time delay which can dominate the device frequency response. Well, barriers and 
spacer layers characteristics affect both the resonant and the non-resonant current components 
and are, therefore, critical parameters in DBQW-RTD design. 

Quantum-Well Width 

To decrease the unwanted current through higher resonant states, and thus to increase the PVCR, 
the well region should be thin. When the well width Lw is decreased, the resonant tunnelling 
current is predicted to rise because it leads to lower effective barrier height UQ — En for incident 
electrons with energy around En; this decrease of the barrier effect gives rise to broadening of 
the transmission coefficient around the resonance peaks, AEn, which results in larger resonant 
tunnelling current through the dominant resonant level (in general, the first resonance), Eq. 3.12. 

However, both peak and valley current densities increase as the well width is reduced [125]. 
As the thickness of the well region is decreased, the voltage at which the peak resonance occurs 
will increase due to a rise in the lowest resonant state energy with respect to the bottom of the 
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well, Ecw, which also increases the current due to thermionic effects. Tsuchiya et al observed 
that the valley current, which is a measure of the leakage current, depends superlinearly on the 
bias voltage V [125]. 

Barriers Thickness 

Considering Eq. 3.10, Jp varies exponentially with barrier width, L;,, a fact that has been 
observed by Broekaert et al and Chow et al [126]. Modeling this exponential dependence of the 
peak current density on Lf, as 

Jp oc exp ( - T - M , (3-23) 

where L^ is in monolayers, ML, and XCb is a characteristic length, it results that AC6=1.3 ML, 
which indicates that a variation in barrier thickness on the order of one monolayer (~0.283nm) 
will cause the peak current density to change by a factor of two, approximately. 

The PVCR is influenced mainly by the barriers width. The published results indicate that 
elastic tunnelling dominates for very thin (<5 nm) barriers, while thermionic emission is the 
primary transport mechanism in thick (>10 nm) barriers [119][120]. The current in the interme
diate thickness range, however, appears to consist of both elastic tunnelling through the AEcrT 

barrier and inelastic tunnelling through the AEcrx barrier [104] [119] [120]. To decrease non-
resonant tunnelling, the RTD should operate at relatively low bias voltage, which diminishes 
electron accumulation on the emitter side and increases the effective barrier height, as previously 
discussed. 

The non-resonant current components (consisting of inelastic tunnelling current, non-resonant 
tunnelling current through higher lying levels, etc.) are strongly dependent on both L\, and 
barrier height UQ [119][120].n The valley current increases exponentially with a decrease of the 
barrier thickness; however, the expected increase of the peak current with a decreased Lb is 
overshadowed by a larger increase of the valley current. Therefore, the overall effect is a decrease 
of the PVCR with a reduce of L& [126] [127]. The negative correlation between Jp and PVCR can 
be interpreted as follows: higher current density results in a higher concentration of accumulated 
electrons, which may increase electron scattering and increase Jv. 

Spacer Layers 

Under applied bias, the potential close to the emitter barrier in basic RTD structures tends 
to form a deep triangular quantum well, giving rise to quantized states [128]. Under certain 
conditions, approximately half of the applied bias is dropped in the cathode well. At the valley 
point the barriers are pulled down in energy, thus reducing the barrier height to a ballistic electron 
injected from the cathode, enhancing the valley current and degrading the PVCR. Inclusion of 

10 Care must be taken because the quantum well width is related to the amplitude of the electric field across 
the DBQW, which cannot be too strong to avoid impact ionisation [11]. 

The thermionic current over the barriers is nearly independent of Lb, being primarily determined by the 
barrier height Uo, and increasing with temperature. [119] 
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low/undoped space layers between the highly doped contacts and the barriers leads to much 
smaller downward bending of the conduction band as bias is applied, and the charge distribution 
does not deplete as sharply as without the spacer layer [128][129]. Use of low doped spacer layers 
further increases the effective UQ value by reducing the Fermi energy of the electrons close to the 
emitter barrier [129][130]; simultaneously, it reduces ballistic injection over the barriers, so that 
the PVCR is improved. The potential drop occurs mainly across the barriers. 

The undoped spacer layer also helps to suppress diffusion of Si-impurities from n-GaAs or 
n-InGaAs into the AlAs barriers [131]; also the electron mean free path is longer where ionized 
donors are absent [11]. Finally, the bistability of the NDC region of the I-V curve is found to be 
much sharper [100] [101]. 

Growth Conditions 

The growth rate depends on the substrate temperature and, to a large extent, on the thickness 
of the layer to be grown. Typical substrate temperatures are around 560 to 640 °C, to suppress 
rapid diffusion of Al and Si, yielding sharper interfaces and cleaner barrier material [131]. 

Interruption of growth between deposition of layers can improve the morphological quality 
of the interfaces by allowing the surface kinetic processes to relax [56] [57]. Intra-layer thickness 
fluctuations caused by the density of mono-layer terraces in the plane of the hetero-interfaces can 
have a detrimental effect on resonant tunnelling by weakening the coherence of the interfering 
electron waves reflected by the two barriers; in addition, they cause changes of the energy levels 
of the wells [131] [132]. The method of interrupted growth is recommended for all interfaces of 
the RTD, including spacer layers. 

3.3 Electronic Applications of RTDs 

Most of the solid-state devices and circuits operating up to 300 GHz are, in general, advanced de
velopments of conventional electronics where reduced dimensions or sophisticated layer structures 
are utilized. These devices may be broadly classified as transit time devices and include familiar 
examples as bipolar junction transistors (BJTs), heterojunction bipolar transistors (HBTs), field 
effect transistors (FETs), high electron mobility transistors (HEMTs), and transferred electron 
(Gunn) devices [10][11][49]. In all of these, the time taken for carriers (usually electrons) to move 
a characteristic distance determines the maximum frequency of operation. An interesting case 
is the DBQW-RTD, which currently holds the record as "the fastest purely electronic device".12 

RTDs are voltage-controlled negative differential conductance devices, which can be designed 
to have very high cut-off frequencies due to the short distance through which carriers have to 
travel. Because of their non-linear I-V characteristic, various applications, such as frequency 
multipliers, signal generators, oscillators, self-oscillating mixers with gain, have been proposed 

12 Although the DBQW-RTD ultimate frequency limit is set by the width of the barrier transmission resonance, 
the device can also be limited by transit time effects in the depletion region [11]. 
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and demonstrated in both passive and active operating modes [2] [11] [142]. Their N shaped 
current-voltage characteristic makes possible to operate RTDs as so-called functional devices, 
enabling the implementation of functions such as multi-valued memory cells in signal processing 
circuits (reducing significantly the number of elements per circuit). Functional applications using 
RTDs are highly promising since their simple structure and small size favours their integration 
with conventional devices, such as transistors. 

This section describes briefly RTD applications in millimetre/submillimetre-wave generation, 
high speed switching, storage and signal processing. The small-signal equivalent circuit of an 
RTD and its ability to self-oscillate are first addressed. The problem of RTD dc stability in 
the negative differential conductance region (which is highly relevant to applications) is also 
discussed. Before introducing the RTD small-signal equivalent circuit, the tunnel diode is briefly 
analyzed. 

3.3.1 T u n n e l D i o d e 

In 1958, while studying the internal field emission in a heavily doped p+-n+ junction, L. Esaki 
observed an "anomalous" current-voltage characteristic in the forward bias direction correspond
ing to a negative differential conductance (NDC) region over part of the forward characteristic: 
the tunnel diode [49]. He explained the negative differential conductance region as a conse
quence of electron conduction through tunnelling (from the conduction band of the degenerate 
n+ doped region into empty states in the valence band of the degenerate p+ doped region of the 
semiconductor). 

Tunnel Diode Current-Voltage Characteris t ic [11][49] 

Figure 3.10 shows a schematic energy diagram of a tunnel diode in thermal equilibrium, and a 
representative current-voltage characteristic. In the reverse bias direction (p-side negative with 
respect to n-side), the current increases monotonically; in the forward direction, however, the 
current first increases to a maximum value Ip (peak current) at a voltage Vp, then decreases to 
a minimum value Iv (valley current) at a voltage Vv. For voltages larger than Vv, the current 
increases exponentially with the voltage. 
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Figure 3.10: Band diagram of a p + — n+ junction under thermal equilibrium; (b) static current-
voltage characteristic of a a p+ — n+ junction [49]. 
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To understand the p+ — n+ junction I-V characteristic, tunnelling through the triangular 
barrier formed in the depletion region, represented in Fig. 3.10(a), has to be considered. Because 
of high doping, the junction depletion region thickness, d, is on the order of a few nanometres, 
and the p and n quasi-Fermi energy levels, Ep. ., are located within the valence and conduction 
bands, respectively; the degeneracies, eVp and eVn, amount typically to about 50 to 100 meV. 
(For simplicity, it is assumed that the device is operated at low temperatures, so there are no 
filled states above the Fermi level and no empty states below the Fermi level on either side of 
the junction.) 

As a forward voltage, Vf, is applied, Fig. 3.11(a), the electrons energy in the n-side is risen 
relative to that on the p-side, and a range of energies exists in which filled states on the n-side 
correspond to unoccupied states on the p-side, that are available to accept electrons. They can 
thus tunnel from the n-side to the p-side, giving a significant direct current: the tunnelling 
current, shown in Fig. 3.10(b). Continueing to increase the forward voltage, the current reaches 
a local maximum (peak current) corresponding to maximum crossing of electrons from filled 
states on the n-side to unoccupied states on the p-side. This corresponds to the first positive 
differential conductance (PDC) region of the junction I-V characteristic (Vf < Vp), Fig. 3.10(b). 

p+ n+ p+ o-^^ n+ 

(a) (b) 

Figure 3.11: Forward biased p+-n+ junction band diagram [49]. 

Continueing to increase the forward voltage, the number of available unoccupied states on 
the p-side starts to diminish, decreasing the tunnelling current: negative differential conductance 
(NDC) region (Vp < Vf < Vv), Fig. 3.10(b). When the applied bias is such that the bands are 
"uncrossed", i.e., the bottom of the conduction band is exactly levelled to the top of the valence 
band, Fig. 3.11(b), there are no available energy states that are opposite to filled states (thus, 
the tunnelling current can no longer flow). With a further increase of the voltage, the normal 
diode current will flow and will increase exponentially with the applied voltage: second PDC 
(Vf > Vv), Fig. 3.10(b). When the diode is reverse biased, the n-side energy is lowered with 
respect to the p-side, and electrons can tunnel from the valence band into the conduction band. 
The reverse current will increase monotonically with the reverse bias, because more occupied 
states on the p-side and more unoccupied states on the n-side become available as the reverse 
voltage increases. 

The tunnelling current density is related to the tunnelling probability, Ti, by Eq. 2.28. A 
large tunnelling current (high tunnelling probability) can be obtained for high doping concen-
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tration, low carrier effective mass, and low bandgap energy. The tunnelling current is essentially 
independent of the temperature, since the tunnelling probability varies only slightly with tem
perature through Eg. In real devices, the forward I-V characteristic is the result of three current 
components [Fig. 3.10(b)]: the tunnelling current, the excess current, and the thermal current. 

Tunnel diode figures of merit are peak-to-valley current and voltage ratios, PVCR — Ip/Iv 

and PVVR — Vp/Vv, respectively, which are related with the amount of NDC, maximum out
put power and dc-to-ac conversion efficiency. In tunnel diodes there is little control over these 
parameters [49], the opposite case to RTDs where the peak current, peak-to-valley current ratio, 
voltage at peak current, and device capacitance can all be partly controlled. 

Tunnel Diode Small-Signal Equivalent Circuit [11][49] 

The small-signal equivalent circuit of a tunnel diode is shown in Fig. 3.12, and consists of the 
series resistance Rs, the junction capacitance Cd, and the diode negative differential resistance 
—Rd (which is given approximately by -2VP/Ip [49]). 

(lead and contact) 

Figure 3.12: Small-signal equivalent circuit of the tunnel diode [49]. 

The real part of the input impedance of the equivalent circuit, Zin(f), as a function of 
frequency, / , is given by 

Rin(f) = RS + : , - , ' 2- (3-24) -Rd 
1 + (2irfRdCdy 

When a current I flows into the diode, the electrical power dissipated is given by Rin(f)I2. 
Therefore, under certain conditions (Rs < Rd), there is a range of frequencies for which Rin(f) is 
negative, and the diode can supply electrical power to the external circuit, thus exhibiting gain. 
The maximum frequency of oscillation of the diode, fmax, is defined as the frequency at which 
Rin{f) becomes zero.13 For the equivalent circuit given in Fig. 3.12, fmax is: 

/ m a i - 2 ^ c V ^ _ 1 - (3-25) 

The maximum output power for a realistic /- V characteristic is given by 

P _ = i (A/.AV) = W ! - £ ) ( £ - ; ) ; (3.26) 
1fmax corresponds to the frequency at which the power gain drops below one. 
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and the maximum dc-to-ac conversion rj is 

Pdc ' 
(3.27) 

where Pdc = (/„ - A//2) (Vp + ÒV/2). 
To achieve both maximum power output and conversion efficiency, the ratios Ip/Iv and Vv/Vp 

must be maximized. Experimental oscillation frequencies up to a few hundred GHz, with a power 
output of a few tenths of a micro-watt, have been observed; higher power outputs have been 
obtained at lower frequencies: about 1 mW at 10 GHz and 0.2 mW at 50 GHz [11]. The tunnel 
diode is used in special low-power microwave applications, such as a local oscillator for satellite 
communication and high frequency signal sampling. 

3.3.2 R T D Small-Signal Equivalent Circuit 

The small-signal equivalent circuit of a RTD, represented in Fig. 3.13(a), includes the follow
ing elements [139][140]: a series resistance, Rs, arising from ohmic the contacts, the emitter 
and collector regions, and current spreading effects [5]; the parallel capacitance, Cd, resulting 
from charging and discharging of electrons at the DBQW and depletion regions; the negative 
differential resistance, -Rj (representing the corresponding negative differential conductance, 
-Gd = -Rdl)\ a n d an inductance element, Lqw, in series with -R^ (associated with the delay 
of the RTD current with respect to the voltage, which arises from the time necessary to build up 
the charge in the quantum well in order to change the diode current). Lqw is chosen so that the 
product of Lqw and Gd is equal to the electron dwell time in the DBQW, rdw [5]. Also shown is 
the tunnel diode small-signal equivalent circuit, Fig. 3.13(b). 

Figure 3.13: Small signal equivalent circuit of a RTD (a) and of a tunnel diode (b) [5]. 

When a current i(f) flows into the RTD, the electrical power spent in the diode is given by 
Rin(f)-i2, where Rin(f) is the real part of the diode impedance, Zin, at frequency / . Therefore, 
if Rin(f) is negative, the RTD supplies electrical power to the external circuit at frequency / , 
thus exhibiting gain. To sustain oscillation, the real part of the input impedance of the RTD 
small-signal equivalent circuit must be negative. The maximum frequency of oscillation of a RTD, 
fmax, defined as the frequency at which Rin{f) - 0, and for the equivalent circuit represented 



3.3. ELECTRONIC APPLICATIONS OF RTDS 121 

in Fig. 3.13(a), is given by [5][139] 

Jmax — n 
cd 

■>qw Cd \ 2LqwGd 
1 

\ 

(1 + RsGd) /RsGd 

[Cd/2LqwGd 
(3.28) 

The value of Lqw, or of rdw, is mainly determined by the barrier thickness. A reduction in Lqw 

(using thin barriers) is effective to increase /m ax, enabling oscillation at very high frequencies, 
up to 712 GHz [6]. 

Three time response figures for RTDs are commonly discussed in the literature [11]: the 
resonant state life time Tdw, the depletion layer transit time Td, and the device RC time TRO. 
Based on the uncertainty relations, the intrinsic time of the electron in the well appears to be 
on the order of hundreds of femtoseconds. For depletion lengths less than 100 nm, the depletion 
layer transit times are also subpicosecond. Typical switching times of best devices published 
to date are dominated by the effects of current densities and capacitances, i.e., by the RC time 
constants. 

Neglecting the resonant tunnelling time delay, i.e., assuming Lqw to be negligibly small, 
the RTD smallsignal equivalent circuit degenerates in the smallsignal equivalent circuit of the 
junction tunnel diode: the NDC element in parallel with the diode capacitance (the energy 
storage element), as shown in Fig. 3.13(b) [49]. In this case, the RTD fmax becomes (Eq. 3.25): 

Jmax — 
1 Rd 

2nRdCd V RS + RL 
1. (3.29) 

The highest frequency, fma,x, (and of course zero power output, i.e., load resistance RL = 0) is 
obtained when Rd = 2RS, being 

Jmax (3.30) 
^RsCd 

In tunnel diodes the capacitance is relatively large since, in order to create NDC, the doping 
level must be sufficiently high for the semiconductor to become degenerate, « 1019 cm  3 , which 
leads to a very thin depletion region. In contrast, the RTD capacitance, Cd, can be designed 
by choosing both the structural parameters of the DBQW and the surrounding doping profile, 
and thus the depletion thicknesses. The main contribution to the RTD capacitance is from 
the depletion region; since doping is, in general, much lower (1016 — 1018 cm  3 ) , the depletion 
capacitance is considerably smaller, making a much higher oscillation frequency possible. The 
lowly doped and relatively thick collector spacer layer, normally introduced between the barrier 
and the highly doped collector contact, yields small Cd [132] (as the total device thickness 
increases, the transit time of the electrons across the whole structure becomes significant [5]); 
the emitter spacer layer will contribute mainly to the total parasitic series resistance [129]. 

The high frequency performance of RTDs is also improved by increasing Gd, or decreasing 
Rs. To obtain a large value of Gd it is necessary to achieve a high peak current density, Jp, 
and a low valley current density, Jv. High Jp can be expected for RTDs consisting of double
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barrier structures with a high transmission probability and thus a shorter electron dwell time 
(low Lqw). RTDs with Jp as high as 450 kA/cm2 and PVCR=4 have been reported [126], for 
which an oscillation frequency of 1 THz can be expected, provided that other parasitics are 
negligible. To a great extent, Rs (the parasitic series resistance due to any undepleted spacer 
regions, highly doped contact regions, and ohmic contacts) is also determined by the material 
used for the emitter and the collector: lower specific contact resistivities significantly improve 
the RTD performance [5]. 

Recent work [5] [134] [137] has demonstrated that the RTD cannot be described by the simple 
equivalent circuits of Fig. 3.13, because a relatively thick depletion region is formed "down
stream" from the DBQW. A substantial part of the terminal voltage may be dropped across it, 
as shown in Fig. 3.14. An accumulation layer is also located close to the opposite side (cathode) 
of the DBQW. The width of the depletion layer can be varied by changing doping and thickness 
of the spacer layer on the collector side. 

En 

L D B Q W depleted region 
W 

Figure 3.14: T—conduction band energy diagram of a RTD with applied bias. 

Because the DBQW is much thinner than the depleted region thickness W, the depletion 
region transit time, TJ = W/v (where v is the carrier velocity), is much greater than the transit 
time through the DBQW; transport through the DBQW can be considered instantaneous in this 
approximation. If the transit time, Td, is the dominant delay time of an RTD, it can be shown 
[134] that fmax is given by 

J max 
1 V sat 

2TT2W 
7T + 

S\a\W 

ev sat 
(3.31) 

where a represents the injection conductance (a — dJ/d£ ), and vsat is the electron saturation 
velocity. It is clear that, for a given RTD, W should be small in order to achieve a high fmax-
There is an optimum value for W which comes from a compromise between the reduction of 
Cd and the reduction of transit time delay, r^.14 The frequency fmax can also be increased by 
employing emitter and collector materials with higher electron saturation velocity, vsat. 

14Since the double-barrier structure and the collector spacer layer are either undoped or low doped regions 
sandwiched between two moderately or heavily doped sections, the RTD capacitance can be approximated by 
a parallel-plate capacitance model. (A more accurate value of the device capacitance may be found by using a 
self-consistent quantum mechanical simulation to calculate the width of the depletion region [155].) 
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The negative differential conductance is an intrinsic property of the double barrier quantum 
well structure and can only be partially controlled by device design; it remains constant up to a 
characteristic frequency, then rolls-off with the frequency [133]-[138] (the device series resistance 
is also frequency dependent [5]; assuming the contact resistance and the epilayer resistance to 
be constant, it increases with frequency, mainly due to the behaviour of the skin depth effect 
[5]). Such roll-off will, however, lower the device resistive cut-off frequency and also limit the 
power-generating capabilities of RTDs at very high frequencies [133] [137]. In a real setup, the 
maximum attainable frequency and power are mainly determined by parasitic access resistance, 
lead inductance, and impedance matching between the RTD and the external circuitry. 

3.3.3 R T D Stabi l i ty Analysis 

The RTD is a voltage-controlled negative differential conductance device; for most practical 
applications [158][159], a voltage-controlled NDC in combination with the bias circuit should be 
stable at low frequencies, when biased in the NDC portion of its I-V characteristic; Fig. 3.15 
shows experimental low frequency bias circuit oscillation of a RTD biased in the NDC region. 

Figure 3.15: Experimental RTD low-frequency bias oscillation at around 4 MHz. 

In oscillator operation at high frequency, low frequency bias circuit instabilities introduce 
unwanted up-converted signals [158] [159]. 

Self-Oscillation 

To demonstrate how NDC can lead to self-oscillation, a simplified small-signal equivalent circuit 
of a RTD mounted in a resonating circuit cavity is schematically represented in Fig. 3.16: the 
circuit consists of a negative differential resistance (NDR), —Rd, connected to a load, RL, via a 
resonating LC circuit. 

The Laplace-transformed voltage response to a current fluctuation is given by [22] 

»<s» = ( i - è + ^ + » c ) " * « 3 ) ' (3-32) 
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Figure 3.16: Small-signal equivalent circuit of a NDR connected to a load via a resonating LC 
circuit [22]. 

which may be written as 

v(s) = ——— ( : ;— ) i(s), 
2IU)QC \S - 7 - IOJQ s - j + iwo/ 

(3.33) 

with 7 = (l/Rd - V-RL) /2C and UQ — l/LC — 72 . In the time domain the response to a current 
pulse i(t) — Io6(t) is, therefore, 

e7i ( 7 \ v(s) = 7o"7T —sinwo^ + coswoi , G \wo / 
(3.34) 

which shows that if Rd < RL, then 7 > 0 and any finite current fluctuation will cause an 
oscillation to start with exponentially increasing amplitude. (Of course, the amplitude will 
stabilize when nonlinearities increase the average dynamic resistance of the circuitry.) 

Stability Analysis [141][158][159] 

In the presence of low-frequency oscillations it is not possible to bias the device at a stable 
point in the NDC region. Fig. 3.17 presents the small-signal equivalent circuit of an assembly 
containing a RTD, including parasitic elements. 

RB LB se Lse 

V,„ 

Figure 3.17: Small-signal equivalent circuit of an assembly containing a RTD [141]. 

The circuit section between nodes 1 and 0 represents the intrinsic device behaviour: -Rj, is 
the NDR of the device, Cd is the device capacitance, and Rsd is the positive parasitic resistance 
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of the device.15 The circuit section between nodes 2 and 1 represents connecting circuit wires, 
with Lp and Rp being their inductance and resistance, respectively. The rf signal is isolated from 
the bias circuit by a low-pass filter (LPF), such as a bias tee (at low frequency, the LPF can 
be modelled as a series inductance), represented by the elements between nodes 2 and 3. The 
bias signal is isolated from the rf load by a blocking capacitor Cuock- Circuit elements Rse, Lse, 
and Ce can be used in an attempt to improve the low-frequency stability without affecting the 
rf impedance seen by the device. Finally, RB and LB represent the resistance and inductance 
of the power supply. 

The impedance of the RTD coupled to the cavity (across nodes 2-0), is given by 

Z20 — R20 + 
Gd 

G\ + uflCl + ju LP 
cd 

<% + u>2(% 
(3.35) 

where R20 = Rsd + Rp- If the magnitude of R20 is less than Rd, then the real part of Z20 is 
negative at low frequencies and is a monotonically increasing function of u. At frequency wr, 
given by  

1 
LJr = 

Rd 
1, (3.36) 

RdCd y -̂ 20 

the real part of the impedance becomes zero; above this frequency the device can no longer 
supply power to the circuit. The imaginary part of the impedance Z20 becomes zero at 

1 
w» = £20 Cd R2

dcr 
(3.37) 

which corresponds to the RTD oscillation frequency. 

At sufficiently low frequencies, the device is isolated from the rf load. Assuming the voltage 
source is connected to the diode through the LPF, the circuit in Fig. 3.17 reduces to that in Fig. 
3.18, where now Ls = Lp + Lse + LB and Rs = Rsd + Rp + Rse + RB-

A V W O ® ^ 
Rs/Rd, 

1.2 
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0.0 1.0 2.0 3.0 4 

Ls'Rd<=d 

Figure 3.18: Equivalent circuit without a shunt capacitor, and respective stability diagram [141]. 

15In typical RTDs, the impedance associated to the dwell inductance, Lqw, can be negleted. 
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This circuit is described by the differential equation 

i2v / _ „ L.\ dv „ / i?., 

with Vin = 0 for the short-circuit case. To this differential equation correspond four distinct 
possible solutions, in correspondence with the roots of its characteristic equation: 

Case I: Growing exponential occurs if the solutions are real, 

t>2^Wé Wd (3'39) 

and at least one solution is positive, either 

Rs , £Vs Ls . . 
Rd Rd Rd^d 

Case II: Growing sinusoidal results if the solutions are complex, 

¥d < 2v Wd " w* (3,41) 

with a positive real part, 

Rd R\dPd 

Case I I I : Decaying exponential occurs if the solutions are real, 

t> 2^RWé ~ RW« (3'43) 

and both negative, 

%<l ani It*m (344) 

Case IV: Decaying sinusoidal exists if the solutions are complex, 

wd < 2v RW* - 4 ^ ' (345) 

with a negative real part, 
— > - b - . (3.46) 
Rd R\Cd 

This leads to the stability diagram of Fig. 3.18. 

The circuit is stable if the solutions are of types III or IV, whose combination gives the 
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stability criteria for the circuit of Fig. 3.18: 

JLj ç JLXiB 

w^^<h (347) 

Algebraic manipulation shows that the first inequality of Eq. 3.47 implies wr < Wj as a 
stability criterion, with the frequencies defined as before. Assuming that the designer has control 
over Rs (not all of Rs has to be part of the rf circuit), the stability criterion becomes 

Ls < R\Cd. (3.48) 

For RTDs with peak currents in the mA range, typical values of Rd are tens of ohms or lower, 
and tens of picofarads for d- This constrains Ls to nanohenrys or even tenths of a nanohenry; 
even with an ideal bias supply, the bonding wires inductance is in this range.16 

Stability Conditions [158] [159] 

If the oscillation frequency is calculated when Ls is just small enough to give stability (Ls = 
RgRdCd, the first inequality of Eq. 3.47), the result is 

us = UJÍ = ur = A — 1. (3.49) 

For a given device, R4 and Ca are fixed; assuming Rs to be smaller than R^, the circuit 
inductance Ls controls the stability. The physical origin of Ls is the inductance due to the 
leads that connect the device to the measuring apparatus or the device package. The idea is to 
decrease Ls, which in turn increases the oscillation frequency, Wj, until it is above the resistive 
cut-off frequency of the device, ajr. 

From the preceding analysis it is seen that instability would be overcome if the dc source could 
be inserted physically near the RTD, minimising the lead inductance. For practical applications, 
the device can be contacted either with bonding wires or through whisker contacts; at low 
frequencies the devices are usually bonded in microwave packages, and the associated inductance 
is around 1 nH [20] [21]. 

The stability criterion demonstrates clearly that even a small amount of inductance associated 
with probe contacts or bonding wires will often be sufficient to produce an unstable circuit. A 
common method for stabilising a tunnel diode or RTD is to place a shunt capacitor across the 
terminals of the device. Insertion of a shunt capacitor, Ce, near the RTD, as shown in Fig. 
3.19, can improve the stability, but only if the inductance between the RTD and the capacitor 
is minimised. 

The large shunt capacitor, Ce, will appear to the bias circuit oscillations as a dc voltage 
source. For large Ce, on the order of a tenth of microfarad for the circuit under consideration, 

'For the same Rd, a tunnel diode will be easier to stabilise due to its larger capacitance. 
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Figure 3.19: Equivalent circuit with a shunt capacitor [141]. 

Fig. 3.19, the stability criterion for the circuit is 

< ~ < 1, (3-50) 
R2

dCd Rd 

and 

(Rd-RsfCe < W^RT) K L (351) 

For the circuit shown in Fig. 3.19, Ls = Lp+Lse should satisfy the stability condition Ls < RdCd, 
and the circuit shunted by Ce can be made stable. 

As Cd grows linearly with the device area, the inequality for a stable NDC device can be 
written as 

C*d > AdLs/Rd
2, (3.52) 

where Ad is the device area, Cd and Rd are the capacitance and the conductance of the device 
per unit area, respectively. Therefore, to obtain stable devices the device area must be decreased. 

3.3.4 High Frequency and Functional Appl icat ions 

At present, millimetre-wave radiation (30-300 GHz) is used in high resolution radar, radio astron
omy, remote sensing, atmospheric and environmental monitoring, with emerging applications in 
imaging, surveillance, and telecommunications because of the capacity to carry large amounts 
of information, either directly by free space transmission or via an optical carrier [3]. Limited 
atmospheric transmission at these frequencies can be turned to advantage to provide security (in, 
for example, office local area networks, LANs) and minimize interference between neighbouring 
networks [3]. 

One of the key issues in the exploitation of millimetre-wave frequencies is the development 
of compact, efficient solid-state sources for free space transmission and to act as local oscillators 
(LO) for heterodyne detection [3]. The specification of power levels required from such a source 
depends, of course, on many factors such as the noise properties of the associated detection 
circuitry and the precise nature of the application; additional characteristics required are that 
they should operate at room temperature and be amenable to integration with a transmission 
line system, such as waveguide structures and printed lines. 
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Signal Generation [2]-[6] 

A single-port device that has a negative differential conductance in a portion of its operating 
range may be used as the basis of a bistable or multistable circuit. Such a device may also be used 
to form astable circuits (relaxation oscillators), monostable circuits (single-pulse generators), and 
sine-wave generators. Devices manifesting negative differential conductance, G d = Rd

l, have an 
impedance, Zd(f) = Rd{f) + jXd(f), whose real part is negative, Rd(f) < 0, / < fmax. Any 
signal of frequency / , travelling towards these devices along a transmission line of impedance 
Zo, will present a reflection coefficient, Sn,17 given by [10] 

_ Zd - ZQ _ -Z0 - \Rd\ +jXd 
0 1 1 ~ Zd + ZQ- Z0-\Rd\+jXd ' [ó-bó) 

which has a magnitude greater than unity, meaning that the incident signal is amplified; the 
highest amplification is achieved when \Rd\ = ZQ. At this point, this amplifier is, in general, 
unstable and can oscillate spontaneously, depending on existing parasitic reactances. The RTD 
can be operated as an oscillator when coupled to a resonant tank circuit or a resonant cavity 
that provides frequency stability (the coupling location in the cavity can serve to partially match 
its impedance to that of the RTD.) An amplifier of this type is referred to as a reflection-type 
amplifier, with the input and output signals being separated using a circulator.18 

The power obtainable from a RTD is proportional to the product A J x AV, where A J = 
Jp — Jv and AV = VV — VP are the current density and voltage differences in the range of the NDC 
region, respectively. Driven by this rule, an effort has been made to increase the peak current 
density and decrease the device capacitance while maintaining a reasonable PVCR. Pure RTD 
oscillations are intrinsically low power (<1 fiW at 712 GHz [6]) due to low dc bias, small area, 
and impedance limitations associated with the parasitic elements [2]-[5]. The general shape of the 
power versus frequency curve for a RTD follows the l / / 2 rule, which comes from considerations 
of dynamics of carriers in a transit-time device and the maximum electric field that can be 
sustained before breakdown [3]. For a given geometry, RTD microwave/millimeter-wave output 
power, which requires large current and voltage swing in the active part of the I-V characteristic, 
is material dependent. From the previous discussion on materials, it is clear that by adopting 
the InGaAlAs/InP material system higher output powers could be achieved due to the larger A J 
available; AV', which depends mainly on the device structure and doping concentrations, may 
be slightly improved for a given device by insertion of a moderately doped collector spacer layer. 
(A larger difference between peak and valley currents, AJ , can also be achieved through device 
design.) 

Device parasitics (capacitances, inductances and resistances) - from parts of the device which 

17Representing the amplitude of an incident signal by ai and the amplitude of the reflected signal by 61, the Sn 
parameter (more commonly known as the reflection coefficient, r) is defined by S n = 61/ai, with | S n | = ^H 
being the input power reflection (the ratio of the reflected power to the incident power). 

18A circulator is a three-port nonreciprocal device. Power incident on port 1 goes to port 2, power incident on 
port 2 goes to port 3, and power incident on port 3 goes to port 1; S21 = S32 = S31 = 0 [10]. 
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do not give a functional contribution to its operation (substrate, contact layers and access con
tacts, for example) - act in series or in parallel with the device. Their overall effect is to reduce 
the bias voltage applied to the active regions.19 It is also desirable to decrease the series re
sistance, Rs, and the circuitry resistance, Rc, as much as possible because the fraction of the 
generated power absorbed these resistances is proportional to (Rs + Rc). The importance of 
these parasitics can be decreased by reducing the device area, with a limit imposed by applica
tion (since power scales down with device area), relevant fabrication technology and packaging 
constraints [20][21].20 RTD high frequency operation requires small capacitance, small absolute 
value of the differential resistance Rd (i.e., high peak current density and large PVCR), and an 
even smaller series impedance Rs [2]-[ll]. However, the low impedance of small area RTDs is 
very difficult to adapt to a useful load, like a waveguide or antenna (it requires elements of very 
small cross section and very small waveguide resonators connected to ordinary waveguides via 
gradually widening transformer waveguides) [3][178][179]. 

The use of a RTD to drive a superconducting mixer based radiometer at 200 GHz has been 
described [142]. Furthermore, a quasi-optic resonator containing a single RTD has been con
structed with excellent stability, linewidth and power-output levels, for use up to 200 GHz [149]. 
It may yet prove its practical value in high speed logic and certain niche analogue applications, 
where its low power consumption and versatility can be exploited. 

Relaxat ion Oscillation [143] [158] 
In practice, bias oscillations occur very easily and impose a serious power loss. Analysis of this 
parasitic effect indicates that there is incompatibility in the choice of almost all of the design 
parameters (e.g., peak current, device capacitance) to reach stability or achieve high power 
output. An entirely fresh approach to this problem has been taken by Brown and Parker [157], 
who pointed out that this apparent incompatibility may be resolved by adopting a relaxation-
oscillator approach [158]. The argument is that a more viable alternative to the use of an RTD 
in the quasi-sinusoidal mode may be to operate it in the relaxation oscillator form, in view of the 
rich harmonic content of such an oscillator. Further development of self-oscillating multipliers 
(akin to mode-locked lasers) may also be a realistic possibility. 

A relaxation oscillator is a system designed to have two unstable states, and operate by 
sequential transitions between these states. Typically, the time spent in each state is much 
longer that the transition time between states. Unlike the sinusoidal oscillator, the relaxation 
oscillator energy storage system is mainly capacitive or inductive. Typically, a voltage controlled 
NDC relaxation oscillator uses inductive storage. The useful properties of relaxation oscillators 
include their ability to generate non-sinusoidal waves with high harmonic content, susceptible 
to tuning and modulation by means of a direct voltage; in addition, the frequency of oscillation 
can be synchronized to a control signal with frequency approximating a multiple or submultiple 

19Although careful layout and use of appropriate material systems may reduce such effects [23][30], they can 
never be eliminated. 

20There will be a minimum value of Cd below which the circuit will become unstable. 
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of the natural frequency of oscillation of the circuit. 
In RTD relaxation oscillators, the circuit values are chosen so that the load line intersects 

the currentvoltage characteristic only in the NDC range. The ac load condition is simply to 
have an energy storage element that can deliver enough energy back to the RTD to induce 
repetitive switching. Figure 3.20 presents the implementation scheme of the resonant tunnelling 
diode transmission line relaxation oscillator [157]. The RTD dwells in either of its positive 
differential conductance regions between switching events, with the repetition rate determined 
by the electrical delay time associated to the transmission line [157]. The poweroutput spectrum 
is in general not sinusoidal for this mode of operation; initial design studies actuality revealed a 
very rich harmonic spectrum, with useful harmonic power up to at least 500 GHz [157]. 

ã RTD 
bias tee 

ZQ, td 

transmission line 

Figure 3.20: Resonant tunnelling transmission line relaxation oscillator schematic [157]. 

Figure 3.21 shows experimental relaxation oscillations of a RTD mounted in a package incor

porating a coplanar waveguide transmission line (CPW) and connected to a coaxial transmission 
line, for two lengths of coaxial cable (which basically corresponds to two different inductances 
Lse; see smallsignal equivalent circuit of Fig. 3.17). The oscillation was monitored using a 
digital oscilloscope with probes placed across the external coaxial cable connection to the bias 
supply (nodes 30, Fig. 3.17). The device is a AlAs/GaAs resonant tunnelling diode with AlAs 
barriers 1.4 nm thick (5 ML), a GaAs quantum well 7 nm wide (25 ML), and GaAs spacer layers 
on each side 500 nm wide and doped to 2 x 1016 cm  3 ; the contacts regions were doped to 2 x 1018 

cm  3 . A typical IV characteristic of this device was shown in Fig. 3.5. 
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Figure 3.21: Experimental RTD relaxation oscillations for two different inductance values Ls 
(a) for large and (b) smaller, respectively. 

For the longer coaxial cable the circuit is in region I of Fig. 3.18; the voltage swing is shown 
in Fig. 3.21(a). Oscillation of devices in region I should have a growing exponential waveform, 
but in reality growth is limited by the extent of the NDC region. For shorter coaxial cable 
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lengths, the operating point moves to the left on the stability diagram of Fig. 3.18, into region 
II. The stability diagram predicts growing sinusoidal oscillations, which are also limited by the 
extent of the NDC region. If Rs is almost equal to Rd, the total resistance of the circuit will be 
negative only over a small region about the bias point, and so the voltage swing will be further 
constrained. This results in a nearly sinusoidal steady-state oscillation, as measured and shown 
in Fig. 3.21(b). In the growing sinusoidal region, decreasing the coaxial cable length (decreasing 
Lse) causes the frequency of oscillation Wj, Eq. 3.37, to increase, as expected [141]. 

Frequency Multiplication [2] [11] 
There is another way to create high frequency signals using the non-linear characteristics of 
RTDs: resistive multiplication. The principle is similar to that of the Schottky diode multiplier: 
a large amplitude sinusoidal voltage signal is applied to the device and, due to the non-linear 
I-V characteristics, the resulting current through the device contains higher-order harmonics. 
Because RTDs can be designed to have symmetric characteristics, only odd harmonics can be 
generated, giving rise to an improvement in the conversion efficiency [147]. 

One of the advantages of the multiplier approach over a fundamental sinusoidal oscillator 
is that the output power of the multiplier can be larger than that for an oscillator at high 
frequencies because resistive multiplication does not necessarily require gain from the device, 
and so the frequency limit of fmax does not apply [141]. Therefore, supposing that a high power 
signal source is available and that the undesirable harmonics can be terminated successfully, a 
resistive multiplication circuit may serve as a more powerful signal source than a fundamental 
oscillator. Besides, in the NDC region of the I-V characteristic, the restriction to 1/ra2 no longer 
applies for efficiency; the shape of the characteristic encourages higher order multiplication [147]. 

Switching [2][152][156] 

Because of their NDC characteristic and extremely fast response, RTDs can also be used in high 
speed switching circuits. Figure 3.22 illustrates an equivalent circuit of a switching scheme using 
a RTD. The RTD equivalent circuit for large signals is used instead of the small-signal equivalent 
circuit {-Rd is replaced by a current source Id(Vd), controlled by the voltage across the RTD), 
because the differential conductance of the RTD changes sign during switching; Lqw is not taken 
into account. 

voltage 

Figure 3.22: A switching circuit comprising a RTD and a load [152]. 
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The basic circuit current equation is 

Cd(Vd)^ = IL(Vd) - Id(Vd). (3.54) 

The steady-state solutions are given by the intersection of the load line, lL(Vd), with the 
RTD line, Id{Vd). When the input voltage is V{n = Vini, the two lines intersect at the current 
peak of the RTD, giving two solutions: one at Vd = Vp and the other at a higher voltage. When 
Vin = Vin2 (a slightly higher input voltage) there is only one solution at Vd = Vf. Supposing 
the initial state is Vin = Vini with Vd — Vp, and the input voltage is suddenly changed to Vin2, 
the RTD voltage switches from Vp to Vf (the negative slope of the NDC region, l/Rd, must be 
steeper than the slope of / = lL{Vd), i.e., 1/{RL + Rs), to allow switching). 

The transient behaviour of a switching circuit using a RTD can be expressed in terms of the 
10-90% rise time, Trise, given by (Fig. 3.22) 

*V,-0AAV W -iV h+UAV iL{v)-h(vy 
_ mcM - ^ ) l n f lMl + (JL) taf^±|il}, (3.55) l\x-lj ix(x-y)i \x-yj L x{x - y) J J 

where x = (RL + Rs) /\Rd\, y = Rp/\Rd\, and AV = Vf - Vp. Rd and Cd dominate the 
switching speed, and as for RTD oscillators, a reduction in diode capacitance Cd, an increase in 
NDC (1/Rd), and a reduction in Rs are needed for response time improvement. The smallest 
attainable transition time of a switching circuit employing a single RTD is shown to be ~ ARdCd. 

There have been some reports on measurement of the switching time of RTDs, with values as 
short as 1.7 ps reported, using photoconductive switch excitation and the electro-optic sampling 
technique [9] [153]. RTD switches have been employed in trigger circuits [8]; a rise time of 6 
ps and triggering frequency of 60 GHz have been achieved using GaAs/AlAs RTDs in discrete 
trigger circuits [9]. Further improvement has been achieved using monolithic integration of RTDs, 
resistors and coplanar transmission lines [8]. Two RTDs were employed in the circuit to adjust 
the trigger timing to the maximum slope of the incoming signal, reducing jitter (when compared 
to a single RTD), enabling operation at 100 GHz [8]. 

Functional Applications [2][11] 

Various circuits using RTDs and related devices have been proposed to perform new functions, 
including binary inverters and memories, multi-valued logic elements and memories, signal pro
cessing and logic circuits. 

Static Memories [26] 
Using tunnel diodes or RTDs it is possible to construct an inverter circuit with hysteresis, which 
can be used as a static memory element with a greatly reduced number of components compared 
to conventional circuits [31][32]. The simplest configuration consists of a RTD and a resistor, 

file:///x-yj
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constituting a memory element as shown in Fig. 3.23. 

r-Wv-
Id(Vd)l J~Cd(Vd) 

vin, s.Vf»J load line Wt(V) 

voltage input voltage Vin 

(c) (a) (b) 

Figure 3.23: Memory circuit comprising a RTD and a resistor [2]. 

The circuit equation can be written as 

Cd(V) 
dV ViT 

dt 
V 

RL 
v_ 
Ri 

-I, (3.56) 

where Ri is the differential resistance of the RTD at the intersection i (i = 1,2,3) and Ii is the 

corresponding current intersect. A steady-state solution is available at the intersection of the 

RTD I-V characteristic J = Id{V) and the load line / = h{V). 

Neglecting the voltage dependence of the RTD capacitance, the solution of Eq. 3.56 can be 

expressed as 

Vout oc exp 
1 

"Ci 
1 1 

R~L + RÍ + 
RLRÍ (VÍ m 

Rl 
(3.57) 

Ri + Ri 

The stability of Vout is determined by the sign of the exponent {I/RL + 1/Ri)- In the case of 

Fig. 3.23(b), 1 and 3 are stable solutions; solution 2 is unstable since (1/RL + 1/Ri) must be 

negative for the two lines to have three intersection points. 

Changing the states between the two stable points, 1 (high) and 3 (low), provides the static 

memory function, with operation as follows [Fig. 3.23(b)]: if Vin increases from zero, the RTD 

voltage changes along the first PDC part of h{V), from zero through point 1 until it reaches Vp. 
Then, with a further increase in Vin, the RTD voltage switches to the second PDC part of h{V). 
Decreasing Vin after the voltage jump, the RTD voltage decreases, passing through point 3, until 

it reaches Vv; a further decrease in Vin causes another step change in the RTD voltage, to the 

first PDC portion of the h{V). Plotting the RTD voltage, or Vout, as a function of the input 

voltage Vin, results in the characteristic shown in Fig. 3.23(c), which shows hysteresis whose Vin 

width determines the noise margin of the memory. 

Mult i -S ta t e M e m o r i e s [26][32] 
Multi-state memories can be realized employing RTDs with multiple peak I-V characteristics, 
which can be obtained by horizontal (parallel) or vertical (series) integration of RTDs [11]. Figure 
3.24 shows the experimental I-V characteristic of two RTDs in series, at room temperature. When 
integrated with an appropriate circuit, the two RTDs can be used as a memory element in 3-
state logic systems. The diagram inset in Fig. 3.24 gives an example of a possible three-state 
memory element employing two vertically integrated RTDs: a suitable load line drawn on the 
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IV characteristic of k (=2) RTDs with k peaks will intersect the RTDs IV curve at k + 1(=3) 
stable points in the PDC regions. 
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Figure 3.24: Experimetal currentvoltage characteristic of two vertically integrated RTDs. 

The memory elements discussed are simple and suitable for integration with other active 
devices, such as FETs, in memory integrated circuits; incorporation of RTDs leads to a reduction 
on the number of devices needed, and to a decrease in the occupied area. 

3.4 Optoelectronic Applications of RTD Structures 

Several prominent optoelectronic applications based on integration of resonant tunnelling struc

tures with optical devices, where there is direct optical interaction with tunnelling layers, have 
also been proposed. Optoelectronic applications of resonant tunnelling devices can be divided 
in two areas, optical and infrared, depending on the nature of the transitions: the optical appli

cations utilize interband transitions (bandgap transitions), whereas the infrared region employs 
intersubband transitions (transitions within the same band). Optical applications include photo

detection [37], light emission [161] [164], optical switching [43] [44], whereas infrared applications 
comprise intraband and intersubband photodetection [19] and infrared emission [28][29]. In this 
section, these optoelectronic applications of resonant tunnelling devices will be briefly discussed. 

3.4.1 Sources and P h o t o - D e t e c t o r s 

Recent work has demonstrated the appealing application of double barrier resonant tunnelling 
structures as electroluminescence devices, either by impact ionization in unipolar ntype struc

tures [160] or by injection electroluminescence in resonant tunnelling structures grown in the 
intrinsic region of a pin diode [161]. 

Resonant Tunnelling LEDs [161] [162] 

Resonant tunnelling of both electrons and holes can be achieved in forward biased piDBQW

in heterostructures, giving rise to pronounced electron and holerelated resonant peaks in the 
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current-voltage characteristics. These p-i-DBQW-i-n diodes also show strong electrolumines
cence emission, due to electron-hole recombination in the quantum well and, in addition, re
combination of electrons (holes) which tunnel through both barriers and recombine, as minority 
carriers, in the p-type (n-type) contact layer. Its intensity is strongly dependent on bias, and 
peaks at voltages corresponding to electron and hole tunnelling [163]. 

Recently, p-i-DBQW-i-n light emitting diodes have shown attractive features when high speed 
and narrow linewidth are required, but coherent light is not needed [14] [15]. High speed LEDs 
based on resonant tunnelling (RT-LEDs) take advantage of the fast tunnelling escape time from 
the quantum well, with a switch-off time not limited by radiative recombination. Moreover, 
RT-LEDs negative differential conductance allows their use as optical oscillators (e.g., as optical 
clock). Laser transistors incorporating a resonant tunnelling structure have also been reported, 
with carrier injection or extraction controlled via the resonant tunnelling structure [164]. The 
light output is expected to be efficiently controlled by the collector voltage, achieving higher 
speed than with conventional semiconductor lasers; bistability operation is also foreseen [164]. 

Resonant Tunnelling Photo-Detectors [37] [39] 

A light pulse incident upon a resonant tunnelling diode produces photocharges that reduce 
the series resistance, leading to a shift of the peak and valley voltages which can induce RTD 
switching and give rise to changes in the current flow [37] [38]. Assuming the RTD is dc biased 
slightly below the peak, interband absorption of photons in the depletion region adjacent to the 
double barriers generates a voltage with opposite polarity to the applied voltage, thus reducing 
slightly the peak and valley voltages. This can induce the operation point to switch to the second 
PDC regions of the I-V curve [38]. The NDC and hence the current flow are then controlled by 
the incident optical power, making photodetection possible. By taking advantage of these effects 
and of the NDC characteristic intrinsic gain, an optically switched resonant tunnelling diode 
(ORTD) photodetector, Fig. 3.25, has been demonstrated [39]. The ORTD exhibits responsivity 
and gain-bandwidth-efficiency product in excess of 10 A/W and 10 GHz-A/W,21 respectively, 
low switching energy (30 fJ), with bit-error rates of less than 10~9 at 2 Gb/s. Phase locking 
of an oscillating GaAs/AlGaAs RTD to a train of light pulses achieved by direct illumination, 
was also reported [169]. These devices could be easily integrated with conventional electronic 
elements. 

Two mechanisms for RTD switching induced by an optical pulse have been proposed [165][166]: 
one is a photocurrent mechanism, and the other is a charge accumulation mechanism. When the 
RTD is illuminated, the overall I-V curve is shifted to lower voltages, because the resistance is 
reduced due to the photocurrent and also because of the potential profile due to charge accu
mulation in the depletion layer, which causes band bending. Photogenerated electrons and holes 
contribute to the reduction of series resistance by increasing the photocurrent, and modify the 

21To date, the best gain-bandwidth-efficiency product values, «100 GHzA/W, have been obtained using ad
vanced avalanche photodiode designs [168]. 



3.4. OPTOELECTRONIC APPLICATIONS OF RTD STRUCTURES 137 

4.0 
voltage 

4.5 5.0 

>> -o -

100 150 
distance (nm) 

(a) 

250 
-10 
-12 

T 
44nW@1300nm 

t|>=20 n m 
T=300 K /.' 

-,S\l 
0.0 2.0 4.0 

voltage 
(b) 

Figure 3.25: (a) Conduction band diagram for a typical ORTD. Schematic cross-section of the 
device is shown in the inset, (b) Measured dark and illuminated I-V characteristic and measured 
responsivity (hight-Idark) a s function of the bias [39]. 

electric field around the DBQW structure by accumulating charges near the barriers (screening 
mechanism) [167]. The holes photogenerated in the depletion region accumulate around the 
collector barrier and cause a local enhancement of the electric field, which means that a lower 
voltage is required to switch the device (electrons are less important in this regard since they 
are rapidly swept out of the active region) [165]. The current density due to hole tunnelling is 
mainly due to light holes because of their lower mass with respect to heavy holes. It is believed 
that the photogenerated hole accumulation effect in the depletion region, which results in the 
hole tunnelling current, is the dominant cause for the shift in the peak voltage, with increasing 
optical power [165]. 

Recently, optical control over the resonant tunnelling characteristics of a RTD monolithically 
integrated with a pin photodiode was demonstrated at 1 GHz [170]; optical switching of the 
bistable resonant tunnelling state and optical injection locking of the resonant tunnelling oscil
lator were both controlled. An ultra-fast optoelectronic circuit, using resonant tunnelling diodes 
and a uni-travelling-carrier photodiode (UTC-PD), that can demultiplex an ultra-fast optical 
data signal into an electrical data signal with lower bit rate and low power consumption [171], 
has been also demonstrated; this monolithic device demultiplexed a 80 Gbit/s optical signal into 
a 40 Gbit/s electrical signal. 

3.4.2 Optical Bistability 

Optical bistable semiconductor devices are very promising as optical logic elements for optical 
computing and processing systems. The requirements for these applications include low switching 
energy, well-defined output logic levels, large on/off ratio, high fan-out, and fast response [15][19]; 
the potential of III-V quantum well based devices for these applications is well recognized. 

Bistable semiconductor lasers have the important advantage of possessing inherent large 
optical gains and steep light/voltage characteristics, or high quantum efficiencies, thus allowing 
a high ratio between the output intensities of two logic states [18] [24]. They use non-linear 
optical effects such as saturable absorption [13], or saturation-induced refractive index change 
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[13][24] in conjunction with the laser cavity to induce a bistable mode of operation. The use 
of the quantum confined Stark effect to realize self-electro-optic effect devices (SEED) has been 
also exploited to implement bistable devices [13] [19]. 

MQW based RTDs have a NDC with a wide valley region, which is very effective for getting 
large voltage switching and high on/off ratio current switching [34] [172]. When a RTD operation 
point switches, the optical absorption of the depleted semiconductor changes. This suggests 
that RTDs can also be used as bistable electro-optic switches; furthermore, it is possible to 
obtain light-by-light switching with RTDs [34] [37]. Optical bistable MQW lasers in which the 
MQW layer gives rise to NDC have been demonstrated [172]. Optical bistability in a QW laser 
integrated with a DBQW-RTD, and in a RTD with a MQW modulator/detector based on the 
p-t'(MQW)-n configuration, operating at room temperature, were also reported [34][35][36][173]. 
However, the properties of this kind of bistable devices are not yet satisfactory. 

Clear negative differential conductance and bistability, with high contrast and high sensitivity, 
in a resonant tunnelling triangular barrier optoelectronic switch (R-TOPS), which consists of 
a double barrier resonant tunnelling diode and a triangular barrier phototransistor, has been 
demonstrated [174]. Bistability in the light output of bipolar RT-LEDs has been also reported, 
showing that this device is capable of ultrafast optical switching and high speed optical oscillation 
[175]. By achieving electrostatic feedback due to hole accumulation in an asymmetric triple-
barrier resonant tunneling light emitting diode, inverted bistability was demonstrated in the 
current-voltage characteristic [175]. 

The bistable characteristic using the RT effect is essentially determined by the electrical 
properties, contrary to the "ordinary" optical bistability which relies on optical non-linearities 
[13][19]. Because the NDC characteristic is controlled by the parameters of the quantum well 
structures (such as barrier and well widths), very predictable bistable operation is possible [173]. 
From the standpoint of an electro-optic device, using a RTD as an optical switching element 
has some attractive features which distinguish it from, for example, the SEED. In the case of 
RTDs, there is a connection between the electrical and optical responses (in the case of SEEDs, 
the optically active region is a p-i(MQW)-n junction which is electrically inert in the absence 
of light) [13] [19]. The intrinsic bistability of the RTD implies that the device will remain in the 
switched or unswitched configuration while electrical power is applied (the RTD acts as a static 
memory element, while the SEED is a dynamic memory cell - needs refreshing [19]). 

3.4.3 Intersubband Infrared Detec tors 

The optical properties of superlattices and quantum wells have attracted much attention in recent 
years due to the large oscillator strength for optical transitions between quantum well subbands 
(levels) [12] [22] [24]. 

In a superlattice, the barriers thickness becomes comparable to the carrier de Broglie wave
length, so the wavefunctions of the individual wells tend to overlap due to tunnelling, and energy 
minibands of width 2AEn are formed [28], Fig. 2.20. The width 2AEn is proportional to the tun-



3.4. OPTOELECTRONIC APPLICATIONS OF RTD STRUCTURES 139 

nelling probability through the barriers and, for rectangular barriers and not too strong coupling 
between wells, can be approximated by (Eq. 3.10) 

AEn « En exp -2Lh 
I2mb (U0 - En) 

h2 (3.58) 

Under certain bias conditions, the ground state in the fcth well becomes degenerate with the 
first excited state in the (k + l)th well, and electron transport across the structure results mainly 
from sequential resonant tunnelling: an electron from the ground state at the kth. well tunnels to 
the vacant excited state at the (k + l)th well, followed by nonradiative relaxation to the ground 
state at the (k + l)th well. Because of the resonant nature of this process, its probability is 
high. This gives rise to a peak in the current at fields corresponding to the above degeneracy, as 
described by Kazarinov and Suris [28]. When appropriately biased, Fig. 3.26, these superlattices 
can be employed as infrared detectors with high wavelength selectivity [11][12][53][64]. 

Figure 3.26: Band-diagram of a sequential resonant tunnelling intersubband detector [28]. 

The bias across the device should be such that the second level in the kth well is degenerate 
with the third level in the (k + l)th well. Infrared radiation incident on the device, having a 
component of the electric field perpendicular to the plane of the well, will be absorbed strongly 
only if the photon energy is equal or close to (E2 — E{), because of momentum conservation 
considerations. Once electrons have made the optical transition to the first excited state, they 
can resonantly tunnel to the bottom of the second excited state of the adjacent well. From here, 
the most likely route is intersubband scattering to the n = 2 level, followed by either intraband 
relaxation and resonant tunnelling to the adjacent well, or scattering to the n = 1 subband 
with final relaxation to the bottom of the well. The net effect of the absorption, tunnelling, and 
relaxation processes is a photocurrent. 

3.4.4 I n t e r s u b b a n d In f ra red Lasers 

Conventional semiconductor lasers rely on radiative recombination of electrons from the con
duction band with holes in the valence band, injected into the active layer through a forward 
biased pn junction; the material bandgap essentially determines the emission wavelength, and 
population inversion is created by injecting electrons in the conduction band and holes in the 
valence band [18]. There have been several suggestions to create population inversion between 
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minibands - a necessary condition for laser action [28] [29]. 

Kazarinov-Suris Intersubband Infrared Lasers [12] [28] 

As discussed before, under certain bias conditions, the bottom of the first excited quantum 
subband in the (k + l)th well of the superlattices lies below the bottom of the ground state 
subband in the kth well, Fig. 3.27(a). Amplification (or laser action) of radiation with frequency 
v = [eSd- (E2 -Ei)]/h (where d is the superlattice period), whose electric field is parallel 
to the external static field £, is then possible. This occurs via a photon-assisted tunnelling 
transition whereby an electron from the ground state in the kth well tunnels to an excited state 
in the (k + l)th well with simultaneous emission of a photon of frequency v. The amplified 
frequency (or laser emission frequency) can be varied over a wide range by varying the electric 
field. Kazarinov and Suris proposed this new type of laser in 1972. 

(a) (b) ^ 

Figure 3.27: Far infrared laser band-diagram based on sequential resonant tunnelling [28]. (a) In-
terwell photon assisted tunnelling transition, (b) Photon emission during an intrawell transition, 
followed by resonant tunnelling between wells. 

Another possibility of radiation amplification (or laser action) occurs when the ground level 
of the kth well is in resonance with the second excited state of the (k + l)th well, Fig. 3.27(b). 
The second excited state is populated by tunnelling, and therefore stimulated emission is now a 
direct intrawell transition from the second to the first excited state of the wells. To achieve laser 
amplification at frequency (£3 - E2)/h, there must be population inversion between states 3 and 
2. This requires the lifetime of the electron at the bottom of the third subband to be larger than 
the electron lifetime at the bottom of the second subband. These lifetimes are primarily controlled 
by intersubband scattering by optical phonons if the intersubband separation is greater than the 
optical phonon energy.22 Population inversion between states 3 and 2 is not achieved unless 
the separation between the two subbands is chosen smaller than the optical phonon energy; the 
overwhelming contribution of nonradiative phonon relaxation in these structures makes efficient 
infrared light amplification impossible. 

22 The typical value of the optical phonon emission time r0 is on the order of 1 ps (the most important mechanism 
of electron relaxation); the acoustic phonon relaxation time is ~ 3 x l 0 ~ 1 0 s, while the interband radiative time 
is ~1(T 7 s. 
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Quantum Cascade Lasers [29][42] 

In all the cases mentioned above, sequential resonant tunnelling is the basic mechanism of electron 
transport in the superlattice. This process involves electron relaxation between the two levels in 
the QW with subsequent resonant tunnelling into the excited level of the adjacent QW. These 
structures, however, when designed for a practical realization of population inversion, encounter 
serious difficulties related to the necessity to provide both high injection current density and 
quickly remove electrons from the lower level of the QW (within a time shorter than the optical 
phonon emission time). 

In spite of such drawback, F. Capasso [29] proposed unipolar mid infrared LEDs and lasers 
which utilize intersubband transitions in semiconductor quantum wells; these were first demon
strated by J. Faist et al [42] in 1994. The device structure employed InGaAs/InAlAs heterojunc-
tions lattice matched to the InP substrate [29]. The laser transition occurs between the first two 
excited levels of the first well in a triple barrier structure, Fig. 3.28, with an energy difference 
E^ - E2 ~ 295 meV. Relaxation between the first excited state and the ground state of the first 
QW is very fast because their energy separation is equal or close to an optical phonon energy 
(Ei — EQ=30 meV) so that scattering occurs with essentially zero momentum transfer. Tunnelling 
out of the ground state of the second well is made very fast (less than 0.5 ps) by employing a thin 
barrier (^3 nm). Because of rapid non-radiative scattering between subbands by LO phonon 
emission, the quantum efficiency is low, so many different active region blocks are "cascaded" 
together to "recycle" the injected electrons. The successive active regions are linked by doped 
"graded-gap" superlattices, which allow electrons to thermalize so they are injected "cold" into 
the next active region, and also increase confinement of the upper lasing electron state, which 
enhances population inversion. The structure doping profile is chosen to ensure overall charge 
neutrality within each period, preventing formation of high field domains and keeping a uniform 
potential distribution throughout the structure, and also give good transport properties with
out excessive free carrier absorption (very important at mid infrared wavelengths and beyond). 
Slightly different structures have been designed to operate at different wavelengths [29]. 

Quantum cascade LEDs and lasers use band structure engineering and tunnelling, with only 
one type of carrier, usually electrons, being responsible for the emission (they are unipolar 
devices). The joint density of states of these transitions and the corresponding gain spectrum 
are narrower than in conventional interband transition devices, and are essentially symmetric. 
The emission wavelength of such lasers is defined mainly by the triple barrier QW structure; for 
a given heterostructure material, it can be tailored over a wide spectral range, from the mid-
infrared (~4 /j,m) to the submillimetre wave region (~100 fim). A vast range of materials can be 
used, including relatively wide bandgap ones, such as in GaAs- and InP-based heterostructures. 
(Similar considerations apply to infra-red photodetectors employing quantum well inter-subband 
transitions [11][12][53][64].) 
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Figure 3.28: QC laser: photon assisted tunnelling "diagonal" transition [29]. 

3.5 RTD Electro-Absorption Modulator 

Novel information and communication technologies relying on microwave/millimetre-wave - light
wave interactions are fundamental to the development of fibre-optic wireless communication net
works, mobile communications, cable television signal distribution, radio local area networks, 
and phased array antennas [75]. 

In this section, a new electrically active, high speed, highly efficient and low cost microwave 
electro-absorption modulator concept, based on the integration of a resonant tunnelling diode 
within an optical waveguide, is proposed and discussed. 

3.5.1 RTD-Optical Waveguide Integration Concept 

Interband absorption in the depletion region adjacent to the collector barrier of a DBQW-RTD, 
at photon energies close to but smaller than the collector bandgap energy, can be induced by 
the electric field across the RTD through the Franz-Keldysh effect. In a typical RTD structure 
the light is injected perpendicularly to the tunnelling plane, which gives a very small interaction 
(absorption) length, in general less than 100 nm. This limitation can be overcome by coupling 
the optical radiation in a direction parallel to the tunnelling plane and efficiently confining the 
light around the depletion region, therefore increasing the interaction length . That can be easily 
achieved through embedding of the DBQW-RTD into an optical semiconductor waveguide core 
[41], the resonant tunnelling diode optical waveguide (RTD-OW), as represented schematically 
in Fig. 3.29. The RTD-OW is to be implemented in a ridged channel unipolar waveguide 
configuration (lying on top of the substrate, Fig. 2.22). 

The RTD-OW wafer structure, Fig. 3.29, apart from the waveguide confining layers (the 
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Figure 3.29: Diagram of the RTD-OW wafer structure, T-conduction bandedge and refractive 
index profiles. 

lower refractive index regions - upper and lower cladding layers), corresponds to a DBQW-RTD 
with very thick low doped emitter and collector spacer layers (the core region). The presence 
of the DBQW within the core changes the linear current-voltage characteristic of the uniploar 
waveguide: the strong non-linearity of the DBQW-RTD I-V curve leads to a non-linear electric 
field distribution across the waveguide core (strongly dependent on the bias voltage), due to 
electron accumulation close to the emitter barrier and creation of a depletion region on the 
collector spacer layer. As a consequence, a small increase in the peak voltage can give rise to 
a large change in the electric field across the depletion region, resulting, through the Franz-
Keldysh effect, in changes of the waveguide transmission spectrum, as discussed in Chapter 2. 
This effect can be used to implement either electro-absorption (intensity) or electro-refraction 
(phase) waveguide modulators. The RTD-OW structures were employed mainly to study the 
electro-absorption effect in the waveguide, induced by the DBQW-RTD switching. 

The DB QW-RTD-OW is designed such that its I-V characteristic shows considerable negative 
differential conductance, with a significant portion of the waveguide core being depleted when the 
device is biased at a voltage higher than the peak voltage. This imposes structural limitations 
both on the DBQW and on the waveguide structures (Fig. 3.29): the core thickness must be 
sufficiently large, allowing at least one transverse optical mode to be guided, and its doping level 
must be low to induce small optical losses; however, doping across the structure, specially in the 
cladding layers, has to be kept as high as possible to minimise the device series resistance. A 
compromise between the required NDC and the optical properties is needed. 

The structures investigated in this research were grown by molecular beam epitaxy in a 
Varian Gen II system, using either the GaAs/AlGaAs or the InGaAlAs/InP material systems. 
In the wafer structures used throughout this work, the DBQW-RTD is located in the centre of 
the waveguide core. 

3.5.2 Electro-Absorpt ion Effect in R T D - O W s 

According to the Franz-Keldysh effect, the waveguide optical absorption bandedge is broadened 
by the presence of an electric field, resulting in changes of the optical transmission characteristics 
at photon energies close to the bandgap [76][77][78]. Under certain bias conditions, a small high 



144 CHAPTER 3. RTD ELECTROABSORPTION MODULATOR 

frequency ac signal (<1 V) can switch the RTDOW operation point well into the two positive 
differential conductance (PDC) portions of the currentvoltage characteristic, with a substantial 
part of the terminal voltage dropped across the depleted collector region. This corresponds to 
high speed electric field switching, resulting in high frequency optical waveguide transmission 
modulation; the RTDOW is then operating as a resonant tunnelling diode electroabsorption 
modulator (RTDEAM). 

The RTDOW electric field distribution dependence on the bias voltage can be understood 
considering the Tconduction band profile of the collector spacer layer, Figure 3.30. Below 
resonance (first PDC region), the applied voltage is dropped mainly across the DBQW, and the 
electric field in the collector core is rather small. Any optical loss increase with the applied 
voltage is mainly due to the thermal effects induced by the current flow, which rise with the 
current. 
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Figure 3.30: Energy band diagram of a RTD with applied bias. 

Above resonance (second PDC region), the additional applied bias voltage is dropped mainly 
across the depleted part of the collector spacer layer, and the electric field magnitude is now 
much stronger than in the first PDC case, inducing large optical absorption. The thermal 
optical absorption is less important now because the current is lower. For dc bias in the NDC 
region, the waveguide electric field distribution can be highly unstable, due to current and voltage 
instabilities induced by the RTD electrical gain. This is a consequence of the dependence on the 
bias voltage of the mismatch/match between the electrons energy distribution on the emitter 
side and the energy levels distribution in the quantum well. When biased in the NDC region, 
the RTDEAM can be used to build a selfoscillation optical modulator, taking advantage of 
the RTD electrical gain: incorporating the RTDEAM in an appropriately designed electrical 
resonant cavity, the electric field across the depleted collector region can selfoscillate at the 
resonant cavity characteristic frequency, thus selfmodulating the transmission properties of the 
waveguide. 

Figure 3.31 represents schematically the FranzKeldysh effect in a RTDEAM biased around 
the valley point. The modulation depth depends mainly on the overlap between the electric field 
in the collector depleted region and the optical mode, and on the electric field magnitude. 
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Figure 3.31: Schematic representation of the Franz-Keldysh effect in a RTD-EAM. 

Electric Field Enhancement Induced by the RTD Peak-to-Valley Switching 

The general approach to determine the magnitude of the electric field change in the depletion 
region due to peak-to-valley switching follows the well-established theory of conventional transit-
time devices [137]. In fact, RTDs with thick spacer layers have many similarities to IMPATT 
devices: the tunnelling current through the DBQW acts as an injection source to the depletion 
region, analogous to the avalanche region in the IMPATT. There is, however, an important 
difference relative to avalanche injection, since this essentially acts as an inductance [137]; the 
tunnelling current responds so fast to the instantaneous voltage across the DBQW that it can be 
modelled by a pure negative conductance. Resistive injection occurs in yet another device, the 
BARITT [49][137], which employs a forward-biased p-n junction for injection, giving a positive 
injection conductance, a, in parallel with the injection region capacitance.23 

To determine the magnitude of the electric field change in the depleted core induced by 
peak-to-valley switching, the injector formed by the emitter and the DBQW, characterized by a 
negative injection conductance, a, can be decoupled from the depletion region, on the collector 
side, since the injector characteristics should not depend strongly on the collector spacer layer 
design [63][134]. As a first approximation, the electric field in the depletion (drift) region is 
assumed to be high enough to cause the injected electrons to traverse it at a constant velocity, 
v; doping in the collector spacer layer (waveguide core doping) is assumed to be such that it is 
fully depleted at the peak voltage bias. 

The magnitude of the electric field in the drift region as function of position, £(z), at constant 
current density J can be obtained from the Poisson's equation, Eq. 2.30, §f = § {^d ~~ eu)' as: 

ew-^-f(jtf-i) (3.59) 

where £o,j represents the electric field at the injection plane z = 0 (the boundary between the 
injector and the drift region) at current density J . The change in voltage across the drift region 

23This type of high frequency operation is completely different from that of transferred electron or Gunn devices 
[49][137]: in the latter the velocity of electrons is reduced by an increasing field once the field is larger than a 
certain value (Section 2.1.3, Fig. 2.3), whereas in the RTD the number of electrons participating in the current 
is reduced by breaking the resonance condition with an increase in the applied voltage. 
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due to peak-to-valley switching is given by: 

AVd = J [£(JV; z) - £(JP; z)] dz = A£0W + — (Jv - Jp), (3.60) 

where A£0 — £o,jv - £o,jp is the change of the electric field at z = 0, between valley and peak; W 
is assumed to remain the same before and after the current switching. The electric field change, 
A£0, at the boundary between the injector and the drift region due to the change AJP-V in the 
current density flowing through the device is then given by: 

A£0 = ̂  + ^ A J P _ „ . (3.61) 

This change in the voltage AVd across the drift region can be estimated considering the 
current-voltage characteristic of the device [41], assuming the peak series resistance, Rs = -^, 
does not change due to the current drop: 

AVd ~ RS(IP - Iv) = Vp 11 - ^ J . (3.62) 

A current decrease A Jp„„ from the peak to the valley results in an increase of the electric 
field across the depletion region. Thus, an increment AVV-P = Vv - Vp in the bias around the 
peak voltage gives rise to a large change in the electric field. As long as the region is fully 
depleted, and as long as the field inhomogeneity due to space charge or carrier screening and 
the heterojunction interfaces is negligible, the electric field across the depleted region may be 
considered, in a first order approximation, to be uniform and given by Eq. 3.61. 

Effective Bandedge Shift Induced by the Electric Field Enhancement 

The effective absorption bandedge shift to longer wavelengths, AA9, is: 

AAff^(-^M2/V3, (3.63) 
y he \8TT2mrJ 

where mr is the electron-hole system effective reduced mass (m"1 = m~l + m^ ) . 

Absorpt ion Change Induced by the Electric Field Enhancement 

The Franz-Keldysh electro-absorption coefficient, Eq. 2.105, in the weak-field approximation is 
given by [176]: 

a{huj-£) = J2AJ£l/:i 
dAi(z) -ftlAiGW (3.64) 

dz 
r-l 

where £ is the electric field in V/cm, ft = Bj {Eg - 7iw)£~2/3, A, = L f ^ (2m r . /m 0 ) , 

Bj = 1.1 x 105 (2mrj /m 0 ) , Eg and hu are the bandgap and photon energies in eV, respectively, 
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n is the refractive index, m r . is the reduced mass, and Ai is the Airy function. The sum is over 
the light- and heavy-hole valence bands. 

At a given photon energy, hu, the absorption change induced by the electric field enhancement 
is, using Eq. 3.64, given by 

À a (hu; A£p-V) = a (hw; £v) — a (hu; £p) ~ a (hoj; A£p-V) — ao (hw), (3.65) 

where an. (hu) corresponds to the residual absorption loss of the material. Equation 3.65 assumes 
a (hui; £v) 3> a (hu; £p) ~ an (hw), with £v ~ A£p-V 3> £p. 

3.5.3 R T D - E A M Small-Signal Equivalent Circuit 

This subsection presents a small-signal analysis of the RTD-EAM, which includes the transit-
time effects associated with the thick depleted spacer layer in the collector core region. Design 
considerations to maximize the operating frequency for a given modulation depth are also dis
cussed. 

Apart from the higher bandgap waveguide cladding layers and the thick emitter spacer layer, 
the RTD-EAM, Fig. 3.32(a), resembles the quantum well injection transit time (QWITT) diode 
proposed by Kesan et al [133]; the QWITT diode consists of a baseline DBQW structure with a 
considerably thicker spacer layer on the collector side, Fig. 3.32(b). 
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Figure 3.32: RTD-EAM and QWITT schematic diagrams. 

Recent work [133]-[137] has demonstrated that the DBQW-RTD cannot be described by the 
simple equivalent circuit in Fig. 3.13(b), because a thick depletion region is formed "down-stream" 
from the DBQW, as shown in Figs. 3.30 and 3.31, and a substantial part of the terminal voltage 
may be dropped across it; the thickness of the depletion layer can be varied by changing doping 
and width of the spacer layer on the anode side.24 Because the DBQW is much thinner than 
the depleted spacer layer length W, the depletion region transit time is much greater than the 
transit time through the DBQW: transport through the DBQW can be considered instantaneous 
in this approximation. 

An accumulation layer is also located close to the cathode barrier. 



148 CHAPTER 3. RTD ELECTRO-ABSORPTION MODULATOR 

The emitter and DBQW can be effectively treated as an injection cathode whose small-
signal equivalent circuit is the (geometric) capacitance of the well, in parallel with an injection 
conductance, a, that represents the tunnelling current [134]. The lowly doped thick spacer layers 
produce a depletion region of width W on the collector side of the biased DBQW, much thicker 
than the tunnelling region LDB, resulting in a transit-time delay [5] [134], whose small-signal 
equivalent circuit corresponds to the drift region specific capacitance, CdHft, in parallel with 
the drift region specific impedance, Zu [134]. Figure 3.33(a) presents the small-signal equivalent 
circuit for the RTD-EAM, where zDB represents the DBQW specific impedance, cweu the effective 
capacitance, a the injection conductance, and rs represents the specific parasitic series resistance 
due to any undepleted spacer regions, highly doped contact regions, and ohmic contacts; in Fig. 
3.33(b), Ctt represents the drift region capacitance, Ru the drift region resistance, and Rs the 
drift region parasitic series resistance. 
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Figure 3.33: (a) Small-signal equivalent circuit for the RTD-EAM [134]. (b) Small-signal equiv
alent circuit of a RTD-EAM dominated by the transit-time effects. 

For small-signal transit-time analysis, the injection region (emitter and DBQW here) can be 
characterized by a normalized injection conductance a [5][134], defined as: 

dJr 
a = d£r 

*L, 
dJr 

dV, DB 

(3.66) 
v„ appl / 

where JDB is the instantaneous current density, VDB is the instantaneous voltage, and Vappi is 
the dc bias voltage, each quantity across the DBQW region only (excluding the voltage dropped 
across the depletion region, contact layers and metal-semiconductor contacts). At present there 
are no generally accepted accurate theoretical models that predict the transport behaviour (and 
hence a) of DBQW structures. However, it is possible to estimate the value of a using the dc 
J — V characteristics of RTDs. To apply Eq. 3.66, the terminal J — V characteristic must be 
corrected for any voltage drops across depletion, accumulation and contact regions. For a first 
estimate of a the following expression can be used: 

LDB AT (3.67) 

where AVw=o is the voltage dropped across the DBQW in the absence of the drift region (W = 0); 
AV\v=o is around 0.1 V for typical DBQWs. Examination of both experimental and theoretical 
results in the literature indicates that for a wide variety of RTD structures, when biased to pro-
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duce negative differential conductance, the room temperature value of a lies between about —0.05 
i î _ 1 cm _ 1 and —0.5 Í2_ 1cm_ 1 . To obtain large values of injection conductance, the magnitude 
of the current density is more important than the PVCR. 

The specific impedance of the injection region at frequency u is given by 

2» - 7?h> (368) 

where e is the effective dielectric function of the injection region. The specific resistance of the 
injection region, given by the real part of zDB, is 

" - 2 - (3-69) 
! + (£)' 

To obtain the transit-time specific impedance Zu, charge transport through the depleted 
(drift) region must be considered. It will be assumed here that the depletion region electric 
field is high enough to cause the injected charge to traverse the depletion region at a constant 
saturation velocity, vsat, and the injection conductance is assumed to be frequency independent. 
This permits the application of analytical methods previously established for other transit-time 
devices [49] [137]. Based on these results [134] [137], the specific impedance at frequency u due to 
the depleted region is given by 

W 
ztt = 1 _ a

 x ! - exp (-j6d) 
jwe [ a + jue j6d 

(3.70) 

where Qd = wW/vsat is the drift angle. The transit-time specific negative resistance that can be 
obtained from the depleted spacer region is the real part of Ztt, 

nt 1 - cos -I sin 
( f )2 [ l + (^)2] [ ^«-/ a Vsat 

(3.71) 

The effective specific resistance of the RTD-EAM (excluding parasitic resistance in the device) 
is given by the sum of the specific resistance, rDB, and the specific resistance due to the drift 
region, rU-

The DBQW injection a is negative when the device is biased in the negative differential 
conductance region (NDC). At any given frequency there is an optimum value of the DBQW in
jection conductance aj£ f l, obtained from the solution of tr. 
the specific negative resistance of the injection region rDB: 
jection conductance Ow8 , obtained from the solution of the equation —j$f- = 0, which maximizes 

<r£f = -we. (3.72) 

The parameter LÚQ = \cr~Lf \/e represents a characteristic angular frequency. For GaAs devices 
having AJp_„ ~5 kAcm -2 (from Fig. 3.5), and \a\ =0.05 Q_ 1cm_ 1 , Eq. 3.67, the characteristic 

file:///cr~Lf
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angular frequency is OJQ ~43 GHz; InGaAlAs based devices with AJp_v ~13.5 kAcm - 2 (Fig. 
3.9) and \a\ =0.135 i î _ 1 cm _ 1 , have u0 ~117 GHz. 

As expected for a transit-time device, there is a specific thickness of the depletion region W 
which yields the maximum negative resistance for any given frequency, injection conductance, 
and saturation velocity. The optimum width is found by solving the equation § ^ = 0, yielding 

t a n f ^ U - ^ . (3.73) 
V vsat J a 

The appropriate branch of the inverse tangent function to be used is [-7r/2, IT/2], as a is negative. 
At any given frequency there is also an optimum value of injection conductance er, obtained from 
the solution of the equation ^ ^ = 0: 

Woptl --- ^ - (3-74) 

The DBQW negative resistance is maximized at a value of \a\ that is \/3 larger than that 
which maximizes the transit-time negative resistance. Assuming Eq. 3.72 is used to determine 
a, the maximum negative resistances available from the injection and drift regions of the device 
are (using 3.73), respectively [134]: 

LDB (3 7 5 - J 
max 2ue 

nt = 
\ /2 - 1 VSat 

2 ew2 (3.76) 
ILJ-

Requiring that |r t i | » l ^ f j , yields the condition [134]: 

/ < \ / 2 z l vsat ^ Q 0 6 6 t W ( 3 7 7 ) 

27T LDB LDB 

If the value of the injection conductance is chosen to maximize the DBQW negative resistance, 
transit time effects will dominate as long as the frequency is lower than 0.066-^-.2 5 Examination 
of Eqs. 3.69 and 3.71 shows that in virtually all cases of interest the specific negative resistance of 
the RTD-EAM is dominated by the drift region specific negative resistance [134]. Figure 3.33(b) 
presents the small-signal equivalent circuit for the RTD-EAM controlled by transit-time effects. 

For LU <C |o"|/e, Rtt is a constant given by (introducing the cross-section area, A) [137] [Fig. 
3.33(b)]: 

rtt ^ W W* 
Rtt = -7- - —;r + õ r ld-'°J 

A aA 2evsatA 
The second term represents the space-charge resistance familiar in the theory of conventional 
transit-time devices [11]; the first term represents the quantum well resistance. Overall, Rtt is 
negative if a is negative and W < 2evsat/ \a\. A maximum negative resistance of -evsat/2a2A is 

25 Assuming a saturation velocity of 1 x 107 cm/s and a typical DBQW length of 10 nm, the transit-time effects 
dominate when the operating frequency is less than ~ 660 GHz. 
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obtained for Wgpt = evsat/ \a\. Thus, for low frequencies, u <S \a\ /e, when the injection conduc
tance a is negative, the resulting transit-time negative resistance is broadband and independent 
of frequency; the optimum depletion layer thickness, Wopt, is also independent of frequency. As
suming vsat ~ 1 x 107 cm/s, it comes that Wopt a 2.3 //m and Wopt ^0.85 ̂ m for GaAs and 
InGaAlAs based devices, respectively.26 

An equivalent expression to Eq. 3.78 has been derived for the capacitance [136][137] [Fig. 
3.33(b)]: 

\a\W Ae 
1 - (3.79) 

2 e v s a t j 

The drifting space-charge modifies the capacitance, so that it is larger than the parallel plate 
capacitor value, C = ^ . 

For u) >> |cr|/e and a < 0, the optimum transit phase angle is frequency independent, ap
proaching 7r/2 for high frequencies, corresponding to a depletion region width of W = -Kvsat/2uj. 
At fixed values of W and a, as w is increased just beyond \a\ /e, the device negative specific 
resistance rolls off as \a\vsat/e2LJ3 and changes from negative to positive at the value Lucut0ff (the 
intrinsic transit-time cutoff frequency) [134], given by: 

^ Vsat 
U cutoff — 2W TT + \ /7T2 — 

8\a\W 
Wsat 

(3.80) 

At this frequency the device can no longer oscillate. Equation 3.80 does not consider any 
impedance matching constraints. The negative resistance available at the device terminals of 
area A is that of the "intrinsic" device resistance ru/A (Eq. 3.71), plus the positive parasitic 
resistance, rs/A, associated with any undepleted spacer regions, highly doped contact regions, 
and ohmic contacts (all these parasitic terms scale with area). If RL is the resistance of the 
external circuit, the matching constraints require the magnitude of the negative resistance at the 
terminals of the device to be RL, i.e., |rtt|/A = rs/A + RL. The maximum oscillation frequency 
is then [134]: 

J max rk 
lit 

\o\Vsat 
[e2(rs + ARL). 

For a completely optimized device, i.e., optimized for both a and W, the absolute maximum 
specific negative resitance is given by rUopt = —vsat/4euj2 [134]. In this case the maximum 
oscillation frequency is [134]: 

Vsat (3.81) 
4TTV e{rs + ARL)' 

An upper bound on this frequency is found by requiring that the negative resistance from 
the device exceeds the contact resistance to the device, i.e., RL = 0 and rs = rcont. Under these 
conditions, for a typical contact resistance of IO - 6 Í2cm2 and a saturation velocity of 1 x 107 

cm/s, Eq. 3.81 predicts a maximum oscillation frequency of 234 GHz. In order to achieve such 
3Using the a values determined previously: | c | Q a ^ s =0.05 (Ï lcm and l°1inGaAs =0-135 ÍÍ lcm" 

file:///o/Vsat
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a level of performance, Eq. 3.74 requires an injection conductance magnitude of 0.75 fi_1cm_1, 
much larger than has been reported in the literature. In addition, the depletion layer width for 
such an optimized device for a < 0 is 55 nm (from Eq. 3.73). This corresponds to a very thin 
depletion region which would give rise to a very small overlap between the electric field and the 
guided optical field. 

Considering the circuit of Fig. 3.33(b) and Eq. 3.29, the highest operating frequency is 
obtained for RL = 0, when Rtt = 2RS with Rtt being (Eq. 3.78) [137]: 

RuWU-\SK). (3.82) 
A\o\ V 2evSatJ 

Solving for a, and inserting in Eq. 3.79, fmax = 4nR3ctt (E<1- 3-3 0) becomes [137]: 

' ™ * = J^(1 + 4Ã^;) • (3-83) 

This expression enables the optimum depletion layer width and device area to be found for 
a particular frequency. The optimization is complicated by the fact that vsat is likely to depend 
on W - a short drift region will result in greater velocity overshoot (section 2.1.3). The optimum 
value of W increases as Rs decreases, and fmax then becomes higher. It is thus extremely 
important for high frequency performance of RTD-EAMs, and RTDs in general, to be achieved 
that a very low series resistance is attained [5][152]. 

The assumption that carrier transport across the depleted spacer region takes place at a 
constant saturation velocity is clearly a poor approximation for depletion region widths smaller 
than 1 /im. Transient transport effects, such as velocity overshoot, can be significant in such 
circumstances, Fig. 2.4. Due to the quantum well structure, the injected carrier energies into 
the drift region fall between 0.1 and 0.15 eV, which will give an initial ballistic velocity of about 
6 x 107 cm/s or more at the front of the drift region (velocity overshoot) [11]. In this case, 
the performance of RTD-EAMs operating in the negative injection conductance mode should be 
significantly enhanced, compared to the constant velocity case described here. 

3.5.4 R T D - E A M E x p e c t e d Performance and Appl icat ions 

The parameters used to specify intensity modulators (the on/off ratio, the required voltage for 
a given on/off ratio,27 the 3-dB bandwidth, insertion loss, and chirp) [13], can be employed to 
characterize RTD-EAM intensity modulators. Figure 3.34 shows the schematic layout of a generic 
RTD-EAM. A rough estimate of the performance to be expected from the RTD-EAM can be 
made considering a planar waveguide approximation. Assuming a GaAs/Alo.3Gao.7As waveguide 
(nco=3.590, nci=3.385, for wavelength A=0.9 fxm), with core 1.0 fim thick, the fundamental mode 
is efficiently guided, having a confinement factor higher than 0.98 (Eq. 2.52). 

27 In generic electro-absorption modulators the required voltage for a given on/off ratio has also to be considered; 
however, because the RTD-EAM presents electrical gain this parameter does not apply here. 
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h f 500nm A 

Figure 3.34: Schematic diagram of the RTD-EAM diode layout. 

On/Off Ratio 

As discussed previously, the absorption coefficient change, Aa = a(V0ff) — a(Von), depends 
strongly on the applied voltage and the wavelength. In the case of the RTD-EAM, Aa is mainly 
determined by the device NDC characteristics (AVV-P and AJP-V), as discussed, i.e., Aa = 
&(VV; Jv) — ct(Vp; Jp). Taking into consideration the experimental current-voltage characteristic, 
Fig. 3.5, of a symmetric GaAs/AlGaAs optical waveguide incorporating a DBQW in the centre 
of the core 1 /um thick, the electric field change, A£Q (Eq. 3.61), across the depleted region 
(W «0.5 fim. wide depletion layer) as a consequence of peak-to-valley switching is approximately 
20 kV/cm. Applying Eq. 3.64, and considering a (huj; £v) 3> ao (hu), to the GaAs case, it comes 
that Aa «200 cm - 1 (Eq. 3.65); this gives, for a modulator with an active region 200 /j,m long, 
an approximate on/off ratio of 9 dB (Eq. 2.113, assuming 7 « 0.5), which is considerable, taking 
into account the small bias needed, typically less than 0.5 V. 

3-dB Bandwidth 

The RTD-EAM bandwidth has been discussed in detail in the previous section. A RTD-EAM 
with a drift region W =0.5 /im wide will have a cut-off frequency around 37 GHz (Eq. 3.83, 
assuming A =800 /mi2, Rs=5 fi, vsat = 1 x 107 cm/s, and e = 13e0). The RTD-EAM cut-off fre
quency, for a given core doping concentration, is determined mainly by the width of the depleted 
collector region, device series resistance, together with the saturation velocity. A compromise 
must be reached between the different physical parameters, in order to be able to achieve given 
bandwidth and modulation depth values. The RTD-EAM cutoff frequency can be increased if the 
emitter core thickness is made thinner, which will reduce the series resistance Rs, and decrease 
the peak voltage. The peak current conductance of the RTD is improved due to a decrease in 
electron scattering in the shorter path from the emitter highly doped region to the first barrier. 
The peak-to-valley current ratio will be higher, giving rise to a large absorption change, which 
will compensate the decrease in the fundamental mode optical confinement factor. 
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Insertion Loss 

The insertion loss is mainly due to the mode mismatch (in the growth direction) between the 
incident and the fundamental guided mode, which is considerable because of the small spot size of 
the fundamental mode of a 1 pm core waveguide (due to the large refractive index contrast). (The 
reflection loss can be eliminated by anti-reflection coatings applied on the waveguide facets.) The 
transfer of beam power to a given waveguide mode is accomplished by matching the beam-field 
to the waveguide mode field. 

Assuming waveguide excitation with a standard single mode optical fibre (in the gaussian 
mode profile approximation), the overlap integral in the growth direction is r?Cl —0.2 (Eq. 2.118); 
the coupling loss (in dB) is ac ~ 8 dB (Eq. 2.117). 

Chirp 

The Franz-Keldysh effect produces primarily electro-absorption [19] [77]. The typical value for 
refractive index change in GaAs for a field of 2 x 104 V/cm is less than An = 1 x IO - 3 @ 
A ~ 900nm [77]. Chirping in the RTD-EAM is expected to be small, because the operating 
wavelength is close to the absorption bandedge energy, where AAC = Aa/(47r/A) is expected to 
be considerably larger than An (AK ~ 1.3 x 10~3). 

Applications [13] [14] [15] 

The RTD-EAM can be used as a short optical pulse generator with a high repetition rate, using 
its non-linear response to applied voltage. As will be shown, the repetition frequency can be 
imposed by the external circuitry, and a high duty ratio of pulse width to repetition period 
achieved, which can be employed to implement an optical soliton source. At the same time, its 
integration with other functional devices can be used to encode generated optical pulses [74][170]. 

60 GHz fibre-radio systems in which optical subcarrier signals from a base station are fed 
through fibre into each terminal station have been proposed [3], not only because the 60 GHz 
band has not yet been allocated to public communications, but also because the penetration 
distance of rf signals in this band is short enough to allow cells a few hundred metres apart, 
and thus increase the system capacity. In principle, the RTD-EAM can detect optical signals, 
recovering the original transmitted rf signal, and also modulate the optical carrier with the rf 
signal to be transmitted [74] [75]. As this kind of system needs a large number of terminal stations, 
the RTD-EAM could lead to significant cost reduction. 

In chapter 4, the implementation steps required to achieve a suitable RTD-EAM configu
ration will be described in detail. The specific RTD-EAM structures designed and fabricated 
for operation around 900 nm and 1550 nm will be presented in chapters 5 and 6, respectively, 
together with the experimental results obtained. 
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3.6 Final Comments 

The electrical characteristics of DBQWs were discussed in terms of the relevant current transport 
mechanisms, stressing the NDC. The influence of device parameters and bias conditions on high 
frequency operation was addressed. A small-signal equivalent circuit was discussed, and self-
oscillation and stability analyses were presented. 

Specific aspects of the characteristics of the GaAs/AlAs, and InGaAs/AlAs material sys
tems for implementation of RTDs were presented, together with a discussion of the device main 
structural design parameters leading to high performance. 

Some applications of RTDs were summarized, with particular relevance given to optoelec
tronics (sources, detectors, bistable devices). These discussions allowed an understanding of the 
physical principles of the RTD-EAM, including its high frequency behaviour. Experimental re
sults obtained from fabricated devices, such as I-V curves and relaxation oscillation waveforms, 
were used to illustrate some concepts introduced in this chapter. 

A detailed model was adapted from the one used with transit-time devices, which provides 
a good insight into the relevant design parameters (such as doping profile and collector space 
layer width). Device designs can be extracted and fabrication principles derived from this model, 
as described in the next chapter. The model points to some relevant characteristics: wide-band 
optical modulation (up to 60 GHz), low power consumption, and capability of optical modulation 
by self-oscillation due to the intrinsic device gain. 
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Chapter 4 

RTD-EAM: Design, Fabrication and 
Testing 

This chapter intends to be a guide to the various steps involved in design, fabrication and 
characterization of the RTD-EAM, produced from a semiconductor wafer grown by MBE and 
containing a double barrier quantum well structure in the centre of the highest refractive index 
layer (waveguide core). For operation in the 900 nm spectral region, GaAs is used to form 
the waveguide core and the quantum well, AlAs and the AlGaAs ternary material system are 
employed to form the barrier and waveguide cladding layers, respectively. In the 1300/1600 nm 
optical transmission windows, the InGaAlAs quaternary material system can be used to form 
the waveguide core and the quantum well, with AlAs and Ino.4sAlo.52As/InP being employed 
in the barriers and in the waveguide cladding layers, respectively. The alloy composition of the 
semiconductor has to be appropriately selected to provide the required waveguide bandedge and 
index profiles. 

4.1 RTD-EAM Design 

The RTD-EAM waveguide structure should be designed to enable operation over a wide band
width, require low drive voltage, give a large absorption change and introduce a low insertion 
loss, i.e., the RTD-EAM waveguide I-V characteristic must show considerable negative differen
tial conductance (NDC), and at the same time provide efficient light guidance with low optical 
background loss. 

A compromise must be reached between the different parameters (such as the required waveg
uide NDC characteristic, the core thickness and optical background loss), in order to achieve given 
values of bandwidth and modulation depth, without inducing high coupling and propagation loss. 
The electric field enhancement due to the peak-to-valley transition increases with the PVCR, and 
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so the absorption change, which depends mainly on the DBQW structure, specially through the 
barriers thickness. As discussed in the previous chapter, the width of the depleted core collector 
region, together with the electron saturation velocity, determines the cut-off frequency of the 
device. Also, in order to achieve high frequency operation, the device series resistance must be 
as low as possible, which requires considerable doping across the structure [5]. 

Important design parameters are the core and claddings thicknesses, the waveguide refractive 
index profile, the doping concentration across the structure, and the barriers and well widths. 

Coplanar waveguide transmission lines were used to connect the RTD-EAM to the external 
world, as high frequency operation is sought for. 

4.1.1 Waveguide Structure 

In ridge RTD-EAM waveguides, optical confinement (waveguiding), Fig. 4.1, is achieved in 
the vertical direction, perpendicular to the substrate plane, by a refractive index difference due 
to material compositional changes, and in the lateral direction by "effective index differences" 
due to a ridge etched into the material layers. The ridge waveguide structure provides both 
light confinement along the DBQW plane and a suitable path for the injected (applied) current 
felectric field) in the growth direction (perpendicular to the tunnelling plane), as represented 
schematically in Fig. 4.1, for the case of the GaAs based RTD-EAM. Light confinement in the 
tunnelling plane results in a much larger interaction between the depletion region electric field 
and the optical field. 

_ . guided light intensity profile i refractive index GaAs current flow 
air OaAs . | 1 » j / 

' ~^ = l \ AlGaAs 

GaAs 

AlGaAs 

GaAs 
(substrate) 

r optical field 

(a) (b) 

Figure 4.1: GaAs-AlrGai_xAs double heterostructure waveguide, and corresponding sketches of 
guided light intensity and refractive index profiles. Light and injected current confinement are 
also represented. 

Waveguide Geometry 

The waveguide core of the RTD-EAMs was made 1 /im thick to allow easy endfire light coupling, 
without excessive coupling loss; the cladding layers were made around 0.3 /im thick with a 
core/cladding refractive index difference of 0.2 —0.3. The planar waveguide obtained is essentially 
single mode in the growth direction.1 Practical lateral dimensions of the optical waveguide (ridge 

' i n order to increase the modulator bandwidth and operation with much lower power, the waveguide core 
thickness can be made smaller, i.e., the optical field can be confined in a thinner active region (~0.5 jam). 



4.1. RTD-EAM DESIGN 159 

widths larger than 1 fim) and high index contrast between air and the semiconductor materials 
involved, [(ncore — nair) /nco re]~0.7, give rise to multimode waveguides. However, when a single-
mode fibre is used to launch light into the ridge, it is possible to excite only the fundamental 
mode, as long as there are not many propagating modes and the distance of propagation is short 
(typically less than 1 mm) [13][58]; this was verified experimentally. As an approximation, the 
propagation and absorption properties of the optical radiation were treated in terms of only the 
fundamental mode, throughout this work. 

The roughness of the ridge side walls must be minimized in order to reduce the scattering 
loss. Free carriers due to the core and claddings doping levels can cause some attenuation of the 
guided modes. However, as long as the device length is less than 1 mm, and the core doping level 
is below 1017 cm - 3 , the free-carrier absorption is negligible [58] when compared to the material 
background loss. The light coupling efficiency from a single-mode fibre into a semiconductor 
waveguide supporting a few modes is generally very small. It can be improved by designing 
the waveguide to operate near the fundamental mode cut-off, in order to increase the waveguide 
mode size, or by fabricating 3D tapers [13] [58]. 

As there is no exact analytical solution of the wave equation applied to a ridge profile waveg
uide, approximations such as the effective index method and the beam propagation method can 
be used to study light propagation [59]. The ridge waveguides to be used in this work were 
analysed using FWave,2 a software based on a finite difference implementation of the vector 
electromagnetic wave equation [59]. 

Waveguide Background Doping 

Once the waveguide composition and geometry are defined, a parameter that can significantly 
affect the RTD-EAM J-V characteristic is the background doping across the waveguide. 

Doping, specially in the cladding layers, has to be kept as high as possible to minimise the 
device series resistance, allowing high frequency operation without inducing large optical losses 
through free-carrier absorption. Taking into consideration that the fraction of the optical power 
guided in the claddings is expected to be small, the claddings doping concentration, N<icl, can be 
considerably higher than the core background doping, and still not give rise to large free-carrier 
absorption loss. 

The depleted portion of a RTD collector spacer layer is mainly determined by its doping 
concentration. The waveguide core (RTD spacer layers) doping concentration, Ndco, should 
allow complete depletion of the collector spacer layer (the drift region) and induce low free carrier 
absorption.3 However, too low core doping can have a deleterious and even a catastrophic effect 
[11][63]. There exists an optimum collector spacer layer (drift region) length, Wopt, for a given 
background doping density, Ndco. Figure 4.2 shows an illustration of the electric field profiles, 

2M. R. S. Taylor, "FWave IV: a vector E-M wave solver," user manual, University of Glasgow, Glasgow, United 
Kingdom (URL: http://www.elec.gla.ac.uk/-michaelt/software/fwave/). 

3The spacer layer on the emitter side of the DBQW region will be undepleted under normal bias, and its main 
effect is to increase the total parasitic series resistance of the device. 

http://www.elec.gla.ac.uk/-michaelt/software/fwave/
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corresponding to the peak and valley points of the RTD J-V characteristic, across the drift region; 
the shaded area is related to the difference between the peak and valley voltages, AV. 

Electric Field 

negative A V 

Woi,/ : optimum drift region length 
E: electric field 
injector: emitter and DBQW 

Figure 4.2: Illustration of the electric field across the drift region, at the peak and valley points 
[63]. Because the current density is lower at the valley, the slope of the field is greater than at 
the peak. 

In the following analysis, the electric field in the drift region will be assumed to be high 
enough to cause the injected electrons to traverse it at a constant saturation velocity, vsat [5] [63]. 
For the slope of the electric field in the drift region to be positive, attending to Poisson's equation, 

= - [N(tco — J , the injected electron density necessary to support the current density dS 
dz 
Jt Nj = J/evsat, must be less than the background doping density, ATdco. However, if the drift 
region background doping concentration is smaller than the electron concentration required to 
support the current density, the magnitude of the electric field in the collector region increases, 
and can reach a sufficiently high value to cause breakdown, mainly due to impact ionization events 
(which are highly probable specially for narrow bandgap materials) [11] [160]. Electrons entering 
the drift region gain energy from the rising electric field and participate in impact ionization, 
resulting in more electrons in the drift region, which contribute to a further increase in the field; 
this positive feedback process eventually leads to breakdown [49]. The holes that are created 
in the impact ionization events drift towards the DBQW and become trapped at the valence 
band heterojunction between the barrier and the collector spacer layer [160]. The presence of 
positively charged holes will then locally enhance the electric field at this heterojunction and 
also result in a positive feedback mechanism, again leading to breakdown [63]. 

Rigorous self-consistent models incorporating accurate impact ionization processes are re
quired to understand breakdown [2][11]. From a device design point of view, breakdown can 
be avoided by ensuring that the drift region doping is higher than the expected peak electron 
concentration, N^co > 

ev3at 
[63]. 

4.1.2 R T D - E A M Structure 

The RTD-EAM waveguides based on the GaAs/AlGaAs system were implemented in "semi-
insulating" (SI) GaAs substrates and consist of two thick low doped layers of GaAs (core) with 
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absorption bandedge around 900 nm, and a GaAs/AlAs DBQW in between.4 The waveguide 
cladding layers are formed by two highly doped layers of Alo.33Gao.67As. Because the waveguide 
core and the substrate have similar real refractive index (dashed line in Fig. 4.3), the lower 
cladding layer is made thicker than the upper cladding in order to avoid radiation leakage towards 
the substrate. 

The RTDEAM waveguides operating at 1550 nm were implemented in InP substrates, which 
also act as the lower cladding region, with two low doped layers of Ino.47Gao.42Alo.05As with 
absorption bandedge around 1520 nm, separated by a Ino.47Gao.53As/AlAs RTD, forming the 
core region. The upper cladding is formed by a Ino.4sAlo.52As layer. 

Both RTDEAM structures were grown by Molecular Beam Epitaxy in a Varian Gen II 
system. The generic wafer structure is shown schematically in Fig. 4.3, together with the 
refractive index and the Tvalley depth profiles (the dashed line applies to GaAs wafers only). 

contact layer 'X,i 

upper cladding nucl Niu 
upper core / spacer layer nuco Nd 

DtsQW  
lower core / spacer layer nlco 

lower cladding "Id % 

substrate 'hub 

'■ ■ " ■ : . ■ ■ ' : ■ ■ 

dsub 

rconduction band profile refractive index profile 

J 

Figure 4.3: RTDEAM waveguide wafer diagram, Tvalley and refractive index depth profiles. 

4.1.3 High Frequency Bonding Pads 

Low frequency circuit theory is based on the assumption that all circuit dimensions are small 
compared with the electromagnetic wavelengths of interest, with any propagation phase delays 
being ignored. The opposite approximation is used in classical geometric optics, where all di

mensions are assumed to be much larger than the wavelength; this assumption ignores diffraction 
and interference effects associated with the wave nature of the electromagnetic field. Microwave 
and millimetrewave circuits operate in the regime where neither approximation holds valid; sim

ple interconnects have to be treated as transmission lines, and interference cannot be ignored 
[10][178]. The propagation time of the signal energy, and electromagnetic field radiation, absorp

tion and reflection taking place at discontinuités, have to be considered [10][178][183]. In the 
domain of ultrahigh frequency circuitry, "stripline" techniques that involve parallelconductor 
transmission lines as part of the actual circuit are routinely used [10][178][183]. 

4The SI substrate reduces device parasitic capacitance to ground and interconnecting track parasitic capaci

tance on top of the substrate, which are important features when considering operation at high frequency. 

http://Alo.33Gao.67
http://Ino.47Gao.42Alo.05As
http://Ino.47Gao.53As/AlAs
http://Ino.4sAlo.52As
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Transmission Line Categories [179][180] 

There are four general categories of transmission lines: two-wire (parallel), coaxial, waveguide, 
and printed transmission lines. Two-wire lines are used only at low frequencies (the low end 
of the microwave band); their primary limitation is due to radiation loss, but they also exhibit 
dielectric and skin effect losses. Above 1 MHz, coaxial lines are more efficient, as they overcome 
the radiation loss problems due to their inherent shielding provided by the outer conductor. 

Coaxial lines connectorization characteristics should also be considered. The typical reflection 
coefficient of a well made BNC connector rises to about 0.1 at 1 GHz, and BNCs should not 
be used above this frequency. SMA connectors5 for use up to 18 GHz have an outer conductor 
diameter of 3.5 mm, with a reflection coefficient rising to about 0.1 at 20 GHz. Good quality 
cables and connectors are difficult to make, and the higher the frequency, the smaller their outer 
conductor diameter becomes. Currently, the highest frequency coaxial connector available works 
at up to 60 GHz, and it has an outer conductor diameter of 1.8 mm. The performance of this 
connector is strongly dependent on the torque which is applied in setting up the connection, and 
is limited by dielectric and skin effect losses. However, its main drawback is a limited power 
handling capability. 

Waveguides have better all-around characteristics than most other transmission lines. They 
are used almost exclusively in radar, with its high power requirements. 

Near the millimetre wave band, printed transmission lines, mainly microstrip and coplanar 
waveguide (CPW) types, have distinct advantages. Particularly useful characteristics include: 
d.c. as well as a.c. signals may be transmitted; active devices, diodes, and transistors may be 
readily incorporated (shunt connection is also quite easily made); in-circuit characterization of 
devices is implemented straightforwardly. The signal wavelength in the line is reduced consid
erably from its free-space value, because of the permitivity of the substrate; hence, distributed 
component dimensions are relatively small. The structure is quite rugged and can withstand 
moderately high voltages and power levels. 

Figure 4.4 shows the equivalent circuit model of a uniform transmission line. The unit length 
constants of a transmission line are: the resistance, R, and the inductance, L, along the line, 
respectively; the conductance, G, and the capacitance, C, shunting the line (all specified "per 
loop metre", which means that each quantity is determined on a "go and return" basis). 

v+dv 

Figure 4.4: Equivalent circuit model of a uniform transmission line. 

5High performance subminiature connector, widely used in demanding military systems and test equipment, 
as well as where miniaturization is desired [179]. 
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Propagation of a sinusoidal wave along the line is characterized by the (complex) propagation 
coefficient:  

7 = a + j/3 = ^(R + JLjL){G + juC). (4.1) 

The wavelength of the propagating field in the line is reduced according to the square root of the 
relative permitivity of the material in which the line is embedded, Xg = Ao/y^ , and consequently 
the wave is slowed by y/e^. The characteristic impedance ZQ is given by6 

_ (R + JUJL) 

In microwave transmission lines the effects due to L and C tend to dominate, because of 
the relatively high inductive reactance and capacitive susceptance, respectively. In such cases 
the lines are referred as loss-free, although in practice some information about R or G may be 
necessary to determine actual power losses. At sufficiently high frequencies, (3 ~ LJVLC, and 
ZQ ~ \J%- The last expression, which is a purely resistive result, can be written in the form 
ZQ = 1/vpC, where vp = u>//3 is the phase velocity. 

For coaxial lines, two values of the characteristic impedance are commonly encountered: at 
V.H.F (30 - 300 MHz), Z0 = 75 ft; at UHF and SHF (300 MHz - 30 GHz), Z0 = 50 ÎÎ. 

Coplanar Waveguide Transmission Line [10] [180] 

A coplanar waveguide (CPW) transmission line consists of a strip of a thin metallic film deposited 
on the surface of a dielectric slab, with two ground electrodes running adjacent and parallel to 
the strip on the same surface [181], as shown in Fig. 4.5. 

Ti/Au 
S L s sL 

H 
* 

S<SL er 
H 

* 
w S<SL er 

Figure 4.5: Coplanar waveguide transmission line schematic geometry. 

There is no low frequency cut-off, and the coplanar configuration of all conducting elements 
permits easy connection of external shunt elements, such as active devices, as well as fabrication 
of series and shunt capacitance. It is also ideal for connecting various elements in monolithic mi
crowave integrated circuits built in semiconducting substrates. The most important parameters 
are the central conductor width S (S <C SL), the gap between the central and the ground con
ductors W, the substrate thickness H and its relative permitivity, er. The width of the ground 
planes SL should be larger than the gap width W to ensure single mode operation. The thickness 
of the metallic film strips is generally less importance and may quite often be neglected in the 

6By definition, the characteristic impedance, Zo, is the value of wave impedance, v/i, measured at the input 
of the transmission line when its length is infinite [180]. 
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analysis. However, to ensure good operation, the minimum thickness recommended is at least 
four times the skin depth in the metal at the lowest frequency of interest [10] [182]. 

CPWs have been analysed using quasi-static as well as full-wave methods [181] [182]. The 
quasi-static methods provide information about characteristic impedance and effective line per-
mitivity, eeff, neglecting the frequency dependence of these parameters. A full-wave analysis 
of coplanar lines provides information regarding frequency-dependence of phase velocity and 
characteristic impedance. 

The following closed form design equations can be used in most of the practical implementa
tions of coplanar line circuits [183]: 

y/^ff K{k) 

^ = 1 + 2 K(k)K(k[)- ( 4 4 ) 

where K(k) represents a complete elliptic function of the first kind [82], and K'(k) its complemen
tary function [K'(k) = K(k% with h = sinh (7rS/AH)/smh [n (S + 4W) /4H], k = S/(S + 2W), 
and k' = y/l - k2; K(k)/K(k') can be approximated as 

f g j - > f e f ) »-7^<l. (4-6) 
It is customary to have input and output impedances of a high speed device matched to 

those of coaxial cables or rectangular waveguides over a range of frequencies, rather than at a 
single frequency. For matching to coaxial cables or broadband matching, the impedance of choice 
is normally 50 ÍÍ. This standard allows cascading of devices without any concern for multiple 
reflections and instabilities caused by interconnection lines, as well as efficient transfer of power 
from one device to the next. Several elements, such as attenuators and filters, require controlled 
inpedance levels for their proper operation [179]. 

The above expressions were used to design RTD-EAM high frequency contact pads and pack
age transmission lines, consisting of wide bandwidth (beyond 60 GHz) 50 O, CPW transmission 
lines with adiabatic impedance preserving tapers, as represented in Fig. 4.6. The CPW ground 
planes were short circuited periodically to ensure that they have the same potential. 

4.1.4 Des ign and Product ion of Masks 

Once the design of a device was complete, a computer aided design software programme (Wave-
maker) allowed direct generation of the pattern design files, which could then be analysed and 
"written". The designed patterns can be classified as windows, stripes and lines. The windows 
may be used to make connections to a conductor through an insulator. The conducting intercon-
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Figure 4.6: RTD-EAM and package CPW lines with impedance preserving tapers. 

nects are usually formed into stripes and line patterns. Lines are also employed to define optical 
waveguide widths. 

As the wafer, in its virgin form, has little irreversible sensitivity to optical or electron beams, 
the designed patterns are transferred to an electron active polymer layer (resist) previously spread 
uniformly, in a process known as spin coating, on the wafer epilayer or on a master mask plate, 
employing e-beam lithographic techniques [20] [21]. Because the smallest feature encountered 
in the device is about 1 ^m wide, which is well within the resolution of the photolithography 
apparatus available (~0.25 fiua), e-beam lithography was only used for generating the masters 
of the photolithographic mask patterns. 

A master mask consists of a plate of a material transparent in the ultaviolet (UV), generally 
fused silica or borosilicate glasses, having good mechanical and thermal properties, and covered on 
one side by a thin layer of metallic chrome [20][21]. After development, the resist layer reproduces 
the written pattern, which is then transferred to the mask metallic layer by a chrome chemical 
etch; the regions of the master mask protected by the resist remain opaque, covered with metallic 
chrome. The master plate is then copied optically, using a contact printer, which employs a 
collimated UV light source - mercury lamps are the common light sources - that exposes, through 
the master mask, a different mask plate covered by an UV active resist, previously brought into 
contact with the master plate [20] [21]. These new mask plates (photolithographic masks) have 
a thin layer of iron oxide, instead of a metallic chrome layer, to facilitate alignment during the 
photolithographic processes. Once the master pattern is transferred, after development, the resist 
layer reproduces the pattern, which is then copied to the plate by an iron oxide chemical etch. 

Typical photolithography techniques are proximity printing, contact printing, projection 
printing, and optical stepping [20] [21]. Contact printing was the technique used throughout 
this work. In this technique, the photolithographic mask is brought into contact with the sample 
resist layer, and exposed to UV light using a mask aligner. The exposed areas of the resist are 
next washed away when the samples are soaked in an appropriate alcaline solution [20] [21]. This 
technique is capable of defining geometries below 1 //m. Intimate contact between mask and 
sample is absolutely essential to obtain good resolution and pattern definition in contact print
ing; optical interference fringes should be visible (if using see-through masks) when the sample 
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is clamped to the mask. Contact between sample and mask must be carefully realized, however, 
because it tends to damage small semiconductor samples. 

4.2 RTD-EAM Fabrication 

The RTD-EAM wafers were diced into 1 cm2 samples, followed by cleaning. The samples were 
subsequently patterned by optical lithography, defining the sample epilayer regions corresponding 
to the emitter and collector contacts, followed by the n-type ohmic contact stripes metallization. 
The sample epilayer was again patterned to form the waveguide etching mask, followed by epilayer 
etching using either a Reactive Ion Etching (RIE) or a wet etching process, forming the mesas 
and channel waveguides. A dielectric layer (SÍO2 or SiN) is then deposited and used to act as an 
insulating film along which the metallization tracks are run; contact access windows are opened 
on the waveguide and mesas, allowing connection to be made through high frequency bonding 
pads (CPW transmission lines). 

Figure 4.7 shows the schematic of the RTD-EAM. 

Figure 4.7: Schematic of the RTD-EAM. 

Techniques such as thinning, cleaving, encapsulation, bonding and lead attachment, are used 
in device packaging. 

4.2.1 Photolithography 

In total, four photolithographic steps employing four different patterned mask plates were used 
in the RTD-EAM fabrication process: patterning of ohmic contacts; definition of waveguides and 
mesas; creation of access contact windows; patterning of the high frequency bonding pads. A 
Karl Suss mask aligner was used throughout this work, providing good alignment and contact 
between sample and mask, achieving high resolution (below 0.5 //m) in patterning of the resist. 
In this machine, the UV light output of the mercury lamp is continuously monitored to mantain 
constant intensity. All the lithography fabrication phases occurred in a sterile and dust-free 
environment (clean room class 100). 



4.2. RTD-EAM FABRICATION 167 

Sample Prepara t ion [20] [21] 

Sample preparation consisted basically of wafer cleaving into small samples and their cleaning 
in ultrasonic baths. A quarter of a 3 inch wafer was cleaved into samples of suitable size, which 
depended on the dimensions of the devices and the number of devices desired per sample. It is 
not recommended to use large samples because this would result in waste of material when a 
fabrication step goes wrong. However, samples should not be less than 5 mm across, otherwise 
their handling becomes difficult; a square sample 1 cm across will produce a suitable yield of 
devices. Before cleaving, it is necessary to ascertain which is the epilayer side (mirrored); in case 
both sides are polished, the substrate side must be scratched (for identification) before wafer 
cleaving. A portion of the wafer samples was used for calibration at different fabrication steps. 
In order to avoid damage to the samples, they must be handled with plastic tweezers. 

The samples were then cleaned in opticlear, acetone, and methanol ultrasonic baths, before 
proceeding further. Five minutes in the ultrasonic bath stage for each was adequate. The samples 
must be completely immersed at each stage and were not allowed to dry in between stages. After 
the final solvent (methanol), the samples were flushed out with deionised water, then were blow 
dryed with a jet of filtered air. Subsequently, they were allowed to dry on a glass dish for 5 
minutes in an oven at 90 °C, to ensure that the samples were completely dry. 

Resist Coating7 [20] [21] 

For a resist to be reliable, it must have good bonding properties to the substrate, its thickness 
must be uniform and be reliably controlled over different sample runs. Both the resist and the 
sample must be exceptionally clean; any particle contamination will result in poor imaging or 
defects. Relative humidity must be also controlled, and it should generally be below 50%. The 
sample must be completely dry before resist is applied; a bake step or hot plate step should also 
be included to ensure complete dryness. 

The sample was then placed on the vacuum chuck of the spinner, and a small puddle of a 
suitable resist (S1818) was applied to the centre of the sample, which was held to the spindle 
by vacuum. The chuck was previously tested with a sample mounted to verify operation and 
spinning speed; this also helped to remove any dust that the sample may have acquired. The 
resist was applied using a syringe fitted with an appropriate filter to remove particles as small as 
0.2 jum. The spindle was rotated at a rate of around 4000 revolutions per minute (rpm) for 30 
seconds, which resulted in a film thickness of around 1.8 pm. During the first couple of seconds 
of spinning, most of the resist is thrown off and drained away. The remaining resist forms a 
thin layer whose thickness is controlled by the spin speed (the thickness is proportional to 1/w, 
where u is the spinning frequency). The spinning operation also pre-dries the resist, so that it 
stays in place after spinning ceases. The photoresist tends to pile up seriously on the edges of 
small samples and fails to form a uniform film when it is spun on. The edge bead formed can 
be several times the thickness of the film, and must be carefully removed. The resist requires a 

7Throughout the fabrication, Shipley Microposit resists were used. 
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post-spin bake to harden it by removing more of the remaining solvents. The samples were soft 
baked in an oven at 90 °C for 30 minutes, to improve resist adhesion. To promote resist bonding 
over an oxide, or any dielectric, an adhesion promoting primer is usually applied before resist 
coating. 

Mask Alignment and Pattern Exposure [20] [21] 

The first photolithographic step defines the ohmic contacts regions. Before mask and sample 
alignment, the ferric mask plate pattern had to be cleaned in an acetone ultrasonic bath, flushed 
out with deionised water and blow dryed. The ohmic contact mask pattern consisted of a set 
of transparent lines of different widths (2-6 /im) spaced by 500 //m, and arranged in groups of 
variable length (100, 150, 200, 300 /jm), Fig. 4.8(a). Later on, a different ohmic contact pattern 
was used, consisting of a similar set of transparent lines but including rectangular windows (50 
/im x 100, 150, 200, 300 /im), on both sides of each line and 50 //m away from it, Fig. 4.8(b). 
Figure 4.8 schematically shows the ohmic contact pattern corresponding to a single device. 

Figure 4.8: RTD-EAM ohmic contact pattern, without and with mesa configurations. 

The mask is placed pattern side down in the mask aligner holder and is firmly held in place 
by a vacuum clamp. The mask pattern is brought down towards the sample resist-coated side up 
and held in place by another vacuum clamp. The mask stays close to the sample without contact; 
the mask and sample alignment is checked using a microscope and adjusted using micrometer 
drives. Once properly aligned, the sample is put into contact with the mask and is then exposed 
to the UV light for the required time (around 7 seconds). 

Pattern Development [20] [21] 

A resist which becomes more soluble when exposed to illumination is called positive, and its 
pattern is identical to the opaque layout of the mask plate (the inverse applies to negative 
resists). Positive resists are normally preferred because they offer higher resolution and allow 
more appropriate edge profiles for lift-off processes. 

A typical positive resist is composed of three major components: a photoactive compound 
(inhibitor), a base resin, and a suitable organic solvent system. All or most of the solvent 
is lost after spinning and baking. The base resin alone is moderately soluble in an aqueous 
alkaline developer, such as dilute sodium hydroxide. The removal rate of unexposed resist is 
near 1 nm/s. Radiant energy in the wavelength range of 200-450 nm essentially destroys the 
photoactive component and results in an increased removal rate, up to 200 nm/s. 
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The resist pattern was developed in a 1:1 mixture of Microposit developer with deionised 
water. The sample was placed in a beaker and the developer solution added; the developing time 
was approximately 90 seconds. The sample was then removed and rinsed in deionised water for 2 
minutes before blow drying with an air gun. The sample was inspected under a microscope with 
a yellow filter in place to check if it had been properly developed; the development was repeated, 
whenever necessary. Post baking for 5 minutes at 90 °C followed, and the result is schematically 
represented in Fig. 4.8. 

4.2.2 Metal l izat ion 

Metallization provides metal to semiconductor contacts (ohmic contacts and Schottky barriers), 
interconnects between various points on the chip (transmission lines), and compatible bonding 
pads for packaging. 

Metal Deposition [20] [21] 

Metal films are typically deposited on semiconductor and dielectric surfaces either by evaporation 
or sputtering in a vacuum chamber. Evaporation requires heating of the metallic source either 
by direct thermal means, using a resistive heater, or by an electron beam. Resistive heating 
melts a solid piece of metal placed on a coil, resulting in high temperature atoms impinging 
on the wafer; but this process provides non-conformal profiles, meaning that the side walls of 
steep surface structures are poorly covered (the metal impinges on the sample from essentially 
one direction, although tilting samples during metal deposition allows improved step coverage). 
Electron beam sources use an electron beam to melt the metal, or a metallic compound, in a 
crucible. Electron beam machines may have multiple metal targets that can be rotated into 
position without breaking the vacuum; thermal evaporators may have multiple sources placed 
side-by-side, and the current can be switched from one to another, to deposit a sequence of metals. 
Sputtering is a technique that uses the kinetic energy from inert atoms in a plasma, usually Ar, to 
evaporate atoms from a metal target, which will then deposit on the wafer surface. This method 
does not require high temperatures, thus reducing the amount of substrate or photoresist heating, 
and yields conformai profiles. In all thermal evaporation techniques, a shutter is placed over the 
metal source to prevent the metal atoms from reaching the wafers during the heating process. 

Evaporation techniques are appropriate for lift-off applications, but inadequate for step cov
erage. Evaporators must operate at high vacuum, usually in the 10~6 to 10 - 7 torr range, while 
sputtering (being a plasma process) occurs at much lower vacuum. Calibrated crystal oscillators 
were used to monitor the deposition rate; they utilize the piezoelectric properties of quartz and 
the fact that the crystal resonance frequency is influenced by the accumulation of mass of the 
coating material on its surface. 

Semiconductor/dielectric surface cleanliness is essential to ensure good metal adhesion and 
fabrication of reliable and reproducible interconnects and contacts. A final cleanup must be 
employed after the pattern is defined in resist and immediately before the sample is placed in 
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the evaporator. These cleanups in semiconductors may include a light etch or other procedures 
to remove any oxide layer present. Because of the high temperatures necessary to produce any 
appreciable atomic flux, the deposition rate must be chosen with care to ensure that the resist will 
not be heated to the extent that it would flow or become unremovable. If the metal application 
heats the resist to the flowing point (around 150 °C), the resulting pattern will be cracked or 
wrinkled. 

Step coverage is a critical consideration for optoelectronic device metallization due to the 
sharp side walls of the waveguides and mesa contacts; even deposition conditions produce a 
dense structure on a flat surface, but yield a porous structure on the step side walls, and an 
open boundary or cusp emanating from the base of the step as a result of self-shadowing. The 
coating atoms approach a substrate interface along directions that are dependent on the geometric 
configuration of the deposition apparatus. In the case of evaporation, the atoms path is essentially 
line-of-sight from the source to the substrate. In the case of sputtering at elevated pressures, 
the atoms approach the substrate in line-of-sight from the point of the last collision, which is 
nominally one mean free path from the substrate (which is, at 50 mtorr, on the order of 1 mm), 
proving better sidewall coverage. The technique used to achieve conformai interconnect (CPW) 
line profiles was angled evaporation, where the sample holder was tilted with respect to the 
line-of-sight from the source to the holder. 

Lift-Off [20][21] 

Metal patterning in semiconductor processing usually employs metal lift-off, which permits a 
certain layout to be created with thin metallic films by photolithography, Fig. 4.9. The film to 
be patterned must be considerably thinner than the photoresist layer, which is applied to the 
sample, exposed, and developed to define the desired pattern; the metal film to be patterned is 
deposited next. The sample is then soaked in a solvent, usually acetone, which dissolves the resist. 
The film on top of the photoresist is therefore removed ("lifting off" the metal), but remains in 
the areas where the metal is in contact with the semiconductor. Unlike etching processes, the 
success of lift-off is highly sensitive to the edge profile of the patterned resist. 

To obtain good lift-off, the photoresist, after being developed, must show an undercut at the 
edges, so the deposited metallic film brakes easily. A protruding lip, Fig. 4.9(b), at the top edge 
of the resist profile is desirable. A post-exposure bake tends to form a crust on the resist and 
provide a lip. This process works by retarding the action of the developer on the upper layer 
of the resist; lower layers are developed more vigorously, and result in an undercut profile. A 
well succeeded photolithography is generally sufficient to ensure good lift-off; however, the resist 
undercut can be further improved by chemically attacking the resist surface for an appropriate 
period of time, further reducing its sensitivity to light or to the developer, so that a less sensitive 
layer is formed at the surface of the photoresist. 

For the S1818 photoresist (~1.8 /im thick, when spun at 4000 rpm for 30 seconds), the 
following procedure, after resist coating, gave good results: 1. baking at 90 °C for 15 minutes; 
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Figure 4.9: Lift-off process used in RTD-EAM fabrication. 

2. exposure; 3. soaking in chlorobenzene for 15 minutes; 4. baking at 90 °C for 15 minutes. 
Soaking the sample in chlorobenzene removes residual solvents and the low molecular weight 
resin from the upper layers of the resist film; this retards the developing action in these layers, 
and therefore yields an undercut profile, Fig. 4.9(b). 

Multi-layer Metallization [20] [21] 

Typical metal interconnects and contacts requirements in optoelectronics include high electrical 
conductivity, good adhesion, effectiveness as diffusion barrier or as etch stop (to reactive ion 
etching, for example), deposition easiness, and lift-off capability. In general, it is not possible 
to achieve all requirements with a single metal. In principle, high electrical conductivity can be 
met by gold, aluminium, silver, and copper. Copper, however, is a rapid diffuser, tends to getter 
onto crystalline defects, and exhibits high chemical reactivity.8 Silver tends to be highly reactive, 
and is little used. Gold and aluminium have more desirable properties. Aluminium seems to be 
more attractive because it combines high electrical conductivity with good adhesion. However, 
aluminium has one serious disadvantage: it oxidizes or reacts easily and its electrical conductivity, 
although large, is not as high as gold. Gold is the dominant metal used, particularly with high 
current density regimes; gold wires (usually 25 or 12.5 /im in diameter) or gold ribbons are used 
to connect chips to the outside circuit. Gold also has relative chemical inertness, low melting 
point, is malleable, does not tarnish, but exhibits poor adhesion to GaAs, InP, and dielectrics. 

Such conflicting requirements often lead to multi-layer metallizations consisting of two or 
more layers of different metals. Gold is usually deposited over another metal placed on the 
substrate/dielectric for adhesion; titanium or chromium exhibit good adhesion to almost any 
surface. However, under elevated temperatures or high current densities, gold diffusion can result 
in intermetallic compounds or alloys with gallium or arsenic; platinum has been found to be a 
good barrier metal, and is used between the titanium and gold layers; palladium has also been 
used for this purpose. The Ti-Pt-Au metallization, where the metals are sequentially evaporated 
without breaking the vacuum, has become very popular, being used for many purposes including 
p-type ohmic contact, power bus, gates, overlay metal, and transmission lines. 

Gold-germanium based metallizations were found to be superior for contacting n-type GaAs 
and InGaAs, as well as InP, over variable doping ranges (1 x 1017 to 1 x 1019 cm - 3 ) , demonstrating 
high reliability. They are usually applied with an overlay of another metal, such as nickel. Gold-

8There have been reports of successful application of copper in micro-electronics by IBM and others. 
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germanium is evaporated in proportions that represent an eutectic alloy (88% Au, 12 % Ge by 
weight), which melts at 360 °C. High quality ohmic contacts are obtained because germanium 
diffuses into the semiconductor and Ga diffuses towards the metal layer, creating a heavily doped 
(> 1019 cm - 3) layer at the semiconductor surface, giving rise to a very thin contact barrier. 
Ohmic contacts in n-type GaAs, InGaAs, as well as in InP, are obtained with a sandwich of 
Au-Ge-Au-Ni-Au (again, the metals are sequentially evaporated without breaking the vacuum). 
Nickel acts as a wetting agent and prevents the Au-Ge metal from "balling up" during alloying, 
which could give rise to poor contact resistance, poor morphology, and very irregular edges. The 
alloying operation is usually performed using thermal profile programable rapid thermal annealler 
furnaces in the presence of an inert gas, such as helium or argon, or forming gas (15% hydrogen, 
85% nitrogen). The alloying temperature is generally in the range 360-450 °C. Usually, the 
n-type metallization includes a thick gold overcoating, which enhances the sheet conductivity, 
results in improved surface morphology, also helps reproducible results from test probing of the 
device. 

Catastrophic failure can occur in metallic conductors at sufficiently high current densities. 
Long before this occurs, however, metal migration (caused by electron scattering) can begin, 
resulting in metal depletion in one area and accumulation in an adjacent area. Once the metal 
cross section becomes diminished, resistance increases and catastrophic failure can follow. (It 
should be noted that the thin-film properties of metals differ, in general, from those of the bulk 
material; electrical condutivity is lower.) 

First Level Metallization [20] [21] 

Achieving high quality ohmic contacts in electronic and optoelectronic devices is very important, 
because even with the best presently known procedures, the associated parasitic resistance may 
be half of the total parasitic resistance, limiting device performance (the noise figure is partic
ularly sensitive to such resistance) [10] [11]. The requirements for ohmic contact formation are 
good conductivity and adhesion, chemical inertness and lack of undesirable interaction with the 
substrate over a long operating lifetime. 

If the surface layer of the semiconductor, such as GaAs, is highly doped, almost any metal 
deposited on it will result in an ohmic contact without the need to be alloyed. This has certain 
advantages: the wafer does not have to be exposed to elevated temperatures; possible difficulties 
arising from alloying (irregular metal edges, poor surface morphology) are eliminated; and a 
complex process step can be skipped. Unfortunately, the necessary doping level is around 1 x 
1019 cm - 3 , which is not easily achieved by most growth or doping techniques. A metal in 
contact with a wide bandgap III-V semiconductor, with n < 1 x 1019 cm - 3 , generally results in a 
rectifying contact, since a Schottky barrier tends to form. To overcome this problem, a multiple 
metal layer is usually required to self-dope the semiconductor surface through alloying. During 

9MIL-S-19500F lists the maximum allowable continuous current density for metal conductors which are in 
thermal contact with a surface along their entire length (for gold, the maximum current density is 6 x 105 A/cm2) 
[179]. 
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the alloying and cooling period, a component of the metallization difuses into the semiconductor, 
thus creating a highly doped semiconductor layer in contact with the metallization. 

Ohmic contacts to the RTD-EAM capping layers were achieved by e-beam depositing a Au-
Ge-Au-Ni eutectic, followed by an extra layer of Au, which were patterned by lift-off. Metal 
stripes were formed on the sample epilayer regions to be defined as the waveguides and mesa 
emitter/collector contacts, Fig 4.10. 

Au-Ge-Ni waveguide (to be defined) b) Au-Ge-Ni waveguide (to be defined) 

Figure 4.10: RTD-EAM ohmic contacts, without and with mesas. 

The RTD-EAM multi-layer ohmic contact sequence consisted of the following thicknesses: 14 
nm gold, 14 nm germanium, 14 nm of gold, 11 nm of nickel, and finally 240 nm gold capping 
layer. To ensure low contact resistance and ohmic behaviour, the GaAs ohmic contacts were 
alloyed at temperatures in the range of 360 - 390 °C in a neutral gas (N2) atmosphere for 60 
seconds. The epilayer, in the case of the InGaAs based RTD-EAM, was delta doped (~ 1019 

cm - 3 ) , making contact alloying unnecessary. 

4.2.3 Etching 

Etching techniques range from pure chemical removal, also known as wet etching, to combined 
physical plus chemical removal (such as reactive ion etching) and pure physical removal (such as 
ion milling) [20][21]; these lattest mechanisms are known as dry etching processes. The etchants 
allow removal of the material in a selective manner, once the resist has been patterned. An ideal 
etching process must be able to remove only the specified layer(s) of semiconductor from the 
selected regions. The etchant should neither attack the resist or the metals, nor penetrate under 
the mask causing undercuts; instead, it should attack only the layer(s) to be etched and be self 
limiting (e.g., should etch InGaAlAs and not InP). The etching solution must exhibit oxidizing 
characteristics and be free of metallic cations to avoid ionic contamination of the etched surface, 
which may produce undesired surface current leakage [11] [20] [21]. 

Reactive Ion Etching [20][21] 

Dry etching techniques use plasma-driven chemical reactions or energetic ion beams to remove 
material. Most dry etching processes are based on sputtering by energetic ion or particle bom
bardment, evaporation of volatile compounds created through interactions with a reactive gas 
or, most frequently, through a combination of the two mechanisms. Etching proceeds by three 
steps: absorption of the necessary species on the material surface, relevant chemical reactions, 
and desorption of the products; any of these may be the rate-limiting factor. Dry etching tech-
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niques usually yield almost vertical sidewalls regardless of crystallographic orientation, because 
vertical etching rates can be much higher than the horizontal ones. 

Reactive ion etching (RIE) techniques employ radio frequency power to maintain a plasma 
between at least two electrodes. A schematic of a RIE reactor is illustrated in Fig. 4.11. 
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Figure 4.11: Typical parallel plate configuration of a RIE machine [21]. 

The electrode that holds the samples is usually the rf powered electrode (it can also be used to 
control sample temperature), so the chamber may be rf grounded. (Generally, the entire chamber 
is used as the second electrode.) The rf voltage is applied through a large blocking capacitor, so 
that no dc bias is intentionally applied. The plasma is excluded from the immediate vicinity of 
the electrode sample surface (which is called the plasma sheath or the dark region, Fig. 4.11, 
because it does not glow, being on the order of 0.1 to 10 mm thick, depending on operating 
conditions) by electromagnetic fields. 

The plasma is generally neutral. However, the plasma sheath is a region of positive space 
charge and the electrode surfaces are negative with respect to the plasma; this is due to the 
higher mobility of the electrons, which move rapidly to the surface of the electrodes. The electric 
sheath-field formed at the powered electrode vicinity accelerates positive ions to the sample and 
enhances the etching rate by stimulating the formation and desorption of volatile products. The 
etched profile depends on the specific gas employed, its pressure (or gas flow) and the rf power 
applied. When the ratio of the electrode areas is large, most of the voltage drop will appear across 
the plasma sheath at the smaller electrode; a large asymmetry in electrode area will enhance 
ion energy and hence etching directionality. Directionality is also enhanced in RIE systems by 
operating at lower pressures (0.01-0.1 torr). The volatile products created are driven away from 
the surface by the gas flow. Higher pressure will result in undercutting, because the ions have a 
higher chance to collide with each other, gaining lateral momentum and hitting the side walls of 
the etched profile. 

The interaction between experimental variables such as presssure, rf power, bias voltage (the 
sheath-field magnitude), flow rate, sample temperature, the resulting etching rate, anisotropy, 
and surface smoothness are very complex. Plasma chemistry can be complex, and a wide variety 
of chemistries has been studied [20] [21]. Generally, the incoming gases supply a highly reactive 
species, such as O, CI, or F. Etching of III-V semiconductors using Cl-containing gases has been 
very successful, as they etch spontaneously when exposed to CI2 or to CI atoms created in an 
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upstream plasma. 
Dry etching techniques, such as RIE, are able to produce anisotropic and non-selective etch

ing (i.e., almost constant etching rate along different crystal directions and for different material 
compositions), yielding highly vertical side walls. Unfortunately, anisotropic etching has its 
downside, the damage that is almost inevitably imparted to the surface, bringing about degra
dation in the optical and electrical properties of the material. Dry etch-induced damage in III-V 
semiconductors takes the form of lattice damage and "chemical" damage, such as dopant passi
vation. Damage to depths of 100 nm to 200 nm can occur in GaAs when operating Cl-based 
RIE processes at low pressure (4 mtorr) and bias voltages between 280 V and 550 V. In many 
applications a final wet-etch removal of such damaged layers does not compromise dimensional 
integrity. 

AlGaAs/GaAs Dry Etching [20] 
An Oxford Plasmatechnology RIE 80 machine with silicon tetrachloride (SÍCI4) as the etching 
gas was used to define the AlGaAs/GaAs based waveguide and mesa structures. This machine 
was adapted to allow in situ monitoring of the etching depth, by addition of an optical system 
which detects changes in the reflected portion of a laser beam being shone on the sample during 
etch, due to different layer refractive indices. Comparing in real time the reflectance with the 
calculated reflectance of the structure being etched, precise control of the etching depth can be 
obtained. The rf power was kept at 100 W, the etching pressure at 12 mtorr, with a gas flow 
around 9 seem, producing nearly rectangular and reproducible waveguide profiles at an etching 
rate of ~200 nm/min, with neglible material damage. 

InGaAlAs/InP Dry Etching [21] 
The standard dry etching process developed at the University of Glasgow is based on CH4/H2, 
using an Electrotech SRS Plasmafab 340 RIE machine, and requires a dc bias around 850 V. This 
is likely to introduce considerable material damage, such as hydrogen passivation of dopants and 
degradation of the material mobility. To avoid such damage, InGaAlAs/InP based RTD-EAMs 
were defined through wet etching. 

Wet Etching [20] [21] 

In wet etching the sample is simply soaked in a liquid chemical solution that dissolves away 
the semiconductor. Wet etching has traditionally been used mainly because it is simple and 
inexpensive, and causes low levels of damage. Wet etching can be isotropic (giving rise to mask 
undercut) or crystallographic (due to differences in the atomic composition of the crystal planes); 
adequate dimensional and profile control can be difficult to achieve. Wet etching procedures are 
important for removal of damaged material, to form mesa and channel structures, to aid in 
polishing, as part of cleaning procedures, or as an integral part of diagnostic techniques. As part 
of device fabrication procedures, other materials, such as metals and dielectrics, can be also wet 
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etched. 

A chemical etchant usually contains three basic constituents: an oxidizing agent, a complexing 
agent and a dilutant. There are different types of oxidizing and complexing agents, depending on 
the etching rate required and other factors, such as mask integrity, crystallographic orientation 
(the etching rate depends on the density of semiconductor atoms); the dilutant is usually water. 
The etching rate increases with temperature as the underlying physical phenomena (diffusion, 
surface adsorption) have an exp (—AEA/JCBT) dependence on temperature, where AEA is their 
respective activation energy. The etching rate can also be changed by doping and by irradiation. 
Some etchants can produce bubbles, usually denoting hydrogen, which will prevent etching if left 
to adhere to the surface, causing nonuniform etching; constant agitation is usually employed to 
alleviate this problem. 

Wet etching is not compatible with submicron technology and depends heavily on intrinsic 
material properties (such as preferential directions). This makes it unsuitable for devices where 
very sharp sidewalls are to be produced, as can be the case of optical waveguides. However, in 
this work, wet etching was used for channel waveguide and mesa formation in InGaAlAs/InP 
based RTD-EAMs. Wet etching was also employed as damage removal and surface cleaning in 
AlGaAs/GaAs and in InGaAlAs/InP based devices. 

A l G a A s / G a A s [20] 

GaAs etchants are usually either acids (hydrofluoric acid - HF; nitric acid - NHO3; acetic acid 
- H4C2O2; sulphuric acid - H2SO4; phosphoric acid - H3PO4) or alkaline solutions of ammonium 
hydroxide (NH4OH). The most popular etching system for GaAs consists of sulphuric acid -
hydrogen peroxide - water, which is often used for etch-polishing substrates and mesa etching. 
Oxides formed on GaAs tend to be amphoteric, and so can be dissolved in either acidic or basic 
solutions. Alkaline systems generally use NH4OH in combination with H2O2 and H2O. 

The n + GaAs capping layer was removed, after waveguide formation (to minimize current 
spreading across the waveguide axis), using the following wet etching recipe: 1 ammonia - 1 H2O2 
- 200 H2O, giving an etching rate of 60 nm/min. 

InGaAlAs/InP [21] [184] 
The most used etching solutions for InGaAlAs are sulphuric acid - hydrogen peroxide -

water, hydrobromic acid - nitric acid - water, orthophosphoric - hydrogen peroxide - water. 
Orthophosphoric acid (H3PO4) based solutions do not etch InP; the H2SO4 and H3PO4 systems 
etch InGaAs/InAlAs [001], forming an angle of 55° with the [lTO] direction (in the [110] direction, 
the angle obtained is ~115°). For device applications, the appearance of large angles may result 
in difficulties in the technological steps that follow chemical etching, such as surface passivation or 
dielectric coating, and metallization of the structures; mask undercutting can also be significative. 
For this purpose, the best results, when selective etching is not required, are obtained with the 
Br2-CH3COOH etching system. 
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The InGaAlAs waveguides and mesas were defined using a InP selective wet etching solution: 
3 H3PO4 - 3 H2O2 - 200 H2O, giving an etching rate of 60 nm/min. 

Surface Cleaning [20][21] 
Surface cleaning before metallization is necessary to remove contaminants (such as carbon) 

or native oxides that begin to grow immediately as the semiconductor sample is exposed to air. 
Although no compound semiconductor oxidizes as readily as silicon, the few nanometers of oxide 
that are typically present on a III-V semiconductor surface prior to any cleaning can be a major 
obstacle to a good ohmic contact. 

The exposed surface of the compound semiconductors used in this work (AlGaAs/GaAs and 
InGaAlAs/InP) was treated with diluted HC1 (1:4 HCLH^O), after the metallization lithographic 
step involving the chlorobenzene soak is completed, to remove any native oxides and other 
depositions formed during previous fabrication steps. The samples were next rinsed in deionised 
water, blow dried and left in the oven at 90 °C for 5 minutes. 

Gold Etching [20] [21] 
The first devices employed stripes of Au-Ge-Au-Ni-Au ohmic contact metallization as waveg

uide etching mask. Standard etches for gold are based on potassium iodide and iodine (iodine 
crystals can be dissolved in a saturated solution of potassium iodide and give an excellent etch). 
The recipe 200 ml deionised water + 340 g potassium iodide + 7 g iodine, etches the n-type 
ohmic contact metallization with an etching rate of 1 /urn/min; it also etches GaAs. 

SÍO2 Etching [20][21] 
When it was necessary to remove the SÍO2 film used for device passivation and electrical 

insulation, the standard isotropic etch for silicon dioxide (a hydrofluoric acid (HF) solution) was 
used: a diluted HF (1:4 HF:H20) solution typically achieves an etching rate around 1 ^m/min. 

RTD-EAM Waveguide Formation 
The sample was resist coated and patterned using the waveguides mask to form the channel 
waveguides etching mask, which consisted of sets of resist stripes of different widths (2-6 /jm), 
spaced by 500 /im, and 10 mm long. Figure 4.12 shows a portion of the sample corresponding 
to a typical device. The mesa metal contacts acted as etching masks. 

waveguide (to be defined) 
resist (etching mask) waveguide (to be defined) b ) Au.Ge.m resist 7 Au-Ge-Nt (etching mask) 

X — / SB*, ÏA 
i— mesa 
(to be defined) 

substrate 

Figure 4.12: RTD-EAM waveguide pattern configuration. 

The sample unprotected epilayer was then etched down to form channel waveguides and 
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mesas, by means of wet chemical etching (InGaAlAs) and/or reactive ion etching (AlGaAs). 
Figure 4.13 presents a scheme of the etched RTD-EAM waveguide. 

a) Au-Ge-Ni etched waveguide b) Au-Ge-Ni etched waveguide 

, \ .or' -, .jV^^i -, 
/ \ / / / / j / / » / V x ( / /J«—etched mesa JÈ 

| substrate y | substrate V 

Figure 4.13: Scheme of etched RTD-EAM waveguide. 

4.2.4 S i 0 2 Pass ivat ion and Second Level Metal l izat ion 

Thin dielectric films grown by plasma-assisted processing are used for encapsulation, scratch and 
environmental protection, surface passivation (to reduce leakage current), as metallization inter-
level dielectrics, as capacitor dielectrics, as transfer layers in multilevel resist procedures, and as 
etching or ion implantation masks. These dielectric films should adhere well to the semiconduc
tor, be chemical and physically stable. An insulator film should have high electrical resistivity, 
typically >1012 ffcm, and its impurity content should be low; structurally, the dielectric should 
be amorphous, devoid of pinholes, its surface morphology should be smooth and its dielectric 
function independent of frequency, and possess a high breakdown voltage. 

The dielectric materials mostly used in semiconductor processing are silicon dioxide and 
silicon nitride. The low dielectric constant of silicon dioxide makes it a popular choice for use as 
an interlevel spacer to separate metal crossovers with minimum parasitic capacitance. 

Plasma-Enhanced Chemical Vapour Deposition [20] [21] 

A common silicon dioxide (SÍO2) deposition technique is the plasma-enhanced chemical vapour 
deposition (PECVD): the plasma generates chemically reactive species, and the temperature of 
the atoms, molecules, or radicals produced, as represented by their translational and rotational 
energy, is generally near room temperature. The electrons, however, can exhibit temperatures 
of tens of thousands of kelvin, sufficient to break molecular bonds and create chemically active 
species in the plasma. Any of these species can be excited to higher electronic energy states 
by further interaction with the electrons; hence, chemical reactions that usually occur only at 
high temperature can be made to occur at low temperature or even room temperature in the 
presence of an activating plasma state. The regime of interest to semiconductor processing is 
the low-pressure plasma or glow discharge. These plasmas are characterized by gas pressures on 
the order of 0.1 to several torr, free-electron densities of 109 to 1012 cm - 3 , with energies of 1 
to 10 eV. Most of the species remain neutral in glow discharges (the degree of gas ionization is 
typically less than 10 - 5) . 

The major advantage of PECVD is the ability to grow films at relatively low substrate 
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temperatures (compared to chemical vapour deposition, CVD),10 usually well under 300 C. This 
is obtained at a price: compositional control of the thin film material is difficult. PECVD yields 
amorphous films with very little short-range structural ordering. Chemical bonding within the 
film may vary, with implications on the etching rates. These thin films can easily have "pinholes" 
(often on the order of 1 ^m) that expose the underlying material, caused by particles present 
on the sample (or formed during deposition, if contaminant gases are present). It is necessary 
to clean reactors regularly, as thin film materials will tend to deposit on the electrodes and on 
other parts of the chamber. These materials are most easily removed by operating the reactor 
in an etching mode, using appropriate gases and higher power. 

A silicon dioxide film was formed on the RTD-EAM samples, as schematically shown in Fig. 
4.14, by plasma assisted deposition (PECVD) or sputtering below 300 °C. Silicon dioxide film 
thicknesses between 500 and 1000 nm were employed; because of the low deposition temperature, 
these films can be applied over the completely fabricated devices, and can serve as their final 
environmental passivation/encapsulation. 

Figure 4.14: RTD-EAM SÍO2 passivation/insulation, showing access contact windows. 

Etching of Via Holes [20] [21] 

Via holes (access contact windows) through the silicon oxide film allow electrical continuity 
between different levels of metal interconnects at appropriate locations, where necessary. A 
C2F6 plasma dry etching was used to etch SÍO2 contact windows in order to allow access to the 
mesas and waveguide ohmic contacts. At a rf power of 100 W and a gas flow rate of 20 seem, the 
etching rate was about 50 nm/min. Figure 4.14 shows schematically the etched contact windows 
over the ohmic contacts. 

Second Level Metallization [20] [180] 

Most high speed test fixtures require that individual devices are to be mounted and electrical 
connections made with bonding wires. Advances in high speed monolithic circuits generated the 
need to perform tests on the processed sample and avoid the cost of placing inacceptable devices 
in fixtures. Also, for characterization and modelling of active devices for subsequent circuit 
insertion, it is advantageous to have the measurement port as close to the device as possible [10]. 

10Chemical vapour deposition of dielectric films is not used because of the high temperature required (~ 500 °C), 
which is incompatible with GaAs/InP materials (leading to decomposition) and ohmic metallizations used. 
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The idea was to fabricate a controlled impedance transmission line extending to the contact 
point of the probes, allowing at the same time easy connection to the outside world. 

Figure 4.15 presents the high frequency contact pad (50 Cl CPW transmission line) lithog
raphy pattern. The Ti-Pd-Au metallization was sequently evaporated without breaking the 
vacuum: 33 nm of Ti + 30 nm of Pd + 240 of Au. 

Figure 4.15: RTD-EAM high frequency bonding pads lithography. 

The CPW transmission line, with 50 ii impedance preserving tapers as shown in Fig. 4.16, 
was formed. (Figure 4.16 presents the top view picture of a fabricated RTD-EAM, showing the 
coplanar waveguide transmission line.) It also serves as high frequency bonding pads and power 
bus. In order to ensure low series resistance, the metallization thickness is made considerably 
thick by deposition of an extra Au layer, being typically 0.7 - 1.0 /im. An angled metallization 
was employed to improve step coverage on the waveguide wall of the central CPW track. 

Die Top View 

< 500/tm 1\ 

L: active waveguide length 

Figure 4.16: RTD-EAM die top view, showing the CPW contact-pad/transmission-line. 

On-sample probing was then relatively easy with the sample keeping its full thickness, because 
the formed CPW does not need a backside ground metallization; indeed, the RTD-EAM does 
not require back side metallization. 
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4.3 Post Processing and Packaging 

No less important than the main aspects of device fabrication is the transformation of a sample 
containing many devices into a large number of packaged devices, ready for testing. The small 
size of devices, their fragility and the need for optical alignment do not propitiate fully automated 
procedures. 

4.3.1 Back-Sample Lapping 

Substrates of III-V semiconductors are made typically 2-3 times thicker than a silicon wafer of the 
same diameter, because of the much higher fragility of the compound semiconductor materials. 
This thickness, whilst necessary to limit the number of breakages during processing, may not 
be desirable in the finished device. In this work, the purpose of sample thinning was mainly to 
facilitate device separation (dicing) and improve characteristics such as heat dissipation (reduce 
thermal resistance); however, thermal gradients across the surface of the chip will become more 
severe with sample thinning. 

The extra thickness was removed by lapping the back of the sample (great care must be 
taken not to damage the devices). The sample was glued to a glass slide, epilayer down, with 
photoresist, which also protected the epilayer, and baked at 90 °C for 15 minutes. The glass slide 
was then mounted substrate up on a stainless steel jig with dental wax, avoiding spilling any 
wax on the exposed face (substrate) of the sample. The substrate was hand lapped on a grinding 
plate, in a liquid suspension of an abrasive powder, until its thickness was ~150 /im. Then, the 
glass slide was removed by heating the jig and melting the wax; the sample was removed from 
the glass slide using acetone, thoroughly rinsed in deionised water and dried, being ready for 
device cleaving and separation. 

4.3.2 Dev ice Separation 

The device separation procedure typically uses mechanical scribing or sawing, although laser 
scribing techniques have sometimes been used on an experimental basis. Device scribing takes 
advantage of the crystallographic nature of the semiconductor sample, its purpose being to 
weaken the structure along one cleavage plane. In this work, a home designed mechanical scribing 
technique was used. 

There are difficulties with this technique, as a fine balance has to be determined when scribing 
the sample, so as to introduce enough surface damage to weaken the structure but not damage 
the device. If the sample is not weakened sufficiently, the subsequent cleaving process may 
result in small device yield. This is specially true for this RTD-EAM device because the guiding 
region is not embedded into the semiconductor, but instead corresponds to a protuberance on 
the sample surface, as shown in Fig. 4.17. In fact, this was one of the most critical frabrication 
steps due to the need to obtain good quality device facets, because of the high risk of waveguide 
facet destruction in the scribing process. 
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Figure 4.17: Side view picture of a RTD-EAM ridge waveguide (ridge: 1.4 /Ltm). 

The samples were placed on adhesive foil, substrate side down. A diamond scribe was then 
applied on the sample edge area, left clear, along a scribe plane parallel to the waveguides, 
cutting slightly into the sample. The scribe was then stepped and repeated in a parallel plane 
between waveguides, spaced 500 /im apart. 

The sample was broken into individual stripes by covering the scribed sample with a scratch 
protection foil, and applying pressure on the foil with a razor blade edge. Stretching the foil 
separated the stripes even further. The scratch protection foil was removed and the stripes were 
then picked from it and placed on a new adhesive foil, and then individually scribed along planes 
perpendicular to the waveguides, spaced by «500 /im. The stripes were broken into individual 
devices, Fig. 4.16, using the same procedure. The scribe process creates devices with perfect 
crystal facets, which act as good end mirrors in a semiconductor waveguide. The dies («500 /im 
long, «500 /im wide), Fig. 4.16, were then picked up from the foil, being handled with sharp 
tweezers and avoiding contact with the mirrored facets perpendicular to the waveguide. 

The optical quality of the facets perpendicular to the waveguides was then inspected using 
a die bonding commercial equipment (EDB 80 Eutectic die bonder, Dynapert-Precima Ltd.), 
containing a pick-up arm which can be rotated through 180° for die inspection (the four facets 
of the die could then be examined). Good quality devices went through electric testing to verify 
again their NDC characteristics. 

4.3.3 Package and Dev ice Connect ion 

Devices showing good facets and having appropriate dc current-volt age characteristic were mounted 
on a suitable test package. Factors to be taken into account in this process are orientation of 
the RTD-EAM waveguide to ensure good alignment to a fibre (where needed) or a lens, and 
the possibility of heat sinking. Of principal interest to high speed operation is the design of a 
package with reduced parasitics: a good common ground plane is essential, bonding wire bends 
should be minimal to eliminate stray inductances, and multiple wire bonds should be used to 
minimize resistance. 

Test Package 

The package should provide good electrical and thermal contact between the die back-side and 
the metal holder, and must be designed to allow light coupling into the device through microscope 
objective end-fire (or optical fibre arrangement) in an optical set-up using micro-blocks. Figure 
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4.18 presents a picture of the RTDEAM package implemented. Brass is used in the package on 
account of its excellent thermal conduction properties and ease of machining. 
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Figure 4.18: Photograph of the RTDEAM package implemented. 

CPW Chip Bonding and SMA Connectorization 

At high frequency, the package is an integral part of the overall circuit design. Coplanar waveg

uide (CPW) transmission line chips with 50 O impedance, implemented on SI GaAs, were 
mounted on the optical test package and were used to connect the RTDEAM die to the outside 
of the package, as shown schematically in Fig. 4.19. Mounting was performed with the CPW 
contact pads face up for subsequent wire bonding, using indium solder at a typical temperature 
of 175 °C. A SMA connector was then attached to the test package and connected in line to the 
package CPW line, Fig. 4.19. The SMA connector limits the package bandwidth to around 18 
GHz; however, the RTDEAM can still be rf probed while in this fixture. 

SMA ' CPW 
gold wire RTDEAM 

\=A 
=0 

20 mm

SMA 
I CPW RTDEAM 

gold wire rr 

Figure 4.19: Schematic representation of a packaged RTDEAM device. 

RTD-EAM Chip Bonding 

The RTDEAM die was bonded by attaching it, substrate down, to the package pedestal with a 
high conductivity adhesive, Fig. 4.19, using a die inspection and placement machine (EDB 80 
die bonder). When the die was properly aligned relative to the package, the pickup arm was 
lowered to bring the die into contact with the package. Silver epoxy glue, cured at 100 °C for 
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5 minutes to provide good adhesion, was used instead of indium because any amount of indium 
that overflows under the facets or contacts will make the device useless; besides, silver epoxy 
glue, if not yet cured, can be easily removed using acetone. 

Wire Bonding [20][21] 

The final step in completing device preparation was the connection between the device high 
frequency pads and the package CPW transmission line, as represented in Fig. 4.20. The 
connections were realized with gold wire, about 25 /ira diameter, that linked the package terminals 
to the microscopic metal contact pads on the device chip. The process was carried out under a 
microscope, using a commercial ultrasonic wire bonding machine (Wedge Bonder, Model 4123, 
Kulicke and Sofia Industries, Inc.). 

cw light 

package CPW silver epoxy 

Figure 4.20: Schematic of the RTD-EAM and SMA connection to the CPW package. 

There are several factors involved in creating a good bond, such as ultrasonic frequency, time, 
temperature, surface cleanliness and the metals used. Failure of the connection is usually due 
to underbonding (insufficient contact), overbonding (too much contact, leading to squashing) or 
even lifting off the pad contact. 

4.4 Electrical Characterization 

Virtually every processing step can alter the electrical properties of the device and, consequently, 
process development or modification must be closely coordinated with electrical characterization. 

The capacitance-voltage (C-V) technique [55] was employed to profile the doping concentra
tion Nd(z) of the wafers grown, when justified. 

4.4.1 dc and Low Frequency Test ing 

The Hewlett-Packard Semiconductor Parameter Analyser probe station (model 4145A with a 
residual resistance in voltage mode of 0.4 Q and capacitance load <1000 pF) was used to char
acterize the dc electrical behaviour of devices. This is a fully automatic, high performance, 
programmable test instrument designed to measure, analyse, and graphically display the dc 
characteristic of a wide range of semiconductor devices. On-sample measurements at dc and low 
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frequencies use needle probes to make contact to the appropriate device terminals; such measure
ments are used either to monitor the various processing steps or to screen devices before fixturing. 
The inductance associated with the needles makes them unusable at higher frequencies. 

Typical current-voltage characteristics of GaAs and InGaAlAs based RTD-EAMs are shown 
in Figs. 3.5 and 3.9, respectively. From them the voltage dropped across the waveguide core 
depletion region is estimated, hence the electrical field and the resulting depth of optical mod
ulation. The RTD-EAM switching time, ÍR, can also be estimated from its I-V characteristic: 
ÍR — 'iRdCd — 4 (AV/AJ) Cv [152], where AV and A J are the peak-to-valley voltage and cur
rent differences, respectively; Cv is the capacitance at the valley point per unit area (Cv = e/W, e 
is the depleted region permitivity, and W is the depletion region width). The NDC characteristic 
gives also a measure of the quality of the DBQW structure. 

4.4.2 High Frequency Testing 

Basic measurements of voltage and current are extremely difficult at microwave frequencies (as 
high as 30 GHz and beyond) in terms of accuracy and stability [3] [10]: high gain microwave 
devices may not be stable if their terminals are shorted (i.e., they may oscillate); to obtain 
accurate short or open circuits at the input or output ports at microwave frequencies is rather 
difficult, because appreciable impedance can result from very small parasitic capacitances and 
inductances; for example, a shorting wire or strip across the output terminal of a device, even if a 
few tens of microns long, will have a nontrivial impedance at microwave frequencies. Conversely, 
an open circuit formed by simply leaving the terminals open can easily have nontrivial capacitance 
and impedance. In the mid-1980s, microwave transmission line probes were introduced that bring 
the test ports for high frequency measurements directly to the contact points on the sample [10]; 
devices to be tested by such probes need to have input and output ports that accommodate the 
contact point of the probe (foot-testing) [3]. 

Wave scattering parameters (^-parameters) measurement [10] circumvents the need for true 
shorts and opens at the terminations, and also avoids the stability problem as it is based on 
signal power ratios. In this case, the device under test (DUT) is connected to transmission lines 
that extend to an impedance termination on the output side and a signal source on the input 
side [3]. The source and impedance termination can be at some distance from the DUT (their 
impedance is usually 50 fi). When the signal source is turned on, there will be incident and 
reflected voltage waves which can result in a standing wave pattern [3]. Calibration steps are 
needed to establish the phase reference planes and to map the measurement space to the Smith 
chart11 of the device [10][179], for correct calculation of the phases and to extract any components 
of the reflected signal due to imperfections in the hardware, such as reflections from connectors, 
bends, finite cross talk between isolated channels, imperfect matching of the signal source, and 

n T h e Smith chart gives a graphical transformation between the reflection coefficient and impedance [179]. 
The complex reflection coefficient (Su = pe1*) is represented in polar coordinates [10]. Superimposed on that 
are circles and lines of constant real and imaginary parts of normalized impedance (Z = R + iX). It provides a 
graphical tool for designing distributed matching networks [179]. 
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so on. Calibration for Su might involve measurement of an open-short-standard load circuit 
to establish the reference phase plane and give enough information to map three points on the 
Smith chart (Su =1 , -1 , 0, respectively) [10]. This allows the removal of most errors associated 
with imperfect directivity and mismatch. 

High frequency characterization of the RTD-EAMs used a Network Analyser, which can mea
sure the complex value (magnitude and phase) of the S\\ parameters at selected frequencies, by 
harmonic down conversion and heterodyne detection [10]. A source providing a stable signal 
at precise frequencies (synthesized source) supplied the incident signal to the RTD-EAM over a 
broad frequency range. The RTD-EAM exhibits dynamic negative conductance to the measure
ment system, so the reflected power is greater than the incident power when it is operating at a 
frequency lower than the cut-off frequency, i.e., \Su (/ < / c ) | > 1; from the measured frequency 
dependence of the Su parameter, the device equivalent circuit parameters and bandwidth can 
be estimated. 

4.5 Optical Characterization 

Optical characterization of GaAs based RTD-EAMs employed light from a Ti:sapphire laser (cw 
Ti:sapphire laser, model 3900, Spectra-Physics),12 tuneable in the wavelength region around the 
absorption edge of the GaAs waveguide (850-950 nm) with a linewidth around 0.1 nm (40 GHz) 
[185]. Light from a Tunics diode laser, tuneable in the wavelength region 1480-1580 nm, with a 
linewidth below 10~5 nm (100 kHz) [186], was used to characterize InGaAlAs based RTD-EAMs. 

RTD-EAM optical characterization included observation of the propagation modes, followed 
by determination of propagation loss. In studying their application as intensity modulators, the 
electric field induced absorption change was measured, followed by high frequency optoelectronic 
characterization. Optical characterization also included determination of InGaAlAs waveguide 
core bandgap energy, employing photoluminescence techniques. 

4.5.1 Waveguiding Characterizat ion 

The most efficient method to couple light into channel waveguides is through focusing, with a 
microscope objective or a lensed single-mode optical fibre, into a waveguide cleaved end (endfire 
coupling).13 (Two other methods of efficiently coupling light into a channel waveguide are through 
gratings and tapers [13][58].) The lenses/fibres and the packaged waveguide were mounted on 
micro-block translation stages, in an endfire arrangement [58]. The input and the output could 
be both independently adjusted to optimise focusing and alignment, and the sample could also 

12Titanium doped sapphire is a solid-state laser medium capable of tuneable laser action over a broad range, 
near infrared wavelengths. The broad absorption band in the blue and green makes the argon ion laser an 
ideal pump source for this material. The laser linewidth was < 40 GHz, the spatial mode was TEMoo, and the 
polarization was horizontal (100:1) 

13The lensed fibres were prepared by fusing the cleaved end of a single-mode optical fibre, using a commercial 
fusion splicer. 
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be translated and rotated independently of the lenses/fibres. The endfire experimental set-up 
employed is schematically represented in Fig. 4.21. 

laser 

microscope 
objective waveguide 
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camera 

laser controller 

Figure 4.21: Experimental apparatus for observation of optical waveguiding [58]. 

With GaAs based RTD-EAMs, lenses (x20) were used instead of fibres due to the higher 
power coupling achieved; lensed monomode fibres were employed to couple light into the In-
GaAlAs RTD-EAMs. The output light was collimated/focused by a microscope objective lens 
and sent to an infra-red camera. Input coupling is critical, as is locking of that alignment once it 
has been determined. The infra-red camera line scan facility was used to monitor the intensity, 
to observe the optical output power distribution and hence to maximize coupling. 

4.5.2 Loss Measurement 

Loss sources in waveguides are generally attributable to three mechanisms [58] [69]: absorption, 
scattering, and radiation leakage, Fig. 4.22 (Fig. 2.23, section 2.2.4). 
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Figure 4.22: Optical power attenuation in the waveguides. 

To measure waveguide loss, a known optical power is introduced into one end of the waveguide 
and the power emerging from the other end is measured [58] [177]; the output power from the 
waveguide can be written as 

PL(z = L)=P0(z = 0) exp {-aL), (4.7) 

where PQ and PL are the input and output powers, respectively, within the waveguide of length 
L; a is the attenuation coefficient. 

There are many problems and inaccuracies inherent in using such approach [58] [177]: cou
pling losses at the input and output are generally not known, and can largely obscure the true 
waveguide loss. Also, if the waveguide is multimode, loss attributable to individual modes can
not be separately determined. (Direct lens endfire coupling excites continuum modes as well 
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as guided modes, which complicates the interpretation of results [177].) The proper choice of a 
measurement technique depends on the type of waveguide being used, on the predominant loss 
mechanism, and on the magnitude of the loss being measured [58][177]. In this work, sequential 
cleaving was used to measure AlGaAs RTD-EAM waveguide loss [58]. The Fabry-Perot method 
was adopted to estimate the loss of the InGaAlAs RTD-EAM waveguides [177]. 

The sequential cleaving method is not suitable for propagation loss measurements of low-loss 
(<1 dB/cm) semiconductor waveguides, as it normally exhibits large uncertainties [58]. In this 
case, the transmitted output power will depend simultaneously on the waveguide loss and on 
the Fabry-Perot étalon effect [177], since the reflectivity of the cleaved facets is as high as 0.3. 
Another disadvantage of this method is that it is destructive. Also, no direct discrimination is 
made between the losses of different modes. 

In the Fabry-Pérot method, loss is determined by changing the optical path length of a 
waveguide cavity [177], for example by modifying the waveguide temperature, and measuring 
the light output as the temperature changes. The Fabry-Pérot method cannot, in principle, 
be applied to multimode waveguides because the superposition of the response functions of the 
individual modes yields a reduction of the measured overall contrast. However, it is possible to 
excite a single mode by fibre endfire coupling [58], which can relax this constraint; an optimized 
experimental setup with a polarization maintaining fibre coupler is also expected to reduce the 
measurement errors [177]. If the light source coherence length is too short, the Fabry-Pérot 
resonances cannot be perfectely resolved and the measurement will predict a higher loss; in order 
to make an accurate measurement of loss, the laser linewidth must be substantially narrower than 

-, where n e / / is the effective refractive 2n the spectral range of the waveguide étalon, Au 
index of the guided mode and c is the speed of light [177]. 

eff 

4.5.3 Waveguide Transmission Spec trum Change 

Knowledge of the waveguide transmission spectrum at diferent bias points allows definition of 
the operating wavelength which gives the maximum modulation depth. Figure 4.23 shows a 
schematic representation of the experimental set-up used for measurement of the waveguide 
optical absorption spectrum change, induced by the Franz-Keldysh effect. 
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Figure 4.23: Experimental set-up used for bandedge shift measurement. 

The RTD-EAM waveguide transmission spectrum was determined with zero applied voltage, 
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with the device dc biased at slightly below the peak voltage, and in the valley region; the device 
was not dc biased in the NDC region in order to avoid self-oscillation. The change in the optical 
absorption spectrum induced by the peak-to-valley transition was also measured: the RTD-EAMs 
were dc biased at slightly below the peak voltage, and a low frequency rf signal was injected to 
induce switching into the valley region. 

4.5.4 High Frequency Characterizat ion 

Typical techniques and hardware for high speed optical detection and short optical pulse charac
terization can be divided into two classes, based on their response time. For pulse widths longer 
than 15 ps or frequencies below 60 GHz, solid state photo-detectors offer a combination of small 
size and ruggedness, and can be used with sampling oscilloscopes [3][10]. On shorter time scales, 
the characterization techniques are currently confined to the laboratory environment, and rely 
on streak cameras (that can resolve pulses longer than 1 ps), or autocorrelation techniques,14 

that can be used to analyse pulses as short as a few femtoseconds. 
A Hamamatsu C5680 streak camera, with a minimum time resolution of around 2 ps, was 

employed to characterize the RTD-EAMs optical response at around 900 nm of rf modulated 
optical signals. A InGaAs Schottky photodetector was employed to characterize RTD-EAM 
operation at around 1550 nm. 

Fast Photo-Detector 

At the present time, solid state detectors offer a time response slower than streak cameras 
and autocorrelators; commercial devices with bandwidths up to 60 GHz and rise times of less 
than 10 ps are available from several commercial vendors [60] [188]. While design details vary 
among manufacturers, fast response times are achieved by optimising the detector structure 
with respect to a number of important variables. Principal among these are the decay time for 
electrons and holes generated by input light pulses and the capacitance of the detector structure 
and associated circuitry. In general, it is obviously desirable to minimise both the carrier lifetime 
and the capacitance. Using a material in which the carriers have short lifetime and high mobility, 
in combination with an electrode design that minimises transit-time effects and capacitance, a 
bandwidth of 375 GHz was achieved in a laboratory prototype [187] and devices of similar design 
are currently being manufactured [188]. 

The photodetector employed to characterize RTD-EAM devices was a Schottky InGaAs (12 
^m diameter) photodetector with the following characteristics [60]: wavelength range 950-1650 
nm, typical 3-dB bandwidth 45 GHz, rise time 9 ps, maximum conversion gain 10 V/W, typical 
maximum responsivity 0.4 A/W, output impedance 50 Í2, cw saturation power 1 mW, maximum 
pulse power 100 mW, optical input single-mode ST or FC-fibre-optic connector, electrical output 
Wiltron K connector. 

14In addition to simple intensity autocorrelation, advanced techniques have been developed that completely 
describe the time evolution of the electric field in a short pulse [190]. 
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Streak Camera [189] 

Based on photo-electron emission in an image-converter tube, streak cameras produce an output 
image in which time is represented as a linear displacement. This is accomplished by rapidly 
scanning the electron beam inside the image-converter tube. The input optical system of a 
typical streak camera images light entering the camera into a narrow slit on the photocathode 
of the streak tube. While tightly focusing the input beam along one axis, the input optics has 
no effect on the intensity distribution in the orthogonal direction. As a result, the camera can 
accurately reproduce the spatial distribution of light in the exit plane of the spectrograph or 
along one axis of a spatially inhomogeneous source. Figure 4.24 shows the operating principle of 
the streak tube used in the C5680 Hamamatsu Universal Streak camera. 

trigger signal s w e eP circuit 

Figure 4.24: Operating principle of the streak tube [189]. 

The light impinging on the photo-cathode produces a narrow beam of electrons that are 
accelerated by a grid electrode towards the output end of the tube (phosphor screen). Deflec
tion/sweep electrodes, located after this grid, are used to rapidly scan the electron beam across 
the input face of a micro-channel plate (MCP) near the output end of the tube. This element am
plifies the electron current while preserving its spatial distribution. A visible image is generated 
by a phosphor screen at the output end of the micro-channel plate. 

Applying a short, high voltage pulse to the deflecting/sweeping electrodes, the electrons 
released by the photo-cathode are scanned across the output screen in a few hundred picoseconds. 
Because linear deflection of the tube image is proportional to time, the streak image on the output 
phosphor screen is a record of the temporal evolution of the arrival light intensity, i.e., in the 
direction perpendicular to the scan direction, the output image faithfully records the variation 
of the incident intensity on the photo-cathode.15 In those cases where the sample "emission" is 
periodic, repetitive scanning is used to increase the camera sensitivity. 

In modern instruments, the two-dimensional output images are digitally recorded using a 
detector array for subsequent analysis. In a typical commercial device, a time resolution of 2 ps 
can be achieved when operating in a single-scan mode. Ultimately, the time resolution is limited 

15In a typical application, a streak camera can also be used to record the time evolution of the spectrum from 
a pulsed sample. By using a streak camera in place of a photographic plate or optical multichannel analyser in 
the output plane of a spectrograph, it is possible to observe variations in the source spectrum during the camera 
scan period. 
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by space-charge effects within the tube, that make the electron transit-time dependent on the 
input intensity. 

The C5680 streak camera employs a S-1/borosilicate glass streak tube (spectral range 300-
1600 nm), with radiant sensivity of wlO3 fiA/W at 900 nm and w l 0 _ 1 /iA/W at 1550 nm 
[189]. Because of the low power available from the laser and the low radiant sensivity of the 
borosilicate glass streak tube at 1550 nm, it was not viable to employ the streak camera to 
characterize RTD-EAMs operating at 1550 nm. 

4.6 Final Comments 

Several aspects to be considered in the realization of RTD-EAM devices were discussed, including 
design of the wafer structure for good integration of the DBQW-RTD within the semiconductor 
waveguide, and layout of high frequency coplanar waveguide transmission lines, employed as 
device bonding pads and for testing the package. Special relevance was given to specification 
of the spacer layers and their doping levels, in order to optimize the behaviour of the RTD in 
conjunction with the semiconductor optical waveguide, and to keep the operation away from 
catastrophic failure due to current breakdown. 

The device fabrication procedure used to obtain a ridge waveguide diode incorporating the 
DBQW was described. A modified approach was employed to the electrical contact problem, 
avoiding the technique initially used (with ohmic contacts applied directly on AlGaAs layers). 
This was replaced by a configuration using mesas, i.e., contacts applied on a GaAs capping 
layer, which provide higher quality ohmic contacts - lower contact resistance, better stability 
and superior thermal behaviour). The description was kept as general as possible, covering the 
requirements of the two material systems employed (AlGaAs/GaAs and InGaAlAs/InP). 

The steps taken to package the devices for high frequency optoelectronic testing were also 
described, including chip and wire bonding, and connectorization to allow high frequency opera
tion. A description of the tests routinely applied to packaged and unpackaged devices comprised 
dc electrical measurements for control of fabrication, and low and high frequency measurements 
of packaged devices. 

A description of optical and optoelectronic characterization techniques employed (modal pro
file, loss and transmisssion spectrum change, and light modulation) was also included in this 
chapter. 

This chapter laid the foundations for discussing the design, fabrication and testing of RTD-
EAMs. The specific details, procedures and results concerning GaAs devices (operating at around 
900 nm) and InGaAlAs components (operating around 1550 nm) are the object of chapters 5 
and 6, respectively. 
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Chapter 5 

AlGaAs Based RTD-EAM 

In this chapter, AlGaAs/GaAs RTD-EAM waveguide design, fabrication and characterization 
procedures are presented. The ridge optical waveguide configuration was employed due to its 
ability to laterally confine both electrical and optical fields, thus maximizing their interaction. 
Operation of the device as a high frequency intensity optical modulator is demonstrated. 

5.1 AlGaAs RTD-EAM Design and Fabrication Procedures 

In the wafer structures used throughout this work, the DBQW-RTD was located in the waveguide 
core centre. As discussed in chapters 3 and 4, there is a compromise between the required 
waveguide I-V characteristic (high peak current density, large PVCR, and low series resistance) 
and the optical waveguide properties (efficient light guiding, favourable light coupling, and low 
loss). These impose structural limitations on the DBQW (barriers and well thicknesses) and on 
the waveguide structure (core and claddings thicknesses and background doping profile). 

5.1.1 Ridge Waveguide Des ign 

The GaAs-AlzGai-^As double heterostructure, shown in Fig. 4.1(a), provides a useful buried 
guide, which can be qualitatively described as nearly symmetric, with abrupt refractive index 
steps [Fig. 4.1(b)]. (This versatile structure has been put to use on lasers, modulators, and 
detectors.) The refractive index of the AlxGai_xAs alloy as a function of the wavelength, A, is 
given by [15] [191]: 

1 + 7 (Ej - Ef) + 27 (Ej - El) E2 + 27£4 In ( J — E 
E2

g-E2 (5-1) 

1 10 

where E = 1.2398/A eV (A in pm), 7 = Ed/4E$ (jSg - Elf), Ef = (2E$ - E j ) , Ed(x) = 
36.1 - 2.45x eV, E0{x) = 3.65 + 0.871a; + 0.179a;2 eV, and Eg{x) = 1.424 + 1.266a: + 0.26a;2 eV 
(x < 0.4). 
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The waveguide core of the AlGaAs/GaAs RTD-EAM was implemented with a layer of GaAs 
1 urn thick to allow easy endfire light coupling. The AlGaAs/GaAs RTD-EAM cladding layers 
were implemented with Alo.33Gao.67As alloys; an aluminium concentration of 33% gives rise to 
an index difference, ncore — ridad, of ~0.224 at 900 nm (the GaAs refractive index at 900 nm 
is ~3.593), which is sufficiently high to obtain efficient light confinement with relatively thin 
cladding layers, keeping the device series resistance low. Besides, Alo.33Gao.67As is a direct 
bandgap compound with conduction band valley discontinuities AEcr = 0.211 eV, AEcL = 
0.285 eV, and AEcx = 0.312 eV, that reduce the problem of conduction complexity associated 
with L and X valleys (avoiding the lower conductivity associated with indirect bandgap AlGaAs 
compositions) in higher aluminium content compounds. 

The upper cladding layer thickness was made approximately equal to twice the reciprocal 
of the first mode exponential decaying factor, ~300 nm. Because the waveguide core and the 
substrate have similar real refractive indices, the lower cladding layer was made considerably 
thicker, acting as an isolation layer separating the GaAs guide core from the GaAs substrate. 
An isolation layer of around 600 nm was adopted in order to avoid radiation leakage into the 
substrate. 

Transversal light and electric field confinement were obtained by defining a ridge waveguide 
structure, Fig. 4.1(c), etching away unwanted semiconductor material (upper cladding and core) 
by means of reactive ion etching (RIE), forming a ridge of ~1.4 /xm, as represented in Fig. 5.1. 
Because air surrounds the ridge, the refractive index discontinuity in the transverse direction 
is An ~2.593 (in the vertical direction it is ~0.224), and several lateral modes are allowed to 
propagate. 

GaAs n=3.593 
I 0 11m 

AlGaAs n=3.369 0.3u.m 

n=3.593 
GaAs 

1.0 um 

AlGaAs | 
n=3.369 0.6|xm 0.6|xm 

GaAs substrate n=3.593 

Figure 5.1: AlGaAs/GaAs ridge waveguide cross section schematic. 

Table 5.1 shows the effective refractive index, neff (for TE and TM polarizations), and the 
profiles of the first three guided modes, for the case of a 4 /im wide ridge waveguide, obtained 
using FWave IV software.1 

5.1.2 Wafer Specification 

For a given material system, the parameters that significantly affect the RTD-EAM current 
density - voltage (J-V) characteristic are the barriers, quantum well and spacer layers widths, 

XM. R. S. Taylor, "FWave IV: a vector E-M wave solver," user manual, University of Glasgow, Glasgow, United 
Kingdom (URL: http://www.elec.gla.ac.uk/-michaelt/software/fwave/). 

http://Alo.33Gao.67As
http://Alo.33Gao.67As
http://www.elec.gla.ac.uk/-michaelt/software/fwave/
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mode 

1st 

2nd 

3rd 

neff,TE 

3.573 

3.567 

3.558 

nefT,TM 

3.572 

3.567 

3.558 

FWave IV mode profile 

Table 5.1: First three guided modes effective refractive index and profile, for the case of a 4 fim 
wide 1.4 /xm ridge waveguide (A = 900 nm). 

contacts and spacer layers doping concentrations. 

Because the DBQW is embedded in the centre of a 1 ^m thick waveguide core, the spacer layer 
regions are much thicker than the DBQW («500 nm versus «10 nm). Their background doping, 
Ndco, has to be kept low to minimize the optical loss due to free-carrier absorption, and also 
because of the need to achieve complete collector spacer layer depletion under operation at the 
valley voltage. However, the emitter and collector spacer layers background doping concentration 
cannot be too low in order to ensure small series resistance compatible with wide bandwidth 
operation, and obtain low peak voltage operation [5]. The spacer layer on the emitter side of the 
DBQW region is expected to be practically undepleted, and in future designs it should be made 
thinner. 

Because of the low fraction of the fundamental mode optical power guided in the claddings, 
a doping concentration in the claddings of A^ci = 2 x 1018 c m - 3 was adopted that still does not 
give rise to large free-carrier absorption loss [58]. In the case of the core, a background doping 
concentration, Ndco, smaller than the electron density associated with the peak current density, 
-^— (vSat represents the electron saturation velocity), has deleterious (high series resistance) and 
even catastrophic (current breakdown mainly through impact ionization) effects [63]. 

The value of the resonant tunnelling component of the peak current density, determined 
using Eq. 3.20, was used to estimate the collector spacer layer minimum background doping 
concentration. For a GaAs/AlAs RTD consisting of a DBQW heterostructure with 1.4 nm 
barriers and a 7 nm quantum well, and emitter doping concentration of the order of 4.7xl017 

cm - 3 , peak current density around 20 kA/cm - 2 is expected, which requires an electron effective 
concentration around 2 x 1016 cm - 3 , taking vsat ~0.6xl0 cm/s. A core background doping 
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concentration of 2 x 1016 cm 3 was adopted.2 

Following the design rules discussed above, wafers #B634, #B757, #B710, and #B791, were 
grown by Molecular Beam Epitaxy in a Varian Gen II system, on a "semi-insulating" (SI) GaAs 
substrate, by the MBE Group of the Department of Electronics and Electrical Engineering of 
the University of Glasgow. 

Wafers # B 6 3 4 and # B 7 5 7 

Figure 5.2 shows schematically the #B634 and #B757 AlGaAs/GaAs RTD-EAM waveguide 
wafer structures, together with their conduction T-valley and refractive index profiles. The wafers 
#B634 and #B757 consisted of a DBQW, formed by two 1.4 nm thick AlAs barriers separated 
by a 7 nm wide GaAs quantum well, embedded between two 500 nm thick moderately doped (Si: 
2 x 1016 cm - 3) GaAs spacer layers (refractive index ~3.593), which are surrounded by heavily 
doped (Si: 2 x 1018 cm"3) Alo.33Gao.67As cladding layers (refractive index ~3.369). A 100 nm 
thick n + GaAs cap layer was provided for formation of Au-Ge-Ni ohmic contacts. 

GaAs contact layer^ Nd=2xl018 cm3 

* Al0 33Gao 67As upper cladding Nd=2xl018 cm3 

GaAs upper core/spacer layer Nd=2xl016 cm3 

GaAs lower core/spacer layer Nd=2xl016 cm3 

Al033Gao67As upper cladding Nd=2xl018 cni3 

100 nm 
300 nm 

500 nm 

500 nm 

600 nm 

5 
r-conduction band profile refractive index profile 

SI GaAs substrate 

Figure 5.2: AlGaAs RTD-EAM wafer structure, T-valley, and refractive index profiles. 

Wafer # B 7 1 0 

In order to improve the PVCR of the RTD, and hence the modulation depth and cut-off 
frequency, the wafer #B710 was grown with a DBQW consisting of a 1.7 nm thick barrier 
and a 5 nm well embedded in the same waveguide structure, while keeping the doping profile 
unchanged. However, the I-V characteristics of fabricated devices did not show stable NDC, 
breaking down at voltages slightly higher than the peak voltage. (Due to the thinner quantum 
well, the resonance width is larger, giving rise to a peak current density higher than 20 kA/cm - ). 
This instability was not initially associated with breakdown originated by the lower background 
doping concentration, but only later on when a better understanding of the device behaviour 
was achieved through the models described in chapter 3. 

2The AlGaAs/GaAs RTD-EAMs fabricated have shown peak current densities up to 13.5 kAcm 2, which 
corresponds to an electron effective density of ~ 1.4 x 1016 c m - 3 , assuming vaat = 0.6 x 107 cm/s. 

http://Alo.33Gao.67As
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Wafer # B 7 9 1 

In order to have a more clear understanding of the effect of the DBQW on the diode waveguide 
I-V characteristic, the wafer #B791 was grown, and consisted of a Alo.33Gao.67As-GaAs optical 
waveguide structure without DBQW; the doping profile used was the same of previous wafers. 

5.1.3 Fabrication and Testing Procedures 

In this subsection, processing of the GaAs RTD-EAM is described in detail, step by step, starting 
from scribing of the wafer up to the point where the device is packaged, according to the general 
procedures and technologies introduced in chapter 4. 

The fabrication routine can be divided into 7 phases: 

Phase 1: sample preparation 

Wafer scribing into samples approximately 10 mm x 10 mm. Due to their greater fragility 
compared to silicon wafers, great care must be taken when handling GaAs substrates. The 
samples were cleaned in an ultrasonic bath, 5 min for each solvent: opticlear, acetone and 
methanol, followed by deionised water rinsing and nitrogen blow drying. 

Phase 2: ohmic contacts formation and contact annealing 

The samples were coated with AZ 1400-31 photoresist @ 6000 rpm for 30 s, then baked in an oven 
for 30 min @ 90 °C. Exposure of the samples used a mask aligner and the ohmic contact mask: 
the ohmic contact stripes were aligned parallel to the cleaved edge of the sample, in order to 
guarantee waveguide facets perpendicular to the cleavage planes. Exposure with the ultra-violet 
light source lasted for 10 s. Development for 75 s was followed by a postbake in the oven for 5 
min @ 120 °C and HCI-H2O (1:4) de-oxidisation etching for 30 s. The gold-germanium n-type 
ohmic contact recipe was evaporated using a Plassys machine, followed by lift-off in acetone. 
The ohmic contact patches were then examined under a microscope. 

The metallization quality was verified through analysis of the corresponding Schottky I-V 
characteristic (the contacts had not yet been annealed), obtained using the HP parameter anal
yser with the help of needle probes. Before annealing, a rectifying behaviour is found identified 
by the characteristic (a) in Fig. 5.3, as a consequence of the relatively high GaAs-metal Schot
tky barrier (~0.8 eV for common metals) and of the doping concentration of 2 x 1018 cm - 3 , not 
high enough to obtain a very thin barrier.3 When annealed at a temperature above 360 °C, the 
metal-semiconductor contact becomes ohmic, as represented by the curve (b) of Fig. 5.3. 

3The lower solubility for the n-type dopants used in MBE grown GaAs makes difficult to achieve a dopant 
concentration higher than typically 2 x 1018 c m - 3 [56]. 



CHAPTER 5. ALGAAS BASED RTD-EAM 

****** r- ; f - M . o i * * * * * * 
BAAS ner ANN a.n.a» 

- 0 9 , 0 7 . 
« V| 

Figure 5.3: I-V curves of GaAs-AuGe metallization (a) ante- and (b) post-annealing. 

Phase 3: waveguides definition, and wet etching of the n + GaAs cap layer 

The sample was coated with 1400-31 photoresist, spun at 4000 rpm for 30 s, followed by baking 
for 30 mins @ 90 °C. The waveguide mask consisted of sets of stripes 2, 3, 4, 5, and 6 fxm wide, 
and 8 mm long. The sample was aligned with the waveguides mask and exposed (mask aligner) 
for 7 s, followed by development for 120 s and post-baking for 15 min Û 120 °C. The resist 
pattern obtained, consisting of stripes of photoresist, acted as dry etching mask. 

The unprotected epilayer was etched using the RIE 80 machine with SiCLt gas and 100 W 
rf power, to a depth of œl.4 //m, as shown in Fig. 5.4. (The etching depth was verified using a 
step profiler.) The average etching rate was 0.12 nm/min, but varied slightly from run to run. 
A quarter wafer of GaAs was placed under the sample to ensure reproducible and good quality 
etching. 

Figure 5.4: Side view of the AlGaAs waveguide (ridge depth: 1.4 /im; width: 4/xm). 

The sample was then soaked in acetone to remove the resist dry etching mask. The top 
n+ GaAs ridge capping layer region uncovered by the ohmic metallization was etched to reduce 
current spreading along the ridge axis. An alkaline solution of NH4OH in combination with H2O2 
and H2O (1:1:200) was used, with an etching time of 60 s. The expected negative differential 
conductance characteristic of the RTD-EAM, Fig. 5.5, was then observed using the HP parameter 
analyser. 

Phase 4. SÍO2 deposition (passivation) and access contact windows formation 

The sample was covered by a layer of dielectric SÍO2 around 500 nm thick, deposited by plasma 
assisted chemical vapour deposition (PECVD), and then coated with 1400-31 resist, spun @ 4000 
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Figure 5.5: I-V chatacteristic of a AlGaAs RTD-EAM showing regions of NDC. 

rpm for 30 s, followed by baking over 30 mins @ 90 °C. The access contact window mask and 
sample were aligned in order to expose defined areas of the resist above the mesas and ridge 
ohmic contact patches; the exposure time was 10 s. The resist was developed for 75 s, and post 
baking lasted for 30 min at 120 °C. The uncovered SÍO2 was etched with C2F6 gas using the 
BP80 machine, with an etching rate about 50 nm/min (for a rf power of 100 W and a gas flow 
rate of 20 seem). 

Phase 5: contact pad (CPW) formation 

The sample was next coated with 1400-37 photoresist, spun @ 4000 rpm for 30 s (giving a film 
~3.2 ,um thick), followed by baking for 30 mins @ 90 °C. Alignment of the sample to the contact 
pad mask and exposure for 22 s were followed by development for 75 s. 

Evaporation of a three-layer metallization of Ti-Pd-Au was performed. A final layer of gold 
300 nm thick was then applied using an evaporator allowing angled deposition, in order to 
ensure continuous step coverage, providing good connection between the top and the bottom of 
the waveguide. The sample was first tilted by about 45° to one side of the waveguide, and then 
tilted by 45° to the other side. Lift-off in acetone followed. Device I-V characterization was then 
realized. 

Phase 6: sample thinning and device separation 

The purpose of sample thinning was to facilitate device separation (dicing) and reduce thermal 
resistance. The GaAs substrate was hand lapped on a grinding plate until its thickness was ~150 
/im, as described in chapter 4. The devices were separated as 500 /j,m long by 500 /im wide dies, 
with perfect crystal facets. 

Phase 7: device packaging 

The optical quality of the die facets perpendicular to the waveguide was then inspected using 
the EDB 80 eutectic die bonder. The devices showing good facets and having appropriate dc 
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current-voltage characteristic were mounted on the test package described in chapter 4. Correct 
waveguide orientation is needed to facilitate light coupling. The die was bonded by attaching 
it, substrate down, to the package pedestal, using silver epoxy glue, which was then cured 
at 100 °C for 5 minutes to provide good adhesion and low thermal resistance. The chip CPW 
microscopic patches were gold wire connected to the corresponding package CPW pads terminals, 
as schematically represented in Fig. 5.6. 

Figure 5.6: Diagram of the RTD-EAM and SMA connection to the CPW package. 

5.2 AlGaAs RTD-EAM Electrical Characterization 

The Hewlett-Packard model 4145A semiconductor parameter analyser was employed to graph
ically display the dc characteristics of the RTD-EAM devices throughout the fabrication steps. 
High bandwidth oscilloscopes, together with a HP 8564E rf spectrum analyser (9 kHz - 40 GHz 
bandwidth), were used to characterize the relaxation oscillations. 

5.2.1 de I-V characterist ics 

RTD-EAM optoelectronic properties, such as modulation depth and electrical bandwidth, can be 
extrapolated from the negative differential conductance region parameters; the dc current-voltage 
characteristic also gives a measure of the quality of the wafer growth and of the contacts. 

Wafers # B 7 5 7 and # B 6 3 4 

These wafers were grown with 1.4 nm thick barriers and a 7 nm quantum well. The dc /- V charac
teristics of the AlGaAs-GaAs RTD-EAMs fabricated according to the procedure described above 
display typical RTD behaviour, shown in Figs. 5.5 and 5.7, with peak current densities up to 
13.5 kAcm -2 , and peak-to-valley current ratios in the range of 1.4-1.8; A J = Jp (1 — PVCR~l) 
is around 5 kAcm - 2 . The peak voltages are in the range 1.5 - 3.0 V, and the valley voltages 
vary from 1.8 to 3.5 V. Because the GaAs based RTD-EAM structure is practically symmet
ric in relation to the DBQW and the device is unipolar, the current-voltage characteristic is 
anti-symmetric. 
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Figure 5.7: Typical IV curves of AlGaAs RTDEAMs. 

The smaller area devices show higher peak current density, larger PVCR and lower peak 
voltage. As the active volume of the devices increases the electric field is less effective on bending 
the energy bands due to nonuniformity of the ohmic contacts, and the number of scattering 
events rises, which leads to lower PVCR and higher peak voltage as consequence of the higher 
leakage current. Devices implemented using material away from the centre of the wafer showed 
poor characteristics, possibly due to lack of wafer uniformity in the periphery. Prom a RTD 
application point of view, the issue of wafer uniformity is of paramount importance. 

Wafer # B 7 1 0 

The DBQW in wafer #B710, consisting of 1.7 nm (6 ML) barriers and a 5 nm (18 ML) quantum 
well, was designed to increase the PVCR, and hence improve RTDEAM high frequency operation 
and modulation depth. The devices fabricated presented peaktovalley current ratios up to 3.3. 
However, as pointed out before, devices showed catastrophic current breakdown at voltages 
slightly higher than the peak voltage, with peak current densities up to 30 kAcm 2 , Fig. 5.8. 
This measured peak current is equivalent, assuming vsat =0.6xlO7 cm/s, to an electron effective 
concentration higher than 2 x 1016 cm  3 (which was the requested wafer background doping). At 
the time this behaviour was not well understood, being originally associated with growth errors. 
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Figure 5.8: Example of catastrophic current breakdown in a device from wafer #B710. 
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These peak current densities, with resonant voltages as high as 4 V, correspond to large 
power dissipation, which can result in thermal instability for a large-area diode, leading to 
burn out in a few seconds after biasing around the peak voltage. Also because the requested 
wafer background doping (waveguide core background doping concentration) is smaller than the 
electron concentration required to support the peak current density, the magnitude of the electric 
field in the collector region reaches a sufficiently high value to cause breakdown. 

Wafer # B 7 9 1 

In order to have a clear understanding of the influence of the DBQW on the current-voltage 
characteristic and on the waveguide optical transmission, this wafer was grown with a structure 
not including the DBQW. The I-V characteristic of the corresponding diode optical waveguide, 
with the same waveguide geometry as the RTD-EAM, is presented in Fig. 5.9. 
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Figure 5.9: Typical I-V curve of AlGaAs optical waveguide diodes without the DBQW. 

The diode waveguide I-V characteristic shows a clear absence of NDC, being linear in the 
voltage range employed. From the I-V curves it does not seem possible to obtain sufficiently 
high electric field and any significant absorption change when biasing the waveguides (which was 
confirmed by studying the waveguide optical transmission as a function of the applied bias). 

Dc Bias Oscillations 
Under certain circumstances, the RTD in conjunction with the extended wiring found in probe 

stations4 functions as an active resonant circuit supporting low frequency oscillations. Figure 
5.10(a)-(c) shows the test equivalent circuit schematic and the ac equivalent circuit, including 
the RTD and the bias circuit, together with the I-V load diagram. 

If the source Vs and the resistor R are such that the load line crosses the NDC region once, 
Fig. 5.10(c), the RTD is dc bias stable in the NDC region: when the imaginary part of the 
total impedance of the circuit is zero and the real part is zero or negative, noise present in 
the circuit reinforces a given frequency (the resonant tank circuit fundamental frequency, or the 

4Which corresponds mainly to an inductance L. 
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Figure 5.10: (a) Schematic of the dc test circuit, (b) ac equivalent circuit, (c) I-V load diagram, 
(d) Experimental result of bias circuit oscillation (around 4 MHz). 

most favourable harmonic), which builds up until the magnitude of the oscillation exceeds the 
extremes of the NDC region. The energy is supplied from the dc source and converted into ac 
oscillation. 

The steep slope of the NDC region found in RTDs makes it very difficult to achieve dc bias sta
bility in this region, leading to bias circuit oscillation at low frequencies. Only small-area RTDs, 
having a suitably low differential conductance, are easily stabilized. Figure 5.10(d) presents ex
perimental results of low frequency (around 4 MHz) RTD-EAM self-oscillation associated with 
the instability of the dc power supply. This oscillation can be understood considering that typi
cal power supplies have control circuits which are designed to mantain a constant voltage; when 
feeding a NDC load, the power supply stability fails and it bursts into oscillation. This can be 
minimized by employing ferrite bead inductors as high frequency oscillation suppressors. 

5.2.2 Re laxat ion Oscil lation 

As discussed in chapter 3 (section 3.3.4), RTDs are well known for their high frequency gener
ation and high speed switching characteristics (associated with the NDC region). The essential 
conditions for quasi-sinusoidal oscillations in RTDs are [143]: (i) monostable dc bias point, (it) 
unstable ac load and (Hi) resonant ac load circuit, with a loaded quality factor (including the 
RTD resistance) that exceeds unity at some frequency less than the fmax of the RTD. The first 
two conditions are given simply by RL < AV/AI, where AV and AI are the width and height, 
respectively, of the NDC region [143]. Under these conditions, an ac fluctuation of the RTD volt
age in the vicinity of the resonant frequency will grow exponentially until the amplitude roughly 
approaches AV. At this point, saturation sets in and a steady-state quasi-sinusoidal waveform 
occurs across the load resistor. 

As discussed before, the typical steep slope in the NDC region makes it difficult to achieve 
dc bias stability. Connection of the RTD-EAM to a high frequency energy-storage element, such 
as a length of transmission line, as indicated in Fig. 5.11, results in a RTD-EAM transmission 
line relaxation oscillator [157], which does not require dc bias stability in the NDC region. 

The relaxation oscillation corresponds to repetitive switching of the RTD-EAM through the 
NDC region, between dc stable points lying below the peak point and above the valley point, 
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gold wire bias tee 

CPW transmission line 

Figure 5.11: RTD-EAM transmission line relaxation oscillator schematic. 

where the period of the output voltage waveform - the voltage across the RTD-EAM terminals -
is determined by the electrical delay of the transmission line [157]. The left side of the modulator 
CPW is unterminated (open circuit), as indicated in Fig. 5.11. The RTD-EAM is biased, through 
the bias resistor RB, by the supply voltage VB- The bias tee, with a 26 GHz bandwidth, was 
employed to couple the RTD-EAM to the bias voltage used to induce and mantain the oscillations, 
through a transmission line with a characteristic impedance ZQ and an electrical delay t^. The 
RTD-EAM ac load RL was the 50 ÍÍ input impedance of an oscilloscope. The quiescent operation 
point was initially just below the peak point, and then the RTD-EAM was induced to switch 
towards the valley point by slowly increasing the dc voltage VB-

Switching generates a waveform a which travels down the line, Fig. 5.12. The existence 
of an impedance discontinuity in the circuit, giving a negative current reflection coefficient, r, 
generates a backward wave b with inverted polarity, r = b/a, Fig. 5.12, which arrives back at 
the RTD-EAM after a delay 2td. 

generated waveform •A-
reflected waveform 

RTD-EAM \ / 
reflected waveform 

z L 
impedance reflected waveform 

(transmission line) 

Figure 5.12: RTD-EAM transmission line relaxation oscillator working principle. 

If 2td is sufficiently larger than the RTD-EAM switching time, ÍR, the returning waveform 
will then induce the RTD-EAM to switch back to the initial operating point. The subsequent 
returning waveform then induces a similar switching action to the first one, and the process 
repeats itself at a rate of approximately (4id)_1. The RTD-EAM dwells in either of its positive 
differential conductance regions between switching events. 

Figure 5.13 presents the typical voltage waveforms of RTD-EAM transmission line relaxation 
oscillators implemented with coaxial cables of different lengths (1 m; 50, 15 and 10 cm). The 
devices were initially biased slightly below the peak point, and then the voltage was increased 
until oscillation starts. 

As the length of the cable decreases (repetition rate increases), the oscillating waveform 
loses its square wave character, acquiring a quasi-sinusoidal shape; the voltage swing decreases, 
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Figure 5.13: Experimental voltage waveforms of a RTD-EAM connected, as indicated in Fig. 
5.11, to coaxial cables of different lengths: 1 m; 50, 15 and 10 cm, respectively. 

approaching the value of the NDC region voltage width, AV. 
The repetition rate can be slightly changed by varying the optical power coupled into the 

RTD-EAM; the corresponding frequency decreases when the optical power rises. For an oscil
lation frequency around 470 MHz, a tuning range of 10 MHz was observed. Figure 5.14 shows 
the rf spectrum analyser display of the relaxation oscillation signal with and without optical 
radiation being guided. (The laser output power was kept low in order to avoid waveguide facet 
damage.) 

Figure 5.14: Rf spectrum of the relaxation oscillation signal with and without optical radiation 
being guided. (RTD-EAM connected to a coaxial line 10 cm long, as in the case of Fig. 5.13.) 

Figure 5.15 shows the frequency spectrum of the RTD-EAM relaxation oscillations generated 
when a 15 cm long coaxial cable was employed, at two slightly diferent dc bias points in the 
NDC region. 

Frequency components up to 16 GHz are clearly observed, probably limited by the package 



206 CHAPTER 5. ALGAAS BASED RTDEAM 

ATTENv-l-adB", ■■.■::-MKft"V3 7-;ao«f*i*: 
R1. i )db i . lOdB- l-i - *?CH! 1 Í T R Í C E :-.):■' 

CLESR. 
WRITE ,A; 

: v. ": *■' A 

view 
"'* 

• : '- A 

TRACE 
A. 6 

MORE 
1 OF 3 

CLESR. 
WRITE ,A; 

: v. ": *■' A 

view 
"'* 

• : '- A 

TRACE 
A. 6 

MORE 
1 OF 3 

CLESR. 
WRITE ,A; 

: v. ": *■' A 

view 
"'* 

• : '- A 

TRACE 
A. 6 

MORE 
1 OF 3 

m; jkc 

CLESR. 
WRITE ,A; 

: v. ": *■' A 

view 
"'* 

• : '- A 

TRACE 
A. 6 

MORE 
1 OF 3 

■ 1 
11 III I 

CLESR. 
WRITE ,A; 

: v. ": *■' A 

view 
"'* 

• : '- A 

TRACE 
A. 6 

MORE 
1 OF 3 

■ 1 
11 III * 

SS 

CLESR. 
WRITE ,A; 

: v. ": *■' A 

view 
"'* 

• : '- A 

TRACE 
A. 6 

MORE 
1 OF 3 

ir ... si 1, JJ mi SS 

CLESR. 
WRITE ,A; 

: v. ": *■' A 

view 
"'* 

• : '- A 

TRACE 
A. 6 

MORE 
1 OF 3 

SS 

CLESR. 
WRITE ,A; 

: v. ": *■' A 

view 
"'* 

• : '- A 

TRACE 
A. 6 

MORE 
1 OF 3 

— — 

CLESR. 
WRITE ,A; 

: v. ": *■' A 

view 
"'* 

• : '- A 

TRACE 
A. 6 

MORE 
1 OF 3 

— — 

CLESR. 
WRITE ,A; 

: v. ": *■' A 

view 
"'* 

• : '- A 

TRACE 
A. 6 

MORE 
1 OF 3 

CLESR. 
WRITE ,A; 

: v. ": *■' A 

view 
"'* 

• : '- A 

TRACE 
A. 6 

MORE 
1 OF 3 

CENTER .1©:-WGH*- 5PAM SO , 930Hz 
HBW : i . ã«H» V3V<: l.Q>Mï ■■■5WP \-t0B-nV 

■.■Min- -!>g,33d&i» ■ ■ ^ ■ ■ 

STÍRT ©Hl 
RBK i.GMHz 

gtc*» EO.OOGHz . 

Figure 5.15: Frequency spectrum of the relaxation oscillation waveform, represented in Fig. 5.13, 
for the case of the RTDEAM connected to the coaxial cable 15 cm long. 

bandwidth. Changing the dc bias point (in the NDC region) modifies the negative dynamic 
conductance value, altering the gain bandwidth. 

5.2.3 High Frequency Response 

The switching time of the RTDEAM, and hence the cut off frequency, fmax = I/AITÍR, can be 
estimated from the shape of the NDC region. The RTDEAM modulator 10%90% switching 
time, ÍR, between the peak and valley points can be estimated from ÍR = 4RdCd ~ 4 (AV/AJ) Cv 

[152] [157], where Cv is the capacitance at the valley point per unit area (Cv = e/W, where e 
is the electrical permitivity, and W is the depletion region width). For 4 /ím x 200 /um active 
area devices, with AV ~0.4 V, A J ~5 kAcm~2, W = 0.5 /zm and e = 13e0, tR ~7.4 ps. From 
this switching time, a cutoff frequency fmax wl0.8 GHz is to be expected. 

5.3 AlGaAs RTDEAM Optical Characterization 

Optical characterization of GaAs based RTDEAMs included analysis of modal distribution, 
determination of propagation loss, followed by measurement of the electric field induced bandedge 
broadening, using light from a cw Ti:sapphire laser, tuneable in the wavelength region around 
the absorption edge of the GaAs waveguide (850950 nm) [185]. 

5.3.1 Optical M o d e s 

The laser light was coupled in and out using a microscope objective endfire arrangement, Figs. 
4.21 and 5.16. The coupling efficiency into the waveguide fundamental mode, which can be esti

mated from the overlap integral between the laser beam distribution and the mode distribution 
(Eq. 2.118), must be as high as possible. Microscope objective lenses of x20 magnification were 
used because they make the device more resistant to excessive incident intensity, which can be 
one of the most serious problems shorting the lifetime of the device (the waveguide facets are 
easily destroyed by the high power density launched into them). Important factors are the initial 

file:///-t0B-nV
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presence of any flaws in the facets, and the width of the waveguide; damage initiated at flaws 
will spread to other regions of the facet. The safe operating level can be increased by use of an 
anti-reflection dielectric coating on the waveguide facets, which also reduces the effects of erosion, 
or gradual degradation of the facets [58]. (This is a moisture induced phenomenon which reduces 
the mirror reflectivity.) 

The set-up employed, Fig. 5.16 (Fig. 4.21), did not allow a clear distinction of the various 
guided optical modes supported by the GaAs-AlGaAs waveguide. However, the CCD camera 
line scan facility made possible to observe the intensity distribution associated with the first two 
propagated modes. The widest ridge waveguide implemented, 6 //m wide, shows clearly three 
guided modes. The FWave analysis (section 5.1.1) shows a larger number of modes, but because 
the claddings and the core are lossy (due to free carrier absorption), and the background material 
absorption, waveguide scattering loss and the loss due to the metallization across the ridge walls, 
the number of modes effectively propagated is reduced to the first two or three , which have more 
confined modal distributions. Waveguides with 4 /xm x 500 fim dimensions show an absorption 
bandedge around 890 nm. 

5.3.2 Propagat ion Loss 

The GaAs-AlGaAs waveguide propagation loss was determined employing the method of sequen
tial cleaving [58][177]. The experimental set up used is represented in Fig. 5.16. Low optical 
power density was employed in order to avoid/neglect any nonlinearities and the risk of facet 
damage. 
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laser controller 
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Figure 5.16: Propagation loss measurement set up. 

In the method of sequential cleaving used, light of the desired wavelength was focused directly 
onto a cleaved input waveguide facet, and known fractions of the input and of the transmitted 
output powers were measured [58], as shown in Fig. 5.16. Care must be taken before each mea
surement to efficiently align the laser beam and the waveguide for optimum coupling, maximizing 
the observed output power. 

The powers Py and P^ (the input and output power fractions, respectively) measured by two 
detectors, as represented in Fig. 5.16, are proportional to the coupled and the decoupled optical 
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powers (see Fig. 4.22 and Eq. 4.7), PQ and PL, respectively, with [58] 

l n(ê) t x a L ' (5.2) 

where L is the length of the waveguide, and a is the attenuation coefficient. Measurement 
for a given polarization (TE or TM) were repeated for different lengths of the waveguide (Lj), 
beginning with a relatively long waveguide sample, and then repetitively shortening the sample 
by cleaving [58]. After the measurements were made for two different waveguide widths (3 and 5 
fim) and for several waveguide lengths (LJ: 1.5, 2, 4, and 5.5 mm), the resulting data was used 
to plot In \-p^) against Lj, Fig. 5.17. 

The attenuation coefficients for TE and TM polarizations, crpg and a^jyj, obtained for two 
ridge waveguide widths, are given by the linear fit represented in Fig. 5.17, showing a ^ g ~ 5.5 
cm - 1 and ot^yi — 6.7 cm - 1 for a ridge 3 fim wide, and a-jvg —3.9 cm - 1 and a^M —^ cm 
for a ridge 5 /xm wide. The data points fall closely into the straight line, showing that sufficient 
consistency has been achieved. 
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Figure 5.17: Sequential cleaving experimental data at around 908 nm for a 3 //m wide waveguide, 
and at around 915 nm for 5 //m waveguide, respectively. 

TM-polarized light sustains higher loss owing to heavy doping of the cladding layers, due 
to the larger overlap of the field with the absorptive cladding materials. The free carrier 
absorption (intraband absorption), responsible for losses in the waveguide conducting (highly 
doped) cladding/metal contact layers, estimated using Eq. 2.75 [58], is around 2.7 cm - 1 , for a 
cladding doping concentration of Nc 
A = 908 x 10~9 m. 

2 x 10J4 m , assuming /xac — 0.2 n r V Ls , n r = 3.6, 

5.3.3 R T D - E A M Transmission Spec trum 

Application of voltage across the RTD-EAM terminals induces, via the Franz-Keldysh effect, 
broadening of the waveguide absorption edge. Knowledge of the waveguide transmission spec
trum at several bias points allows the determination of the operating wavelength that gives the 
maximum modulation depth. 
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Absorption Bandedge "Shift" 

To measure the absorption bandedge broadening due to the Franz-Keldysh effect, a silicon photo-
detector was employed. The RTD-EAM waveguide transmission spectra at zero bias, slightly 
below the peak, and just above the valley points, are shown in Fig. 5.18. (The device was not 
dc biased in the NDC region in order to avoid self-oscillation.) 
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Figure 5.18: GaAs RTD-EAM transmission spectrum at several dc bias voltages. 

It is clear from Fig. 5.18 that as the applied voltage increases from the peak to the valley point, 
there is a sharp drop in the waveguide transmission at wavelengths in the range 900 - 910 nm. 
The results obtained can be explained with the help of the inset diagram of Fig. 5.18. Considering 
an initial condition with Vs =VSl, Q\ becomes the operating point, giving an electric field E\. 
As Vs increases to VS2, the operating point moves to Q2 (slightly below the peak point), and the 
electric field increases to £2, due to the longer collector depletion region, with a corresponding 
decrease in the waveguide transmission (following the Franz-Keldysh effect). When Vs increases 
to VS3, the operating point shifts to Q3 (on the second PDC region, above the valley point), 
with a large rise in the voltage across the RTD-EAM and a sharp drop in the current flow. As a 
consequence, there is a steep increase in the magnitude of the electric field to £3. In the RTD-
EAM, when biased close to the peak point, a relatively small increment in Vs leads to a large 
increase in the electric field (£3 > £2), and so to a large drop in the waveguide transmission for 
wavelengths slightly higher than the waveguide core bandedge wavelength. 

From Eq. 3.61, A£, p—v 
AVd 
W + w 

2eu, sat 
AJp_„, and using the GaAs RTD-EAM I-V char

acteristics presented in section 5.2.1, the estimated electric field change induced by peak-to-
valley switching, A£p_„, is of the order of 19 kV/cm, taking e = 13eo, W=500 nm and vsa^ = 
1.0 x 107 cm/s. The absorption bandedge "shift" due to electric field enhancement in the collector 
depletion region, as a result of the Franz-Keldysh effect, is given approximately by (Eq. 3.63) 

AA„ e2h \2 

he \8TT2 

2f,2 

mr 

Af3 

where \gi is the wavelength corresponding to the waveguide transmission edge when biased 
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slightly below the peak voltage, which is around 895 nm; mTlh ~ 0.0369m0, and mrhh ~ 
0.0583m0. The observed bandedge "shift" associated with peaktovalley switching was approx

imately 12 nm; considering the approximation used, the value measured is close to the value of 
« 9 nm given by the expression above, confirming that A£ is around 19 kV/cm. 

Modulation Depth 

The RTDEAM modulation depth, at low frequency, due to the transition between the two 
positive differential conductance (PDC) regions was determined by dc biasing the RTDEAM 
slightly above the valley point (to minimize thermal effects), and injecting a low frequency 
(100 MHz) negative impulse square wave rf signal, with amplitude slightly higher than AV = 
Vv — Vp. The Hamamatsu C5680 streak camera was employed as photodetector, as illustrated 
in Fig. 5.19. A fraction of the injected rf signal was required to trigger the streak camera. 
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Figure 5.19: Scheme of the experimental set up for electroabsorption modulation characteriza

tion of GaAs based RTDEAMs. 

Figure 5.20 presents the optical modulation depth as a function of the operating wavelength, 
for 4 um x 200 ^m active area devices, due to the transition between the two positive differential 
conductance (PDC) regions, showing a maximum modulation depth of 13 dB at wavelengths 
around 908 nm. 
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Figure 5.20: RTDEAM modulation depth as a function of the wavelength. 

From the knowledge of the magnitude of the electric field change, A£~19 kV/cm, the mod
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ulation depth can be estimated, using Eqs. 3.64 and 2.113. The attenuation coefficient at the 
peak voltage is a (hoj, £p) ~30 cm - 1 (estimated from the transmission spectrum presented above, 
Fig. 5.18, taking a(hu, 0) ~5.5 cm - 1 ) . Using the electric field change determined, 19 kV/cm, 
with hu ~ 1.365 eV (A =908 nm) and hu>>g = hc/Xg ~1.388 eV (893 nm), the aborption change 
Aa(hu, £v) becomes ~200 cm - 1 (Eq. 3.65). The expected on/off modulation ratio is then, Eq. 
2.113, 

^on/off^B) = 4 - 3 4 3 7Aa (hu, £v) L, (5.3) 

with L=200 fim, and taking 7 ~ 0.5, gives a modulation depth around 9 dB. This result agrees 
relatively well with the measured 13 dB modulation depth, considering the approximations made. 

Longer devices (1200/xm2) show modulation depths up to 18 dB. Figure 5.21 presents the 
dependence of modulation depth results for RTD-EAMs on the device active area; waveguides 
were 4/iim wide and the devices were dc biased around the valley point, with a 100 MHz signal 
of 0.7 V amplitude being injected. 

400 800 1200 1600 
active area(|um2) 
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Figure 5.21: Modulation depth as function of the RTD-EAM active area (ridge width 4 fim). 

5.4 AlGaAs RTD-EAM Modulation Characterization 

The high frequency optical response of the modulator was characterized using the Hamamatsu 
C5680 streak camera, which offers a minimum time resolution of around 2 ps. A fraction of 
the generated/injected rf signal power was required to trigger the streak camera. Figure 5.19 
schematically presents the experimental set-up. The dc and rf signals used to bias the devices 
were applied through a bias tee, with a circulator being employed to isolate the rf input signal 
(when provided) from the output rf signal of the RTD-EAM (which is used to drive the triggering 
circuit of the streak camera). 

5.4.1 Re laxat ion Oscil lation Optical Modulat ion 

As discussed previously, section 5.2.2, the RTD-EAM is able to operate in the relaxation oscilla
tion mode. Optical modulation associated with the relaxation oscillation operation is then to be 
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expected. To observe this behaviour, the implementation represented in Fig. 5.11 was employed, 
and no rf drive was directly applied. The RTD-EAM generated rf signal was used to feed the 
streak camera trigger circuit connected to the bias tee rf port, as indicated in Figs. 5.11 and 
5.19. 

The optical responses of RTD-EAMs with 4 /jmx 200 //m active area, connected to transmis
sion lines 1 m, 50, 15 and 10 cm long, operating in the relaxation oscillator mode, are presented 
in Fig. 5.22, showing modulation depth as high as 12 dB at A = 908 nm. 
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Figure 5.22: Optical responses of RTD-EAM transmission line relaxation oscillators, for lines 1 
m, 50, 15 and 10 cm long, respectively. 

This optical response is in good correlation with the electrical output displayed in Fig. 5.13. 
These results suggest that if a suitable cavity with a resonant frequency within the RTD-EAM 
electrical bandwidth is provided, a "relaxation oscillation modulator" can be implemented. 

5.4.2 Direct Modula t ion 

To study direct modulation, the RTD-EAMs were dc biased slightly above the valley point, and 
the modulating signal was injected through the rf connection of the bias tee, with a fraction of 
the signal used to trigger the streak camera (Fig. 5.19). 

Direct modulation results, when 500 and 950 MHz voltage sine-waves were applied, are shown 
in Fig. 5.23. The drive signal amplitude was kept slightly larger than AV — Vv - Vv (0.6 V). 
The optical modulation is as high as 11 dB. 

Direct modulation at around 16 GHz was characterized employing a InGaAs photodetector 
connected to the rf input of the spectrum analyser. Figure 5.24 shows the modulator optical 
response to the 16 GHz rf signal with amplitude AV ~ Vv 

Vp = 0.4 V. 
5GEC Marconi photodiode, model Y-35-52-54: 18 GHz bandwidth, 0.5 A/W peak responsivity. 



5.4. ALGAAS RTD-EAM MODULATION CHARACTERIZATION 213 

10 12 
time (ns) 

3.0 4.0 5.0 6.0 
time (ns) 

Figure 5.23: Direct optical modulation at around 500 and 950 MHz, showing modulation depth 
up to 11 dB (A = 908nm). 

frequency 

Figure 5.24: The HP radio frequency spectrum analyser trace of the 16 GHz optical response to 
a 16 GHz rf signal with 0.4 V amplitude, showing a modulation depth around 10 dB. 

This result is a good estimate of the high frequency modulation depth, considering that AS 
does not depend stringently on the operation frequency (instead, AS depends on AV and AJ) . 
The modulation efficiency, characterized by the bandwidth-to-drive-voltage ratio, defined as the 
ratio of the operation bandwidth to the operating voltage for 10 dB modulation depth, is higher 
than 40 GHz/V. 

From the data presented in Figs. 5.23 and 5.24 it is reasonable to expect efficient high 
frequency optical modulation up to the RTD-EAM cut-off frequency. 

5.4.3 Modula t ion D u e to Injection Locking 

The highly non-linear I - V characteristic in the NDC region of the RTD-EAM makes possible 
the generation of many high-order harmonics of an injected signal [46]. Optical modulation 
at a higher harmonic corresponding to the fundamental mode of coplanar waveguide (CPW) 
transmission lines 5 and 7 mm long (length of the RTD-EAM packages CPW line) was observed. 

With dc bias, VB (Fig. 5.11), in the NDC region (Vp < VB < Vv), and injecting a rf signal 
of 0.4 V amplitude and frequency around 957-960 MHz, optical modulation at around 14 GHz 
was observed, with devices connected through a 5 mm long CPW transmission line, but chirp 
is evident. Devices connected via a 7 mm long transmission line, again dc biased in the NDC 
region, showed optical modulation at 8 GHz ("average frequency") for an injected signal of 0.6 V 
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amplitude and frequency around 1.52.0 GHz. 
The streak camera traces for the 14 GHz and 8 GHz optical responses are presented in Fig. 

5.25, showing considerable chirp. In both cases, switching occurs between the extremes of the 
NDC regions, producing sinusoidallike waveforms. This behaviour is dependent on the bias 
voltage, rf signal amplitude. 

«WBP«*t>* :«w»,̂ <a»» .̂ if»n .mm "*m 

time (ns) 

Figure 5.25: Streak camera traces of the optical response associated with locking of RTDEAM 
relaxation oscillations to the fundamental mode of packages with CPW transmission lines ~5 
mm and ~7 mm long, respectively. A = 908 nm. 

Frequency chirping is a consequence of the nonlinear NDC section of the IV characteristic. 
The instantaneous modulation frequency depends on the value of the negative dynamic conduc

tance, Ga, which changes when the device operating point follows the low frequency injected 
signal. Figure 5.26 shows the instantaneous frequency of the 14 GHz optical response in one 
cicle of the injected signal, and the corresponding signal spectrum. 
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Figure 5.26: Instantaneous frequency of the optical response at ~14 GHz, and signal spectrum. 

By inserting coaxial transmission lines between the packaged devices and the bias tee, optical 
modulation at the coaxial transmission line fundamental mode frequency was also observed, 
corresponding to harmonics of lower frequency injected signals. 

When scanning the frequency of the injected signal, with amplitude in the range 0.8 — 1.4 V, 
it was found that the packaged RTDEAM, connected through a coaxial line 30 cm long, produced 
optical pulses with a full width at half maximum (FWHM) of approximately 31 ps, also as a 
result of device operation as a relaxation oscillator. Figure 5.27 displays the streak camera traces 
of two optical pulses with 33 and 31 ps FWHM, obtained at slightly different bias conditions. The 
traces show a maximum modulation depth around 18 dB, which suggests that the RTDEAMs 
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now switch between two astable points well into the PDC regions. 
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Figure 5.27: Streak camera measurements of the 33 and 31 ps pulse optical responses, showing 
modulation depth around 18 dB (A = 908 nm). 

The pulses are caused by the discharge of the RTD-EAM capacitance when the RTD-EAM 
switches from the second PDC region into the first PDC region [46]. Following the explanation 
of [46] and the inset of Fig. 5.27, at point A (the upper dwell zone of the relaxation oscillator, 
where the collector is fully depleted and the electric field is high), the transmission is low. A 
return pulse forces the trajectory down below the valley, turning up a few picoseconds later, 
towards point B (the lower dwell zone). During switching, the RTD-EAM capacitance first 
discharges, strongly decreasing the electric field across the depleted region, which gives rise to 
high transmission; then the RTD-EAM capacitance starts to recharge, causing the electric field 
to rise to the astable value associated with the first dwell zone (B). Transmission at point B is 
higher than at point A, because the electric field is considerably lower in B. Switching from B to 
A recharges the RTD-EAM capacitance (increasing the electric field across the collector), giving 
rise to a drop in the transmission. This transmission decrease is not evident in Fig. 5.27 because 
of the short time scale operation of the streak camera required to resolve the picosecond pulses. 
On a longer time scale, streak camera traces indicate a pulse repetition rate around 166 MHz, 
further confirmed by analysis of the optical signal with a 2 GHz bandwidth photo-detector. The 
relaxation oscillation waveforms are square-wave like. 

Figure 5.28 presents typical streak camera traces of the optical response of RTD-EAMs 
connected to a 15 cm long coaxial line, in 2 ns and 6 ns time scales, showing pulse repetition 
rates around 340 MHz (A = 908 nm). In the shorter time scale, some responses show residual 
oscillations. 

Figure 5.28: Streak camera traces of "33 ps" pulses with repetition rate around 340 MHz. 
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From this data, an extrapolation of the device optical bandwidth gives a value of about 
30 GHz, possibly limited by the switching time of the RTD-EAMs (tR ~ 8 ps). 

5.5 Final Comments 

The AlGaAs based RTD-EAM was successfully implemented on GaAs substrates. AlGaAs/GaAs 
unipolar waveguide modulator structures, incorporating two different DBQW designs, and Al
GaAs/GaAs unipolar waveguides bare of DBQW, were fabricated and tested. The waveguides 
embedding a 7 nm wide GaAs quantum well and 1.4 nm AlAs barriers showed typical RTD 
negative differential conductance behaviour; devices based on a 5 nm GaAs quantum well and 
1.7 nm AlAs barriers presented unreproducible NDC characteristics. These three types of Al
GaAs/GaAs unipolar waveguide devices were implemented to improve knowledge about the 
RTD-EAM through their intercomparison. 

The RTD-EAM device layout was modified, resulting on ohmic contacts being applied di
rectly on GaAs instead of AlGaAs, which provided higher quality electrical contacts. A high 
frequency test package, including chip and wire bonding, and connectorization, was designed 
and successfully implemented. 

Characterized devices presented peak-to-valley current ratios around 1.6, peak current densi
ties up to 13.5 kA/cm2, and the negative dynamic conductance was typically 0.4 V wide. Simple 
AlGaAs/GaAs unipolar waveguides showed positive dynamic conductance behaviour. The Al
GaAs/GaAs RTD-EAM obtained showed dc bias oscillation, making dc biasing on the NDC 
difficult to achieve. The relaxation oscillation behaviour demonstrated avoids the difficulties 
associated with dc biasing. Operation in the resonant tunnelling transmission line relaxation 
oscillator configuration produced non-sinusoidal waves with high harmonic content, at up to 16 
GHz. From the RTD-EAM current-voltage characteristic, and the results obtained, a maxi
mum frequency operation around 20 GHz was estimated (based on the model of the RTD-EAM 
implemented and on previous results [43]). 

Modal characterization of the optical waveguide employing an end-fire microscope objective 
arrangement showed evidence of at least two optical modes, with propagation loss coefficients 
of 5.5 cm"1 and 6.7 cm"1, determined using the sequential cleaving method for TE and TM 
polarizations, respectively. The low frequency electro-absorption analysis of 4 /im x 200 /im 
active area RTD-EAMs showed modulation depths around 13 dB at ~908 nm, when a voltage 
signal with amplitude slightly higher than the NDC voltage width was applied; devices 400 /im 
long showed a modulation ratio up to 18 dB. From the current-voltage characteristic and the 
spectral behaviour of the AlGaAs RTD-EAMs, an optical modulation depth of around 9 dB was 
to be expected. 

The streak camera electro-absorption characterization of the same devices showed direct mod
ulation higher than 10 dB at 16 GHz. Electro-absorption modulation associated to RTD-EAM 
self-oscillation was demonstrated, with a modulation depth up to 12 dB. Optical modulation 
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due to locking of higher-order harmonics of an injected signal was observed with an extinction 
ratio around 6 dB at 17 GHz, presenting, however, frequency chirping associated with the non
linear NDC section of the device I-V characteristic. Under determined dc bias conditions, and 
induced by an injected signal, the RTD-EAM produced optical pulses as short as 31 ps, showing 
modulation depths up to 18 dB with repetition rates related to the length of the coaxial cable 
transmission lines employed to feed the devices, for a range of amplitudes and frequencies of the 
injected signal. Prom the analysis of the operation in the relaxation oscillation mode, an optical 
bandwidth around 30 GHz is to be expected. 

The AlGaAs RTD-EAM concept can be employed primarily in electrically controlled guided-
wave optical systems for the 880 to 1100 nm wavelength range, such as in single waveguide 
intensity modulators, directional couplers and optical switches. The capability to operate in 
relaxation oscillation mode can be applied in clock extraction components, for optical pulse 
generation and demultiplexing in local optical time division multiplexed systems. 

However, the AlGaAs RTD-EAM suitability as a practical device in LANs can be affected by 
the dc operation point instability due to the low frequency dc bias oscillations associated with 
RTDs, and the resulting frequency chirping can impose extra limitations. 

The development of this device in the AlGaAs/GaAs material system was an extremely 
useful preparation towards the implementation of the RTD-EAM operating at 1550 nm, using 
a different semiconductor material system, capable of achieving the full potential of this device 
concept as a high speed intensity modulator in optical communication systems. 
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Chapter 6 

InGaAlAs Based RTD-EAM 

This chapter describes the design, fabrication, and characterization of InGaAlAs based RTD-
EAMs designed to operate at wavelengths around 1550 nm, where standard single-mode optical 
fibres have minimum loss. 

6.1 InGaAlAs RTD-EAM Design and Fabrication Procedures 

The RTD-EAM waveguide core employing the lni-x^yGa,xA\yAs composition was designed to 
have an absorption bandedge below 1550 nm. The same device concept, however, can be im
plemented to operate around 1300 nm (where standard single-mode optical fibres have zero 
dispersion), just designing the Ini-z^Ga^Al^As waveguide core with a bandedge absorption 
below 1300 nm, through an appropriate selection of the core material composition. 

6.1.1 In1_ I_2 /Ga a ;Alj /As S y s t e m 

The quaternary system Ini-i-^Ga^AlyAs (0.983y + x = 0.468) can be grown lattice matched to 
InP, with a bandgap energy, Eg, at room temperature adjustable between that of Ino.53Gao.47As 
(0.75 eV, 1.65 /im) and that of Ino.52Alo.48As (1.439 eV, 0.86 /mi) [12]: 

Eg(z) = 0.76 + 0A9z + 0.20z2, 

where z = y/0.48. This spectral range contains the region of lowest loss and lowest dispersion 
of standard single-mode optical fibres. 

The Ino.saGa^AlyAsr conduction bandedge effective mass m is given by [12] 

m = (0.0427+ 0.03282)m0, 

which, for z <C 1, is considerably smaller than the conduction band effective mass in the GaAs 
T-valley (0.067mo); the light- and heavy-hole effective masses are ~ 0.051mo and ~ 0.5mo, 
respectively. 

219 
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The refractive index of the Ini-z-yGaxAlyAs alloy, as a function of the aluminium fraction 
y and of the wavelength A, can be estimated using the expression [192]: 

n{\) =A + BX2 

A 2 - C 2 ' 

with A(z) = 9.689 -1.012*, B(z) = 1.590-0.376*, and C(z) = 1102.4-702.0*+ 330.4*2, where 

* = y/0.48. 

6.1.2 Ridge Waveguide 

The InGaAlAs RTD-EAM waveguide core consists of a layer of Ino.53Gao.42Alo.05As, 1 ^m thick 
(refractive index ~3.56), with a bandgap energy around 0.826 eV (wavelength ~1500 nm), al
lowing operation at around 1550 nm. The upper cladding was implemented using a layer of 
Ino.52Alo.4sAs, with a refractive index of ~ 3.24 [192]. Because the InP refractive index (~ 3.17 
[193]) is considerably smaller than the Ino.53Gao.42Alo.05As refractive index (~ 3.56), the InP 
substrate acts as the lower cladding region. As previously discussed, the upper cladding layer 
thickness was made approximately twice the decay length of the fundamental optical mode in 
this region, typically 300 nm. 

Figure 6.1 represents the cross section of the ridge waveguide to be defined by etching away 
the upper cladding and core layers, forming a 1.3 ^m ridge. 

0.3 nm 

1.0|j,m 

n=3.24 

n=3.56 

n=3.17 
— A — 

InP substrate 

Figure 6.1: Ini-^-yGaxAlyAs/InP ridge waveguide structure. 

As the ridge is surrounded by air, giving a refractive index discontinuity in the transverse 
direction of An~2.56, the waveguide can support a higher number of modes in the transverse 
direction when compared with the vertical direction, in which index differences are around 0.34-
0.39. Table 6.1 shows the values of the effective refractive index, neff, for the first three guided 
modes (for both polarizations, TE and TM), and mode profiles, for the case of a 4 /mi wide 
ridge, obtained using the FWave IV software.1 

6.1.3 Wafer Specification 

The high frequency performance of the RTD-EAM is improved by increasing the differential 
negative conductance, Gn, or by decreasing the series resistance, Rs [5]. To obtain a larger value 

1M. R. S. Taylor, "FWave IV: a vector E-M wave solver," user manual, University of Glasgow, Glasgow, United 
Kingdom (URL: http://www.elec.gla.ac.uk/~michaelt/software/fwave/). 

http://Ino.53Gao.42Alo.05As
http://Ino.52Alo.4s
http://Ino.53Gao.42Alo.05
http://www.elec.gla.ac.uk/~michaelt/software/fwave/
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mode 

1st 

2nd 

3rd 

neff,TE 

3.506 

3.487 

3.463 

neff,TM 

3.502 

3.490 

3.462 

FWave IV mode profile 

Table 6.1: Ridge waveguide (4 ^m wide) values of the effective refractive index and mode profile, 
for the first three guided modes obtained using FWave (A = 1550 nm). 

of Gn, it is necessary to achieve a high peak current density, Jp, and high peak-to-valley current 
ratio (PVCR), Jp/Jv. 

The smaller electron effective mass in Ino.53Gao.47As in relation to the GaAs case (0.041mo, 
compared to 0.067mo for GaAs), gives rise to higher peak current densities in InGaAs/AlAs 
RTDs due to larger broadening of the resonant levels, when compared with GaAs/AlAs RTDs; 
and because of the higher energy separation between the V and upper (X and L) satellite 
valleys (r'inGaAs-^-AlAs barrier height of 0.65 eV compared to 0.20 eV for GaAs/AlAs) non-
resonant tunnelling parasitic T-X mediated transport current flow is reduced, resulting in smaller 
valley current [61][62]. This gives rise to a RTD-EAM with a larger peak-to-valley current ratio, 
resulting in higher NDC, when compared with that of GaAs based devices. 

The conduction band discontinuities between Ino.52Alo.48As and the core material (~ 0.47 eV), 
and between the core and the InP substrate (~ 0.26 eV), can act as "ballistic launching ramps", 
injecting electrons into the lower bandgap material with high forward momentum, reducing the 
transit time considerably (the effect is much stronger than in GaAs devices because of the low 
electron effective mass and the fact that the energy separation between the T and the satel
lite valleys is larger) [61][62]. It is expected that Ino.53Gao.42Alo.05As presents higher electron 
saturation velocity when compared with GaAs, which will lead, together with the lower contact 
resistance achieved with InGaAs, to superior cut-off frequency compared to AlGaAs RTD-EAMs. 

Because of the higher peak current density expected from InGaAs/AlAs RTDs as compared 
to similar GaAs devices, the DBQW structure was designed with thicker barriers. The waveguide 
core background doping concentration was also increased to around 5 x 1016 cm - 3 , in order to 
safely avoid breakdown effects. The thicknesses chosen were 2 nm for the AlAs barriers, and the 
Ino.53Gao.47As well was made 6 nm wide. The upper cladding doping concentration was kept at 

http://Ino.53Gao.47
http://Ino.52Alo.48
http://Ino.53Gao.42Alo.05
http://Ino.53Gao.47
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Ndcl = 2 x 1018 cm 3. In the lower cladding, the InP substrate, the doping concentration was 
around 2 x 1018 cm - 3 . 

Wafer Structure 
The RTD-EAM structure implemented using the InGaAlAs system was grown by Molecular 

Beam Epitaxy in a Varian Gen II system, on a InP substrate. The waveguide core was formed by 
two moderately doped (Si: 5 x 1016 cm - 3) Ino.53Gao.42Alo.05As layers 500 nm thick (absorption 
bandedge around 1500 nm and refractive index of 3.56) each side of the double barrier (2 nm 
thick AlAs and 6 nm wide Ino.53Gao.47As quantum well). The upper cladding was implemented 
with a 300 nm thick heavily doped (Si: 2 x 1018 cm - 3) Ino.52Alo.4sAs layer (refractive index 
~3.24). A 30 nm thick <5-doped Ino.53Gao.47As cap layer was used for formation of non-alloyed 
Au-Ge-Ni ohmic contacts. Fig. 6.2 shows a diagram of the wafer structure, together with its 
conduction band T-valley and refractive index profiles. 

r-conduction band profile refractive index profile 
S Inft52Ga()48 As contact layer 2xlff cm 

Ino.52A1o.48As upper cladding 2X1018 cm3 

foo.53Gaa42Alo.osAs upper core 5 x 1 çj6
 cm-3 

^DBQW 
In053Ga042Al005As upper core 5x1o16 cm3 

n+ InP substrate lower cladding 

Figure 6.2: InGaAlAs/InP RTD-EAM structure, T-valley and refractive index profiles. 

Following the design rules discussed above, wafer #A1304 was grown by the MBE group 
of the Department of Electronics and Electrical Engineering of the University of Glasgow. A 
wafer was previously grown with the top cladding layer made of Ino.53Gao.47As, highly doped 
(Si: 2 x 1018 cm - 1 ) : wafer #B823. Although the devices fabricated from this wafer showed stable 
NDC, they were very lossy due to high absorption in the upper cladding (bandgap ~ 0.76 eV). 

6.1.4 Fabrication and Test ing Procedures 

This subsection describes, step by step, the fabrication and testing procedures of InGaAlAs/InP 
RTD-EAMs. The general processes and technology were discussed in detail in chapter 4. 

Phase 1: sample preparation 

The wafer was scribed into pieces, approximately 10 mm x 10 mm. Care must be taken when 
handling InP substrates, as this material is somewhat weaker than GaAs and suffers higher 
breakage rates during processing.2 

2 Al though breakage can be reduced by using thicker wafers, th is only exacerbates t he device cost issue. 

junm 
300 nm 

500 nm 

500 nm 

r 

http://Ino.53Gao.42Alo.05As
http://Ino.53Gao.47
http://Ino.52Alo.4sAs
http://Ino.53Gao.47
http://foo.53Gaa42Alo.osAs
http://Ino.53Gao.47As
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The samples were cleaned in an ultrasonic bath, 5 min for each solvent: opticlear, methanol 
and acetone, followed by deionised water rinsing and nitrogen blow drying. 

Phase 2: ohmic contacts formation 

The approach described in section 5.1.3 was followed. 
Due to the high solubility of the ntype dopants used in MBE grown Ino.53Gao.47 As, allowing 

a dopant concentration much higher than typically 2 x 1018 cm  3 , and the relatively low Schottky 
barrier height for common metals (~0.2 eV compared to 0.8 eV for GaAs), Ino.53Gao.47AsAuGe 
ohmic contacts do not need annealing, showing ohmic behaviour [194]. Figure 6.3 presents the 
Ino.53Gao.47AsAuGe metallization IV characteristic (a), together with the GaAsAuGe metal

lization IV curve (b) as term of comparison. 
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Figure 6.3: (a) Ino.53Gao.47AsAuGe ohmic contact IV characteristic, (b) IV characteristic of 
GaAsAuGe ohmic contact, not annealed. 

Phase 3: waveguide wet etching mask, and waveguide definition 

The waveguide etching mask, consisting of stripes 4, 5, 6, 7, and 8 /xm wide, and 8 mm long, 
was next formed.3 The sample was coated with 140031 photoresist, spun at 4000 rpm for 30 
s, followed by baking for 30 mins @ 90 °C. The waveguides mask and the sample were aligned, 
and then exposed for 7 s; photoresist development lasted for 120 s. The samples showing good 
sets of resist stripes were postbaked for 15 min @ 120 °C. The unprotected portions of the 
samples were then etched away, as shown in Fig. 6.4, using the InGaAlAs wet etching solution 
(3 orthophosphoric acid  3 H2O2  200 H2O, which gives an etching rate of ~60 nm/min, varying 
slightly from run to run). This etching solution is selective to InP. 

The samples surface was examined under an optical microscope, and the etching depth was 
checked with a step profiler. 

3 The InGaAlAs waveguide etch mask stripes were slightly wider, to compensate for mask undercut associated 
with the wet etching waveguide patterning process. 

http://Ino.53Gao.47
http://Ino.53Gao.47
http://Ino.53Gao.47
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■ i l i l 

Figure 6.4: Side view of the InGaAlAs waveguide (ridge depth: 1.4 //m; width: 4 fim). 

Phase 4: wet etching of t he n+ InGaAs contact top layer 

The waveguide etching mask was removed by soaking the samples in acetone, followed by wet 
etching of the S—doped InGaAs waveguide epilayer (uncovered by the metallization) using the 
alkaline solution of NH4OH in combination with H2O2 and H 2 0 (1:1:200), for 30 s. This helps 
to reduce current spreading, present along the ridge axis beyond the length of the contact, and 
defines the active length of the device. The negative differential conductance characteristic of 
the RTDEAM was then measured to evaluate the quality of the wafer structure and fabrication 
procedure. Figure 6.5 shows typical InGaAlAs/InP RTDEAMs IV characteristics from wafer 
#A1304. 
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Figure 6.5: Typical InGaAlAs RTDEAM currentvoltage characteristics (from wafer #A1304). 

The lower specific contact resistivity (~10  7 iîcm2) achieved in Ino.53Gao.47As contributes 
to a smaller peak voltage when compared with GaAs based devices; the Ino.53Gao.47As higher 
saturation velocity (above 107 cm/s) will lead to higher cutoff frequency [2]. (For GaAs/AlGaAs, 
typical metal to n+GaAs contacts have a specific contact resistivity of about IO  6 Í2cm2, and 
the saturation velocity of electrons in GaAs layers is below 107 cm/s [2].) 

Phase 5. SÍO2 deposit ion and contact windows 

The procedure adopted has been described in section 5.1.3. 

http://BE--.a3.__
http://Ino.53Gao.47As
http://Ino.53Gao.47As


6.2. INGAALAS RTD-EAM ELECTRICAL CHARACTERIZATION 225 

Phase 6: contact pad (CPW) formation 

The approach described in section 5.1.3 was followed. 

Phase 7: sample thinning and device separation 

The InP substrate was hand lapped on a grinding plate, using a suspension of an abrasive 
powder, until its thickness was ~150 /im, as described in chapter 4. Great care must be taken 
not to break the sample or damage the fabricated RTD-EAMs. The devices were separated into 
500 /mi long by 500 /mi wide dies with perfect crystal facets, which act as good end mirrors. 
The main difficulty associated with RTD-EAM device dicing results from the guiding region not 
being embedded into the semiconductor, being instead protuberant on the sample surface (Fig. 
6.4). 

Phase 8: Device packaging 

Device packaging followed the steps described in section 5.1.3. 

6.2 InGaAlAs RTD-EAM Electrical Characterization 

The frequency cut-off and modulation depth characteristics of the RTD-EAM are a direct conse
quence of the carrier transport mechanisms across the DBQW and the waveguide region. They 
are closely related to the material system and the specific device structure. Because InGaAs/AlAs 
RTDs can present higher peak current and smaller valley current densities with a larger peak-
to-valley voltage difference, AVV-P, when compared with the GaAs system, higher frequency 
operation and larger modulation depth is to be expected. 

6.2.1 dc Characterizat ion 

InGaAlAs RTD-EAM de I-V characteristics were measured using the HP 4145 parametric anal
yser and showed typical RTD behaviour. Figure 6.6 presents the I-V characteristic of 2 /im x 
100 /im active area RTD-EAMs, showing a peak current density around 18 kAcm~2 and PVCR 
about 7. 

However, typical InGaAlAs RTD-EAM I-V characteristics show PVCRs around 4, with peak 
current density up to 18 kA/cm2. The specially large PVCR of the I-V curves shown in Fig. 
6.6 is mainly due to the high quality achieved in all fabrication procedure steps, specially ohmic 
contact metallization and wet etching processes of this particular sample. 

Figure 6.7 presents the RTD-EAM I-V characteristics for several waveguide active length and 
width values. Contrary to the AlGaAs RTD-EAM, the InGaAlAs RTD-EAMs I-V characteristic 
is not strictly anti-symmetric, because the cladding/contact regions are not symmetric in relation 
to the core, mainly due to the different electrical characteristics of InP and Ino.52Alo.48As (as 
mobility and saturation velocity). 

http://Ino.52Alo.48As
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Figure 6.6: IV characteristics of 2 /tm x 100 /tm active area RTDEAMs. 
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Figure 6.7: RTDEAM IV characteristics with waveguide active length (100, 150 and 200 /an; 
4 /um wide) and width (2, 4 and 6 /im; 150 /im long), respectively, as parameter. 

The peak voltage increases as the active length becomes longer; the same applies as the 
waveguide becomes wider; in this case, however, the peak voltage increment is much smaller. 
The associated increment in the peak conductance (Ip/Vp), specially for the wider waveguides, 
can be attributed to the decreasing importance of the leakage current. 

A typical 4 /im x 200 /im active area RTDEAM presents a valleytopeak voltage difference, 
AVvp, around 0.8 V, with peaktovalley current density difference, AJpv = Jp (l — PVCR~l), 
up to 13.5 kA/cm2. (Typical GaAs/AlAs devices show a PVCR around 1.5, Jp ~13.5 kA/cm2, 
AVvp ~0.4 V, and AJp_v ~5 kA/cm2.) 

6.2.2 High Frequency Characterizat ion
4 

RTDEAM impedance in the 45 MHz to 18 GHz frequency range was investigated using the 
HewlettPackard 8510 Network Analyser with a Cascade probe station; the testing signal did not 
exceeded 200 /iW. Figure 6.8(a) shows the Smith chart diagram of the RTDEAM impedance at 
zero bias (1), 0.5 (2), 0.6 (3), and  2 V (4). RTDEAM impedance versus frequency depen

dence for all values of bias voltage was found to correspond to the equivalent circuit consisting 
4This part of the work was done by V. E. Lvubchenko and N. V. Alkeev at the Institute of Radioengineering 

& Electronics, Russian Academy of Sciences, Moskow, Russia, on devices supplied. 
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of a capacity C and a shunting resistor R, in series with a resistance Rs, as shown in Fig.6.8(b); 
the series inductance was found to be negligible. 

mM/v 
(b) 

Figure 6.8: (a) Smith chart diagram of the RTD-EAM impedance at zero bias (1), —0.5 (2), 
-0.6 (3), and —2 V (4), (b) and corresponding equivalente circuit. 

At low frequency (45 MHz) the capacitance impedance is high and the total resistance is 
equal to Rs + R; at high frequency (18 GHz) the capacitance shunts R, and the total resistance 
tends to Rs, as shown in the Smith chart diagram, Fig. 6.8(a). 

Figure 6.9 presents the measured R(V), RS{V) and C(V) curves. The values of R, Rs and 
C show significant dependence on the bias voltage. The RTD-EAM impedance instability was 
noticed at bias voltages between —0.7 and —1.6 V, for the tested devices; at forward bias, the 
instability appears at around 1.16 V (the devices were forward biased below 1.8 V to avoid 
current beakdown. 

-1.0 -0.5 o.o 
bias voltage (V) 

1.0 -0.5 0.0 0.5 
bias voltage (V) 

Figure 6.9: RTD-EAM R and Rs resistances, and capacitance dependence on the bias voltage. 

The obtained results allow an estimate of the RTD-EAM cut-off frequency, fmax (frequency 
at which the real part of the diode impedance becomes zero, Eqs. 3.29 and 3.30). The negative 
resistance R is estimated directly from the I-V curve slope, and the capacitance C and the series 
resistance Rs are assumed to be equal to the RTD-EAM capacity at the bias voltage close to the 
NDC region. Samples showing R œ-15 Q, C «1.5 pF and Rs « 3 Í2 give a value of fmax ~14.1 
GHz. 

The modulator bandwidth is related to the 10%-90% switching time, tR, of the RTD-EAM, 
between the peak and valley points. The value of ÍR can be estimated from ÍR = 4RdCd — 
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A(AV/AJ)CV [152][157], where Cv is the capacitance at the valley point per unit area (Cv = 
e/W, where e is the electrical permitivity, and W is the depletion region width). For the present 
devices, using AVV-P ~ 0.8 V and AJp_„ ~ 13.5 kAcm -2 , with W = 0.5 /jm and e = 13eo, tR is 
around 5.4 ps. Assuming fmax = (47ri#)_1, it gives fmax wl4.6 GHz, which is close to the value 
estimated above. 

It is expected that the frequency fmax will increase by reducing the waveguide core thickness 
which leads to a lower peak-to-valley voltage difference, AVv-p. By moving at the same time the 
DBQW towards the emitter highly doped contact layer, a higher peak-to-valley current ratio will 
be achieved due to a larger effective charge injection because of a decrease in electron scattering 
in the shorter path from the emitter to the first barrier. 

6.3 InGaAlAs RTD-EAM Optical Characterization 

Characterization of InGaAlAs based RTD-EAMs employed a Tunics diode laser [186], tuneable 
in the wavelength region 1480-1580 nm. Optical characterization started with the determination 
of the Ino.53Gao.42Alo.05As waveguide core bandgap energy, employing photoluminescence tech
niques. The guided modes were then observed, and the propagation loss was measured using the 
Fabry-Pérot method. The electrical field induced bandedge broadening was estimated, followed 
by characterization, at low frequencies, of the modulation depth as a function of the wavelength. 

6.3.1 I n G a A l A s Waveguide Bandgap and Guided M o d e s 

As pointed out previously, two InGaAlAs/InP wafers were grown, wafers #B823 and #A1304. 
The waveguide core region bandedge was estimated from their respective photoluminescence 
spectra. 

Wafer Photoluminescence Spectra 

Photoluminescence is a non-destructive technique that can be used to determine the bandgap en
ergy, Eg, of a given material [55].5 This technique was employed to estimate the bandgap energy 
of the Ino.53Gao.42 Alo.05AS waveguide. Infrared radiation from a laser with A < Xg (A ~ 1.06 /an) 
was used to create a population of electronic excited states of the semiconductor material, gen
erating electron-hole pairs which can recombine radiatively, producing the photoluminescence 
(PL) spectrum [55]. A schematic of the set-up used to measure the PL spectrum is illustrated 
in Fig. 6.10.6 

The PL spectra from samples of wafers #B823 and #A1304, at 300 K, were analysed by a 
spectrometer with a cooled Ge photodetector. The detector output signal was fed to a lock-in 

5It is also useful to check the presence of certain impurities in semiconductors [55]. 
6If necessary, the sample can be placed in a cryostat which allows low temperature measurements in order to ob

tain the fullest spectroscopic information by minimising thermally-actived non-radiative recombination processes 
and thermal line broadening. 

http://Ino.53Gao.42Alo.05As
http://Ino.53Gao.42
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Figure 6.10: Set-up for photoluminescence measurements. 

amplifier synchronised to a chopper in the laser beam path for enhanced signal-to-noise ratio. 
Figure 6.11 presents the photoluminescence data of the #B823 and #A1304 wafers. 

40 
#A1304 300 K 

1482 nm 

1300 1400 1500 1600 
Wavelength (nm) 

1700 1300 1400 1500 1600 
Wavelength (nm) 

1700 

Figure 6.11: Wafers #B823 and #A1304 PL-spectra at 300 K. 

The PL spectra present peaks at 1507 nm (B823) and at 1482 nm (#A1304). However, the 
waveguides fabricated from wafer #B823 were very lossy in the wavelength range 1500-1580 nm, 
mainly due to the 300 nm thick highly doped Ino.53Gao.47As cladding layer. The wafer $A1304 
was found to have reasonably good guiding characteristics. 

Guided Modes 

Using a single-mode fibre to launch light into the waveguide, it was possible to excite individual 
modes. Figure 6.12 shows the near field image of the three guided modes observed in a 4 /im wide 
ridge waveguide fabricated from wafer $A1304, as imaged with the Hamamatsu streak camera 
operating in the focus mode. 

Figure 6.12: Images of the three optical modes observed in a InGaAlAs/InP ridge waveguide 
(ridge depth: 1.4 /im; width: 4 fim). 

http://Ino.53Gao.47
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6.3.2 Propagat ion Loss 

The FabryPérot method was adopted to characterize the InGaAlAs waveguide guiding loss. 
This method is based on the fact that a single mode waveguide, with high reflection end facets, 
forms a FabryPérot étalon, and the contrast of the étalon resonances is related to the combined 
lossreflection factor [71]. When the waveguide is not single mode, the observed étalon response 
is a superposition of the resonance fringes for each mode excited; the same applies if the light 
source is not single frequency. However, if the propagation length is considerably short, the 
power transfer between the fundamental mode and the higher order modes can be assumed to 
be negligible. 

Fabry-Pérot Method 

The transmittance, T, of an étalon with identical front and back reflection coefficients (i?i = 
R2 = R)7 for light incident normal to the waveguide facets, defined as the ratio of the transmitted 
PL to the incident PQ light powers, Fig. 2.23, is given by [55] 

T = ( 1  f i ) 2 e x p (  a L ) , _ 
1 + R?e2aL  2Re~aL cos </> ' 

where <f> = ÍTrneffL/X and n e / / is the effective modal refractive index. The separation in 
frequency (wavelength) which leads to consecutive transmission maxima or minima, Au = 2n^ffL 
A (j) =■£■■£ = 2n

l A, corresponds to the spectral range of the waveguide étalon [71]. If 
the resolution of the apparatus is sufficiently high (< l /2n e / /L) , plotting the transmittance as 
a function of the phase <f> reveals an oscillatory transmittance curve [71]. From the knowledge 
of the étalon contrast, given by the ratio of the resonant and antiresonant transmissions, CR = 

2?""1 = * —Ar, the attenuation coefficient can be expressed as [177] 
Tmin (iReaL) ' 

a — — — In 
Li 

(6.2) 

As a first approximation, the étalon method allows the determination of an upper limit to 
the attenuation coefficent [58][177]. However, it requires the use of tuneable single frequency 
lasers or the change of the étalon optical length. 

Waveguide Loss 

To measure the waveguide loss using the FabryPérot étalon method, a heated soldering iron was 
placed close to the waveguide, in order to alter the refractive index/length of the waveguide by 
changing the waveguide temperature. As a consequence of waveguide warming, the light optical 
path varies and the fraction of light transmitted through the waveguide changes periodically 

7 p _ ( l -n)
2
+*

2 
R = ), , n;õf " , . where K is the extinction coefficient and n is the real refractive index [711. 
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between maxima and minima. The light source employed was a Tunics diode laser emitting 
at 1565 nm with a linewidth of 10 - 5 nm [186]. Light was launched into the waveguide using 
a standard single-mode fibre to ensure fundamental mode operation of the device waveguide; 
however, no information on the state of polarization was available. A fraction of the output 
power was measured by a photodetector and the contrast extracted, and a determined using Eq. 
6.2. Figure 6.13 presents Fabry-Perot experimental fringe data for a 4 /Ltm wide, 600 /im long 
waveguide; from this data, the value of a ~8.2 cm - 1 was obtained. 

InAlAs-InGaAlAs-InP 1.3 nm ridge waveguide 

:WVVV 
a «8.2 cm1 

temperature (a.u.) 

Figure 6.13: Fabry-Pérot fringe data for a 4 /im wide, 600 ^m long waveguide. 

Because the waveguide is not single mode, the observed response could be a superposition of 
the resonance fringes for each mode excited in the waveguide, if true operation in single mode is 
not satisfied. However, for a short propagation length, power transfer between the fundamental 
mode and the higher order modes is negligible. For this reason, the value of the loss obtained 
(a ~8.2 cm - 1) can be used as a good estimate of the propagation loss. The estimated value 
uses an assumed facet reflectivity value R ~ 0.33. In general, however, the waveguide reflectivity 
differs from the simple Fresnel value, which can lead to inaccurate results. If a polarization 
maintaining fibre is used, the polarization can be controlled thus reducing measurement errors, 
and allowing the distinction between the loss of the two modal polarizations. 

It is worth mentionning in this respect that the fibre-optic networks transmission capacity is 
no longer limited by loss because the signal strength can be boosted using fibre-amplifiers [14]. 

6.3.3 Waveguide Transmission Spectrum 

RTD-EAM peak-to-valley switching induces, through the Franz-Keldysh effect, broadening of the 
waveguide absorption edge. The InGaAlAs/InP RTD-EAM spectrum change was determined 
using light from the Tunics diode laser, tuneable in the wavelength region 1480-1580 nm [186]. 

As previously, the waveguide transmission spectrum was measured, with no applied voltage, 
when dc biased at slightly below the peak voltage, and in the valley region; the device was not 
dc biased in the NDC region in order to avoid self-oscillation. 

Figure 6.14 presents the InGaAlAs RTD-EAM transmission spectrum in the wavelength range 
1500-1580 nm with the applied voltage as parameter. 

The electric field enhancement across the depleted portion of the waveguide core due to the 
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Figure 6.14: InGaAlAs RTDEAM transmission spectrum at different dc bias voltages. The 
observed bandedge shift was approximately AAS~43 nm. 

RTD peaktovalley transition, A£ = £v — £p, can be estimated from the de IV characteristic, 
using (Eq. 3.61): 

AVVV w l\Jp — V (6.3) 
W 2evsat 

Considering typical 4 fim x 200 //m active area devices with measured values for AVVP c± 0.8 V 
13.5 kAcm 2 , assuming e = 14e0, ■usat=lxl07 cm/s, and a depletion region 500nm and AJpv ~ 

wide, A£pV becomes 43 kV/cm (for GaAs based devices, A£pV~ 19 kV/cm). Assuming that 
the electric field at the valley (£v) and peak (£v) points satisfies £v > £p, the "shift" in the 
InGaAlAs waveguide transmission bandedge, AXg, due to electric field enhancement, A£ = £v, 
as a result of the FranzKeldysh effect, is given approximately by (Eq. 3.63) 

A A „ ^ ^ 
2 L 2 

e
2
h 

9 he \ 87r2mr 

2 
cz 
Cv ) (6.4) 

where Xg represents the wavelength corresponding to the waveguide transmission edge at zero 
bias (around 1520 nm), and mr is the effective reduced mass (the effective masses of the electrons 
and holes in the conduction and valence bands are, respectively, me ~ 0.046mo, m\h ~ 0.05rao 
and rrihh — 0.5mo). 

From the above equation it comes that AAS ~46 nm.8 This estimated value AA9=46 nm 
agrees reasonably well with the measured figure of 43 nm, regarding the uniform electric field 
approximation. (For the GaAs based device, the value AA5~ 9 nm was obtained from Eq. 6.4, 
and the observed spectrum shift was around 12 nm.) 

This agreement, again, suggests that Eq. 6.3 can be used, as a first approximation, to 
determine the magnitude of the electric field enhancement due to peaktovalley transition. 

8Eq. 6.4 neglects any spectral shift due to thermal effects from the current flow, and the shift due to the 
applied peak voltage. 
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6.3.4 Electro-Absorpt ion Modulat ion 

To measure the electroabsorption modulation induced by the transition between the extremes of 
the NDC region, the RTDEAMs were dc biased at slightly above the valley voltage (to minimize 
thermal effects), and rf signals (negative impulse square waves) up to 1 MHz, with amplitude, 
« 1.0 V, greater than AVVP, were applied. A germanium pin photodetector, with a maximum 
responsivity of 0.7 A/W at around 1550 nm, was employed, as illustrated in Fig. 6.15.9 

Figure 6.15: InGaAlAs RTDEAM optoelectronic characterization apparatus. 

Devices with 4 fim x 200 /xm active area, showing the highest PVCR and largest AVVP, 
showed a maximum modulation depth of 28 dB at around 1565 nm. Figure 6.16 presents the 
modulation depth of these devices as a function of the operating wavelength. 

1530 1540 1550 1560 1570 
Wavelength (nm) 

1580 

Figure 6.16: InGaAlAs RTDEAM modulation depth as a function of the wavelength. 

Typical 4 JJLVCÎ X 200 ^m active area devices showed a maximum modulation depth around 
20 dB in the wavelength range 1560  1567 nm (which is approximately 10 dB higher than the 
maximum value obtained with a GaAs device of equivalent active area). 

Comparison of the experimental value of 28 dB for the modulation depth with that calculated 
from Eqs. 3.64 and 2.113, depends on the availability of the relevant material parameters for 
InGaAlAs (in particular, the values of the matrix elements it ■ p£, , section 2.3.4, which were 
not found in the literature). 

9Thorlabs DET3GE. 
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Dc Modulation Characterization 10 

The experimental set-up for measuring the dc electro-absorption response of the RTD-EAM 
consisted of an external cavity 1.5 fim tuneable diode laser, which was fibre coupled to the RTD-
EAM, and the output from the RTD-EAM was fibre coupled to an optical power meter. The 
dc frequency characterization of the electro-absorption response of the modulator shows a total 
change in transmission of around 13 dB as the RTD-EAM biasing voltage was swept through the 
NDC region, as indicated in Fig. 6.17(a); the I-V curve of one of the RTD-EAMs characterized 
shows a PVCR around 4 and AVV-P ~ 0.5 V. 

o.o 0.5 1.0 1.5 2.0 
bias voltage (V) 

1.590 1.592 1.595 1.597 1.600 1.602 
bias voltage (V) 

Figure 6.17: (a) Modulation change as the bias voltage is swept through the I-V characteristic, 
(b) Modulation variation as the bias is swept within the NDC. 

Figure 6.17(b) presents the transmission change as the bias voltage is swept within the NDC 
region, showing a variation in absorption of 5 dB for a 1 mV change, an exceptionally high 
transmission change for this small drive voltage variation. 

6.4 Final Comments 

The RTD-EAM modulator concept was implemented, for operation at wavelengths around 1550 
nm, with an unipolar In0.52Alo.48As-In0.53Gao.42Alo.o5As-InP optical waveguide incorporating a 
Ino.53Gao.47As/AlAs double-barrier resonant tunnelling diode (RTD) on a InP substrate. The 
same material system can also be employed to fabricate a device functioning at wavelengths 
around 1300 nm (the optical communication window where the standard single-mode optical 
fibres have zero dispersion). 

The RTD-EAM model implemented and the knowledge acquired from the AlGaAs RTD-EAM 
developed were crucial to the determination of design parameters of the waveguide, of the DBQW, 
and of the doping level across the structure. Basically, the structures successfully implemented 
consisted of a waveguide core 1000 nm thick with a doping concentration around 5 x 1016 cm - 3 , 
incorporating a 6 nm wide Ino.53Gao.47As quantum well and 1.7 nm AlAs barriers. A RTD-
EAM structure employing a Ino.53Gao.47As highly doped top-cladding layer showed reasonably 

10These measurements were performed by Dr. S. G. McMeekin and co-workers from the Cardiff School of 
Engineering, University of Wales Cardiff, UK, and Dr. D. G. Moodie from British Telecom Laboratories, Ipswich, 
UK, on devices supplied. 

http://Ino.53Gao.47
http://Ino.53Gao.47As
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good NDC characteristics, but very poor optical guiding properties. InGaAlAs-InP waveguide 
fabrication employed wet etching instead of dry etching, in order to avoid material damage 
associated to the dry etching gases generally used. The high frequency testing package, including 
chip and wire bonding, and connectorization, as implemented for characterization of the AlGaAs 
devices, was also employed. 

The de I-V characteristics of typical devices showed peak current densities up to 18 kA/cm2, 
with a peak-to-valley current ratio (PVCR) around 4. (Typical AlGaAs devices showed a PVCR 
around 1.5, and peak current densities up to 13 kA/cm2.) Contrary to the AlGaAs RTD-
EAM, the InGaAlAs RTD-EAMs I-V characteristic is not strictly anti-symmetric, because the 
cladding/contact regions are not symmetric in relation to the core, mainly due to the different 
electrical characteristics of InP and Ino.52Alo.4sAs. From the high frequency characterization 
and the RTD-EAM cur rent-volt age characteristic, a maximum frequency of operation around 30 
GHz was estimated, which agrees with the value calculated from the model. 

The InGaAlAs RTD-EAMs optical guiding loss was determined using the Fabry-Pérot method. 
A propagation loss coefficient of 8.3 cm - 1 was obtained. Because the input polarization state 
was not well controlled and since the waveguide is multi-mode, the propagation loss value is 
overestimated. RTD-EAMs with 4 pLia. x 200 ^m active area, biased slightly below the peak 
voltage, showed an absorption change up to 28 dB at around 1565 nm (which is approximately 
10 dB higher than the maximum absorption change obtained with a GaAs/AlAs device), due 
to peak-to-valley switching induced by a low-frequency (1 MHz) square wave signal with 1 V 
amplitude. 

Independent dc frequency characterization of the electro-absorption response of a modulator 
with a PVCR around 4 and AVV-P ~ 0.5 V showed a total change in absorption of around 
13 dB as the RTD-EAM biasing voltage was swept through the NDC region; the modulation 
depth, as the bias voltage is varied within the NDC region, showed a variation in absorption of 
5 dB for a 1 mV change, an exceptionally low drive voltage for this amount of modulation.11 

Due to schedule problems, it was not possible to fully characterize the high-speed optoelectronic 
properties of this modulator. However, from the results obtained and the ones achieved on the 
AlGaAs modulators, it is expected that the InGaAlAs devices will show significant improvements 
on high speed modulation characteristics when compared with AlGaAs RTD-EAMs. 

11 Measurements performed at British Telecom Laboratories, Ipswich, by Dr. S. G. McMeekin and co-workers 
from the Cardiff School of Engineering, University of Wales Cardiff, and Dr. D. G. Moodie from BT Labs, on 
devices supplied. 

http://Ino.52Alo.4sAs
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Chapter 7 

Conclusions and Suggestions for Future 
Work 

The purpose of this research was to investigate a novel optoelectronic device based on an unipo
lar optical waveguide, incorporating a double barrier quantum well resonant tunnelling diode 
(DBQW-RTD) in the moderately doped waveguide core region, for light modulation and detec
tion at microwave and millimetre-wave rates: the resonant tunnelling diode optical waveguide 
(RTD-EAM). Potential for device applications on microwave and millimetre-wave optoelectronics 
provided the practical motivation for this study of the RTD-EAM properties. 

Design, fabrication and characterization of resonant tunnelling diode electro-absorption mod
ulators (RTD-EAMs) were described, in both the AlGaAs-GaAs and the InGaAlAs-InP material 
systems for shorter and longer wavelengths, respectively. Chapter 1 provided a short review of 
the state of the art in the domains of Optoelectronics and Optical Communications, followed by 
a brief description of the devices based on the resonant tunnelling effect. A broad summary of 
semiconductor properties and device blocks was presented in Chapter 2, emphasizing key elec
trical and optical phenomena that are employed in the RTD-EAM. Chapter 3 introduced the 
physics of RTDs, their applications in electronics and optoelectronics, and a discussion of the 
RTD-EAM concept and its model in some detail. RTD-EAM design principles, together with the 
general fabrication and characterization procedures were presented in Chapter 4. In Chapter 5, 
the specific AlGaAs/GaAs RTD-EAM waveguide design and fabrication were presented, and the 
respective optoelectronic results achieved were illustrated. Chapter 6 described the design, fabri
cation, and characterization of InGaAlAs based RTD-EAMs designed to operate at wavelengths 
around 1550 nm, where standard single-mode optical fibres have minimum loss. 

7.1 Conclusions 

The presence of a RTD within the optical waveguide introduces high non-linearities in the electric 
field distribution across the waveguide core, made evident by the negative differential conductance 
in the device I-V characteristic, which is strongly dependent on the bias voltage due to the non-

237 
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linear charge distribution in the emitter and collector regions of the RTD, respectively. A small 
high frequency ac signal (<1 V) can induce high speed switching between the first and the second 
positive differential conductance regions of the RTD-EAM current-voltage characteristic, which 
gives rise to electric field modulation across the depleted part of the waveguide core. Electric 
field enhancement broadens the waveguide absorption bandedge to longer wavelengths via the 
Pranz-Keldysh effect, modulating the optical transmission characteristics of the semiconductor 
waveguide and, therefore, affecting the guided light at photon energies slightly below the core 
bandgap energy. Connection of this device to electrical resonators, such as coplanar transmission 
lines, takes advantage of the negative differential conductance to achieve different modes of 
operation, including relaxation oscillation, pulsed operation, subharmonic and harmonic injection 
at microwave frequencies. 

The main achievements of this RTD-EAM research can be summarized as follows: 

• AlGaAs/GaAs and InGaAlAs/InP based RTD-EAMs operating at 900 nm and 1550 nm, 
respectively, together with high frequency optoelectronic test packages, were designed and 
successfully implemented. 

• AlGaAs/GaAs based RTD-EAMs operating at around 900 nm were first investigated. The 
RTD-EAM electrical properties were characterized at low and high frequencies. Device 
current-voltage characteristics showed peak-to-valley current ratios up to 2, with peak 
currents around 13.5 kAcm"2 and an average valley-to-peak voltage difference of 0.4 V. 
The electric field amplitude across the depleted core was around 20 kVcm"1. Dc and high 
frequency instability were analyzed and characterized. Operation as a relaxation oscillator, 
and high frequency (up to 16 GHz) harmonic generation, were both observed. 

• Previous results on optical modulation (up to 7 dB at 900 MHz) obtained with the 
GaAs/AlGaAs system at around 900 nm were confirmed and improved. Direct high fre
quency (up to 16 GHz) electro-absorption modulation (as high as 18 dB) of light with 908 
nm wavelength was demonstrated. Operation as a relaxation oscillation optical modulator 
was reported for the first time. 

• A device model that helped to understand high frequency electrical and optical behaviour 
was implemented. Based on this model, the determined electric field magnitude across 
the depleted core was around 20 kVcm-1, corresponding to an expected absorption change 
around 9 dB, which agrees relatively well with the amount of modulation observed con
sidering the approximations made. This model was extremely useful in the design of the 
RTD-EAM operating at 1550 nm. 

• First demonstration of a long wavelength RTD-EAM in the InGaAs-InAlAs material sys
tem, lattice matched to InP and operating at around 1550 nm was achieved. The use of a 
InGaAs/AlAs RTD in a InGaAlAs optical waveguide not only permits operation at optical 
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communication wavelengths, but also leads to a significant improvement in the optoelec
tronic characteristics of the device in comparison with the GaAs/AlAs system. Devices 
showed peak-to-valley current ratios up to 7, peak currents around 18 kAcm -2 and an 
average valley-to-peak voltage difference of 0.8 V. Operation in the relaxation oscillation 
mode was also observed. 

• Low frequency absorption change up to 28 dB, due to peak-to-valley switching, was at
tained, together with dc electro-absorption results showing a modulation change of 5 dB 
for a 1 mV variation on the voltage bias. Prom the optoelectronic device model, the magni
tude of the electric field across the depleted core was estimated to be 45 kVcm-1, giving an 
expected absorption change around 19 dB. A more detailed characterization of the optical 
properties of this modulator is needed; however, from the preliminary results obtained, it is 
expected that the InGaAlAs RTD-EAM will show significant improvements on high speed 
modulation characteristics when compared with the AlGaAs modulator. 

Considering the performance attained with the devices investigated, some applications of the 
RTD-EAMs can be directly indicated, such as device operation as: 

- low voltage, high bandwidth digital optical modulator; 
- self-oscillating modulator for comb frequency generation; 
- clock extractor; 
- optically operated optoelectronic switch. 

In conclusion, the integration of a RTD with an optical waveguide combines a wide bandwidth 
electrical amplifier with an electro-absorption modulator, which opens up the possibility for a 
variety of operation modes (such as modulation due to self-oscillation and relaxation oscillation). 
The device appears to offer a promising route towards a high speed, low power optoelectronic 
converter (rf-optical and optical-rf). 

7.2 Suggestions for Future Work 

Further work needs to be carried out to fully characterize the high speed optoelectronic properties 
of the InGaAlAs RTD-EAM, and verify its expected improved performance over that obtained 
from GaAs devices. Characterization of the device maximum electrical frequency of operation, 
and of the optical modulation depth at high frequency, are required. Optimization of the position 
of the RTD section inside the semiconductor ridge waveguide and waveguide cross-section geom
etry, in order to minimize the carriers transit time and decrease the required modulation voltage, 
should be performed. An important issue to be studied is the possibility of modulation induced 
by a radiating microwave signal coupled to the device through a microstrip antenna. The device 
optical insertion loss could be reduced using anti-reflection coatings on the waveguide facets and 
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by packaging in modules incorporating commercially available lens-ended optical fibres, fixed in 
position by laser welding. 

Based on the successful demonstration of the device operating at 1550 nm, it would be 
interesting to demonstrate the same device concept at 1300nm, using the same material system 
but modifying the core material composition and, possibly, the optical waveguide cross-section 
geometry. 

In this research, operation of the device as an electro-refraction modulator was not carried 
out, but it would be a topic worth of further efforts, possibly at 1300 nm and at 1550 nm, and 
employing either AlGaAs or InGaAlAs material systems. 

If successful, this could lead to the implementation of practical integrated modulators based 
on interference effects. 

Following the work of T. S. Moise et al [39], an important issue to be investigated is the device 
mode operation as high speed photo-detector (section 3.4.1). Recently, J. F. Martins-Filho et 
al, using a InGaAlAs RTD-EAM supplied, have demonstrated that a RTD-EAM works also as 
a photodetector: RTD optical waveguide photo-detector (RTD-OW-PD). The device behaves as 
a photoconductor integrated with an electrical amplifier (the RTD NDC provides gain on the 
photogenerated signal). Up to 40 dB relative gain was obtained, and a response time of 2 ns to 
a 100 ps optical pulse. It is worth noting that the RTD-OW-PD was originally designed as an 
optical modulator, and was not optimized as a photodetector.1 

The successful demonstration of the RTD-EAM simultaneous operation both as photo-detector 
and optical modulator could be the route towards a high speed electro-absorption modula
tor transceiver, performing both transmission and reception of digital signals. This electro-
absorption modulator transceiver could be used in local loop bi-directional fibre optic systems 
taking advantage of the RTD-EAM electrical gain, avoiding the need for the sophisticated current 
and temperature control circuitry of a conventional transceiver. 

1,l40 dB photodetection gain in a resonant tunneling diode optical waveguide," J. F. Martins-Filho, R. E. de 
Araújo, A. S. L. Gomes, J. M. L. Figueiredo, C. R. Stanley, and C. N. Ironside, to be submited. The RTD-OW-PD 
characterization was performed at Departamento de Electrónica e Sistemas, Universidade Federal de Pernambuco, 
Recife PE, Brazil. 
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