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Sumario da Tese
Propriedades Optoelectrénicas de Diodos Ttnel Ressonantes

José Maria Longras Figueiredo

Esta tese descreve o estudo das propriedades optoelectronicas de guias de onda semicondu-
tores unipolares incorporando um diodo ttnel ressonante de dupla barreira de potencial (DBQW-
RTD), implementado, sucessivamente, nos sistemas materiais semicondutores AlGaAs/GaAs e
InGaAlAs/InP, e com comportamento andlogo ao do DBQW-RTD (resisténcia diferencial nega-
tiva, NDC). Os sistemas materiais empregues permitem a operagio nos comprimentos de onda
900 nm e 1300/1550 nm, respectivamente. Este diodo unipolar combina o confinamento 6p-
tico com o ganho eléctrico e as propriedades de banda - larga do DBQW-RTD. A investi-
gagao concentrou-se na demonstragdo do seu potencial como modulador éptico baseado no efeito
de Franz-Keldysh: diodo tunel ressonante modulador por electro-absor¢cao (RTD-EAM). Um
método fiadvel de fabricacdo 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
razdo corrente de pico - corrente de vale de 1.6, densidade de corrente de pico até 13.5 kem ™2
e tensdao de pico no intervalo 1.5-3.2 V. Da caracteristica corrente-tensdo e do comportamento
espectral do dispositivo, estimou-se uma profundidade de modulagdo 6ptica da ordem de 14 dB.
A modulagao por electro-absorcao foi caracterizada usando uma "streak camera", medindo-se
profundidades de modulagdo até 18 dB em RTD-EAMs de AlGaAs/GaAs com &rea activa de
4 pm x 200 pm. Foi também demonstrada modulacao 6ptica associada a auto-oscilacao do RTD-
EAM, observando-se profundidades de modulacdo até 11 dB. A partir da anélise da operagdo no
modo de oscilacao de relaxacao, é de esperar uma largura de banda superior a 30 GHz. O estudo
das propriedades dos dispositivos baseados no sistema AlGaAs/GaAs permitiu a elaboragido de
um modelo de operagdo 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 & do
InP, opera no comprimento de onda 1560 nm. A configuracao deste dispositivo corresponde a um
guia de onda unipolar de InAlAs-InGaAlAs-InP incorporando, na regido do nicleo de InGaAlAs,
um DBQW-RTD de Ing 53Gag 47As/AlAs. O RTD-EAM de InGaAlAs apresenta superior NDC a
dos dispositivos de GaAs (razdo corrente de pico - corrente de vale até 7 e densidade de corrente
de pico de 18 kAcm 2). Um sinal de baixa frequéncia de 1 V de amplitude induz profundidades
de modulacdo até 28 dB no comprimento de onda de 1565 nm. A resposta em electro-absorcéo
apresenta uma alteragdo de 5 dB na absorcdo, induzida por variacdo de 1 mV na tensdo de
operacao na regiao NDC. Foi observada uma alteracao de 13 dB na absorcao para variagdes de
tensao entre os extremos da regiao de NDC.

Esta configuracao do dispositivo mostrou o seu potencial para aplicagGes em sistemas opto-

electronicos de comunicacao de alta frequéncia.
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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
1300/1550 nm, 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 — 3.2V. 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
4pm x 200 pum 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 Ing53Gag 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
1565nm. 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.
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Sommaire de la Thése
Propriétés Optoélectroniques de Diodes Tunnel Résonnantes

José Maria Longras Figueiredo

Cette thése traite des propriétés optoélectroniques de guides d’ondes optiques & base de
semiconducteur unipolaire incorporant une diode tunnel résonnante & puits quantiques double
barriere (DBQW-RTD). Cette structure a été appliquée avec succés aux systémes AlGaAs/GaAs
et InGaAlAs/InP et a montré un comportement typique RTD (conductance différentielle néga-
tive, NDC). La longueur donde des deux systémes 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 leffet Franz-Keldysh: le modulateur électro-absorbant a diode tun-
nel résonnante (RTD-EAM). Un procédé de fabrication fiable de RTD-EAM a été établi pour les
deux systémes étudiés.

Le modulateur RTD-EAM AlGaAs/GaAs est constitué d’un guide d’onde unipolaire AlGaAs-
GaAs-AlGaAs enchéassant 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’a 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 & environ 14 dB. La modulation
électro-absorbante a été caractérisée en utilisant une “streak camera”, et des profondeurs de
modulation allant jusqu’a 18 dB ont été mesurées sur des modulateurs RTD-EAM AlGaAs/GaAs
de zone active 4 pm x 200 pm. La modulation optique associée a 1’auto-oscillation du modulateur
a également été démontrée, montrant une profondeur de modulation allant jusqu’a 11 dB. A
partir de ’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 systéme AlGaAs/GaAs a permis d’établir un modéle de fonctionnement simple, qui
a aidé & concevoir des wafers InGaAlAs/InP présentant une conductance différentielle négative
significative.

Le modulateur RTD-EAM reéalisé dans le systéme InGaAlAs, de méme paramétre de maille
que InP, opére autour de 1550 nm. La configuration de ce dispositif est constituée d’un guide
d’onde unipolaire InAlAs-InGaAlAs-InP incorporant, dans le coeur InGaAlAs, une diode tunnel
résonnante & puits quantiques double barriére Ing 53Gag.47As/AlAs. Le modulateur RTD-EAM
InGaAlAs présente une conductance différentielle négative plus grande que le dispositif équiva-
lent dans le systéme GaAs (rapport de courant maximum/minimun allant jusqu’a 7 et densités
de courant maximum allant jusqu’a 18 kAcm™2). Un signal électrique & basse fréquence et
d’amplitude 1 V induit une profondeur de modulation optique jusqu’a 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
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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 systémes de communication optoélec-

tronique & 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).!

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.

'Tn 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.
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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).? The general
feeling is that, to date, MOVPE is more advanced for meeting these requirements when pro-

2Semiconductor 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].



1.1. OPTOELECTRONIC SEMICONDUCTOR TECHNOLOGY 23

duction 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 (fcc) 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.*
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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].> 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

®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]. From 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 I'-conduction

band energy (E.) 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,® 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-

5The 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 ITI-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, fec, 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 fec lattice, while
As occupies the tetrahedral sites, to give a unit cell that contains four atoms of each species.!
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

'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 Schrédinger
equation [12]:

(ih? + ez(?; t))2

2m

+U(7;t) | O(7Pst) = ih%\ll(?;t), (2.1)

where W(7;¢) is the particle wave function, U(7) is the potential energy, 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 U(7;t) = 9 (7) exp(—iEt/h); for the moment, it will also be assumed that there are
no magnetic fields, so that the vector potential 7((?; t) can be set to zero [12].

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

[—%VQ + U(?)] $(7) = BEy(P). (2:2)

Because of the symmetry and periodicity of the semiconductor crystals, the potential function
U(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 u(7)

KT

with the same periodicity as the background potential with a plane wave e , which typically

varies much more slowly:

$(7) =u(P)exp (i 7). (2.3)

with E = h? ‘?‘2 /2m, and u(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 orbitals 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 ? and the unit cell periodic part of the wave function u(7). The
magnitude of the vector ? is related to the wavelength of the electron wave function (de Broglie
wavelength) by ‘?‘ = QT“; the quantity 7 = R is called the crystal momentum [50].
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The energy solutions correspond to regions in the 4 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 — ?) relation is called the energy band-structure of the
semiconductor. Figure 2.1 represents the energy bands along different ¥ directions of Si, GaAs
and AlAs.

Silicon Gallium Arsenide Aluminum Arsenide

A B

L = Eg=215eV

Energy (eV)
A WNEFP O FPNWDMOULOO

LU my r o oo x Ll r o [0 x L (11 [0 X
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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 wvalence 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, E,, 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.? 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 k_)e, the corresponding hole momentum is /?h) = —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 k -vector values are confined to the first Brillouin zone [50],3 centred at

When 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 ?—space.
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= (0,0,0) - the I'-point; other important high symmetry points in the Brillouin zone are
the X-point, corresponding to 7= (£,0,0), and the L-point, corresponding to 7= (Z,%,2),

where a is the lattice constant. The bandedges (minimum or maximum) of the allowed bands of
most semiconductors occur at & -values corresponding to these points. The top of the valence
band of most semiconductors occurs at the I'-point, where the wavefunction character is p-type.
The bottom of the conduction band in some semiconductors occurs also at the I'-point, with
a wavefunction purely s-type; 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 I'-point, but at a certain other point ' # (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 (> Ej,) but also some
change in the crystal momentum % [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 I'-point, 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 §2E/0k? [23]. Typical semiconductor energy-
momentum (F — ?) 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 E., and the top of the highest valence band by FE,.

direct conduction indirect conduction
band band

electron ™
energy E.
Ec

indirect band-gap

direct band-gap
Ey Ey
A k A k
heavy hole hole
energy
™ light hole”

= gplit-off band ~~

Figure 2.2: Schematic representation of the valence, direct- and indirect-gap 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 02E/0k?) and the light-hole band (the narrower band,
with larger 02 E/0k?) [50]. For most semiconductors, the energy of the split-off 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—o)) it is possible to represent the conduction

band structure by
(ki — ko,)”

- = =
E(k ko) = E(ko) + B ) o
€

1=x,Y,2

, (2.4)

where the subscript i represents the z, y, z components of % and Eo) [50]. For a direct bandgap
material, k_)o = (0,0,0), and if the band structure is isotropic, as with most direct bandgap

semiconductors, the relation becomes

h2k?

ﬂm:&+%f
e

(2.5)

E, 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
1 1 d’E

S 2.6

me B2 dk?’ (2.6)

which, in some semiconductors (such as Si), is dependent on crystal orientation [49].* 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 = 0.067mg for electrons, for light-holes (lh) my, =

0.082mg and for heavy-holes (hh) mpp = 0.45mg [12]; mo represents free electron mass.

2.1.2 Carrier Concentrations and Doping

In semiconductors the bonding force between atoms has, in general, a covalent nature.’ 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

4The effective mass is, in general, tensorial, with components m;; defined as mL = r%? aa,f, éf‘) [12].
i 0k;

®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,

fe(E) = !

a 1+exp ( @)

E—Epi ’
kT

and the robability of an electronic state ith energy F to be em ty the hole distribution

function fp is gi en by

1

fh(E):l_fe(E): —EF,-)’ (2' )

E
1 + €Xp (_kB—T
here k is the Boltzmann constant  is the absolute tem erature and E ; isthe m
energy (the Fermi le el energy is such that the robability of occu ation is exactly .5)  hich
can be determined from the 5 Y . The Fermi le el energy for an intrinsic

semiconductor is gi en by
_ E.+ E, k mp,

E .
‘ 2 4 Me

(2.9)

t room tem erature the second term is small and the Fermi le el generally lies ery close to
the middle of the bandga .

The number of allo ed electronic states in a gi en band er unit olume er unit energy
around an energy F is the band Y hich de ends on the dimensionality of the
system and its res ecti e y . m m  m relation E(?) For a bulk semiconductor and
assuming that the energy momentum relation near the bandedges has the sim le arabolic form
E(k) = Lk the density of states takes the form

2(m )" &
;) -—7L F (1)
here m  re resents the Y effecti e mass. For direct bandga semiconductors
the conduction band density of states effecti e mass is identical to m. similar ex ression

holds for the alence band but the hea y-hole and the light-hole masses ha e to be considered
instead. The difference in effecti e mass for electrons and holes sho s that the density of states

in the alence band is almost 2 times greater than in the conduction band.

For an intrinsic semiconductor the density of electrons in the conduction band  is equal to

the density of holes in the alence band p p = ; here ; is the effecti e intrinsic carrier
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density. The electron density in the conduction band is gi en by

E.-E

= . (B)fe(B)dE = cexp ——— (2.11)
here =2 — :}fT ? re resents the effecti e density of states in the conduction bandedge.
similar ex ression holds for the hole density p in the alence band. For Ga s at room

tem erature (3 K) (is4.7 10 cm~ and ,is7 10 cm~  here ,=2 #
The relation p- = 2 is called the m and is alid for any semiconductor under

thermal equilibrium. The intrinsic carrier density is then

_ E
i . = . ex _—
i p v c€XP 2% )

(2.12)

here E = E, — E, (the energy bandga ). For Ga sat3 K ;=1.7 10 cm~ ( hereas
in metals carrier concentrations are ; 102 cm™ ). Intrinsic ( ure) semiconductors ha e lo
concentration of carriers that can contribute to a current. Semiconductors become most useful

hen do ing is used to alter in a controllable manner the density of charge carriers.

trinsic Semiconductors [49]

The conducti ity of a semiconductor can be increased by re lacing a fraction of an element con-
stituting the semiconductor ith another element kno n as m Y . Do ants are
elements that either ossess an extra electron in the outer shell com ared to the host semicon-
ductor or instead ha e one less electron the do ant being called or accordingly.
For a -y semiconductor the material is do ed ith a donor im urity and fora -y the
do ant is an acce tor.

hen a semiconductor is intentionally do ed ith donor im urities additional allo ed energy

states are created in the bandga region near the conduction bandedge the m
Y . The same considerations a ly for an acce tor ith the exce tion that
m Y Y are created in the forbidden ga near the alence bandedge. In hea ily

do ed -ty e materials all alence-band states and some extent of conduction band states are
filled ith the Fermi le el energy being shifted u  ards into the conduction band. n the other
hand a hea ily do ed -ty e semiconductor exhibits a do n ard shift of the Fermi energy into
the alence band so that the entire conduction band and some states lying near the to of the
alence band are em ty.

tlo tem eratures the donor electrons in -ty e semiconductors are tied to the donor sites
and this effect is kno n as z .t room tem erature the donor im urities are
ionized freeing electrons into the conduction band. Such electrons can carry current and modify
the electronic ro erties of the semiconductor lea ing the donor atoms ositi ely charged. The
ionization energy for donors (measured from the conduction bandedge) in Ga s is around —0.007

e . Under a com lete ionization condition the number of extra electrons in the conduction band
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is roughly equal to the donor concentration and the electron density in the semiconductor
is = ;+
Do ing causes the balance bet een electron and hole concentrations to be broken that is
—p=A #0. Ho e er thela of mass action still holds (the relation is not alid only at
high do ing le els [5 |) ith the electron and hole densities being

1 1 —
= EA +3 A 2442 (2.13)
1 1
ith
A E —-E,
— =2 — (2.15)
7

here £ is the Fermi energy le el corres onding to the do ed semiconductor (the subscri t
refers to the -ty e semiconductor).
The oyce-Dixon a roximation [53] relates the Fermi le el energy ith the carrier concen-
tration:

E =FE.+k R — (2.16)
Cc 8 C

similar ex ression can be ritten for holes (p).

t room tem erature the donors and acce tors are essentially all ionized. Three regions can
be identified: the freezeout regime discussed abo e; the saturation regime hich corres onds
to com lete ionization of the im urity here the charge carrier density is essentially equal to
the im urity density; the third regime occurs at high tem eratures here the intrinsic carrier
density dominates.

The band-structure discussed so far a lies to the case here all the electrons are in the
alence band and the conduction band is em ty. The introduction of extra electrons in the
conduction band or holes in the alence band induces changes in the E(?) relation. n
electron () - hole (h) air is cou led through the oulombic interaction forming an
[12][19]. In bulk semiconductors excitons are usually obser able o tically only in high urity
sam les due to their rather small binding energies [19]. Ho e er hen quantum confined the
exciton binding energy is greatly increased; moreo er this binding energy can be controlled
easily by sim le electronics or o tics allo ing the use of excitonic transitions for high s eed
modulation of o tical signals [12] as ell as for o toelectronic s itches [19].
The resence of excess electrons in the conduction band and or holes in the alence band
shifts the bandga energy decreasing it slightly and this henomenon is often called

m z [53]  hich is rele ant ith hea ily do ed materials.

2.1. Carrier ransport ec anis s

Electrical conduction in semiconductors relies on se eral hysical mechanisms such as drift

and diffusion of carriers their generation recombination and tunnelling effects. In the study
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of semiconductor com onents such as diodes and transistors the characteristics of the de ices
are described by the - relations | 9]. The standard equations go erning the car-
rier trans ort and the electrostatic otential distribution are the - and

s res ecti ely [ 9].

rit wurrent | |

t finite tem eratures electrons in the semiconductor are scattered as a result of collisions ith
lattice atoms im urity atoms and other scattering centres. The a erage distance and time
bet een collisions are designated m h (.) and m m () res ecti ely.
This random motion of electrons gi es no net contribution to the current. Ho e er hen an
electric field  is a  lied to a semiconductor a force © = — il accelerate the electrons
in the direction o osite to the field.  steady state is established in hich the electrons ha e
an additional elocity com onent su erim osed u on their thermal motion hich is called the

y . The momentum m, " gained by the electron is equal to — ¢ &l ing

=_ - _ 2.17
Me ’ (2.17)
here = . /m. re resents the electron m y. ( similar ex ression can be ritten for
holes in the alence band.) In the quantum mechanical icture the mobility is gi en by
d’E
C
== — 5 2.1
ki h2 deQ ’ ( )

here the second deri ati e of the energy is e aluated in the k;-s ace direction of carrier motion
in the bandedge.
In the resence of an electric field there is a o of charge across the semiconductor due to

electron and hole densities and p res ecti ely gi en by

2

- _ _ o c = (2.19)
me
2
T o= ppr=l 7 (22)
mp
The conducti ity = - / -7 + ™ of the semiconductor is then:
2 p 2
Mme 