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This book brings together two broad themes that have generated a great deal of interest and
excitement in the scientific and technical community in the last 100 years or so: quantum
tunnelling and nonlinear dynamical systems.It applies these themes to nanostructured solid
state heterostructures operating at room temperature to gain insight into novel photonic
devices, systems and applications.



Resonant Tunneling Diode PhotonicsDevices and applicationsCharlie IronsideDepartment of
Physics and Astronomy, Curtin University, Bentley, Western AustraliaBruno
RomeiraDepartment of Nanophotonics, Ultrafast Bio- and Nanophotonics group, INL –
International Iberian Nanotechnology Laboratory, Av. Mestre José Veiga s/n, 4715-330 Braga,
PortugalJosé FigueiredoDepartment of Physics of the Faculty of Sciences at University of
Lisbon, Campo Grande, 1740-016 Lisboa, PortugalMorgan & Claypool Publishers

Copyright © 2019 Morgan & Claypool PublishersAll rights reserved. No part of this publication
may be reproduced, stored in a retrieval system or transmitted in any form or by any means,
electronic, mechanical, photocopying, recording or otherwise, without the prior permission of
the publisher, or as expressly permitted by law or under terms agreed with the appropriate
rights organization. Multiple copying is permitted in accordance with the terms of licences
issued by the Copyright Licensing Agency, the Copyright Clearance Centre and other
reproduction rights organizations.Rights & PermissionsTo obtain permission to re-use
copyrighted material from Morgan & Claypool Publishers, please contact
info@morganclaypool.com.DOI 10.1088/2053-2571/ab3a9aVersion: 20191101IOP Concise
PhysicsISSN 2053-2571 (online)ISSN 2054-7307 (print)A Morgan & Claypool publication as
part of IOP Concise PhysicsPublished by Morgan & Claypool Publishers, 1210 Fifth Avenue,
Suite 250, San Rafael, CA, 94901, USAIOP Publishing, Temple Circus, Temple Way, Bristol
BS1 6HG, UK

This book is dedicated to all our past and existing co-workers who have helped advance
resonant tunneling diode photonics.Bruno dedicates the book to Raquel, Carolina, Milene, and
Adelaide.José also dedicates the book to Rita, Inês, and Cristina.

ContentsPrefaceAcknowledgementsAuthor biographies1 Introduction1.1 Introduction1.2
Quantum tunnelling devices1.3 Negative differential conductance1.4 Nonlinear dynamics1.5
Optoelectronic integrated circuits (OEICs)1.6 OutlineReferences2 Resonant tunnelling diode—
electrical and optical properties2.1 Introduction2.2 Differential negative conductance2.2.1 High-
frequency response2.3 Optical properties: optical waveguiding, electroabsorption,
photoconduction and lasers2.3.1 Optical waveguiding2.3.2 Electroabsorption2.3.3
Photoconductivity and photodetection2.3.4 Optical emission2.4 ConclusionsReferences3
Resonant tunnelling diode—electro-absorption modulator (RTD—EAM)3.1 Introduction3.2
Electro-optic and electro-absorption modulators3.2.1 Electro-refraction modulators3.2.2
Electro-absorption modulators (EAMs)3.3 Resonant tunnelling diode EAM device3.4 RTD—
EAM operation principle3.5 GaAs RTD—EAM operation at 900 nm3.5.1 Device
implementation and low frequency characterization3.5.2 Optical modulation under applied
external signals3.5.3 Optical modulation enabled by self-sustained oscillations3.6 InGaAlAs/
InP RTD—EAM operation at 1550 nm3.6.1 Device structure and low frequency
characterization3.6.2 RTD—EAM high-frequency characterization3.7 ConclusionsReferences4
Resonant tunnelling diode—photodetector (RTD—PD)4.1 Introduction4.2 RTD—PD concept
and principle of operation4.3 RTD—PD implementation and characterisation4.4 Optical
controlled high-frequency RTD—PD oscillators4.5 Design guidelines of high photodetection
bandwidth RTD—PDs4.6 Excitability detectors4.7 ConclusionsReferences5 Resonant
tunnelling diode—laser diode (RTD—LD)5.1 Introduction5.2 Hybrid RTD—laser circuit5.2.1
Model of the RTD—LD hybrid circuit5.3 Integrated RTD—laser circuit5.4



ConclusionsReferences6 Nonlinear dynamics of RTD oscillators6.1 Introduction6.2 Photonic
synchronisation and chaos6.2.1 Injection locking6.2.2 Period-adding bifurcation6.2.3 Quasi-
periodic route to chaos6.3 Excitable spiking in neuromorphic photonic devices and
systems6.3.1 Excitability (neuron-like) dynamics6.3.2 Spiking and bursting dynamics6.3.3
Bistable dynamics6.4 ConclusionsReferences7 Resonant tunnelling diode—optoelectronic
oscillator (RTD—OEO)7.1 Introduction7.2 Optoelectronic oscillator (OEO)7.3 Photonic
integrated RTD—OEO7.3.1 Single-optical fibre loop7.3.2 Dual-optical fibre loop7.3.3 Time-
delayed feedback Liénard oscillator model7.4 Regenerative RTD—OEO7.5
ConclusionsReferences8 ConclusionsReferences

PrefaceResonant tunnelling diodes (RTDs) exhibit two main features at room temperature
when compared to other semiconductor devices, wideband negative differential conductance
(NDC) and an extremely high operating frequency reaching 1.92 THz. The wideband NDC
leads to electrical gain and when DC polarized in the NDC region the RTD produces a radio
frequency (RF) signal whose frequency is determined by its intrinsic capacitance and by the
equivalent inductance of the connecting circuitry. The high operating frequency, on the other
hand arises from the very thin double barrier quantum well (DBQW) structure, which makes
the RTD the fastest pure solid-state electronic device operating at room temperature. These
unique features make it possible for the RTD to operate as a voltage controlled electronic
oscillator (VCEO), providing and interesting solution for high-speed communications. Moreover,
the portion of its current–voltage (I–V) characteristic exhibiting negative differential
conductance (NDC) provides the electrical gain needed to implement very simple high
frequency electrical oscillators and countless other electronic and optoelectronic devices with
new functionalities.A wide number of optoelectronic devices and circuits based on III-V
semiconductor compound materials can benefit from the integration with RTDs, taking
advantage of the NDC produced by DBQW structures. Such optoelectronic devices include
laser diodes, semiconductor optical amplifiers (SOA), photo-detectors and electro-absorption
modulators. Interestingly, in the past years resonant tunnellling diode electronics and
optoelectronics high-speed technology has already demonstrated wide-spread potential for
disruptive applications which include THz emitters and detectors for imaging and
communications beyond 5G, single-photon switches and detectors and mid-IR detectors for
sensing, and more recently neuromorphic functionalities for neuromorphic computing and
artificial intelligence systems.
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IOP Concise PhysicsResonant Tunneling Diode PhotonicsDevices and applicationsCharlie
Ironside, Bruno Romeira and José FigueiredoChapter 1Introduction1.1 IntroductionThis book
brings together two broad themes that have generated a great deal of interest and excitement
in the scientific and technical community in the last 100 years or so. These themes are
quantum tunnelling and nonlinear dynamical systems and, in the following chapters, we apply
them to nanostructured solid state heterostructures operating at room temperature to gain
insight into novel photonic devices, systems and applications.Throughout the history of



microelectronic solid state devices, charge carriers have mostly been treated as classical
particles, essentially obeying Newton’s laws of classical mechanics—this is the fundamental
assumption behind Boltzmann’s transport equation and the drift-diffusion model of electronic
transport in solid state devices [1, 2]. The wave nature of the electron and how it interacts with
the period lattice of the crystal is incorporated into this theory by the effective mass
approximation. The electron is treated as a particle that obeys classical mechanics but which
has a mass that is different from the free space mass. This semi-classical approximation works
because the wave nature of the electron is masked by scattering; that is the electron bumps
into entities such as lattice ions, impurity ions and other electrons and these collisions
randomly reset the phase of the electron wavefunction. So the electron wavefunction is
incoherent on a scale larger than the average distance between collisions—called the phase
breaking distance [3]. This phase breaking distance is larger than the lattice spacing which is
typically around 0.5 nm—that is why the effective mass approximation works. It turns out that,
at normal working temperatures, around room temperature, and in typical semiconductors, the
phase breaking distance is less than around 10 nm or so [4]. Another way to express this is to
say that phase breaking is a decoherence effect and if we are to observe, and indeed make
use of, quantum mechanical tunnelling effects then we have to make structures that are small
enough that the coherence of the electron wavefunction is preserved and so typically the
critical dimensions of quantum tunnelling devices, in room temperature semiconductors, are
approximately 10 nm. This is the scale of the tunnelling devices we discuss in this book—the
so-called mesoscopic scale [4]. To quote Alain Aspect ‘between the scale of a single atom and
the macroscopic world, one finds the mesoscopic scale, where it is the object itself, and not
only the material of which it is made, that needs to be described by quantum
mechanics’ [5].Using the tools of semiconductor growth and nanofabrication we can make
mesoscopic devices that utilise the electron wave nature to make new and interesting charge
carrier transport and optical properties and produce macroscopic, room temperature, nonlinear
current–voltage (I–V) characteristics that exhibit negative differential conductance; that is, in
some part of the I–V curve as the voltage increases the current decreases. This is achieved by
utilising quantum mechanical tunnelling through a resonant state. The devices are two terminal
devices and are thus referred to as diodes, and so we have the resonant tunnelling diode
(RTD). The RTD [6] is a mesoscopic device—these devices are deliberately designed to
employ the wave nature of the electron to achieve device benefits.The importance of scale and
the transition between the appropriateness of a quantum description of charge carrier transport
compared to a classical description is neatly illustrated in [7].The wave nature of electrons in
solids has become of increasing importance because the drive to make more compact and
faster devices has led to diminishing dimensions of important features in solid state electronics.
The size of a MOSFET (metal oxide field effect transistor) gate has shrunk down to less than
around 10 nm (at the time of writing in 2019) and is continuing to shrink. It can be anticipated
that the wave nature of electrons and quantum tunnelling will play an important part in the
MOSFET operation because the dimensions are approaching the typical phase breaking
distance in room temperature silicon. Already tunnelling theory (see, for example, [8]) is used
to describe leakage currents in MOSFET gates which is caused by quantum tunnelling, the so-
called direct tunnelling and Fowler–Nordheim tunnelling [9].The feasibility of fabricating
mesoscopic devices was greatly facilitated by epitaxial growth of semiconductor
heterostructures. Techniques such as molecular beam epitaxy (MBE) and metal organic
chemical vapour deposition (MOCVD) can accurately deposit on a substrate crystalline
epilayers of semiconductor alloys with thickness as small as one monolayer (~0.28 nm). The



GaAs/AlGaAs semiconductor alloy was the system that was first to be investigated and the
application was in photonics leading to the remarkable development of the double
heterostructure semiconductor laser [10]. These growth techniques allowed the development of
mesoscopic photonic devices that deliberately employed the electron wave nature of the
electron to achieve improved functionality; these include the quantum well laser and the
quantum cascade laser.1.2 Quantum tunnelling devicesIn terms of semiconductor devices, the
so-called Esaki diode [11] was the first device that employed the quantum tunnelling effect to
achieve a nonlinear current–voltage curve. The Esaki diode is similar to a p–n junction diode
but with highly doped p and n regions that give rise to a small depletion width on a scale that
allows tunnelling, that is, the depletion width is smaller than the phase breaking distance. The
Esaki diode was the first clearly demonstrated mesoscopic electronic device operating at room
temperature and its discovery resulted in Esaki being awarded the Nobel prize in 1973. The
same year as the prize was awarded to Josephson for the discovery of the superconducting
metal–insulator–metal device, the Josephson junction, that relies on quantum tunnelling for its
operation [12].In this book we are concerned with resonant tunnelling diode (RTD) devices
which belong to a class of semiconductor heterostructure devices termed mesoscopic devices.
In these devices the dimensions in the direction of current flow are smaller than the so-called
phase breaking length [3] of the charge carrier in the device. Phase breaking is caused by the
various scattering processes that a charge carrier is subject to in a semiconductor, as for
example phonon collisions or electron–electron scattering—it can be regarded as the distance
over which the electron wavefunction remains coherent. Further, if quantum effects are to play
an important role in these devices, the temperature is required to be below the Thouless
temperature [3, 13]—the temperature at which thermal averaging introduces an uncertainty of <�
radians in the electron’s phase. The phase breaking length determines the critical dimensions
in the RTD device.Since in this book we are covering electronic mesoscopic structures
combined with photonic devices, it is worthwhile pointing out some of the striking analogies
between optics and quantum devices; the unifying theme is wave mechanics. In optics the
design of thin film devices such as antireflection coatings proceeds via transfer matrix methods
[14] and in a similar way these methods can be applied to electronic quantum devices such as
the RTD [15–18]. In electronic wave mechanics, the electron wavefunction decays as it
penetrates through a barrier and the optics analogy is the evanescent wave [19] that is present
in the low refractive index part of optical waveguides and generally in the low refractive index
part of optical devices that employ total internal reflection.1.3 Negative differential
conductanceThere are many physical mechanisms that give rise to negative differential
conductance (NDC) and thereby many devices that display NDC characteristics ranging from
Gunn diodes [20, 21] to gas discharge tubes [22]. In this book we are concerned with NDC
arising from quantum tunnelling. How quantum tunnelling leads to NDC is discussed in chapter
2. What we mean by NDC is best explained with reference to figure 1.1 that shows a typical
nonlinear current–voltage characteristic for an RTD.Figure 1.1. The fit to the current–voltage (I–
V) curve of a InGaAs/AlAs RTD (taken from [23])—the NDC is exhibited for voltages in the
range ~1.1 to 1.5 V—marked on the curve. The peak (Ip) and valley currents (Iv) are
shown.When DC is biased to the appropriate voltage an NDC device exhibits a region of
negative conductance (green shaded region in figure 1.1), that is, as the voltage is increased
the current decreases. In the NDC region of the I–V curve the device has electrical gain, i.e. it
generates power rather absorbs power. When biased to the appropriate voltage, in this
example around 1.1 V, in figure 1.1, the NDC region has electrical gain. The amount of
electrical gain is largely determined by the ratio of the peak (Ip) to valley currents (Iv).Note:



Since conductance and resistivity have a reciprocal relationship the resistance of the devices
will be negative in the NDC region and often the NDC region is referred to as the negative
differential resistance (NDR) region. Not apparent from figure 1.1, is the speed at which the
device can switch between the peak to valley currents. It turns out that the RTD can have a
very large gain bandwidth due to the speed of quantum mechanical tunnelling switching which
is very fast (<1 ps). In fact, electronic oscillators based on RTDs have operated at up to 1.93
THz [24]. Therefore, a great deal of the research interest is centred on RTDs because of their
high-speed operation.1.4 Nonlinear dynamicsEarly in the history of the Esaki tunnel diode it
was realised that the nonlinear I–V exhibiting NDC could be used as an analogue of other
nonlinear dynamical systems such as simulating a nerve axon [25], see figure 1.2 which forms
part of the FitzHugh–Nagumo model [26] of nerve operation. This model is a simplified version
of the well-known Hodgkin–Huxley model describing the behaviour of ion channels that
permeate the cell membrane of the squid giant axon. Hodgkin and Huxley were awarded the
1963 Nobel Prize in Physiology or Medicine for this work.Figure 1.2. The circuit diagram of the
tunnel-diode nerve model [25].Nagumo et al [25], inspired by how the nonlinear operation of
nerve cells could be explain by the Bonhoeffer–van der Pol (BVP) model [27], demonstrated
how the circuit illustrated in figure 1.2 could model the nerve cell activity. Further, they
discussed the conditions under which the circuit operated as a Liénard-type oscillator and
much later the Liénard-type oscillator approach was also applied to the RTD—laser diode (RTD
—LD) [28].To keep in accordance with the van der Pol oscillator theory, Nagumo et al [25] used
the equation of a third order polynomial equation, FN(V), to fit the I–V characteristics given
by:FN(V)=i0"�1<�…b!%c�’!"…b!%c�“34³"ƒ�ã�—v†W&P <� and K are adjustable parameters with the
dimensions of resistance and voltage, respectively, and i0=J0×Area and V0 are shown in figure
1.3.Figure 1.3. Black line: current–voltage curve of a tunnel diode fit with third order polynomial
equation (1.1). Red dashed line: a comparison with the RTD device (adjustable parameters
used to make comparison V0=1V,J0=2000Acm2,<�Ó"ãMs��!#C© and K=0.52V).With this equation
(1.1), Nagumo et al were able to show the correspondence between the van der Pol oscillator
and the Esaki tunnel diode. Although, as we can also see from figure 1.3, the third order
polynomial is not an exact fit to the type of current–voltage curve typically observed with RTDs,
it can still be used to describe the key nonlinear dynamic properties of these oscillators (figure
1.4).Figure 1.4. Black line: the Nagumo (van der Pol) model of tunnel diode current–voltage
curve. Blue line: the differential with respect to the voltage of the current–voltage curve to give
the conductance—it shows the negative differential conduction (NDC—below zero)
region.Since the original work in the 1960s, an extensive panoply of theoretical tools
associated with nonlinear dynamics has been developed—for a general introduction see, for
example, [29]. These tools have yielded considerable insight into the operation of both
electronic and optoelectronic systems that are dominated by the nonlinear I–V of RTD
components, where phenomena such as stochastic resonance [30], chaos and
synchronisation have been observed [31]. Interestingly, the research has turned full circle and
now the RTD is being used to build systems that simulate neural computing [32–34].In this
book we will trace out the history of the association between nonlinear dynamics and resonant
tunnelling devices and how it can be used to gain insight into the static and dynamic properties
of RTD-based photonic devices and systems.1.5 Optoelectronic integrated circuits
(OEICs)Optoelectronic technology has been inspired to emulate silicon microfabrication
integrated circuits to develop technologies that bring the benefits of micro and nano integration
to optoelectronic devices and systems. These benefits include high-speed compact devices
with greatly enhanced functionality. Two main themes have emerged that are loosely defined



as integrated optics where entirely optical functionality is integrated onto a single chip (see, for
example, [35, 36]) and optoelectronic integrated circuits (OEICs) where electronic functions
such electronic amplification or logic are combined with optical functions on the same chip
(see, for example, [37, 38]).This book covers how quantum mechanical tunnelling in III–V
semiconductors can be employed to achieve OEIC functionality [39] in several photonic
devices such as modulators (chapter 3), detectors (chapter 4) and lasers (chapter 5) and how
these new tunnelling OEICs can be combined in innovative systems such as neuromorphic
(brain-inspired) photonic computing (chapter 6) and optoelectronic oscillators (chapter 7).1.6
OutlineThe major themes covered in this book and the connections between them are
illustrated in figure 1.5. We cover the electronic and optical properties of RTDs (chapter 2), and
their nonlinear dynamic characteristics (chapter 6) with an emphasis on how they are
employed to achieve novel RTD photonic devices. This includes the resonant tunnelling diode—
electro-absorption modulator (RTD—EAM) presented in chapter 3, the resonant tunnelling
diode—photodetector (RTD—PD) presented in chapter 4, the resonant tunnelling diode—laser
diode (RTD—LD), shown in chapter 5 and the resonant tunnelling diode—optoelectronic
oscillator (RTD—OEO) presented in chapter 7.Figure 1.5. The RTD photonics map showing
the relationships between theory, electron devices, photonics and RTD photonic based
systems.Based on the research of many groups world-wide and focusing particularly in our
work in the last 20 years, the aim of this book is to provide a background for the wide range of
new opportunities emerging for RTD-based photonic devices and systems.References[1]
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