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1. Introduction

Nowadays, most communication networks such as local area networks (LANSs),
metropolitan area networks (MANSs), and wide area networks (WANSs) have replaced or are
about to replace coaxial cable or twisted copper wire with fiber optical cables. Light-wave
communication systems comprise a transmitter based on a visible or near-infrared light
source, whose carrier is modulated by the information signal to be transmitted, a
transmission media such as an optical fiber, eventually utilizing in-line optical amplification,
and a receiver based on a photo-detector that recovers the information signal (Liu,
1996)(Einarsson, 1996). The transmitter consists of a driver circuit along a semiconductor
laser or a light emitting diode (LED). The receiver is a signal processing circuit coupled to a
photo-detector such as a photodiode, an avalanche photodiode (APD), a phototransistor or a
high speed photoconductor that processes the photo-detected signal and recovers the
primitive information signal.

Transmitters and receivers are classical examples of optoelectronic integrated circuits
(OEICs) (Wada, 1994). OEIC technologies aim to emulate CMOS microelectronics by (i)
integrating optoelectronic devices and electronic circuitry on the same package or substrate
(hybrid integration), (ii) monolithically integrate III-V optoelectronic devices on silicon
(difficulty since silicon is not useful for many optoelectronic functions) or (iii) monolithically
integrate III-V electronics with optoelectronic devices. The simply way to do hybrid
integration is combining packaged devices on a ceramic substrate. More advanced
techniques include flip-chip/solder-ball or -bump integration of discrete optoelectronic
devices on multi-chip modules or directly on silicon integrated circuit (IC) chips, and flip-
bonding on IC chips. Although, hybrid integration offers immediate solutions when many
different kinds of devices need to be combined it produces OEICs with very low device
density. Moreover, in certain cases the advantages of using optical devices is greatly
reduced. On the contrary, monolithic integration leads to superior speed, component
density, reliability, complexity, and manufacturability (Katz, 1992).

There was been substantial efforts towards monolithical integration of III-V electronics with
optoelectronic devices to improve the performance of transmitters and receivers.
Approaches to light modulation, light detection and light generation at microwave and
millimetre-wave frequencies have been investigated by combining double barrier quantum
well (DBQW) resonant tunnelling diodes (RTDs) with optical components such as
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waveguides (Figueiredo, 2000) and semiconductor lasers (Slight, 2006). These RTD based
OEICs can operate as novel optoelectronic voltage controlled oscillators (OVCOs), with
potential to simplify clock recovery circuits, improve control of microwave oscillators
functionalities, to generate electrical and optical aperiodic waveforms, and as microwave-to-
optical subcarrier and optical subcarrier-to-microwave converters for radio-over-fiber
systems, where the integration of electrical and optical components in a single chip is a
major challenge in order to obtain high reliability, small size and low cost (Sauer et al.,
2007).

This chapter reports investigation on resonant tunnelling (RT) based OEICs that
demonstrate new functionalities for optical modulators and sources for application in
telecommunication systems and signal processing circuits. Section 2 starts with a brief
description of DBQW-RTD's operating principle, followed by the presentation of a physics
based model of its current-voltage (I -V) characteristic, continues with a small-signal
equivalent circuit analysis, and ends with an overview of more relevant optoelectronic
devices incorporating RT structures. Section 3 describes the integration of DBQW-RTDs
within an optical waveguide (OW) towards the implementation of very low driving voltage
electro-absorption modulators (EAMs) and optical detectors (OD), with built-in amplifiers,
for operation at optical wavelengths around 900 nm and 1550 nm. Section 4 discusses
monolithic and hybrid integration of a DBQW-RTD with a laser diode (LD), its operation
principle and optoelectronics circuit model used to analyse its modes of operation including
optoelectronic voltage controlled oscillator (OVCO), frequency division and multiplication,
phase-locking, and the generation of aperiodic, even chaotic, waveforms. The chapter ends
with conclusion and acknowledgement sections.

2. Resonant tunnelling diode

Resonant tunnelling diodes (RTDs) are nanoelectronic structures that can be easily
integrated with conventional electronic and photonic devices (Davies, 1998)(Mizuta &
Tanoue, 1995)(Sun et al., 1998), such as transistors (Mazumder et al., 1998), optical
waveguides (McMeekin et al., 1994)(Figueiredo, 2000) and laser diodes (Slight, 2006) with
potential to not only reduce power consumption and cost but also increase functionality,
speed and circuit reliability, without losing any advantage of using optical devices. They
have two distinct features when compared with other semiconductor devices (Mazumder et
al., 1998): their potential for extremely high frequency operation up to terahertz and their
negative differential conductance (NDC). The former arises from the very small size of the
resonant tunnelling structure along the direction of carriers transport. The second
corresponds to electric gain which makes possible to operate RTDs as amplifiers and
oscillators, significantly reducing the number of elements required for a given function
(Mazumder et al., 1998). Functional RTD based devices and circuits span from signal
generators, detectors and mixers, multi-valued logic switches, low-power amplifiers, local
oscillators, frequency locking circuits, and also as generators of multiple high frequency
harmonics (Mizuta & Tanoue, 1995). In this section, the physics of double barrier quantum
well resonant tunnelling diodes (DBQW-RTDs) is discussed and analyzed, aiming at its
application in high speed optoelectronic converters (rf-optical and optical-rf), such as light
emitters, light modulators and light detectors.
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2.1 Double barrier quantum well RTD

Resonant tunnelling through double potential barriers was predicted by (Bohm, 1951).
Latter, (Iogansen, 1964) discussed the possibility of resonant transmission of an electron
through double barriers formed in semiconductor crystals. They concluded that structures
with identical barriers show tunnelling transmission coefficients of 1 when the particles
incident energy equals the structure resonant energies, however small the transmission
through the individual barriers may be (Mizuta & Tanoue, 1995). Figure 1 compares
schematically the transmission coefficient T(E) for single and symmetrical double barrier
structures. The transmission coefficient lobs broadens with increasing energy because the
barriers become more transparent (Davies, 1998).
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Fig. 1. Single and DBQW transmission coefficients as function of incident carrier energy.

A semiconductor double barrier quantum well resonant tunnelling diode (DBQW-RTD)
consists of a low band-gap semiconductor layer (the quantum well, typical 5 nm to 10 nm
wide) surrounded by two thinner layers of higher band-gap material (barriers, typical 1.5
nm to 5 nm), both sandwiched between low band-gap n-type material layers, typical the
well material, as schematically shown in Fig. 2(a) (Mizuta & Tanoue, 1995). The material
forming the barriers must have a positive conduction-band offset with respect to the smaller
bandgap materials (Weisbuch & Vinter, 1991). When both sides are terminated by highly
doped semiconductor layer (the emitter and the collector contacts) for electrical connection
the structure is called resonant tunnelling diode (RTD). Figure 2(b) shows a schematic of a n-
type Al-GaAs/GaAs DBQW-RTD, together with the I'-conduction band profiles at around
zero volts and at the peak voltage. Because finite height of the energy barriers the allowed
energy states in the well region become quasi-bound or resonant states, Fig. 2(a), rather than
true bound states as it happens with thicker barrier quantum wells (Davies, 1998). In
consequence, tunneling of charge carriers through the barriers is strongly enhanced when
their energy equals to one of well energy levels, reaching much higher values than the
product of the two individual barrier transmission coefficients at the energy values of the
system resonant levels, see Fig. 1.
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Fig. 2. (a) DBQW semiconductor structure. (b) AlGaAs DBQW structure (left); I'-conduction
band profiles at zero and at the first resonance voltage (right).

www.intechopen.com



176 Advances in Optical and Photonic Devices

Under applied bias, the overall carrier flow through a DBQW-RTD is qualitatively different
from that of a single barrier diode since the double barrier structure acts as a band filter to
charge carrier energy distribution (Mizuta & Tanoue, 1995)(Sun et al., 1998). This filter action is
exploited applying a voltage across the DBQW structure to control the number of carriers that
can take part in the conduction through resonant levels. The carrier transmission coefficient
maxima shown in Fig. 1 give rise to current-voltage characteristics with regions of strong
NDC. The resonant tunnelling phenomenon in AlGaAs DBQW structures was first predicted
in 1973 (Tsu & Esaki, 1973), and demonstrated experimentally in 1974 (Chang et al., 1974). In
1983, Sollner et al. demonstrated resonant tunnelling through quantum wells at frequencies up
to 2.5 THz (Sollner et al., 1983). Figure 3(a) shows a typical InGaAs/AlAs RTD I -V
characteristic. The main carrier flow processes in a DBQW-RTD polarized at the peak voltage
(the current first maxima) is schematically represented in Fig. 3(b).
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Fig. 3. (a) Typical InGaAlAs RTD I-V characteristic. (b) Current transport mechanisms in
DBQW-RTDs at the peak voltage (Sun et al., 1998).

The RTD current-voltage characteristic of Fig. 3(a) can be understood with the help of the I'-
conduction band profile shown in Figs. 2(b) and 3(b) (Davies, 1998). When the applied bias
is small, i.e., V << V, (peak voltage, also referred as resonance voltage), the I'-conduction
band profile is not much affected, remaining almost flat, see Fig. 2(b). The first resonant
level is well above the emitter Fermi level, and little current flows. As voltage is increased,
the energy of the first resonant level is moved downwards to the emitter Fermi level,
leading to an almost linearly current increase with the voltage, the first positive differential

conductance (PDC) region, till reaching a local maximum I, ideally, at V >~ 2E,-1/e, when

the overlap between the emitter electron Fermi sea energy spectrum and the transmission
coefficient around the first resonant level reaches a local maximum, as shown in the right
side of Fig. 2(b) and Fig. 3(b). A further increase in the applied voltage pulls the first
resonant level towards the bottom of the I'-valley and into the forbidden gap, where there
are no longer carriers available to efficiently cross the DBQW. This leads to a sharp current
decrease, giving rise to the first negative differential conductance (NDC) portion of the
device current-voltage characteristic. At a given voltage, known as the valley voltage V,,
with V, > V), the current reaches a local minimum I,. An additional increase on the bias
voltage will further lift up the emitter Fermi level and tunnelling through higher resonant
levels or through the top regions of the barriers will lead to new current rise, similar to the
classical diode I - V characteristic (Davies, 1998). The resonant tunnelling component
dominates at low voltages and the classical diode component takes over at higher voltages.
For more details see (Davies, 1998)(Sun et al., 1998). In a circuit, the NDC provides the gain
necessary to sustain oscillations (Mizuta & Tanoue, 1995) (Brown & Parker 1996). The
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presence of a small inductance in circuit containing an RTD, together with RTD intrinsic
capacitance make possible the oscillations at very high frequencies, experimental
demonstrated up to 831 GHz (Suzuki et al.,, 2009). Frequencies never reached by other
semiconductor devices: the RTD is currently the fastest purely electronic device.

The most common material systems used to implement RTD devices are III-V compounds
such as AlGaAs and InP-based materials.. Si/SiGe RTDs based on Si/SiGe heterojunctions
have been demonstrated but the performance is not comparable to III-V RTDs because of the
limited band edge discontinuity in both valence and conduction bands. Organic RTDs are
currently being investigated (Park et al., 2006)(Ryu et al., 2007)(Zheng et al., 2009).

2.2 RTD based generalized Liénard oscillator

The RTDs inherent high speed operation, up to terahertz frequency, the pronounced
nonlinear current-voltage characteristic,c wide-bandwidth NDC, structural simplicity,
flexible design, relative ease of fabrication, and versatile circuit functionality, make them
excellent candidates for nanoelectronic circuit applications. In order to take advantage of the
full potential of RTD based devices several attempts have been made to incorporate the full
RTD characteristics into circuit simulation packages such as SPICE-like CAD tools (Mizuta
& Tanoue, 1995)(Brown et al., 1996)(Sun et al., 1998).

Since a quantum mechanics based model that includes all RTD features is not yet available,
a number of empirical models have been advanced (Sun et al., 1998). Most models describe
the RTD by small-signal equivalent circuits consisting of a capacitance C, resulting from
charging and discharging of electrons of DBQW and depletion regions, in parallel with a
voltage depend current source I = F(V), a series resistance R arising mainly from the ohmic
contacts and an inductance L due to bond wire connections, Fig. 4. The current source F(V)
is usually implemented as polynomial or piecewise functions (Brown et al., 1997)(Sun et al.,
1998), which is not satisfactory if a detailed circuit description is needed. More useful RTD
non-linear characteristic representations have to consider a wide variety of device structures
and the materials available, i.e., the modelled I -V characteristic has to be based as much as
possible on the RTD physical parameters such as material properties, layer dimensions,
energy levels, dopant concentrations, and the device geometry.

R L
. - AN nm v
e C— < W}}

. -+

Fig. 4. Electrical equivalent circuit of an RTD represented by a capacitance in parallel with a
voltage dependent current source F(V) . The inductance L and the resistor R are due to
bonding wires and contacts.

The physics based model proposed by Schulman et al. consists of a mathematical function
which provides a satisfactory I -V shape characteristic for InGaAs and GaAs RTD based
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devices (Schulman et al., 1996). The expression obtained contains physical quantities which
can also be treated as empirical parameters for fitting purposes. In their analysis the
resonant tunnelling current density is expressed within the effective mass approximation
(Davies, 1998), which includes nonzero temperature, Fermi-Dirac statistics and the
transmission coefficient T(E,V):

o o_amkTAE (Lt N (B gV /2 )
RT = (Ep—E, —qV12)lkgT 3 tan

4r’n’ l+e AE. /2

where E = E, -qV/2 is the energy measured up from the emitter conduction band edge, E, is
the energy of the resonant level relative to the bottom of the well at its centre, and AE, is the
resonance width. The parameters g and kg are unit electric charge and Boltzmann constants,
respectively. Equation 1 can be rewritten as:

1 n eq(B—CJran)/kBT P ) C —n V
JRT(V)=A'1n|:1+eq(B—C—n]V)/kBT . Eﬂan1 Tl (2)

where the parameters A, B, C, D, and n; can be used to shape the curve to match the first
PDC region of the measured I -V characteristic, having at the same time a well-defined
physical interpretation: A and B are related, among other factors, with resonance width and
Fermi level energies, and allow adjustment of the RTD peak current; C and rn; determine
essentially the RTD peak voltage, correlated with the energy of the resonant level relative to
the bottom of the well and with the transmission coefficient; finally, D is related to the
resonance width AE,.

In order to represent the increasing valley current due to tunnelling through higher
resonances or thermal excitation over the barriers, an additional current density component,
identical to the classical diode current, the non-resonant term Jygr, have to be included:

Ju(V)=H(e™""" 1) 3)

Parameters D and H adjustment of adjust the peak to valley current ratio (PVCR) and the
peak to valley voltage ratio (PVVR).

Equations 2 and 3 give good estimations of the peak current and the NDC region of current-
voltage characteristic. The final form of the RTD current-voltage curve is then given by:

I(V)=1,, (V)+ 1, (V)=M[J (V) + J g (V)] 4)

where the multiplying factor M is used to scale equation 4, in order to take into account the
devices area. Figure 5 shows experimental I - V curves of AlGaAs (a), and InGaAlAs (b),
RTDs, with the corresponding fit given by equation 4. The fits assumed operation at
temperature T =300 K and a multiplying factor M=2x10¢ cm?2, with the following
parameters: A=1950 A/cm?, B=0.05V, C=0.0874 V, D=0.0073 V, n;=0.0352, H=18343 A/cm2,
and n,=0.0031 for AlGaAs; A=3800 A/cm?, B=0.068 V, C=0.1035 V, D=0.0088 V, 1,=0.0862,
H=4515 A/cm?, and n,=0.0127 for InGaAlAs. Higher values of A and B are used in the
InGaAlAs fitting due to RTD higher peak current; parameter D was also slightly larger for
the InGaAlAs due to superior PVCR and PVVR. The parameter H was around four times
larger in the AlGaAs due mainly to their higher peak voltages.
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Fig. 5. GaAs/AlAs (a) and InGaAs/ AlAs (b) RTD experimental I -Vs and fittings.

Since the RTD is a voltage-dependent current source device, when incorporated in a
resonant circuit and biased in the NDC portion of its I -V characteristic produces oscillations
at circuit characteristic frequency (Brown & Parker, 1996). In order to understand the origin
of the circuit self-oscillations induced by the RTD we consider the small-signal equivalent
circuit of Fig. 4. Typical RTD switching times are in general dominated by the effects of
current densities and capacitances, i.e., by the circuit RC time constant (Brown et al., 1997)
(Brown & Parker, 1996).

A general analysis of a circuit containing an RTD considers the small signal equivalent
circuit of Fig. 4, where the RTD non-linear I -V characteristic is represented by a voltage
dependent current source F(V), given by equation 4, in parallel with RTD intrinsic
capacitance C. Resistor R and inductor L encompasses for the device series resistance and
connections inductance, respectively. By applying Kirchoff’s laws (using Faraday’s law) to
the circuit of Fig. 4, the voltage V across the capacitance C and the current I through the
inductor L are given by the following set of two first-order non-autonomous differential
equations (Slight et al., 2008):

|
V= E[1 —F(V)] (5)

.1

P=—(V.~RI-V) 6)

After some algebra, we find that the system of Egs. 5-6 is equivalent to the following second-
order differential equation, referred as one of the generalized nonlinear Liénard systems
(Slight et al., 2008)(Figueiredo, 1970):

L C dv

VJ{R+idF(V)}V+i[V—VdC+RF(V)]:0 (7)

V+HV)V+GV)=0 (8)

“where H(V)= % + 1dFv)

and G(V) = LI—C[V ~V,.+RF(V)]. G(V) is a nonlinear force and

H(V)V is a damping factor.

www.intechopen.com



180 Advances in Optical and Photonic Devices

The circuit of Fig. 4 dc biased in the NDC acts as a relaxation oscillator producing
-1
oscillations at a frequency around fO(V)z(Zﬂ\/L-C(V)) , the circuit characteristic

frequency, whenever the series R is smaller than the RTD operating point negative
differential resistance (Brown & Parker, 1996). From the application point of view the
wideband NDC of RTD leads to low frequency oscillations instabilities that are detrimental.
A most common source of instability arises from the dc source circuitry by introducing in
the circuit an equivalent inductance, which together with RTD capacitance leads to
oscillations at around few megahertz (Figueiredo, 2000)(Slight, 2006). A method to eliminate
these low frequency oscillations and allowing circuit operation at much higher frequency is
to place a shunt capacitor across the terminals of the device (Kidner et al., 1990)(Huang et
al., 1997). The inductance is now only due to the connection from the shunt capacitor to the
RTD.

2.3 Optoelectronic applications of RT structures

Several optoelectronic devices and circuits whose functions depend on embedded resonant
tunnelling structures have been proposed and demonstrated, including resonant tunneling
light emitting diodes (RT-LEDs) (Van Hoof et al., 1992), vertically integrated semiconductor
lasers with RTDs (Grave et al, 1991), resonant tunnelling effect quantum-well lasers
(Kawamura et al., 1994), resonant tunnelling injection laser (Capasso et al., 1986), multi-
quantum well (MQW) lasers (Kawamura et al., 1987) and photo-detecting (PD) structures
(Chen et al., 1991). The nature and the energies involved in the carrier transition induced by
the light interaction with the tunnelling layers determine the operation in the optical or in
the infrared part of the electromagnetic spectrum. Optical applications such as photo-
detection, light emission, optical switching, utilize inter-band transitions (band-gap
transitions), whereas infrared applications include intra-band and inter-sub-band photo-
detection, and infrared emission. Below is presented a brief summary of the main progress
on optical and optoelectronic devices whose functionalities depend of embedded RT
structures.

Bistability in the light output of bipolar RT-LEDs has been reported, showing that these
devices are capable of ultrafast optical switching and high frequency optical oscillation (Van
Hoof et al., 1993). Laser transistors incorporating a resonant tunnelling structure have been
reported, with carrier injection or extraction controlled via resonant tunnelling structure,
with light output controlled by the collector voltage and achieving higher speed than with
conventional semiconductor lasers (Kawamura et al., 1992). Embedding RTs into multi-
quantum well (MQW) devices introduces negative differential conductance over wide
valley region, which is very effective for getting large voltage switching and high on/off
ratio current switching (Kawamura et al., 1988) leading to electro-optic bistability (Chen et
al., 1991). Optical bistability in QW lasers integrated with DBQW-RTDs, and a RTD with a
MQW modulator/detector based on the p - i(MQW)-n configuration, operating at room
temperature, were reported (Kawamura et al., 1994). Clear negative differential conductance
and bistability, with high contrast and high sensitivity in 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 (Sakata et
al., 1995).

A light pulse incident upon a resonant tunnelling diode produces photo-charges that reduce
the series resistance, leading to a shift of the peak and valley voltages which can induce RTD
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switching and give rise to changes in the current flow (Moise et al., 1995). Optically
switched resonant tunnelling diode (ORTD) photo-detectors have been demonstrated
(Moise et al., 1997). Phase locking of an oscillating GaAs/AlGaAs RTD to a train of light
pulses achieved by direct illumination was reported (Lann et al., 1993), as well as optical
switching in resonant tunnelling diode (England et al., 1991) and optical injection locking of
the resonant tunnelling oscillator (Kan et al., 2001). The RT structures can be used to
implement light-by-light switching (England et al., 1991). Ultra-fast optoelectronic circuits
using RTDs and uni-travelling-carrier photodiodes (UTC-PDs) to de-multiplex ultra-fast
optical data signals into electrical data signals with lower bit rate and low power
consumption has been demonstrated (Sano et al., 1998).

Our work on optoelectronic devices based on the integration of a RTD within an optical
waveguide, and on hybrid and monolithic integrations of RTDs with laser diodes is
discussed in the remaining sections of this chapter.

3. RTD optical waveguide modulator-photodetector

Novel information and communication technologies relying on microwave/millimetre-
wavelightwave interactions are fundamental to the development of applications such as
low-cost fibre-optic communication networks, cable television signal distribution, mobile
communications, and radio local area networks (Sauer et al., 2007). In this section, electrical
active, high speed, highly efficient and low-cost electro-absorption modulators and photo-
detectors based on the integration of a RT structure within a semiconductor optical
waveguide are described.

3.1 RTD optical waveguide integration

As discussed previously, when the RTD is biased in the valley region most of the applied
voltage is dropped across the depletion region formed between the second barrier and the
collector contact, Fig. 6(a), where a strong electric field builds-in. Inter-band electro-
absorption of light with photon energies close to but smaller than the collector band-gap
energy is achieved through the Franz-Keldysh effect (Chuang, 1995). According to the
Franz-Keldysh effect the semiconductor material optical absorption band-edge is broadened
by the presence of an electric field, resulting in an increase of absorption of light with
photon energies smaller but close to the material band-gap (Keldysh, 1958). This effect is
used to implement either electro-absorption (EAM) (intensity) modulators (Wakita et al.,
1998) or waveguide photo-detectors (Chuang, 1995). However, in typical RTD structures the
light is injected perpendicularly to the tunnelling plane, which gives a light interaction
(absorption) length well below 100 nm, and thus very small light absorption. This limitation
can be easily overcome embedding the RTD into the core of a unipolar semiconductor
optical waveguide (McMeekin et al., 1994). A typical waveguide structure is represented
schematically in Fig. 6(a), showing also wafer I'-conduction band-edge and refractive index
profiles. This optoelectronic device is called resonant tunnelling diode optical waveguide
(RTD-OW). The waveguide refractive index distribution confines light end-fire coupled
along the tunnelling layers and the collector depleted region, therefore increasing
substantially the light interaction volume along the waveguide length as indicated in Fig. 6(b).
The RTD-OW, apart from the light confining layers (the lower refractive index regions -
upper and lower cladding layers), corresponds to a DBQW-RTD with thick low doped
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Fig. 6. (a) Diagram of a unipolar resonant tunnelling diode optical waveguide (RTD-OW)
wafer structure, and the corresponding I'-conduction band-edge and refractive index
profiles. (b) Ridged waveguide channel configuration.

emitter and collector spacer layers. The presence of the DBQW within the waveguide core
modifies the unipolar waveguide linear current-voltage characteristic towards the DBQW-
RTD strong nonlinear I -V curve (McMeekin et al., 1994)(Figueiredo, 2000). Moreover, it
leads to a non-linear electric field distribution across the collector side waveguide core that
is strongly dependent on the bias voltage, due to the electron accumulation close to the
emitter barrier and the creation of a depletion region on the collector spacer layer. Since a
small voltage can be used to make a RTD operating point to switch between peak and valley
regions, the RTD-OW can be employed to implement electro-absorption modulators
(McMeekin et al., 1994)(Figueiredo, 2000). A small voltage change results in large
modulation of the electric field across the device collector depletion region, resulting,
though the Franz-Keldysh effect, in waveguide propagation losses and electro-absorption
for photon energies close to but smaller than the waveguide core band-gap energy
(Figueiredo, 2000)(Figueiredo et al., 2001).

The RTD-OW electric field distribution dependence on the bias voltage can be understood
by considering the I'-conduction band profile of the collector spacer layer, Fig. 7. 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, Fig. 7(a). Any optical loss increase with
the applied voltage is mainly due to the thermal effects induced by the current flow, which
rise linearly with the current. Above resonance (in the NDC and on the second PDC region),
the additional applied bias voltage is dropped mainly across the depleted part of the
collector spacer layer, Fig. 7(b), and the electric field magnitude is now much stronger than
on the first PDC region, inducing large light absorption. The thermal optical absorption is
now much less important because the current flowing through the devices biased on the
valley region is significantly lower.
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w
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Fig. 7. Effect of applied biased on RTD-OW I'-band: (a) before the peak and (b) on the valley.
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The electric field enhancement AEyp induced by the peak to valley switching can be
estimated as (Figueiredo, 2000)(Figueiredo et al., 2001):
AE,, ~AV,, | W,

ep

+W,, 12sv,,)A],, )

ep sat

where AVyp is the voltage dropped across the depletion region, AJpy is the corresponding
current density change, vy is the carrier saturation velocity and Wge, is the depletion
thickness. At a given photon energy the absorption change induced by the electric field
enhancement due to the peak to valley switching is given by (Figueiredo, 2000):

Aa(hw,AE,,) =a(ho,E,) - a(ho,E,) = a(ho,AE,,) (10)

where o (hwE) is given, in the weak field approximation, by the Franz-Keldysh effect

electroabsorption coefficient (Chuang, 1995)(Keldysh, 1958). The light modulation depth
due to the peak to valley switching can be calculated using (Chuang, 1995):

R,»(dB) = 4.343y , Ac(hw,AE,, )/ (11)

where yris the optical filling factor which corresponds to the fraction of the optical power
guided in the depleted region of the waveguide, and ¢ is the RTD-OW electrically active
length, defined by the RTD metal contacts length [see Fig. 6(b)]. The measured Franz-

Keldysh effect effective band-edge shift to longer wavelengths can be compared with the
value given by theory (Chuang, 1995)(Keldysh, 1958):

A, > (A2 1 he)(eh? 187 m,)" AEZ (12)

The measured A/, gives an independent way to determine the electric field change AEvp
induced by the peak to valley switching.

As mentioned, RTD-OWs designed to show considerable NDC with a significant portion of
the waveguide core being depleted at bias voltages higher than the peak voltage can have
their operation point switched between the two I -V PDC regions by small high frequency
ac signals (< 1 V). This leads to high speed electric field switching, resulting in high
frequency modulation of the waveguide optical transmission loss. In this mode of operation
the RTD-OW is called a resonant tunnelling diode electro-absorption modulator (RTD-
EAM). In the RTD-EAM the modulation depth depends essentially on the overlap between
the electric field in the collector depleted volume and the optical mode. The peak to valley
electric field magnitude boost is determined mainly by the NDC region characteristics, AV
and AJ. Figure 8 represents schematically the light absorption on the collector depleted
region induced by the Franz-Keldysh effect when the RTD-OW is biased on the valley
region, Fig. 8(a), and the change in the absorption coefficient associated with the bistable
switching of the device plotted against wavelength, Fig. 8(b).

The device concept was implemented using AlGaAs ternary material system for operation
on 900 nm optical window, and InGaAlAs quaternary compound to work on 1300 nm and
1550 nm optical windows, where the optical fibre present zero dispersion and have the
lowest losses, respectively. For operation in the 900 nm spectral region, GaAs was used to
form the waveguide core and the quantum well; AlAs and AlGaAs were employed to form
the barriers and waveguide cladding layers, respectively. For operation at around 1550 nm,
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Fig. 8. (a) Schematic diagram of light absorption induced by Franz-Keldysh effect in a RTD-
OW biased around the valley point. (b) Change in absorption produced by the change in the
voltage characteristic of the NDC pulse plotted with the absorption in dB/cm of bulk GaAs
against wavelength (McMeekin et al., 1994).

the InGaAlAs quaternary material system was used to implement the waveguide core and
the quantum well, with AlAs and Ing4sAlos2As/InP being employed for the barriers and the
waveguide cladding layers, respectively. The InGaAsP quaternary compound also allows
operation on 1300 nm and 1550 nm optical windows but was not used. A detailed
description of the RTD-OW structures implemented can be found in (Figueiredo, 2000).
Next we describe the experimental operation of RTD-OW electro-absorption modulators on
the optical communication windows around 900 nm and 1550 nm.

3.2 RTD-OW operation as EAM at 900 nm

The RTD-OW operation as an electro-absorption modulator at around 900 nm was achieved
by growing the waveguide and DBQW layers using the AlGaAs/GaAs material system on
semi-insulating GaAs. The GaAs waveguide core was made 1xm thick to allow easy end-fire
light coupling, with n-type Si doping concentration of 2 x10'¢ cm3; the cladding layers were
made of Alp33GaoerAs, a direct band-gap compound alloy, with Si doping concentration
around 2 x 10 cm-2. The refractive index difference between the core and cladding layers
around 0.224 at 900 nm is sufficiently to obtain efficient light confinement with relatively
thin cladding layers. The upper cladding layer thickness was made 300 nm thick, twice the
reciprocal of the optical waveguide first mode exponential decaying factor, to keep the
device series resistance low. Because the waveguide core and the substrate have similar real
refractive indices, the lower cladding layer was made 600 nm thick with Si doping
concentration of 2x10 cm™3, to act as an isolation layer separating the core from the
substrate, in order to significantly reduce radiation leakage into the GaAs substrate. The
DBQW consisted of a 7 nm GaAs quantum well sandwiched between 1.4 nm AlAs barriers.
The detailed description and fabrication of AlGaAs/GaAs structures can be found in
(Figueiredo, 2000). Figure 9 shows the top view of a RTD-OW die and a packaged device.
When dc biased in the NDC region, all tested devices showed instabilities at around few
MHz. These where removed connecting devices to the dc power supply via a wide
bandwidth bias-T. In certain cases, a high frequency energy-storage element, such as a coax
transmission line, was inserted between the RTD and the bias-T, resulting in a RTD-EAM
transmission line relaxation oscillator whenever the cavity characteristic frequency was
within the NDC bandwidth (Figueiredo et al., 1999). Typical electrical relaxation oscillations
due to a 15 cm long coaxial transmission line are shown in Fig. 10(a). The relaxation
oscillations RF spectra show harmonic components up to 15 GHz (Figueiredo, 2000). The
free-running oscillation frequency was changeable by varying the optical power coupled
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Fig. 9. RTD-OW die top view and a packaged device. The parameter ¢ here represents
devices electrical active length, which with the waveguide width defines devices active area.

into the RTD-EAM, as shown in Fig. 10(b); in the cases observed the free-running frequency
decreased when the coupled optical power was increased. In a circuit with a free-running
oscillation frequency around 470 MHz, a tuning range of 10 MHz was observed. The
frequency tuning effect is mainly due to the creation of charge carriers in the depletion
region that reduces the device series resistance and moves the operating point through the
NDC region, which change the device impedance [mainly the capacitance and the negative
differential resistance (NDR)]. In the experiment light from a tunable Ti:sapphire laser
emitting at around 900 nm was used; the optical power was kept to few mW in order to
avoid damaging waveguide input facet.

| coaxial cable 15 cm long

@ EEEC)

Fig. 10. (a) Self-sustained oscillations in a RTD-EAM connected via a 15 cm long coaxial line.
(b) Self-oscillations frequency tuning induced by incident light.

The free-running relaxation oscillation frequency is also affected by the dc bias voltage
because of the device intrinsic impedance dependence on the voltage. These behaviours can
be used to implement both optical controlled oscillators (OCOs) and voltage controlled
oscillators (VCOs). The OCO can be used to optically control microwave oscillators, and will
be briefly analyzed when discussing the RTD-OW operation as photo-detector. The VCO
behaviour makes possible operating the RTD-EAM as an optoelectronic voltage controlled
oscillator (OVCO) since the electric field across the depleted collector region also self-
oscillates at the free-running frequency, self-modulating the transmission properties of the
waveguide. Before discussing OVCO operation we present electro-absorption response of
the RTD-EAM. The RTD-EAM waveguide transmission spectra at zero bias, at slightly
below the peak, and just above the valley points, are shown in Fig. 11(a) for devices with
active areas around 800 xm?. (The devices were not dc biased in the NDC region in order to
avoid self-oscillation.) As the applied voltage increases from the peak to the valley point,
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there is a sharp drop in the waveguide transmission at wavelengths in the range 890 nm to
910 nm. The observed Franz-Keldysh absorption band-edge shift was around 12 nm which
compares to 9 nm estimated using equation 12, taking in consideration the approximations
made (Figueiredo, 2000). Figure 11(b) presents the optical modulation depth as a function of
the operating wavelength due to the transition between the two positive PDC regions
induced by a square signal with peak-to-peak voltage slight higher than AVyp = Vy -Vp.
Modulation depth up to 13 dB around 908 nm was achieved. Modulation depths up to 18 dB
were observed in waveguides with 400 ym active length and 4 xm wide ridges.
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Fig. 11. (a) AlGaAs RTD-EAM optical transmission spectrum at zero volts, around the peak
and at the valley region. (b) Modulation depth as function of the operating wavelength due
to peak-to-valley switching induced by a square voltage waveform.

Direct modulation was obtained dc biasing the RTD-EAM slightly above the valley point
and injecting through a wide band bias-T the rf modulating signals. Figure 12 shows
examples of modulation due to 950 MHz and 16 GHz rf signal voltages. In both cases the
driving signals amplitude was kept slightly larger than AVyp ~ 0.4 V. Optical modulation
depths as high as 11 dB were achieved (Figueiredo et al., 1999)(Figueiredo, 2000). The 16
GHz response shown in Fig. 12(b) gives a good estimation of the bandwidth and
modulation depth potential of the devices. The modulation efficiency characterized by the
bandwidth-to-drive-voltage ratio, defined as the ratio of the operation bandwidth to the
operating voltage for at least 10 dB modulation depth, was 40 GHz/V (Figueiredo et al,,
1999)(Figueiredo, 2000).
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Fig. 12. (a) Direct modulation at around 950 MHz, with modulation depth up to 11 dB
(4=908 nm). (b) Modulator response to a 16 GHz rf signal.
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As discussed previously, when dc biased in the NDC region and connected to a bias-T
through a coaxial line the RTD-EAM can operate in the self-oscillation mode, producing an
optical output modulated by the NDC induced relaxation oscillations, at frequencies
determined by the electrical length of the transmission line, as shown in Fig. 13.
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Fig. 13. Optical responses measured with Streak Camera of RTD-EAM transmission line
relaxation oscillators with lines 15 cm (a) and 10 cm (b) long.

The AlGaAs RTD-EAM operation modes discussed above can be employed in LANs
systems primarily as devices for electrically controlling guided-wave optical signals in the
880 nm to 1100 nm wavelength range such as waveguide intensity modulators, directional
couplers and optical switches. The capability to operate in relaxation oscillation mode can be
applied in clock extraction circuits, for optical pulse generation and de-multiplexing in
optical time division multiplexed systems.

3.3 RTD-OW operation as EAM at 1550 nm

The AlGaAs/GaAs RTD-EAM achieved performances led the work to the demonstration of
device concept operation at 1550 nm, where standard single-mode optical fibres have lowest
losses (Liu, 1996). 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 (In;_,-,Ga,Al,As) or In, Ga, As, and
P (Ini-»-yGaxAsi,P,), can be used (Chuang, 1995)(Figueiredo, 2000). The RTD-OW concept
operating at 1550 nm was demonstrated using InGaAlAs lattice matched to InP because
phosphorus based heterostructures have lower conduction band discontinuity, which
prevents strong localization of electrons in the lower band gap material. Moreover, they are
difficult to grow with conventional MBE systems due to the need to handle solid
phosphorus and high concentration of phosphorus at its vapour pressure, and also due to
the difficulty to control As/P ratio.! The InGaAlAs material system shows more favorable
material properties such as higher electron mobility, lower effective mass and superior
conduction bandedge discontinuity (Figueiredo, 2000). As a consequence it is expected the
InGaAlAs RTD-OW shows superior speed and modulation depth performance mainly to
the InGaAs RTD higher peak current density and peak-to-valley current ratio, and smaller
operating voltage. The In- GaAlAs quaternary system lattice matched to InP allows as well
operation at 1300 nm, where standard single-mode optical fibres show zero dispersion
(Chuang, 1995)(Figueiredo, 2000).

1 Structures incorporating InGaAsP are usually grown by MOCVD (Bohrer et al., 1993).
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The InGaAlAs RTD-OW schematic wafer structure for operation at 1550 nm is shown in Fig.
14, with wafer I'-valley and refractive index profiles. The core consisted of two
Ing53Gap42AlosAs layers (refractive index of 3.56), 0.5 um thick each, with a band-gap
energy around 0.826 eV (absorption band-edge wavelength around 1500 nm), to allow
operation at 1550 nm when biased around the peak voltage. The upper cladding was
implemented using a layer of Ings2Alo4sAs, refractive index of 3.24. Because InP refractive
index at 1550 nm ( 3.17) is considerably smaller than the Ings53Gao.42Alo.05As refractive index,
the n-type InP substrate acted as lower cladding region. As previously discussed, the upper
cladding layer thickness was made 300 nm thick. A detailed description of the wafer
structure is given in (Figueiredo, 2000). Most of the RTD-EAMs characterized were 4 ym
wide ridges with 200 xm active lengths. Typical current-voltage characteristic of 4 x#m x 200
um InGaAlAs/InP RTD-EAM is presented in Fig. 5(b) (section 2), showing PVCR around 3.
These devices showed valley-to-peak voltage differences AVyp ~ 0.8 V, with peak-to-valley
current density differences AJpy ~ 10 kA/cm?2. (Typical GaAs/AlAs devices show AVyp~ 0.4
V and AJpy~ 5 kA/cm?.)

o 3 -conduction band profile  refractive index profile
Inys, Gag 4 As contact layer 2x107 cm

- 30 nm
In52Ak 45AS Upper cladding 2x10® cm® | 300 nm r
INg s3G5 .4,Ak osAS Upper core 5x10'® cm 500 nm
=DBQW
Ing 5358, 42Ak 0sAS lower core 5x10° cm® | 500 nm

n+ InP substrate lower cladding

z z
Fig. 14. InGaAlAs RTD-EAM structure, I'-valley and refractive index profiles.

The devices’ frequency response was investigated by on wafer impedance measurements in
the 45 MHz to 18 GHz frequency range for all values of bias voltage. The results indicate the
InGaAlAs RTD-EAM small signal equivalent circuit consists of a capacitance C in parallel
with a non-linear resistor R,4(V), in series with a resistance Rs; the series inductance was
found to be negligible (Figueiredo, 2000)(Alkeev et al., 2000). The devices average
capacitance C and shunt resistance R around the NDC region were 1 pF and -15 Q,
respectively; the Rs was typical few ohms (less than 5 Q) ((Figueiredo, 2000)(Alkeev et al.,

2000). The device switching time can be estimated as tr ~4(AVyp/AJpy)Cy, where Cy is the

device capacitance per unit area (Cv ~ &/Wiey(V)). For the devices tested the expected
modulation bandwidth was superior to 30 GHz (Figueiredo, 2000).

Following the frequency characterization, the waveguide low frequency electro-absorption
response was characterized with no applied voltage, dc biased at slightly below the peak
voltage, and on the valley region; the device was not dc biased in the NDC region in order
to avoid self-oscillations. Light from a Tunics diode laser, tunable in the wavelength range
1480 nm to 1580 nm was fibre coupled to the waveguide, with the light output fibre coupled
to an optical power meter or a high bandwidth photo-detector. The InGaAlAs/InP RTD-
EAM waveguide transmission spectrum change due to the Franz-Keldysh effect absorption
bandedge broadening induced by peak-to-valley switching is indicated in Fig. 15(a). The
measured wavelength band-edge shift was 43 nm, which compares quite well with the
estimation of 46 nm, equation 12. The low frequency electro-absorption response showed 5
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dB absorption changes induced by 1 mV dc voltage increments, an exceptionally high
transmission change per unit of voltage (Figueiredo, 2000). Figure 15(b) shows modulator
response as function of the dc bias voltage when driven by 3 GHz voltage signals of
amplitude from 1 mV to 100 mV; also represented is the RTD-EAM dc I -V characteristic.
The rf photo-detected power increased by about 15 dB when the device dc bias point moved
from the peak to the valley region at driving amplitudes as low as 50 mV. An indication the
modulator can be driven by very low voltage signals due to its intrinsic built-in electrical
amplifier.

1600

— |! 800 pm2 active area . ot L 50 ——rf1mV
=) £ 65 —=—rf10mV
© 1200~ % 70 b 40 § 50 mV
5 L X Vs=0 = O | ert100my
® B Vo /0 T Vs<V 2 80 r30 3 |——i1mA
@ 800 VS>VP %. &5 g (mA)
g A s> W A % L0 3
2 Vs RTD 5 3
g 400 Q Z
= Q. 100 F10
i ) -105 W
0 T S el ! s -110 ‘ ‘ ‘ ‘ : 0
1500 1520 1540 1560 1580 1600 0.0 05 1.0 1.5 2.0 25 3.0
Wavelength (nm) Dc Voltage (V)
(a) (b)

Fig. 15. (a) InGaAlAs RTD-EAM transmission spectrum in the wavelength range 1500 nm to
1580 nm, with the applied voltage as a parameter. (b) Modulator response as function of the
dc bias voltage when driven by 3 GHz rf signals, with injected amplitude as a parameter.

RTD-EAM high frequency optical characterisation employed a microwave synthesized
signal generator with a maximum output of +20 dBm and an upper frequency limit of 26
GHz (Figueiredo, 2000). Figure 16(a) shows the modulation depth as function of the light
wavelength induced by the transition between the two PDC regions produced by a square
signal with peak-to-peak voltage slight higher than AVyp~ 0.8 V. The devices were dc biased
in the valley region in order to minimize thermal effects and avoid self-oscillations.
Modulation depths up to 28 dB were measured on devices with active areas around 800
um2, more than 10 dB superior to the values observed on the AlGaAs/GaAs devices. The
modulator response up to 26 GHz driving signals for two power values is shown in Fig. 16(b).
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Fig. 16. (a) Modulation depth as function of the wavelength. (b) Spectrum of the 26 GHz
photo-detected signal at the modulator driving power of -20 dBm and +7.7 dBm.
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The photo-detected power increases more than 10 dB when the driving rf power rises from -
20 dBm to +7.7 dBm, an indication the device is capable to achieve modulation extinction
ratios higher than 10 dB induced by low power driving signals, less than 10mW, as the
consequence of the built-in electrical amplifier. The RTD intrinsic amplifier effect reduces
substantially the rf power required for modulation. This on-chip amplification can eliminate
the need of an external rf amplifier which is usually required to drive EAMs (Wakita et al.,
1998).

3.4 RTD-OW operation as photo-detector at 1550 hm

Light-wave receivers contain photo-detecting devices that convert the light-wave carrier
modulation into an electrical signal that needs to be amplified before processing to recover
the information signal (Liu, 1996)(Einarsson, 1996). The amplifying circuitry can be the
system main penalty in terms of cost and power. We are currently investigating a receiver
based on the RTD-OW to take advantage of the RTD intrinsic built-in amplifier.

Because in the RTD-OW the light interaction length is much longer than in conventional
RTDs, the RTD-OW will produce substantial inter-band absorption, giving rise to a
responsivitygain superior to the one obtained with conventional photo-detectors (Moise et
al., 1995). The RTD-OW photo-detection characterization employed light from a Tunics
tunable laser diode capable to be directly modulated up to 1 GHz and operate in the mode
locked regime at 5 GHz. Figure 17(a) presents the rf power capture level when light
modulated at 1 GHz was end-fire coupled to the waveguide. The RTD-OW responsitivity-
gain increases with the transition from peak to valley voltage, V, and V,, by more than 15
dB. Figure 17(b) shows the photo-detected rf power as function of wavelength for dc bias on
the peak and on the valley. Photo-detection of mode locked light at 5 GHz showed similar
performance.
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Fig. 17. (a) RTD-OW I -V characteristic and rf power produced due 1550 nm optical signals
modulated at 1 GHz. (b) Rf power produced optical signals modulated at 1 GHz as function
of wavelength, at DC biased on the peak and on the valley.

When dc biased in the NDC region the RTD-OW self-oscillations lock to the injected light
subcarrier, producing electrical signals that emulate the optical subcarrier. We are currently
investigating the synchronization between optical subcarriers and RTD-OW free-running
oscillations to transfer the information bearing signals such as Phase Shifted Keyed signals from the
optical to the rf wireless domain without the need of an external amplifier (Romeira? et al., 2009).
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4. RTD laser diode integration

A light-wave transmitter comprises a driving circuit and a LED or a laser diode which
converts the supplied electrical signal containing the information into a light-wave signal.
Novel alternatives to traditional laser diode transistor-driver circuits have been proposed
based on the integration of a DBQW with semiconductor light sources, since the DBQW
layers fit well with the epitaxial layers that make up semiconductor light sources.
Furthermore, since the RTD can act as a voltage controlled switch, low voltage digital
signals can be employed to switch the RTD between on and off states. It is expected the light
sources high-speed modulation characteristics will improve significantly. In what follows
we make a brief description of the first monolithic integration of a RTD with an optical
communication laser operating at 1500 nm, and give a detailed report on recent advances on
the hybrid integrated version operating at 1550 nm optical windows.

4.1 RTD-LD monolithic integration

The first integration of a DBQW-RTD and an optical communication laser operating at
around 1500 nm was reported by (Slight & Ironside, 2007). The device consisted of a vertical
integration of a DBQW on an InGaAs/InGaAlAs multiple quantum well laser structure.
Such integration is straightforward as the RTD section requires only the growth of four to
six extra epilayers above a laser structure grown on p-type InP substrate, allowing the RTD
to be implemented on the laser junction n-type region. The DBQW was made of a 5 nm
InGaAs well and 2 nm AlAs barriers. The devices fabricated were ridge waveguides with
the DBQW situated in the ridge between the laser section and the n-type contact, Fig. 18(a).
A detailed description of device structure and fabrication can be found in (Slight et al.,
2006). The RTD-LD current-voltage characteristic emulates the RTD non-linear I - V curve,
hysteresis and bistability (Slight & Ironside, 2007). Figure 18(b) shows a typical RTD-LD
optical-voltage characteristic at 130 K, where a hysteresis window is clearly seen; bistable
operation was also observed (Slight et al., 2006). The results demonstrate the feasibility of
monolithically integrated RTDs with LDs. In order to achieve room temperature operation a
new wafer was designed and device fabrication will start soon. Further investigation of the
monolithic RTD-LD will include high-frequency operation characterization.
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Fig. 18. (a) Cross section schematic of the ridge waveguide RTD-LD. (b) optical-voltage
(P -V) characteristic at 130 K, clearly showing bistability and hysteresis.
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4.2 RTD-LD hybrid circuit

Once demonstrated the bistable operation of monolithically integrated RTD-LDs the work
concentrated on the hybrid integrated circuit (HIC) versions using components similar to
the targeted monolithic integrated device. Although without the monolithic expected
superior performance, laboratory hybrid RTD-LDs are easy and much less costly to
implement, allowing to study both components behaviour separately. The first HICs
combined an InGaAs RTD and a commercial prototype laser diode (Slight & Ironside, 2007).
The In- GaAs RTD used was fabricated from RTD epi-material originally used in the work
described in section 3; the laser diode was a 5 um ridge wide waveguide designed for
continuous-wave (CW) emission at around 980 nm. The RTD and LD were attached to a
small copper block using electrically conductive silver epoxy resin, and connected in series
through 25 ym diameter gold wire bonding, as schematically represented in Fig. 19(a). Also
shown are LD and RTD-LD experimental and PSPICE simulated I -V characteristics, Fig.
19(b) (Slight & Ironside, 2007). The PSPICE code used can be found in (Slight & Ironside,
2007).

The RTD reduces significantly the laser driving circuits’ complexity by taking advantage of
its high nonlinear I -V characteristic, with the NDC region providing electrical gain to the
circuit. The RTD features make possible to operate the RTD-LD as an autonomous OVCO,
where the running frequency is fine tuned by the dc bias voltage. Light modulation due to
relaxation oscillations at 5 MHz was observed with optical power on/off or extinction ratio
up to 31 dB. Moreover, because of RTD bistability the RTD-LD optical output is also
bistable, as shown in Fig. 19(c), a feature of particularly convenience for non-return to zero
(NZR) digital modulation.
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Fig. 19. (a) lllustration of the RTD-LD module. (b) LD and RTD-LD I - V characteristics. (c)
Optical power versus voltage (P - V) characteristic showing bistability and a 410 mV wide
hysteresis loop. Dashed lines show the PSPICE simulations.

To increase the relaxation oscillations free-running frequency the hybrid circuit was
redesigned. InGaAlAs RTD-OW devices with areas around 1000 pm?2 were used together
with commercial prototype ridge waveguide laser dies designed for CW operation with
emission at around 1550 nm with 5 mW average output power, bandwidth of 20 GHz and
threshold current Iy around 6 mA. The new circuits layouts were mounted directly onto the
surface of printed circuit boards (PCBs) containing a 50 Q copper microstrip transmission
line laminated onto the non-conductive PCB substrate. These new improvements on the
hybrid RTD-LD circuits lead to some significant breakthroughs: (i) the use of commercial
communications laser diodes operating at 1550 nm; (ii) the oscillation frequency went up to
for more than two orders of magnitude by solving the instabilities associated to the dc bias
circuitry; (iii) demonstration of operation as an autonomous relaxation oscillator in the GHz-
range, controlled by voltage; (iv) observation of new operation capabilities induced by
injected periodic and phase modulated signals.
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In the improved circuits the RTD and LD components were attached directly onto the PCBs
using silver epoxy resin and bond wires where used to connect the RTD emitter contact to
LD, and the RTD collector contact to the 50 Q2 copper microstrip line, as shown in Fig. 20(a).
A parallel resistor-capacitor shunt was incorporated as close as possible to the RTD-LD
components to reduce the spurious oscillations and to act as a short circuit for the rf signals
generated by the RTD-LD. The circuit shunt component values were typically 5 Q and 3.3
nF. The dc bias and rf injected signals were applied via a wideband bias-T through the
resistor-capacitor shunt that also acts as the circuit input port. The circuit electrical output
port was defined by the PCB ground plane and the microstrip line, and corresponds to the
RTD-LD series terminals as shown in Fig. 20(a). The laser optical output was coupled to a
lensed fibre before photo-detection. The light coupling efficiency was estimated from the
laser mode profile and single mode fiber characteristics to be around 10 per cent. In Fig.
20(b) are presented the typical I-V characteristics of the LD (with the threshold current inset)
and of two RTD-LD circuits, I and II, measured without the shunt resistorcapacitor. RTD-LD
circuits I and II analysed here have similar PCB layout designs and LD and shunt
components. The RTDs used in circuit I and II have approximately the same current peaks,
I, but different valley currents, I, and thus different peak-to-valley current ratios. RTD-LD
II was designed to have a lower bond wire length connection between RTD and LD
components, which increased its oscillation frequency operation, as discussed below. In
both cases Iy, < I,, which meant that when dc biased in the NDC region, the lasers were
working well above threshold current.

dc+rf 40} —1D
) rf out Microstrip line — . ——RTD-LD1
¢ E 30 —RTD-LDII
— shunt E 20
L o o components_— 5
. O
Optical 10T LD threshold
‘& RTD S LU Y N AR
out o , , . . .
[ Printed Circuit Board B 0005 M0 15 202530
Voltage (V)
(a) (b)

Fig. 20. (a) Layout of the improved hybrid RTD-LD circuit. (b) Current-voltage characteristic
of the laser diode and two RTD-LD circuits, showing the RTD NDC is preserved by the
RTDLD module.

The RTD-LD circuit of Fig. 20(a) can be represented by circuit electrical layout of Fig. 21(a).
When dc biased in or close to the NDC region the laser diode is operating well above the
threshold current the laser is well represented simple by its differential resistance. Because
its capacitance is much larger than the RTD’s, the RTD-LD module equivalent capacitance
corresponded to the RTD intrinsic capacitance. This approximation seems reasonable since
changing the laser diode did not alter the circuit free-running frequency whenever the
lengths of the bond wires used to connect the RTD to the LD were identical. Indeed, the
circuit of Fig. 21(a) behaves at rf frequencies like an RL circuit connected to the RTD small
signal equivalent circuit (a voltage dependent current source F(V) in parallel with the RTD-
LD capacitance, as discussed in section 2.2). Its electric behaviour under external
perturbation can be studied numerically using the small signal equivalent circuit shown in
Fig. 21(b). The lumped LCR components of Fig. 21(b) represents the microstrip transmission
line and wire bond equivalent inductance, the RTD intrinsic capacitance and the devices
equivalent series resistance, respectively.
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Fig. 21. (a) Electrical schematic of the RTD-LD circuit where V represents the electrical
output taken across the RTD-LD. (b) RTD-LD small-signal equivalent lumped circuit. V.
sin(27 fiut) represents an ac injected driving signal.

The maximum operating free-running frequency of circuit RTD-LD I was around 640 MHz,
whereas for RTD-LD II the maximum observed free-running frequency was 2.15 GHz (the
maximum obtained with the hybrid circuits presented here). The RTD-LD II higher running
frequency was mainly due to the smaller inductance achieved with this circuit layout due to
the shortening of bond wires length used to connect the RTD to the LD, roughly from 5 mm
to less than 2 mm that corresponded to a reduction of the equivalent inductance value from
approximately 8 nH to around 1.5 nH. In both circuits the estimated capacitance C was 3 pF.
These values when used in the electrical circuit model, Eq. 8, lead to theoretical maximum

relaxation oscillation frequencies, given by 1/2n+LC , around 1.03 GHz and 2.37 GHz,
respectively.

4.3 RTD-LD optoelectronic model

When dc biased in the NDC region, the circuit of Fig. 20(a) behaves as a classic negative-
resistance oscillator (Van der Pol, 1927). Since the circuit of Fig. 21(b) is similar to the circuit
of Fig 4, apart from the injected ac driving signal Vi, sin(2zfi.t), we applied the same
procedure, obtaining a second-order differential equation (see section 2.2), commonly
referred as one of the generalized forced nonlinear Liénard systems (Romeira et al.,
2008)(Figueiredo, 1970):

V+HWV)V +GV)=V, sinQxf,1) (13)

where G(V) is a nonlinear force and H(V)V is the damping factor (see section 2.2).

To describe the RTD-LD optoelectronic behaviour we coupled equation 13 to the laser diode
single mode rate equations that governs the interrelationship between carrier density and
photon density. Assuming the laser oscillates in a single mode and the population inversion
is homogeneous, the laser rate equations for photon density S and injected carrier density N
are:

I N S

N=——-"—g (N-N,)—— 14
q8 r, 8ot 0)1+5S (14)
S S N
S=g,(N=N,) +—+f— (15)
l+eS 7, T,
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where [ is the total current through the laser diode given by generalized Liénard’s system,
Eq. 13, plus the dc bias current; g is the electron charge, $is the laser active region volume,
7, and 7, are the spontaneous electron and photon lifetimes, respectively; fis the
spontaneous emission factor; go is the gain coefficient; Ny is the minimum electron density
required to obtain a positive gain and ¢is the value for the nonlinear gain compression
factor. The numerical analysis employed typical parameters of semiconductor laser diodes,
as described in (Slight et al., 2008)(Romeira et al., 2008). The coupled system of equations 13-
15 has been successfully used to predict the experimental behaviour of RTD-LD electrical
and optical outputs.

4.4 RTD-LD optoelectronic voltage controlled oscillator

It is well known that 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, and
can also be used to form astable circuits (relaxation oscillators), monostable circuits (single-
pulse generators), and sine-wave generators (Brown et al., 1997). A simple way to implement a
RTD oscillator is to couple a RTD dc biased in the NDC 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). Such oscillator corresponds to a relaxation
oscillator system since it operates by sequential transitions between unstable states. The RTD-
LD circuit of Fig. 20(a), whose circuit schematic is represented in Fig. 21 with the small signal
equivalent circuit, operates as a relaxation oscillator when dc biased in the NDC region. The
circuit free-running frequency is determined primarily by the round trip time of the ac
feedback loop (effective length of equivalent transmission line from the shunt resistor-
capacitor to the RTDLD module), in combination with the RTD and the LD parasitics (mainly
the inductance from the wire bonding).

The RTD successive switching events (relaxation oscillations) produce sharp current pulses
that modulate the laser output yielding sharp optical pulses at the relaxation oscillation
fundamental frequency (free-running frequency). Typical RTD-LD self-sustained oscillation
voltage output and photodetect optical waveforms are shown in Fig. 22. Figure 22(a) shows
RTD-LD I voltage output waveform at free-running frequency around 600 MHz; Fig. 22(b)
presents the photo-detected laser optical output modulated by the current relaxation
oscillations with an on/ off superior to 20 dB.

The pulsed nature of the photo-detected laser optical output shown in Fig. 22 confirms the
capacitive character of the current induced by the RTD switching (described in detail in
(Brown et al., 1997)). The full width at half maximum (FWHM) of the photo-detected pulses
is approximately 200 ps but this measurement is limited by the temporal acquisition
resolution of the oscilloscope. Figure 23 shows rf spectra of the electrical and optical outputs
of RTD-LD circuits I and II of Fig. 20(b), both dc biased close to the valley region. Figure
23(a) confirms the pulse nature of the current relaxation oscillations with a high harmonic
content up to 12th harmonic being measured.

Tuning the dc bias across the NDC region changes the RTD impedance and as consequence
tunes the relaxation oscillation frequency making the circuit operate as a voltage controlled
oscillator (VCO). Since the current relaxation oscillation waveforms flow through the laser
diode, the circuit optical output emulates the current oscillations. The laser output shows
the same repetitive switching and harmonic content of the relaxation oscillation current
waveforms, making the RTD-LD circuit operate as an optoelectronic voltage controlled
oscillator (OVCO). That is, the RTD-LD biased on the NDC region produces electrical and
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Fig. 22. RTD-LD I relaxation oscillation (a) electrical and (b) photo-detected optical output
waveforms at around 600 MHz.
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Fig. 23. Electrical and photo-detected optical spectra of free-running oscillations at 600 MHz
(a) and 2.1 GHz (b), circuits I and II, respectively.

optical oscillatory signals whose frequency is controlled by the bias voltage quiescent point.
Figure 24 shows the frequency response to dc voltage sweep across the NDC region of
circuits RTD-LD I and II, whose I -V characteristics are presented in Fig. 20(b).

The oscillation frequency of circuit I changed with the dc voltage from around 500 MHz to
640 MHz, that is, RTD-LD I had a tuning range around 140 MHz, whereas the circuit II
oscillate from 1.97 GHz to 2.15 GHz, i.e., RTD-LD II had a tuning range around 180 MHz.
Although the dc voltage tuning of circuit I was larger, the tuning sensitivity/tuning
performance expressed in tuning range per voltage range was higher for circuit II. In the
RTD-LD oscillators analyzed, we found that a linear deviation characteristic is attained
considering only voltages close to the peak voltage. The voltage tuning range of circuit I, Fig
24(a), is much larger than the circuit II, Fig. 24(b), as expected from higher PVVR measured
in the I -V characteristic. Frequency tuning ranges up to 450 MHz were observed in RTD-LD
circuits having NDC widths and I - V characteristics identical to RTD-LD I. Generally
speaking, to have a wide dc operating range and therefore large tunability, a wide negative
conductance region (large difference between the peak and valley voltage) is required.

www.intechopen.com



Resonant Tunnelling Optoelectronic Circuits 197

0.66 T T T T L ) A | T 218 v L T T T T T

"
0.64 ) _ 214 1‘ 4
o sl -
062 L == . 22 ¢ 3
= o 20} i
£ ool : 1 3
S ose A . E
5 E‘ 206 | ]
”;-‘ 058 i S a4l ]
or o
. TOHE ] 2 202} i
(TR L
0.52 - - 2.00 g
—m— Experimental —u— Experimental
0.50 e | 4 198 | —e— Model -
0.48 i L L L i i i 1.96 1 L L L 1 L I
180 185 190 185 200 205 210 215 220 180 185 180 185 200 205 210 215 2.20
dc voltage (V) dc voltage (V)

(a) (b)

Fig. 24. RTD-LD I (a) and RTD-LD II (b) experimental and simulated frequency tuning
responses to voltage sweeping across the NDC regions.

The RTD-LD optoelectronic voltage controlled oscillator is a simple way to convert fast, short
electrical pulses with low timing jitter and phase noise, into fast, sharp optical pulses.

4.5 Phase-locking

The injection-locking of an electrical oscillator was first described by (Van Der Pol, 1927),
and the first locking bandwidth equation for electrically injection-locked oscillators was
developed by (Adler, 1946), with a model based on a vacuum tube transistor. The most
comprehensive theoretical review of injection-locking solid-state oscillators was given by
(Kurokawa, 1973). Most of the characteristic and properties identified by the above authors
can be observed with RTD-LD circuits which are much simpler oscillator configuration.
When externally perturbed the RTD-LD circuit behaves as a non-autonomous oscillator
(Romeirab et al. 2009), being a practical demonstration of nonlinear systems theory
extensively developed over the last decades (Pikovsky et al., 2001).

Throughout the work, we observed that under appropriated bias and injection conditions
the RTD-LD circuit relaxation oscillations lock to low-power injected signals that take over
the oscillations, controlling the laser diode output characteristics. To investigate these
locking characteristics periodic external signals at microwave frequencies were injected into
the circuit. The analysis included the effects of the frequency, signal power level, and
injected signal modulation formats. Phase-locking with significant noise reduction to low
power signals (below -30 dBm) at frequencies around the circuits” natural frequencies are
observed. Figure 25(a) presents rf spectra of photo-detected laser optical outputs when the
circuit was free-runing at 600 MHz and when phase-locked to -25 dBm power rf signal also
at 600 MHz. The single side band (SSB) phase noise measurement showed the oscillation
noise at 10 kHz offset was reduced by about 35 dB due to the phase-locking. For the
conditions of Fig. 25(a) the locking range was 1.8 MHz. The frequency locking range
increases as the injected power rises, as shown in Fig. 25(b). This behavior is well described
by the optoelectronic model presented previously and is represented by the red zone of Fig.
25(b), known as Arnold tongue. Arnold tongues correspond to synchronization regions
were locking occurs between two competing frequencies (Pikovsky et al., 2001). When the
injected signal frequency becomes out of the oscillator locking range, the circuit generate
mixing products of the injected signal and free-running oscillations.
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Since the phase of a signal plays an important role in communications, particularly wireless
communication, and in the theory of synchronisation, we investigated the effect of phase
modulation in the RTD-LD outputs. Figure 25(c) shows circuit response to an injected 600
MHz carrier phase modulated with 1 MHz frequency sub-carrier with phase shift 7and
37/2. As the sub-carrier frequency was varied from 100 kHz up to 2 MHz, the laser output
followed the phase modulation of the sine-wave signal subcarrier.
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Fig. 25. (a) Rf spectra of photo-detected laser output in free-running mode and when phase-
locked to -25 dBm injected signal at 600 MHz frequency. (b) Frequency locking range as
function of the injected power. The dotted points are experimental data and the red area
(Arnold tongue) was numerically obtained. (c) Rf spectra of photo-detected laser output
when phase-locking to a phase modulated 600 MHz sine-wave carrier signal.

The observed phase-locking converts phase differences on shifts in the laser output
modulating its intensity. This behaviour can be applied to implement phase shift keying
(PSK) digital modulation, which is employed in numerous digital communication systems.
The phase-locking capabilities of RTD-LD based relaxation oscillators can also be used for
error free timing extraction in optoelectronic circuits.

4.6 Frequency division operation

When the injected signal frequency is out of the oscillator locking range the circuit generates
mixing products of the injected signal and free-running oscillations, producing either/ both
harmonic and sub-harmonic phase-locking. To investigate the mixing capability of the
circuit we analysed numerically the behaviour of the circuit over a range of frequencies to
obtain the laser optical output bifurcation diagram of Fig. 26. A bifurcation diagram shows
the amplitude peaks heights of output photon density oscillations, S, as a function of the
normalized excitation frequency fi;/ fo, where fyis the free running oscillation frequency. The
simulation results show that when the frequency of the injected signal, fi,, is successively
increased, a stable period-n, n =1, 2,... is obtained, followed by an unlocked region, then a
stable period-(n +1), a new unlocked region and so on (Figueiredo et al., 2008)(Pikovsky et
al., 2001). This phenomenon is known as period-adding, where windows of consecutive
regions showing frequency division are separated by zones of unlocked, even chaotic,
signals. The frequency division regions were obtained experimentally and calculated
numerically dc biasing the RTD-LD circuit on the NDC region and varying the frequency of
the injected signal from 0.1 GHz to 3 GHz, with drive amplitudes as low as 100 mV.
Frequency division regions for constant amplitudes were observed following the period-

www.intechopen.com



Resonant Tunnelling Optoelectronic Circuits 199

adding sequence at up to frequency division by 6. In Fig. 26(a) the period-adding is clearly
distinguished in a sequence of unlocked (dots) and periodic (branch regions) oscillations, as
observed experimentally. Figure 26(b) presents an experimental example of frequency
division by 2 when a 0.9 GHz sine-wave was injected.
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Fig. 26. (a) Calculated bifurcation diagram for V,.= 150 mV up to frequency division by 6.
(b) Photo-detected laser output showing frequency division by 2 when a signal with f;,, = 0.9
GHz was injected into an RTD-LD free-running oscillating at around 0.5 GHz.

Since the sub-harmonic windows appear in limited frequency regions, the RTD-LD circuit can
be regarded as an optoelectronic dynamic frequency divider with a selectable dividing ratio.

4.7 Aperiodic and chaotic operation

Electro-optical and all-optical solutions for complex chaos generation have attracted
considerable attention in the last decade due to their potential applications in optical chaos
communications (Argyris et al., 2005). The use of chaotic carriers allows steganography at
the physical layer, which can substantially improve the security of software encryption
techniques. The frequency bands corresponding to period multiplication, indicated in Fig.
26(a), are separated by frequency regions where the circuit generates aperiodic signals -
chaotic or quasi-periodic output - a direct result from the mixing between free-running
oscillation and external injected frequencies (Romeira et al. 2010). An important
characteristic of a chaotic signal is its sensitivity to initial conditions. Figure 27 shows an
example of a transition to chaos observed in the RTD-LD circuit optical output. The optical
waveform presented in Fig. 27(a) is characterized by a series of aperiodic acute peaks
(spikes) changing chaotically. Another important characteristic of chaos is demonstrated in
the corresponding power spectrum of the time series. Figure 27(b) shows a continuous and
broadband spectrum resembling a noisy process with a few dominant frequencies
appearing, in this case the rf injected frequency. The results of Fig. 27 are also confirmed
numerically by calculating the circuit Lyapunov exponents (Romeira et al., 2001).

This RTD-LD mode of operation provides a simply way to generate and convert electrical
chaotic signals into optical sub-carriers that can be transmitted by conventional optical
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channels. Moreover, the circuit allows direct addition of the message to be transmitted and
masked within the chaotic signal.
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Fig. 27. Chaotic behaviour in the laser output induced by a driving signal of frequency
1.485 GHz and amplitude 793 mV. Optical waverform (a) and corresponding Fourier
spectrum (b).

5. Conclusion

As discussed, embedding DBQW-RTDs within semiconductor optical waveguides can lead
to the implementation of highly efficient electro-absorption modulators and photo-detectors
operating at optical wavelengths around 900 nm and 1550 nm. The presence of the DBQW
introduces high non-linearities and NDC regions in the semiconductor optical waveguides
current-voltage characteristics, making the electric field distribution across the waveguide
core strongly dependent on the bias voltage, which can be used to modulate guided light
through the Franz-Keldysh electro-absorption effect. When biased on the NDC region the
RTD-OW operates as an optoelectronic voltage controlled oscillator. Electro-absorption
modulation up to 28 dB is achieved with high frequency signals as low as 100 mV. The key
difference between these RTD-OW electro-absorption modulators and conventional p - i - n
electro-absorption modulators is that the RTD-EAM has in essence an integrated electronic
amplifier and therefore requires considerably less switching/driving power. Since, the RTD-
OWs can also work as photo-detectors with built-in amplifiers, recovering the original
transmitted rf signals used to modulated the optical carriers, they can be employed at the
base station to convert information from the optical to the rf domains. We foresee that
optimized devices can have bandwidths up to 60 GHz.

By integrating a DBQW-RTD with a laser diode low-cost microwave-photonic circuits
operating up to 215 GHz were implemented. These circuits reduced significantly the
driving circuitry of laser diodes. Several optoelectronic operation modes were observed,
including optoelectronic voltage controlled oscillator (OVCO), phase-locking, frequency
division and generation of aperiodic electrical and optical waveforms. Their simple circuit
layout is appropriated for high functional single chip transmitter platforms due to their non-
linear optoelectronic characteristics, reduced size and low power consumption. We
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anticipate that the optimised RTD-LD monolithic integrated versions can operate at much
higher frequencies (tens of Gbits), having several advantages when compared to
conventional devices currently used in lightwave communication systems.

The RTD-OW and RTD-LD operation as optoelectronic voltage controlled oscillators can be
used to simplify significantly clock generation and clock extraction circuits. Due to the
nonlinear response to applied voltage the RTD based circuits can work as short optical pulse
generators with high repetition rates. At the same time, their integration with other
functional devices can be used to encode generated optical pulses. The combination of RTD-
OW and RTD-LD functions on a single circuit can be used to incorporate simultaneously rf
subcarrier signals into optical carriers and optical subcarrier signals into rf carriers. This is
possible due the following simultaneously capabilities: modulation, photo-detection and
intrinsic amplification. Thus, the RTD-OW and RTD-LD circuits offer the possibility of
implementing very simple microwave/photonics interfaces of cellular network terminal
base stations based on radio-over-fiber systems.

Since next generation wireless access picocellular networks will be based on large numbers
of short range cells with each office in a building with its own cells and base stations, the
RTD based optoelectronic devices offer low cost single chip solutions as microwave/optical
interfaces capable of electrical-to-optical conversion of microwave signals into optical
subcarriers, taking advantage of the NDC and phase-locking properties of RTD devices. The
photo-detecting capabilities allows recovery of the original transmitted rf signals used to
modulated the optical carriers sent from the office terminal station to each base station via
optical fibre, converting the information from the optical to the rf domain; light generation
function is used to transfer the wireless received information bearing signals from the rf
domain to optical domain which is then sent from the base stations to the office terminal
station via optical fibre.
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