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Abstract

Abstract

The research work presented in this thesis is concerned with the design, fabrication
and characterisation of Continuous Wave (CW) Photonic Terahertz (THz) Emitters
employing antenna-integrated Uni-Travelling-Carrier Photodiodes (UTC-PDs), based
on the Indium Phosphide (InP) materials system. The solution employing photonic
techniques for the generation of sub-millimetre and THz waves, via photomixing of
lasers operating at 1550 nm, is a major candidate for the realisation of tuneable,
power efficient, compact and cost effective THz sources operating at
room-temperature. The availability of sources endowed with such properties would
make many important applications possible in this frequency range, such as
ultra-broad band wireless communications, spectroscopic sensing and THz imaging.
The UTC-PDs enable high optical-to-electrical (O-E) conversion efficiency and are key
components for the realisation of a photonic terahertz emitter. In this thesis the
fabrication and characterisation of test vertically illuminated UTC-PDs, achieved using
materials grown by Solid Source Molecular Beam Epitaxy at UCL and the fabrication
of high performance waveguide UTC-PDs are reported, as milestones towards the
development of a simple, repeatable and high yield fabrication process.

A comprehensive study of UTC-PD impedance and frequency photo-response, carried
out using experimental techniques, circuit analysis and 3D full-wave electromagnetic
modelling, is presented. The results of this investigation provide valuable new
information for the optimisation of the UTC-PD-to-antenna coupling efficiency.

New THz antenna and antenna array designs, obtained by means of full-wave
modelling, are also presented, and shown to be suitable for integration with both
standard silicon lenses and a novel solution employing a ground plane. The accurate
antenna design, along with the results of the UTC-PD impedance investigation,
enables the prediction of the power radiated by antenna integrated UTC-PDs, not
only in terms of trend over the frequency range but also of absolute level of emitted
power.

3D full-wave modelling has also been used at optical frequencies, to address the

problem of the optical fibre-to-chip coupling efficiency, which is another
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fundamental factor for the optimisation of a photonic THz emitter. Among other
features, this analysis enables a better understanding of how the light is absorbed
throughout the device structure and provides key information for future realisation
of travelling-wave photodetectors.

An additional experimental tool for the analysis of THz emission, namely the
sub-wavelength aperture probe, has been modelled and characterised, revealing
interesting properties for the characterisation of antenna far-fields and near-fields,

and hence providing a valuable tool for THz antenna analysis and design.
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Chapter 1 - Introduction

1.1 The terahertz (THz) gap

The terahertz range is often referred to as “terahertz gap” [1.1] having been only
partially explored. Figure 1.1 shows a representation of the electromagnetic
spectrumiillustrating the “THz gap” relative to the microwave and infrared (IR) region.
Despite great scientific interest since at least the 1920s [1.2], the terahertz frequency
range remains one of the least tapped regions of the electromagnetic spectrum. In
the last two decades though, semiconductor technology has advanced considerably
and its effect on the research in this band-gap of the electromagnetic spectrum has
also been noticed [1.3]. The terahertz term is largely employed to identify the
sub-millimetre-wave energy falling in the wavelength interval between 1000 um and
100 um (300 GHz—-3 THz) [1.4], [1.5]; below 300 GHz we enter the range of microwave
and millimetre-wave bands (well delimited by the upper operating frequency of WR-3
waveguide - 330 GHz [1.4]) and some definitions extend the upper limit of the
terahertz gap to 30 um wavelength as the frequencies between 3 THz and 10 THz also
belonged to a more or less unclaimed territory with few components available, until
the first Quantum Cascade Laser with a photon energy less than the semiconductor
optical phonon energy was demonstrated at 4.4 THz [1.6]. The border between far-IR
and sub-millimetre waves is rather indistinct and the description is likely to follow the
methodology (bulk or modal, photon or wave), which is dominant in the particular

instrument [1.4].

i i i i i I i i '

109 Hz 10""Hz 10'2Hz 10"®Hz 10'™Hz 10'Hz 10"Hz 10'7Hz 10'®Hz

Figure 1.1: Representation of the electromagnetic spectrum illustrating the “THz gap”
relative to the microwave and infrared (IR) region.

Research on sub-millimetre and terahertz (THz) waves has been an area of strong

recent interest as the nature of these electromagnetic waves is suited to
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spectroscopic sensing, ultra-broad band wireless communications and several other
attractive applications. In fields like astronomy and analytical science, research on
THz radiation has been carried out for many years but recently, the number and
variety of applications that could benefit from THz technology has been increasing
constantly: spectroscopic sensing and ultra-broad band wireless communications
[1.7]; information and communications technology (ICT); biology and medical
sciences; non-destructive evaluation; quality control of food and agricultural
products; global environmental monitoring; ultrafast computing [1.1]; imaging of
concealed items, defence applications, basic science, semiconductor wafer
inspection [1.8]. The broad application area of terahertz spectrum is due to its unique

radiation characteristics [1.9], some of which have been summarized as follows [1.8]:

e Penetration: the terahertz wave can pass through different materials with
different levels of the attenuation;

e Resolution: the resolution of an image increases with the decrease in the
wavelength, and the resolution in the terahertz band is better than that of the
microwave regime of the spectrum;

e Spectroscopy: various solid and gaseous materials exhibit terahertz signature
between 0.5 THz and 3 THz;

e Non-ionising: due to the low photon energy levels, terahertz does not cause
ionisation on biological tissues;

e Scattering: the scattering is inversely proportional to the wavelength, and it is
low in the terahertz band in comparison with the light wave;

e Smaller divergence: collimating THz radiation is easier than microwave

radiation.

The success of many of the mentioned emerging system applications utilising
sub-millimetre waves, critically depends on reliable and compact continuous-wave
sources with low power consumption and excellent noise performance [1.10] and

indeed the major obstacle to developing practical, high performance and
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cost-effective systems for such applications is a lack of solid-state signal sources,
rather than of detectors [1.11].

There have been several recent advances in the THz field leading to the achievement
of milestones such as the development of THz time-domain spectroscopy (THz-TDS),
THz imaging, and high-power THz generation by means of nonlinear effects.
Photonics has led the way to the realisation of many important THz devices such as
the quantum cascade laser (QCL) and the uni-travelling-carrier photodiode (UTC-PD).
The QCL provides a powerful continuous-wave (CW) THz source, and the UTC-PD is a
high-power and high-speed photodiode employing a photomixing technique to
generate sub-THz and THz waves [1.1].

In order to accomplish the goal of the present work a few requirements need to be
met at the same time: a) the design of a high performance UTC-PD; b) a simple,
repeatable and high-yield fabrication process; c) a high directivity and wide-band THz
antenna (band defined not only in terms of input-impedance but also radiation
pattern [1.12]); d) good fibre-to-chip and chip-to-antenna coupling.

In the following section an overview of state of the art CW THz sources is presented
with special attention given to photomixing techniques employing uni-travelling

carrier photodiodes, which are the subject of this work.

1.2 Sources for continuous wave terahertz generation
Conventional microwave sources do not work fast enough to generate radiation
efficiently at frequencies above a few hundred GHz, while diode laser sources are
limited by thermal effects to the infrared and visible [1.13] and QCLs need cryogenic
cooling to work efficiently in the THz range. Several approaches have been developed
that enable the efficient generation and detection of terahertz waves, by means of
experimental schemes that are truly commercially viable. The most mature
technology employs ultra-fast pulsed laser technology, with photoconductive
devices, and produces very short terahertz pulses. As a pulsed technique, with
sub-picosecond timescales, the method is intrinsically broad band.

Sub-millimetre wave and THz coherent systems, based on photonic local oscillators,
can enable the creation of highly coherent, thus highly sensitive, systems for
frequencies ranging from 100 GHz to 5 THz, within an energy efficient integrated
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platform [1.14], [1.15]. Spectroscopy systems based on continuous-wave CW
technology, which use monochromatic sources with an accurate frequency control
capability, have attracted much attention [1.16], [1.17] as there are numerous
systems and phenomena of great interest in chemistry, physics, and biology, which
can be very effectively studied by high resolution spectroscopy in the THz gap; these
include the determination of intermolecular potential surfaces, studies of hydrogen
bond tunneling dynamics, vibrational spectroscopy of metal and covalent clusters,
and studies of reactive molecular complexes [1.18]. Also, the THz range covers the
energy range for molecular rotation of polar molecules and librations of
macromolecules. High-resolution THz absorption spectroscopy is very appealing for
chemical composition analysis since rotation spectra with many narrow characteristic
lines in this frequency range represent highly selective fingerprints of molecules
[1.19]-[1.21], including (large) organic molecules [1.22]-[1.24]. The CW source-based
systems provide a higher signal-to-noise ratio (SNR) and spectral resolution than
pulsed technology; when the frequency band of interest is targeted for the specific
absorption line of the objects being tested, CW systems with the selected frequency-
scan length and resolution are more practical in terms of data acquisition time as well
as system cost [1.7].

Another wide field of interesting applications of CW THz radiation is related to the
fact that the cosmic background radiation density peaks in the THz range [1.25];
tuneable CW THz sources can be used as local oscillators for heterodyne detection of
cosmic radiation. A particular advantage results for phase-locked coherent detection
within an array of antennas.

Continuous-wave (CW) terahertz sources can be divided into seven categories:
electron beam sources; optically pumped far-infrared gas lasers; solid-state sources;
frequency multipliers; terahertz semiconductor lasers; terahertz parametric sources;
and terahertz photomixers. Sub-sections 1.2.1 to 1.2.7 provide a brief overview of

these CW THz sources.

1.2.1 Electron beam sources

Gyrotrons [1.26], free electron lasers (FELs) [1.27], and backward wave oscillators

(BWOs) [1.28] are electron beam sources that can generate high power signals at
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terahertz frequencies. The operation of these devices is based on the interaction of
a high-energy electron beam with a strong magnetic field inside resonant cavities or
waveguides, which results in an energy transfer between the electron beam and an
electro-magnetic wave. Gyrotrons for complete CW operation mode have been
designed and constructed [1.29]-[1.33]. The gyrotron is the most powerful source of
coherent radiation in the millimetre wave and terahertz region of the
electromagnetic spectrum; today gyrotron oscillators produce over 1 MW of average
power in continuous (CW) operation at frequencies up to 170 GHz [1.34]. Since
gyrotron operation is based on the cyclotron resonance interaction between
electrons gyrating in external magnetic fields and electromagnetic waves, the
frequency of radiation is proportional to the external magnetic field. Therefore, to
realise high-power radiation at wavelengths shorter than 1 mm at the fundamental
cyclotron resonance, magnetic fields must exceed 11 T [1.35]. Acceptably expensive
superconducting solenoids can provide not more than 15 T, therefore, for the
generation of the near-terahertz range of frequencies, operation at higher cyclotron
harmonics is needed [1.35]. Optimised for the second harmonic operation of TE4, 1, at
the frequency of 1013.7 GHz, gyrotrons have exhibited output powers of several
hundred watts at the fundamental frequency and several tens of watts at the second
harmonic operation [1.29].

The figures related to gyrotron power budgets can vary significantly. A
frequency-tuneable continuous-wave (CW) 330-GHz gyrotron oscillator, operating at
the second harmonic of the electron cyclotron frequency, was reported [1.36]. With
a beam voltage of 10.1 kV, a beam current of 190 mA and 18 W of generated power,
the corresponding efficiency was equal to 0.9%; the cavity magnetic field was 6 T. The
Gyrotron FU CW VIl reported in [1.33] emitted 200 W at 203.75 GHz (TEs; mode) and
50 W at 395.28 GHz (TE;s mode), with a 9.2 T magnetic field and typical parameters
of electron beam such as 10-15 kV acceleration voltage and 200-350 mA beam
current. An output power of 600 kW at 170 GHz, was demonstrated in [1.37] at
steady-state operation maintained for over one hour. A constant current was
maintained at about 30 A, keeping the nominal TE3;,5 oscillating mode and the stable

600 kW output. An efficiency of 45% was obtained with a depressed collector of 27kV.
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Gyrotrons are power hungry systems and are expensive as well as very bulky and
heavy. Some reported figures of height/weight are 2.08 m/1041 kg [1.38],
2.7 m/200 kg [1.39], 3 m/800 kg [1.37].

Free-electron lasers use a beam of high-velocity bunches of electrons propagating in
a vacuum through a strong, spatially varying magnetic field. The magneticfield causes
the electron bunches to oscillate and emit photons. Mirrors are used to confine the
photons to the electron beam line, which forms the gain medium for the laser. Such
systems impose prohibitive cost and size constraints and typically require a dedicated

facility [1.40], [1.41].

1.2.2 Optically pumped far-infrared gas lasers

Optically Pumped Far-Infrared Gas Lasers consist of a CO, pump laser radiating into
a cavity filled with a gas that lases in the terahertz frequency range [1.42], [1.43]. The
lasing frequency is determined by the filling gas, with one of the strongest being that
of methanol at 2522.78 GHz; at this frequency an output power of 1.25 W was
demonstrated by Farhoomand et al [1.44] for a CO; pump power of 125 Watts and a
not specified input electrical power.

In general output power levels of 1-20 mW are common for 20—100 W pump laser
power depending on the chosen line [1.45]. The lasing process is quite inefficient as
the majority of the pump radiation is simply converted to heat [1.46]. For example
the theoretical limit on efficiency for the line of methanol at 2522.78 GHz is 4%, but
typical efficiency for this transition is on the order of 0.2%, and the best efficiency
reported is 1% [1.44]. Also large cavities and kilowatt power supplies are typically
required [1.40], such as the high voltage power supply (25 kV, 10 mA) used in [1.47].
Molecular gas lasers can emit at several thousand discrete wavelengths which
sparsely cover the THz region [1.47], however these CW sources are not continuously
tuneable [1.40]. Solutions to realise tuneability have been suggested in [1.48], [1.18]
by mixing a tuneable microwave source with these lasers. It was found [1.49], [1.50]
that the lack of tuneability of these lasers is a direct consequence of their operation
at low pressure, a requirement seemingly imposed on CW systems by rather
fundamental theoretical considerations; Everitt et al. [1.50] suggested that operating

the lasers at pressures significantly higher than the maximum allowed by theory,
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could provide substantial tuneability. Table 1.1 gives a summary of the power
emitted in the THz gap by some state of the art optically pumped lasers and gyrotrons

oscillator, operating in CW regime.

Table 1.1: Details of the power emitted in the THz gap by state of the art gyrotrons and optically
pumped lasers, operating in CW regime. The entries are ordered by type first (gyrotrons and gas lasers)
and by frequency then.

Source Description Output Power (W) Frequency (THz)
Gyrotron oscillator [1.37] 6 x 10° 0.170
Gyrotron FU CW VI [1.33] 200 0.203
Gyrotron oscillator [1.36] 18 0.330
Gyrotron FU CW VII [1.33] 50 0.395
Gyrotron FU CW I11 [1.29], [1.33] >10 1.014
Optically-pumped laser (SIFIR-50 DSW) [1.46] 0.002 0.333
Optically-pumped laser (SIFIR-50 FSW) [1.46] >0.1 1.760
CO2 pumped Far-Infrared Gas Laser [1.44] 1.25 2.523

1.2.3 Solid-state sources

Solid-state sources can be categorised as two-terminal and three-terminal devices
[1.51]-[1.54]. Two-terminal devices are commonly used to generate more THz power
and can be used as local oscillators for THz mixers and as drivers for frequency
multipliers [1.45]. Two-terminal devices include resonant tunnelling diodes (RTDs)
[1.55], Gunn or transferred electron devices (TEDs) [1.56], [1.57], and transit time
devices such as impact avalanche transit time (IMPATT) diodes and tunnel injection
transit time (TUNNETT) diodes. All of these devices exhibit a negative differential
resistance (NDR), which is the critical property for oscillation and amplification. The
difference arises from how the negative differential resistance is achieved.

An RTD with a graded emitter and a 0.39 pm? mesa area was described in [1.58],
exhibiting a 7 uW output power at 1.04 THz, for a current peak density of about
23 mA/um? and a 0.8 V voltage at the current peak. In [1.59] an InP Gunn device was
demonstrated, which generated 85 pW at 479 GHz for a DC power of about 920 mW.
IMPATT diodes generate inevitably high level of phase noise because of the statistical
nature of the avalanche process. They have anyway shown high levels of CW power

up to 361 GHz. Examples are 78 mW at 185 GHz from a 21 um diameter diode for a
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12.8 V voltage and 780 A/mm? current density, which yields a 2.3 % efficiency [1.60];
7.5 mW at 285 GHz from a 17 um diameter diode for a 11.7 V voltage and 800 A/mm?
current density (0.35 % efficiency) [1.60]; 0.2 mW at 361 GHz from a 15 um diameter
diode for 680 A/mm? current density and unspecified voltage [1.60].

A GaAs tunnel TUNNETT diode on a diamond heatsink yielded a CW power level of
more than 140 pW at 355 GHz in third-harmonic mode for a DC power of about
670 mW [1.61]. The GaAs TUNNETT diode presented in this letter requires much
lower DC input power than IMPATT diodes and offers better noise performance than
a Si IMPATT diode.

Three-terminal devices have traditionally been used principally for low-noise and
wideband amplifiers; progress in power amplifiers has been reported with GaN
HEMT (High Electron Mobility Transistors) having achieved more than 0.5 W at 100
GHz and InP HEMTs and HBTs (Heterojunction Bipolar Transistors) having exhibited
30-50 mW around 200 GHz and 1-10-mW around 300 GHz [1.62]. The transistor-
based oscillators are also showing improvements; they attain negative differential
resistance (NDR) from the circuit-level property of transistor networks, instead of the
device-level property exploited for two-terminal oscillators. Various types of
topologies, such as LC cross-coupled, Colpitts, and ring, have been employed for THz

oscillators [1.63].

1.2.4 Frequency multipliers

Frequency multipliers are nonlinear devices that generate a specific harmonic of an
input sine signal and suppress undesired ones. They require a matching network at
the input and output frequencies, but also at the undesired (idler) frequencies to
optimize the transfer of power from the fundamental frequency to the desired
harmonic [1.64] which makes the building of high order frequency multipliers
difficult. The most efficient terahertz frequency multipliers are realised by series
chain of frequency doublers and frequency triplers [1.4]. Multiplier chains formed
with cascaded Schottky doublers and/or triplers have been broadly used in the last
two decades to up-convert the signal provided by the available solid-state sources at

100-150 GHz [1.65], [1.66].
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A frequency multiplier chain able to generate up to 1.4 mW of output power across
the 840-900-GHz band at room temperature was demonstrated in [1.67]. These
power levels were made possible by the use of in-phase power combining of
frequency multiplier chips, previously proposed in [1.68], and by the advances in
planar GaAs Schottky diode multipliers. The chain consists of a W-band power
amplifier module that drives two cascaded frequency triplers. The driver chain of the
900-GHz in-phase power-combined frequency tripler includes a W-band synthesizer
followed by a high power power-combined W-band amplifier module, and a
power-combined 300-GHz frequency tripler based on [1.68]. When pumped with
330-500 mW, this tripler delivers 29-48 mW in the 276—-321-GHz band. The 900-GHz
tripler output power was measured in the 826—-950-GHz band. The conversion
efficiency is explicitly stated only for the second tripler and was calculated by dividing
the power levels recorded at the output of the 900-GHz chain by the power levels
recorded at the output of the driver stage; this conversion efficiency is in the range
of 2.1% to 2.5% in the frequency range 849.6 GHz to 898.2 GHz, whereas decreases
from 2.4% to 0.3% between 900-950 GHz. The overall efficiency of the whole chain
will be significantly smaller as the efficiency of the driver section has to be included
and the DC power supply should also be taken into account. The next generation of
Schottky multipliers should be able to take advantage of the advances and the high
power already available from driver amplifiers based on InP high electron-mobility

transistors (HEMTs) [1.62].

1.2.5 Terahertz semiconductor lasers

Very promising terahertz semiconductor sources are Quantum Cascade Lasers (QCLs)
[1.69]-[1.73]. A QCL is a unipolar laser, in which the conduction band or the valence
band is divided into a few sub-bands. The carrier transition occurs between these
discrete energy levels within the same band. The discrete energy levels are created
in a semiconductor heterostructure containing several coupled quantum wells. The
idea of QCLs was introduced in 1971 [1.69], however the first QCL was demonstrated
at the wavelength of 4 um (75 THz) at Bell Labs in 1994 [1.70]. The first QCL with a
photon energy less than the semiconductor optical phonon energy was

demonstrated at a wavelength of 67 um (4.4 THz) by Kéhler et al. [1.6] at the Scuola
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Normale Superiore in Pisa, in a collaboration with Cambridge University; later in 2006
a QCL operating at 1.6 THz was also demonstrated [1.74]. Quantum Cascade Lasers
are not ideal for most terahertz applications as their tuning range is limited [1.75]
and, most importantly, they must operate at energy levels close to the lattice phonon
to generate THz radiation, therefore requiring cryogenic cooling and in some cases
the support of strong magnetic fields.

In any case the output power drops significantly as the frequency decreases across
the spectral coverage 0.84 THz to 5.0 THz which has been demonstrated [1.76]. In
[1.77], for a 10 K operating temperature, a 123 mW CW output power was
demonstrated at 4.4 THz, with a voltage and a current of about 11.5 V and 1.9 A
respectively, which yields 0.5 % efficiency; it should be noted that, once the power
consumption of the cooling system is also taken into account, the wall-plug efficiency
of THz QCLs systems integrated with pulsed-tube cryorefrigerators or Stirling
cryocoolers can get as low as 0.001 % [1.78]. An even higher power (138 mW) was
generated in the same experiment, using a QCL with a wider and shorter ridge, but
the resulting efficiency was lower. Significantly smaller levels of power have been
instead demonstrated, for the same 10 K operating temperature, at the low end of
the demonstrated spectral coverage, e. g. 360 uW in the range 1.6 THz to 1.8 THz
[1.74] and 100 pW at 1.3 THz [1.79].

A new emerging solution, employing the QCL technology to generate tuneable THz
radiation at room temperature, is based on intracavity difference-frequency
generation (DFG) in dual-wavelength mid-infrared quantum cascade lasers [1.78],
[1.80]. Terahertz quantum cascade laser sources based on an optimised non-collinear
Cherenkov difference-frequency generation scheme demonstrated a tuneable
external-cavity (EC) THz QCL source, with a tuning range spanning 1.70-5.25 THz
[1.78]. Devices emitting at 4 THz exhibited a mid-infrared-to-terahertz conversion
efficiency greater than 0.6 mW/W? and generated nearly 0.12 mW of peak output
power; devices emitting at 2 THz and 3 THz fabricated on the same chip displayed
output powers of 12 uW and 36 pW respectively, with 0.09 mW/W?2 and 0.4 mW/W?
mid infrared-to-terahertz conversion efficiency at room temperature. The wall-plug
efficiency of these DFG-QCL systems remains less than 106, with the maximum value

of 9 x 10 7 obtained at 4THz.
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1.2.6 Terahertz parametric sources

Parametric interaction in nonlinear crystals can generate terahertz waves via
interaction of near-infrared photons and optical vibration modes inside a nonlinear
optical crystal, as observed for the first time in 1969 [1.81]. In this process, the energy
of an input pump photon with frequency fp is partially depleted through parametric
interaction with the optical vibration modes inside the crystal and produces a Raman-
shifted Stokes photon with frequency fs [1.82]. Consequently, the difference
frequency generation (DFG) process between the pump and the Stokes photons
inside the nonlinear crystal generates a terahertz signal with frequency f7, such that
fr = fp — fs to fulfil the law of conservation of energy.

Nonlinear crystals are also used for difference frequency mixing where narrow band
THz signals can be generated by mixing two frequency detuned narrow linewidth
laser beams inside the crystals [1.83]-[1.87]; in this case both input laser beams are
generated outside the crystal and are coupled into the crystal for mixing purpose.
Efforts to generate pure CW THz radiation have been made.

A continuous-wave optical parametric terahertz light source is presented in [1.88].
This source employs simultaneous phase matching of two nonlinear processes within
one periodically-poled lithium niobate crystal, situated in an optical resonator, and
coherently emits a diffraction-limited terahertz beam that is tuneable from 1.3 THz
to 1.7 THz with power levels exceeding 1 uW; the linewidths of the generated THz
signal-wave is estimated to be about 1 MHz, while the required optical pump power
ranges from 6 Wto 12 W.

Continuous-wave terahertz was demonstrated in [1.89] by laser diode (LD) pumping
in non-collinear phase-matched difference frequency generation (DFG); the authors
also discuss the effects of interaction length and beam spot size of the input lasers
(near-IR) in GaP crystals. This system generates narrow linewidth CW THz radiation
and offers quite a wide tuneability, previously demonstrated from 0.69 THz to
2.74 THz in [1.90]. The CW output power is limited, with a level of 4 nW obtained with
a 20 mm long GaP crystal at 1.5 THz; the pump laser power is not given but the

authors indicated having used in [1.89] two fibre amplifiers (FAs) to amplify the
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output power of each laser diode as the maximum pump laser power in their previous

work [1.90] was below a few hundred mW.

1.2.7 Terahertz photomixers

Terahertz photomixers are coherent CW THz sources continuously tuneable over a
very wide frequency range. They are among the most promising candidates for
developing compact, low-power consuming, and low-cost THz spectroscopy and
imaging systems operating at room temperature, for various THz applications [1.45].
To date, photoconductors based on Low-Temperature Grown GaAs (LT-GaAs) have
been the prevalent types of photomixing elements. Photoconductive or electro-optic
techniques have been extensively employed for coherent detection in photomixing-
based terahertz systems. The success of this technology has relied mainly on the
sensitivity of the detection rather than the power capability of the emitter since the
exploitation of photoconductive effects can offer limited output power levels [1.91].
Recently though, Peytavit et al [1.92] have demonstrated a continuous wave output
power, from a low-temperature-grown GaAs photoconductor, reaching 1.8 mW at
252 GHz for a 270 mW input optical power, a 24 mA DC photocurrent and a 3 V bias
voltage; such a high level of output power was made possible by the use of a metallic
mirror-based Fabry-Pérot cavity and an impedance matching circuit. An essential
merit of the device discussed in [1.92] is the high level of saturation current as
saturation begins to show for an optical input power of 180 mW and is attributed
mainly to thermal effects; the photoconductor is believed to handle such a high
thermal power thanks to the thermal management built on the thinness of the
LT-GaAs layer and the high thermal conductivities of the buried gold layer and the
silicon substrate.

CW terahertz systems can substantially benefit from migrating to the InP material
system since many optical functions can be implemented with “off-the-shelf” cheap,
compact and reliable components [1.93], [1.94]; InP has also been the enabling
material for the development and mass production of optoelectronic devices that
operate in the low loss window of single mode optical fibres (SMF) at 1550 nm [1.95].
The need for high speed devices with high saturation currents led to the development

of the Uni-Travelling Carrier Photodiode (UTC-PD) [1.96], [1.97] whose most popular
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implementation based on InP materials is nowadays an established solution for CW
terahertz generation via photomixing. The photo-response of the UTC-PD is
dominated by the electron transport in the whole structure. This is an essential
difference from the conventional pin PD, where both electrons and holes contribute
to the response, and the low-velocity hole-transport dominates the performance.
The velocity of electrons (3-5x107 cm/s) is 6-10 times higher than that of holes
(5%108cm/s) and in the UTC-PD, electrons exhibit velocity overshoot in the InP carrier
collection layer; in addition the UTC-PD generates higher output saturation current
even in the high-frequency operation due to the reduced space charge effect in the
depletion layer, which also results from the high electron velocity in the depletion
layer [1.98]. These properties make the UTC-PD a high speed and high output power
photodiode. An output power of 0.75 W (28.8 dBm) at 15 GHz from a modified UTC
(MUTC) was demonstrated in [1.99] for a saturation current greater than 180 mA and
a reverse bias of 11 V. A 3 dB bandwidth of 310 GHz was demonstrated in [1.100]
from an ultra-thin (30 nm) InGaAs absorption layer UTC; the bandwidth value was
obtained with a pulsed measurement returning a full width at half maximum (FWHM)
of 0.97 ps for a reverse bias voltage -0.5 V and an input power of 0.14 pJ/pulse. Also,
a 3 dB bandwidth higher than 110 GHz and 10 mW extracted power at 110 GHz were
demonstrated in [1.101], for 100 mW of optical input power (up to 36 mA of DC
photocurrent) and 2 V reverse bias.

Figure 1.2 shows the state of the art of the output power generated in the frequency
range 15 GHz to 5 THz by different semiconductor CW terahertz sources operating at
room temperature, while Table 1.2 provides further details of such sources. This is a

constantly evolving scenario where new performance records are set regularly.
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Figure 1.2: Output power generated in the frequency range 15 GHz to 5 THz by different
semiconductor CW THz sources operating at room temperature.
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Table 1.2: Details of state of the art semiconductor CW THz sources operating at room temperature.

Source Description Output Power (mW) Frequency (THz)
GalnAs/AlAs double-barrier resonant tunneling diode 3
(RTD) [1.58] 7x10 1.040
InP Gunn device [1.59] 85 x 107 0.479
p*pn* silicon impact ayalanche transit time (IMPATT) 200 X 10 0.361
diode [1.60]
GaAs tunnel injection transit-time (TUNNETT) diode 140 x 10 0.355
[1.61]
Chain of a power amplifier module driving two cascaded 14 0.875
frequency triplers (Combined Multiplier) [1.67] ' '
Fix-tuned x 2 x 3 x 3 frequency multiplier chain 21 x 10 1.640

(Multiplier) [1.102]

40-um back-illuminated and flip-chip-bonded, charge-
compensated modified uni-travelling carrier photodiode 750 0.015
(CC-MUTC-PD) [1.99]

Double-mesa back-illuminated uni-travelling carrier

photodiode (UTC-PD) with an absorption area of 30 um? 20.8 0.100
[1.103]
Double-mesa back-illuminated uni-travelling carrier
photodiode (UTC-PD) integrating resonant narrowband 10.9 x 108 1.04
dipole antennae [1.104]
Edge-coupled waveguide uni-travelling carrier photodiode 10 0110
(UTC-PD) [1.101] :
Edge-coupled waveguide uni-travelling carrier photodiode 3
(UTC-PD) [1.105] 148 x 10 0.457
Edge-coupled waveguide uni-travelling carrier photodiode 3
(UTC-PD) [1.105] 25x10 0.914
Uni-travelling carrier photodiode module (UTC-PD
Module) with two identical UTC-PDs monolithically 12 0.300
integrated along with a T-junction to combine the power ' '
from the two PDs. [1.106]
Travelling wave uni-traveling carrier photodiode employing 5 x 1023 102
a mode-converting waveguide (TW-UTC-PD) [1.107] '
Travelling wave uni-traveling carrier photodiode employing 0.5 x 107 153

a mode-converting waveguide (TW-UTC-PD) [1.107]

Low-temperature-grown GaAs photoconductor using a
metallic mirror-based Fabry-Pérot cavity and an impedance 1.8 0.252
matching circuit (LT-GaAs photoconductor)[1.92]

Terahertz quantum cascade laser sources based on an
optimized non-collinear Cherenkov difference-frequency 12 x 103 2
generation generation (QCL-DFG)[1.78]

Terahertz quantum cascade laser sources based on an
optimized non-collinear Cherenkov difference-frequency 36 x 103 3
generation generation (QCL-DFG)[1.78]

Terahertz quantum cascade laser sources based on an
optimized non-collinear Cherenkov difference-frequency 0.12 4
generation generation (QCL-DFG)[1.78]

Room temperature terahertz quantum cascade laser source
based on intracavity difference-frequency generation (QCL- 0.3x 103 5
DFG) [1.80]
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As mentioned previously, the objective of this work is the realisation of high-power
and room-temperature Continuous Wave (CW) Photonic Terahertz Emitters
employing Antenna-Integrated Uni-Travelling-Carrier Photodiodes (UTC-PDs). The
role played by the THz antenna is central to the achievement of this goal. At low
microwave frequencies and below, the consolidated and systematic knowledge of
antennas, both in terms of theory and practical applications, allows engineers to
optimise those properties that are essential to maximise the antenna performance
(e. g. matching to the driving source, radiation efficiency and far-field radiation
pattern) and are strongly frequency dependent. In the author’s opinion such a
thorough and systematic approach is still to be extended to the world of sub-
millimetre and THz waves, having often being underestimated in favour of the physics
of the device employed as a source, and yet it is indispensable to understand and
optimise the operation of CW THz emitters. In the next section a brief discussion is
presented regarding the role and importance of planar antennas in a photonic THz
emitter, while a short review of the state of the art of antennas employed in the

frequency range from millimetre to THz waves will be given in Chapter 5.

1.3 Terahertz (THz) antennas

The use of high performance uni-travelling carrier photodiodes, as devices enabling
high optical-to-electrical (O-E) conversion efficiency, is central to the realisation of
photonic terahertz emitters. An equally important factor, to achieve high
performance in such emitters, is the realisation of the best possible terahertz
antenna, ideally having a wide bandwidth, both in terms of radiation pattern and the
efficiency of energy coupling from the driving source, in order to exploit the
tuneability of photonic THz sources. Also, succeeding in achieving such high
performance from antennas with a planar geometry, would be a breakthrough
because of the easy and practical on-chip integration to photodiodes.

To meet the need of high gain and directivity, several antennas with different
objectives have been developed but, for instance, compatibility with communication
systems of these antennas is difficult. Waveguide and planar antennas have
traditionally been regarded as suitable for communication systems as they can be
integrated with monolithic transceiver systems. Waveguide type antennas have
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extensively been studied and even used in the terahertz communication systems. On
the other hand, planar antennas are attractive due to integration, low cost, and
lightweight, but suffer from low directivity and radiation efficiency. For this reason,
planar antenna systems have not yet found much place in sub-millimetre wave and
terahertz communication systems; hence, there is the need to explore the potential
of this type of antenna at terahertz frequencies [1.8].

With regards to THz wireless communication applications, the essential role played
by antenna properties, such as gain and efficiency of energy coupling to the driving
source, is obvious from the well-known Friis equation, first derived by Harald T. Friis
at Bell Labs in 1945 [1.108] and here shown in its generalised form (1.1). The
generalised Friis equation essentially allows us to calculate the fraction of the power
made available to the transmitting antenna, that is ultimately delivered to the load
connected to the receiving antenna (B./P;), within a radio circuit made up of a

transmitting antenna and a receiving antenna in free space.

2

P, A
5= 600 906,6,,00 (777) (L= LA~ ILBELRe (1)

The significance of the factors on the right hand side term of (1.1) is described as
follows. 1) G; and G, represent the gains of the transmitting and receiving antenna
respectively, and are function of the angles 8 and ¢ in a spherical reference system.
It is noted that the antenna gain comprises both the directivity and the radiation
efficiency and, for instance, if part of the power delivered to the antenna from the
source is lost into the antenna as heat, instead of being coupled into free space, then
the radiation efficiency will be less than 1 (e. g. less than 0 dB) and the gain will be
smaller than the directivity. 2) 1 is the wavelength at the operating frequency, in the
propagation medium. 3) d is the distance between the transmitting and the receiving
antenna. 4) I, and I} are the reflection coefficients of the voltage wave at the
source/transmitting-antenna interface and at the receiving-antenna/load interface
respectively. When the source impedance and the load are real then (1 — |T}|?) and
(1 — |T+]?) represent the fraction of power provided by the source that is accepted

by the transmitting antenna and the fraction of power captured by the receiving
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antenna that is accepted by the load, therefore minimising |I;| and |I}.| is equivalent
to maximising the power transfer. When the source impedance is complex, as is the
case for the UTC, then the complex/conjugate matching to the antenna impedance
needs to be considered. 5) PLF is the Polarisation Loss Factor and takes into account
the polarisation mismatch between the radiated electric field and the receiving
antenna. 6) « is the absorption coefficient in the transmission medium and the term
e~ accounts for the absorption loss across the whole distance d. The absorption
losses between 0.1 — 1.0 THz are mainly due to strong absorption of THz radiation by
atmospheric water vapour, nevertheless windows of fairly high transmission are
present, especially at the lower THz frequencies, where transmission over paths
greater than 100 meters is feasible [1.109]. Figure 1.3 plots the attenuation from
0.1 THz to 1 THz, for six different atmospheric conditions, all at sea level, representing
the extremes from very low atmospheric attenuation in the winter, to very high levels

in tropical climates [1.110].
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Figure 1.3: Atmospheric attenuation at sea level pressures for six different conditions
of temperature, humidity, and atmospheric particulates [1.110].
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Thus, if the realisation of a source capable of generating high levels of power, such as
the UTC-PDs employed in the THz photonic emitters discussed in this work, is
essential for the overall performance, it is evident from (1.1) how the careful design
of the antenna plays an absolutely vital role in maximising the fraction of generated
power ultimately delivered to the target load. The maximisation of the efficiency of
energy coupling at the source/transmitting-antenna interface and at the
receiving-antenna/load interface, requires the knowledge of source and load
impedance, to be matched to the antenna impedance in order to achieve a maximum
transfer of power in the frequency range of interest. On the other hand, directivity
and radiation efficiency are intrinsic properties of antennas and their optimisation is
irrespective of the driving source and the load.

Optimising the gain of an antenna in transmission will also result in the antenna being
optimised as a receiver, as indicated in the principle of reciprocity in antenna theory,
proposed by M. S. Neiman [1.111]. Antennas do not have distinct transmit and
receive radiation patterns and if the radiation pattern in the transmit mode is known,
then the pattern in the receive mode is also known. It follows that the better an
antenna radiates energy the better it collects it. As a consequence, the optimisation
of the antenna parameters in a photonic THz emitter will also contribute to the
realisation of better THz receivers and more sensitive detectors.

The essential role played by the antenna properties, quantified in equation (1.1), is
then obvious not only with regards to wireless communication applications, but for
all THz applications employing antenna integrated devices such as, among others,
spectroscopy sensing and imaging. In effect, the first THz antennas to be developed
were intended for applications other than wireless communications which had not

yet been considered [1.3], [1.112].

1.4 Organisation of the thesis and key novel contributions
Chapter 2 discusses the first ever reported InGaAsP-based uni-travelling carrier
photodiodes fabricated from a structure grown by Solid Source Molecular Beam
Epitaxy (SS-MBE). The use of Solid Source Molecular Beam Epitaxy enables the major
issue associated with the unintentional diffusion of zinc in Metal Organic Vapour
Phase Epitaxy to be overcome and gives the benefit of the superior control provided
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by MBE growth techniques without the costs and the risks of handling toxic gases of
Gas Source Molecular Beam Epitaxy. Large area vertically illuminated test UTCs were
fabricated and characterised. Material growth, device fabrication and
characterisation were all carried out at UCL; this achievement is a milestone towards
the development of a simple, repeatable and high yield fabrication process enabling
the realisation of high performance UTCs, from material growth to device fabrication.
The next step is the fabrication of edge-coupled waveguide UTC, also reported in this
chapter; an outline of the fabrication process and some results obtained from the
first devices which have been fabricated are shown.

Chapter 3 reports the experimental characterisation and circuit analysis of waveguide
UTCs. The device impedance and Si1 have been measured up to 110 GHz and the
frequency photo-response up to 67 GHz. A detailed analysis is performed
to find out why the classical diode circuit model, based on the
junction-capacitance/series-resistance concept, cannot explain the experimental
data. A new circuit model is proposed, to explain the observations, that achieves very
good agreement with the measurements and a link is suggested between the
additional energy storage circuit elements present in the new circuit and quantum
mechanical effects taking place between the UTC absorption and collection layers.
An evaluation of the quasi-field generated in the absorber of the analysed UTCs by
the graded doping profile is also carried out, in order to take the transit time limited
response into account.

Chapter 4 presents the 3D full-wave modelling and simulation of the UTC structure
at sub-millimetre wave frequencies and at optical frequencies. Building on the results
obtained in the previous chapter, the full-wave modelling allows the device S11 and
impedance to be calculated and refined up to 400 GHz; the UTC frequency
photo-response is also modelled. The results obtained enable the question regarding
the UTC-to-antenna coupling efficiency to be more thoroughly understood. This
chapter also presents 3D full-wave optical modelling and simulation, aiming to better
understand and improve the optical power coupling between lensed fibre and UTC
optical waveguide. The coupling between an incident Gaussian beam and the UTC

optical waveguide is also analysed.
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Chapter 5 describes new THz antenna designs, obtained by means of full-wave
electromagnetic modelling, which prove to be suitable for integration with both
standard silicon lenses and a novel solution employing a ground plane. Realising
accurate alignment between silicon lens and antenna chip is essential to optimise the
radiation pattern and yet is a challenging task to accomplish; antennas integrated
with ground planes do not require such alignment. The effect of misalignment
between antenna chip and substrate lens on the radiation pattern is shown. The
ground plane solution can offer advantages in terms of heat dissipation, as it is more
suitable for the realisation of efficient heat sinks. In this chapter the case study of a
large bow-tie antenna is also presented and the comparison between modelled and
measured radiated power is discussed; it is shown that the knowledge about the UTC
impedance achieved in Chapter 3 and 4 enables the radiated power to be predicted
with satisfactory accuracy while the radiated power calculated based on the classical
junction-capacitance/series-resistance concept is in substantial disagreement with
the measurements.

Chapter 6 presents a detailed analysis regarding the use of a sub-wavelength
aperture probe to investigate THz emission, particularly in antenna near- and
far-fields. Thanks to its excellent properties as a near-field detector, the probe
enables the reconstruction of the electric field in the vicinity of antennas and can be
employed as a tool to assist the realisation of the optimum terahertz antenna via
experimental analysis of the antennas designed numerically. The achieved full
understanding of the near-field probe response and its limited invasiveness allow the
distribution of the electric field, and hence surface currents, to be extracted,
providing important information about THz antenna operation. The probe also
exhibits properties enabling accurate detection of far-fields and the experimental
system incorporating the probe is suited to map antenna far-field radiation patterns;
therefore the sub-wavelength aperture probe can be a valid tool to measure the
far-field radiation pattern of antenna integrated photodetectors at sub-millimetre
wave and THz frequencies, where this type of measurement is challenging and no
standard experimental arrangements are available.

Chapter 7 reports three different designs to realise UTC PDs monolithically integrated

with THz antenna arrays with ground planes and substrate lenses. A 2 x 2 antenna
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array with a ground plane exhibits good performance in terms of radiation pattern
and radiation efficiency although requiring a challenging fabrication process to
separate the antenna elements and eliminate the mutual coupling. A second 2 x 2
antenna array design with a ground plane overcomes the mutual coupling problem
without requiring difficult fabrication and is suitable for realisation of large arrays,
but exhibits a narrower bandwidth. The modelling of a 2 x 2 antenna array with a
silicon lens shows that substrate lenses are not suited to antenna arrays. This is due
to the fact that the alignment between a substrate lens and the emitter is essential
to obtain a good radiation pattern; when a lens is integrated with an array, each
antenna element is inevitably misaligned with the lens.

Chapter 8 gives a summary of the thesis, draws conclusions about the presented work
and indicates ideas for follow up and future work. In the next section a list is provided
of the key novel results achieved by the research work presented in this thesis. Parts
of these novel contributions have already been published on peer reviewed journals
and presented at peer reviewed conferences; a list of publications can be found

before the table of contents. Additional papers are in preparation.

1.4.1 Key novel contributions

o First reported InGaAsP based Uni-Travelling Carrier Photodiodes from a
structure grown by Solid Source Molecular Beam Epitaxy. Large area vertically
illuminated test devices and broad band edge-coupled waveguide devices
have been realised.

e Semi analytical study of waveguide UTC impedance, Si11 and photo-response
up to 400 GHz, supported with experimental data taken up to 110 GHz and
circuit analysis.

e 3D full-wave electromagnetic modelling of a waveguide UTC structure,
allowing a further refinement of the UTC impedance knowledge to be
achieved and enabling, for the first time, an in depth understanding of the
UTC to antenna coupling efficiency question.

e Use of the UTC impedance knowledge to calculate, by means of full-wave
modelling, the power radiated by an antenna integrated UTC and comparison

with the experimental measurements, not only in terms of trend over the
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frequency range but even in terms of absolute level of emitted power. Good
agreement is obtained.

Design of high radiation efficiency and high directivity sub-millimetre wave
planar antennas with ground planes on electrically thick substrates. High
radiation efficiency and high directivity sub-millimetre wave planar antennas
have been previously designed only on substrate lenses and thin membranes.
Improved antenna design to bring the ground plane close to the antenna. This
solution is suited to antenna array realisation, as the substrate modes are
suppressed and the deleterious mutual coupling between antenna elements
is greatly reduced.

The first 3D full-wave modelling of an antenna array on a hyper-hemispherical
silicon lens at sub-millimetre wave frequencies.

Evaluation of the effect of misalignments between substrate lens and antenna
chip by means of 3D full-wave modelling.

The first in-depth study of the response of a sub wavelength aperture probe
and its use as an additional experimental tool for the analysis of antenna
near- and far-field properties.

The first design of sub-millimetre wave UTC antenna arrays with ground
planes on electrically thick substrates and novel design with a ground plane

close to the antenna elements.
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Chapter 2 - InGaAsP-based UTCs from
materials grown by solid source MBE

The fabrication of high performance uni-travelling carrier photodiodes, as devices
enabling high optical-to-electrical (O-E) conversion efficiency, is central to the
realisation of a photonic terahertz emitter; on the other hand the development of a
simple, repeatable and high yield manufacturing process, from material growth to
device fabrication, can also allow specifications such as low cost and market
suitability to be met. The first section of this chapter reports the first InGaAsP-based
uni-travelling carrier photodiodes fabricated from a structure grown by Solid Source
Molecular Beam Epitaxy (SS-MBE) [2.1]; the material contains layers of InGaAsP as
thick as 300 nm and a 120 nm thick InGaAs absorber. Material growth was carried
out by Prof Huiyun Liu at UCL, device fabrication and characterisation were carried
out at by the thesis author, also at UCL. Large area vertically illuminated test UTCs
were fabricated and characterised; the devices exhibited 0.1 A/W responsivity at
1550 nm, 12.5 GHz -3 dB bandwidth and -5.8 dBm output power at 10 GHz for a
photocurrent of 4.8 mA. The use of Solid Source Molecular Beam Epitaxy enables the
major issue associated with the unintentional diffusion of zinc in Metal Organic
Vapour Phase Epitaxy to be overcome and gives the benefit of the superior control
provided by MBE growth techniques without the costs and the risks of handling toxic
gases of Gas Source Molecular Beam Epitaxy.

The second section of this chapter outlines the fabrication in progress at UCL of
edge-coupled waveguide UTCs, using the SS-MBE materials also grown at UCL.
Waveguide UTCs have shown, since their invention [2.2], superior performance in
terms of responsivity-bandwidth trade-off and will be in the future integrated with

THz planar antennas.

2.1 Overview

As previously mentioned, a major obstacle to developing applications of
sub-millimetre and terahertz (THz) waves is the lack of compact solid-state signal

sources capable of generating high output power and operating at room
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temperature. For the generation of sub-millimetre and terahertz waves, photonic
techniques are considered to be superior to conventional electronic techniques with
respect to maximum frequency and tuneability [2.3]. Furthermore, the use of optical
fibres enables the distribution of such high-frequency signals over long distances. In
such a system, achieving high optical-to-electrical (O-E) conversion efficiency plays a
critical role. The devices intended to accomplish this conversion (photodiodes) should
operate at long optical wavelengths (1.3 um - 1.55 um) for compatibility with
telecommunications wavelength optical sources and optical amplifiers, must be able
to generate high output current and operate at high speed (high power and broad
band devices). Among various types of long-wavelength photodiode technologies,
the uni-travelling carrier photodiode (UTC-PD) and its derivatives have exhibited the
highest output powers at frequencies from 100 GHz to 1.5 THz [2.3], [2.4] and very
high output RF power [2.5], [2.6], with steady improvement in layer and device
structures since their debut in 1997.

All the UTC-PDs exhibiting record breaking performance in terms of bandwidth and
output power, for operation at 1.55 um wavelength, have been fabricated on Al-free
InGaAsP based materials: record-high output power of 0.75 W (28.8 dBm) at 15 GHz
and a third order output intercept point (OIP3) up to 59 dBm [2.5]; 3 dB bandwidth
of 310 GHz and a pulse width (FWHM) of 0.97 ps [2.7]; 5 uW at 1.02 THz [2.4];
maximum saturation output power of 20.8 mW at 100 GHz [2.8]; resonant peak
exhibiting a maximum (detected) output power of 10.9 uW at 1.04 THz [2.9]; 3 dB
bandwidth higher than 110 GHz, up to 36 mA photocurrent and a record breaking 10
dBm extracted power at 110 GHz [2.10]; record breaking emission of up to 148 uwW
at 457 GHz and 25 pW at 914 GHz [2.11]; record levels of Terahertz figure of merit
(PTHz/Popt® in W) ranging from 1 W at 110 GHz to 0.0024 W at 914 GHz [2.12]. A
summary of such state of the art performance, from UTC-PDs fabricated on Al-free

InGaAsP based materials, is given in Table 2.1.
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Table 2.1: Summary of UTC-PDs fabricated on InGaAsP based materials, exhibiting state of the art
performance in terms of bandwidth and output power, for operation at 1.55 um wavelength. The

entries are ordered by decreasing values of DC photocurrent, where applicable.

Output FWHM 3dB DC DC
Source Description Power (0s) bandwidth | photocurrent | responsivity
(mW) P (GH2) (mA) (AIW)
Charge-compensated
modified uni-travelling 750
carrier photodiode (CC- (at 15 GHz) - - > 180 0.67
MUTC-PD) [2.5]
Waveguide uni-travelling 10
carrier PD (UTC-PD) -- >110 36 -
[2.10] (at 110 GHz)
. . . 0.148
Waveguide uni-travelling (at 457 GHz )
carrier PD (UTC-PD) 0.025 -- > 107 28 0.2
2.11 :
[2.11] (at 914 GHz)
Double-mesa back-
illuminated uni-travelling 20.8 _ __ 25 B
carrier photodiode (UTC- (at 100 GHz)
PD) [2.8]
Double-mesa back- 3
illuminated uni-travelling (altoigoz #OHZ) - - 14 -
carrier PD (UTC-PD) [2.9] '
Travelling wave uni-
traveling carrier PD with a 5 x 103
mode-converting (at 1.02 TH2) - 108 12 0.53
waveguide (TW-UTC-PD) '
[2.4]
UTC-PD [2.7] - 0.97 310 - -

Lattice-matched compounds of InGaAsP allow for composition of absorptive and
transparent layers; InGaAsP/InP properties include band-gap variation between 1.65
pm and 0.92 pm depending on the InGaAsP composition and absorption constant for
Ino.s3Gao.4a7As of approximately 7,000 cm™ at 1.55 pm [2.13]. This material system is
also desirable because many types of devices can be constructed without the use of
aluminium, an advantage as aluminium containing devices can have reduced life-time
due to aluminium oxidation [2.14].

Metal Organic Vapour Phase Epitaxy (MOVPE) and Gas Source Molecular Beam
Epitaxy (GS-MBE) have long been the predominant growth techniques for the
production of high quality InGaAsP material [2.15]. Until the early 1990s, advanced
phosphide epitaxy was only possible by means of these two techniques due to the

problems associated with the high vapour pressure of white phosphorus, which is
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unfavourable for conventional Knudsen-type Solid Source Molecular Beam Epitaxy
(SS-MBE) furnaces [2.16]. In MOVPE and GS-MBE, arsenic and phosphorus are
supplied from arsine and phosphine gas; however, because of the high toxicity of
arsine and phosphine, special and expensive safety precautions must be taken [2.15],
[2.17]; besides, phosphine is not ideal because it may also introduce water vapour
into the reactor chamber [2.16]. Furthermore zinc is the most frequently used
acceptor dopant in InP based compounds grown by MOVPE but it has been shown
that very rapid Zn diffusion and other redistribution effects occur at Zn
concentrations exceeding the mid 10* cm™ range making Zn doping profiles difficult
to control in this concentration regime [2.18]; displacements of pn-junctions can
occur with deleterious impact on initial device characteristics [2.18], [2.19].

SS-MBE is an attractive technique since material quality comparable with GS-MBE
can be obtained without the cost and difficulty of handling toxic gases [2.20]. For
SS-MBE arsenic and phosphorus are supplied by subliming solid arsenic and
phosphorus, since toxic solids are inherently easier to control than toxic gases, the
safety hazards and costs of solid group V sources are considerably less than those of
gas group V sources [2.15]. Growth of InGaAsP by SS-MBE began in the 1970s but did
not progress far due to difficulties related to the growth of arsenide phosphide
materials [2.21]. It was not until the introduction of group V valved cracker sources,
arsenic [2.22] in 1990 and phosphorus [2.23] in 1991, that SS-MBE research for
InGaAsP moved forward once again. After 1991 a number of growth experiments on
phosphide epitaxy by SS-MBE were reported and high quality InGaAsP materials were
achieved [2.14] but results on optoelectronic devices were scarce in the literature
and device characterisation data only became available in mid 1990s. The first
SS-MBE grown InGaAsP high quality laser was demonstrated in 1995 for a wavelength
of 1.35 um [2.24] followed by other lasers emitting at A = 0.98 um, 0.68 um and
1.5 um. SS-MBE is an attractive growth technique for UTC devices, since the p-contact
layer can be doped using beryllium at 500 °C for a phosphorus-based UTC, without
the drawbacks caused by the use of zinc. In addition, SS-MBE allows realisation of
doping profiles that would be more difficult to achieve by MOVPE and above all offers
an extremely high degree of control over the local composition, nearly on an atomic
layer scale, making it possible to realise experimentally almost any band diagram that
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can be drawn. To the best of the author’s knowledge the first work on InGaAsP-based
UTC devices grown by SS-MBE has been reported by Natrella et al. in [2.1].

The next section reports SS-MBE growth, device fabrication and characterisation of
larger-area vertically-illuminated test InGaAsP-based UTC-PDs.; this part of the work
is intended to be the first stage towards combining and optimising the merits of
SS-MBE (no zinc diffusion issues, monolayer control, safe & cost effective) and the
proven high potential of InGaAsP based materials for UTC-PD fabrication. Section 2.3
describes the fabrication in progress at UCL, of high performance edge-coupled

waveguide UTCs using the same material structures grown by SS-MBE, also at UCL.

2.2 Growth fabrication and characterisation of
vertically-illuminated test InGaAsP-based UTC-PDs

2.2.1 Structure growth experiment

The UTC-PD epitaxial structure grown by SS-MBE within our department for this work
was first proposed by Dr. Efthymios Rouvalis. This epitaxial structure is similar to that
reported previously [2.12] (grown by MOVPE), but is intended to achieve band-gap
engineering improvements (more accurately localised transitions) and more precise
doping profiles. The detailed epitaxy diagram is shown in Table 2.2. The cap layer
consists of a thick (200 nm) layer of InGaAsP (Ag = 1.3 um) functioning as both
diffusion block and p-contact. For the absorption layer, we have tried to exploit the
superior growth control of the MBE by splitting it into 5 different levels with a graded
doping concentration, aimed at achieving further electron acceleration. Two 10 nm
spacer layers of InGaAsP (Ag = 1.3 um and Ag = 1.1 um) were inserted between the
absorber and the 300 nm thick InP carrier collection layer. Although in this chapter
results for simple, vertically illuminated, test devices are presented, the main goal of
the future research is the realisation of edge-coupled waveguide photodiodes, as
these have shown superior performance [2.4], [2.10]-[2.12]; for this reason the
structure also includes a waveguide layer consisting of another thick (300 nm) layer

of InGaAsP (Ag = 1.3) grown on the 700 nm thick InP n-contact layer.
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Table 2.2: Detailed UTC layer structure grown by SS-MBE. The structure was
proposed by Dr. Efthymios Rouvalis and grown by Prof. Huiyun Liu.

UTC-PD Epitaxy

Doping(cm™®)  Material Function Thickness (nm)
>1x10%° p** - Qus Barrier & p-contact 200
2.5x10'8 p* - Inos3Gaos7As  Absorber 20
1x10'8 p* - InossGaoa7As  Absorber 30
5x 10 p - Inos3Gaos7As  Absorber 30
2.5 x 10Y p - Inos3Gaos7As  Absorber 30
u.id u—InGaAs Spacer/Absorber 10
u.id u—Qus Spacer 10
u.id u—Qu1 Spacer 10
1x10%% n-InP Carrier Collection 300
2.5x10% n*—Qus Waveguide 300
>1 x 10% n** - InP n — contact 700
Fe Sl-1InP Substrate -

The phosphorus-based UTC was grown on an Fe-doped S| (100) InP substrate at
490 °C by a Veeco Gen930 solid-source MBE system, which includes Veeco SUMO
cells for Indium, Gallium and Aluminium as well as valved cracker cells for Phosphorus
and Arsenic. P2 and Ass were used as sources for the growth. An in-situ 15 keV RHEED
system was used to monitor the growth process and the substrate temperature was
measured by a pyrometer. Under P; rich conditions, the InP substrate was heated to
a temperature of 530 °C to deoxidise the surface. Si and Be sources were used for
n-type and p-type doping respectively.

The lattice matched quaternary InGaAsP layers require accurate control of the flux
ratio for As/P. To calibrate the thickness and composition of the InGaAsP layers, a
300 nm thick InGaAsP layer and subsequent 7-period (10-nm InGaAsP/10-nm InP)
superlattice were checked by high-resolution X-ray diffraction (HRXRD). All structures
were characterised by HRXRD with lattice mismatch below 103, such as the HRXRD
diagram (rocking curve) of InGaAsP (Ag = 1.3 um) shown in Figure 2.1, provided by
Prof. Huiyun Liu. The rocking curve of a superlattice exhibits diffraction peaks of
increasing order, called satellite peaks, as well as the substrate peak, as shown in

Figure 2.1. The position of the zeroth order satellite peak is determined by the
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average lattice constant of the superlattice and its angular separation from the
substrate peak is employed to quantify the lattice mismatch between the structure
and the substrate. The angular position of the higher order satellite peaks is related
to the superlattice period while their relative amplitude and absence of appreciable

broadening indicate a regular superlattice with little interdiffusion.
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Figure 2.1: High-resolution X-ray diffraction diagram (rocking curve), provided by Prof.
Huiyun Liu, of 300 nm thick InGaAsP layer and subsequent 7-period (10-nm
InGaAsP/10-nm InP) superlattice grown on InP substrate by SS-MBE. The position of
the zeroth order satellite peak is determined by the average lattice constant of the
superlattice and its angular separation from the substrate peak is employed to
quantify the lattice mismatch between the structure and the substrate. The angular
position of the higher order satellite peaks is related to the superlattice period while
their relative amplitude and absence of appreciable broadening indicate a regular
superlattice with little interdiffusion.

2.2.2 Test-device fabrication

Large area vertically-illuminated test devices were fabricated to characterise the new
material. To the best of the author’s knowledge these are the first UTC-PDs fabricated
from an InGaAsP-based structure grown by solid source MBE. The fabricated device
is shown in Figure 2.2 (a), while Figure 2.2 (b) gives a schematic cross-section of the
structure.
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The fabrication process and the masks used, were devised and designed by Dr.
Chin-Pang Liu at UCL, and were previously employed to realise Multiple-Quantum-
Well Asymmetric Fabry-Perot Modulators [2.25]. Some changes in processing the
UTC-PDs are required due to differences in the layer structure.

The p-contact pads, the 5 um wide air bridges and the 5 um wide mesa-rings marking
out the 20 pm diameter optical window, were obtained by standard
photolithography, metal evaporation (20 nm of chromium and 300 nm of gold) and
lift-off technique with acetone. The complete removal of excess metal from the
optical window is essential for efficient device operation. Therefore two slots were
included in the mesa-rings to favour a successful lift-off that would otherwise be
extremely difficult inside closed rings.

Prior to metal evaporation (20 nm of chromium and 300 nm of gold) to make the
n-contact pads, the n-contact area was etched 940 nm down to the n**-InP layer
(n-contact layer). The non-selective etching employed in [2.25] was not considered a
suitable option for this case because of the relatively limited thickness of this layer
(700 nm); very precise control of the etch rate and the etched profile would have
been necessary to obtain a floor entirely inside the n-contact layer. Instead, three
successive selective etchants were employed as follows: 1) H2SOa4:H20,:H,0 (1:1:8)
for preferential etching of InGaAsP + InGaAs (340nm) on InP [2.26], [2.27]; 2)
HCI:H3PO4 (1:1) for preferential etching of InP (300 nm) on InGaAsP [2.26], [2.28]; 3)
H2S04:H2072:H,0 (1:1:8) for preferential etching of InGaAsP (300 nm) on InP. This
selective procedure made it possible to stop precisely on the n-contact layer and
provided a flat floor for the n-contact pad metal deposition. The drawback found was

the significant undercut of the sulphuric acid solution on InGaAs.
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Figure 2.2: (a) Top microscopic view of an entire air-bridged normal
incidence UTC-PD. (b) Schematic cross-section of the air-bridged
normal incidence UTC.

The rectangular area between the mesa-ring and the n-contact pad, shown in Figure
2.2 (a), was then etched down to the same depth as the n-contact area with the same
selective process. This step opened up part of the mesa side-wall.

In the last stage of the fabrication process the two contact pads, the bridges and the
30 um diameter mesa area (containing the mesa-rings and 20 um diameter optical
window) were protected by resist and a deep etch was carried out down to the
semi-insulating InP substrate with a non-selective Adachi etch HBr:CH3COOH:K;Cr,07
(1:1:1) [2.29]. This etching step was long enough to allow the undercutting action of
Adachi to completely clear the material underneath the bridges and thus form
air-bridges. Individual UTCs were electrically isolated and the remaining mesa

sidewalls were opened up.

2.2.3 Device characterisation

The photodiode |-V and C-V characteristics, measured with a KEITHLEY 4200 probe

station, are displayed in Figure 2.3 and Figure 2.4. The device exhibited 70 mA of
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current under 3 V of forward bias, 24 Q) series resistance, 23 nA of dark current under
a reverse bias of 5 V and a capacitance of 200 fF. The theoretical capacitance
calculated considering that the whole mesa area (radius ~ 15 pum) contributes to the
junction capacitance and including the effect of the undoped spacers, is equal to
about 240 fF; the smaller value of the measured capacitance may be due to the
undercutting action of the wet etchants which may have shrunk the mesa area.
Transmission line model measurements were performed and returned relatively high
values of specific contact resistance (about 15 Q), which account for the high value
(24 Q) of series resistance shown by the photodiode; the high value of measured
series resistance may have also been affected by a mesa shrinkage caused by the

undercutting action of the wet etchants employed for the device fabrication.
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Figure 2.3: 1-V characteristic of the device showing 70 mA current for
a 3 Vforward bias and 23 nA of dark current for a reverse bias of -5 V.
The 24 Q value of series resistance shown by the photodiode is due
to non-optimal ohmic contacts.
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Figure 2.4: C-V measurement displaying a capacitance of
approximately 200 fF when biased at -5 V.

The device was then mounted on a temperature controlled brass block (maintained
at 22 °C) and illuminated with a 10° lensed fibre for all the following measurements;
the 10° angle relates the mode diameter inside the fibre and the working distance
(e.g. focal length). Uniform illumination of the optical window can minimise the space
charge effect by reducing the density of the photo-generated carriers. It was
demonstrated [2.30], [2.31] that the 1 dB compression current can double for the
same applied voltage if the Gaussian beam is expanded so that 5-10 % of the light
misses a circular absorbing region; the 1 dB compression current is the DC
photocurrent at which the RF responsivity decreases by 1 dB. The measurements
discussed in this section were made without carrying out such expansion of the
optical beam to further optimise the coupling efficiency between the lensed fibre and
the device 20 um diameter optical window, delimited by the 5 um wide mesa-rings
on the 30 um diameter mesa.

Silver epoxy was employed to connect the n-contact pad to the block, which acted as
the signal ground, and the p-contact pad to the centre of a 2 cm long 50 Q
characteristic impedance microstrip transmission line. SMA connectors were then
attached to both ends of the microstrip line with one end matched in a 50 Q
termination through a bias-T blocking the DC and the other connected to the

measuring instrument (lightwave component analyser or electrical spectrum
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analyser) and the ammeter, through a second bias-T. This microstrip mount was
employed because the contact geometry of the fabricated test device was not
suitable for direct measurement with a ground-signal-ground probe. For RF power
measurements a Mach-Zehnder modulator was used for the external modulation of
the optical power; Figure 2.5 shows the experimental arrangement employed to
measure the UTC RF output power over the frequency range. For the device relative
frequency response measurement, a lightwave component analyser (LCA) was
employed, in which case the laser source was provided by the LCA and the UTC RF

output power was also measured by the LCA, instead of the electrical spectrum

analyser.
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Figure 2.5: Experimental arrangement employed to measure the UTC RF output power over
the frequency range. Ipx is the photocurrent through the UTC. The labels “plus” and “minus”
highlight the reverse bias across the UTC.

Figure 2.6 shows the photocurrent versus the optical power under different values of
applied bias. For 50 mW input optical power and a reverse bias of 2 V the photodiode
exhibits a responsivity of 0.1 A/W at 1.55 um. This value of responsivity can be
considered a reasonable estimate of the internal responsivity if we ignore the optical
power reflected at the air/InGaAsP p-contact layer interface and consider that, for

vertically illuminated photodiodes with an optical window noticeably larger than the
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beam spot size, essentially no fraction of the incident light misses the absorbing
window; the photodiodes under investigation have a 20 um diameter optical
window, while the beam spot size is less than 10 um. The theoretical internal
responsivity p;,; at 1.55 um can also be evaluated as p;,: = Nint 4/ (hf) where q is
the electron charge (1.602 x 101 C), h is Planck constant (6.626 x 103% Js) and f the
frequency (193.548 THz). The internal quantum efficiency 1;,; can be estimated as
Nine = 1 — e~ %, where a is the absorption constant for Ings3Gao.47As (approximately
7,000 cm™ at 1.55 um) and t is the absorption layer thickness (120 nm); the
reflections of unabsorbed light within the Inos3Gaos7As layer are negligible as the
adjacent layers have very similar electrical permittivity. The calculated theoretical
value of responsivity equals 0.10072, which is remarkably close to the measured

value.
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Figure 2.6: Responsivity measurements.

The device relative frequency response, measured with the lightwave component

analyser calibrated to an open, a short and a 50 Q load, is shown in Figure 2.7; the

photodiode exhibits a 3dB bandwidth of approximately 12.5 GHz at a bias of -2.4 V.
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Figure 2.7: Relative frequency response measured with the Lightwave
component analyser for bias values ranging from -1.2 to -2.4 V. The
photodiode exhibits a 3 dB bandwidth of approximately 12.5 GHz. The minima
visible at 10 GHz, 15 GHz and 20 GHz are due to the microstrip mount.

The output RF power delivered over the frequency range is shown in Figure 2.8. The
effective load connected to the photodiode is 25 €, that is the parallel connection of
two 50 Q loads (the termination and the measuring instrument), because of the
mount employed for these measurements. The RF power plotted in Figure 2.8 is the
power delivered to this effective 25 Q load. The local minima of power at 10 GHz,
15 GHz and 20 GHz visible in Figure 2.8 and consistently also present in Figure 2.7,
are due to discontinuities at the connections between the mount and the loads. The
RC limited bandwidth, given the photodiode 200 fF capacitance and 24 Q resistance,
and the 25 Q load, is 1/2nRC ~ 16 GHz.
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Figure 2.8: RF power over the frequency range delivered by the device to
the effective 25 Q load. In agreement with the relative frequency response
measurements, ripples are visible due to the microstrip mount.

The maximum output RF power delivered by the photodiode to the effective 25 Q
load at 10 GHz, for a -4 V bias and a 13.7 dBm input optical power, was -5.8 dBm; in
these conditions the device exhibited a photocurrent of 4.8 mA. This measurement
was performed at 10 GHz, falling in the frequency response local minimum
observable at the same frequency. This RF power is comparable to the output power
generated by other large area (from 25 um to 40 um diameter) normal incidence
UTCs for similar values of photocurrent [2.32]-[2.34]; these referenced UTCs show
very high photocurrent and responsivity, having been fabricated from epitaxial layers
optimised for vertical coupling with absorption layer thicknesses ranging from 450
nm to 1.5 um. The maximum DC photocurrent generated by our normal incidence
test devices was 7.5 mA for -6 V bias and 17 dBm input optical power; for these
conditions the output RF power was -10 dBm (at 10 GHz). The main factor limiting
the photocurrent of the devices is that the layer structure grown by SS-MBE is
optimised for edge-coupled waveguide devices and is not suited to the fabrication of
high performance vertically illuminated devices; the absorption layer is thin (120 nm)
and provides limited responsivity under vertical illumination since it is optimised for
the edge-coupled waveguide devices. The second factor is related to the fact that no
optimisation was performed of the laser spot size on the optical window; as explained
in the above referenced papers [2.30], [2.31], this optimisation plays an important
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role when coupling light into large area vertically illuminated devices. Other
secondary factors may have played a role, such as the high series resistance and the
significant undercut of sulphuric acid on InGaAs which may have shrunk the

absorption layer in the mesa.

2.3 Fabrication of waveguide InGaAsP-based UTCs

In Section 2.2 the fabrication of vertically illuminated test devices employing InGaAsP
based materials grown by solid source MBE has been presented; the discussed layer
structure is optimised for edge-coupled waveguide devices and includes a waveguide
layer consisting of a thick (300 nm) layer of InGaAsP (Ag = 1.3). The waveguide design
for UTCs, where the light is coupled into the photodiode through an optical
waveguide, adds more flexibility to the optimisation process aiming to find the best
trade-off between DC responsivity and bandwidth. This section provides an outline
of the design and fabrication of coplanar waveguide (CPW) integrated edge-coupled

waveguide UTCs.

2.3.1 Device details

In Figure 2.9 and Figure 2.10 schematic diagrams of the edge-coupled waveguide
UTCs are illustrated. The layer structure is the same employed for the fabrication
described in Section 2.2, with the addition of an approximately 2 um thick layer of
silicon oxynitride (SiOxNy) deposited on top of the fabricated UTC for passivation
purposes and for realisation of a smoother and more planar surface on which to
evaporate gold coplanar waveguides (CPWs) or antennas; BCB (Benzocyclobutene)
based polymer dielectrics can also be used for this purpose. Vias need to be etched
through this layer in order to expose the UTC metal contacts and allow the

connection between UTC and coplanar waveguide (CPW) or antenna to be realised.
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Figure 2.9: Schematic diagram of the edge-coupled waveguide UTC structure. The light
coming from a lensed fibre is coupled into the chip through a passive waveguide (WG). The
length of the waveguide is depicted much smaller than in reality. The approximately 2 um
thick layer of silicon oxynitride (SiOxNy) deposited on top of the fabricated UTC is also visible.

Figure 2.10: Enlarged view showing details of the layers making up the p-contact ridge and
the waveguide.

The dimensions of the geometrical details shown in Figure 2.9 are only indicative and
will be optimised in successive fabrication runs. Even the thickness of some of the
layers highlighted in Figure 2.10 will be varied and optimised. As shown in Figure 2.10,
Chromium was employed in the first fabrication runs, as an adhesion promoter layer
for gold and as metallurgical solution for the ohmic contact layer, however platinum
and titanium have been preferred in more recent fabrication runs.

The fabrication process of such devices has been developed and the masks for the

processing in the cleanroom have been designed and realised. The earliest version of
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the fabrication process consisted of 6 main steps associated with the 6 layers making
up the mask set, whose superimposition in an enlarged area is displayed in Figure
2.11. While only wet etching was used for the fabrication of the vertically illuminated
UTCs, described in Section 2.2, a combination of wet and dry etching is needed for
the fabrication of waveguide UTCs, where accurate realisation of small features such
as optical waveguide and p-contact ridge is challenging.

As shown in Figure 2.11 the realisation of these UTCs also includes the integration of
coplanar waveguides (CPW) allowing the RF power to be extracted and measured by
means of air coplanar ground-signal-ground probes. The masks contain different
options for the size of the UTCs; the majority of the CPWs on the masks are optimised
for 120 um pitch probes, having 60 um gap and signal line widths; however the
smallest UTCs are integrated with 50 um gap and signal line width CPWs to be used
with a 100 um pitch probe up to 220 GHz. All the gold CPWs are deposited on the

silicon oxynitride (SiOxNy) layer.

Figure 2.11: Superimposition of the fabrication mask set in an enlarged area. The numbers
in grey refer to the UTC p-contact area. The grey strips are tranches etched through the
SiOxNy layer in order to favour the separation of single devices by cleaving.

Some preliminary characterisation has been carried out on the waveguide UTCs
fabricated in the first runs. Figure 2.12 shows the experimental arrangement

employed to measure the waveguide UTC output power up to 50 GHz; the device was
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probed using a Cascade air coplanar (ACP) probe with coaxial electrical connection
and a bias-T was employed to separate DC photocurrent and RF signal. For
measurements within the W-band (75 GHz to 110 GHz) the UTC was probed using a
Cascade air coplanar probe with a rectangular waveguide connection (WR10/WG27)
followed by an Agilent sub-harmonic mixer compatible with the spectrum analyser.
The external bias-T was not necessary since this probe has a separate connector to
extract the DC photocurrent and bias the device under test.

The first polarisation controller in Figure 2.12 is needed to align the field polarisation
of the two tuneable lasers. The second polarisation controller, located after the
erbium-doped fibre amplifier (EDFA), is employed to optimise the coupling efficiency

between the lensed fibre and the optical waveguide on the UTC chip.
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Figure 2.12: Experimental arrangement employed to measure the waveguide UTC output
power up to 50 GHz. The first polarisation controller is needed to align the field polarisation of
the two tuneable lasers. The second polarisation controller, located after the erbium-doped
fibre amplifier (EDFA), is employed to optimise the coupling efficiency between the lensed fibre
and the optical waveguide on the UTC chip. For measurements within the W-band (75 GHz to
110 GHz) the UTC was probed using a Cascade air coplanar probe with a rectangular waveguide
connection (WR10/WG27) followed by an Agilent sub-harmonic mixer compatible with the
spectrum analyser.
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Figure 2.13 shows the RF power generated by a 7 x 15 um? area UTC from 5 GHz to
110 GHz. The measured DC responsivity, at 1550 nm wavelength, was 0.035 A/W.
The low DC responsivity is attributable to the challenging fabrication of the optical
waveguide, whose quality is essential to maximise the fibre to chip coupling
efficiency. The quite steep fall-off below 40 GHz is probably due to series resistance
and/or device capacitance and modifications in the fabrication process are being

made in order to address this issue.
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Figure 2.13: RF power generated by a 7 x 15 um? area UTC from 5 GHz to 110 GHz,
measured with a heterodyne experimental arrangement using two free running lasers.

2.4 Conclusions

In this chapter the first uni-travelling carrier photodiodes fabricated on
InGaAsP-based material grown by solid source MBE have been reported. Large area
vertically illuminated devices have been fabricated to test the material. Initial
waveguide devices have also been fabricated.

This research aims to combine the merits of InGaAsP materials for the fabrication of
uni-travelling carrier photodiodes with the advantages of Solid Source Molecular
Beam Epitaxy. InGaAsP has been extensively employed in the literature to produce
record breaking performance UTCs and is also preferred to quaternary materials
containing aluminium because high optical quality aluminium compounds are

difficult to grow and devices constructed with it can suffer reliability problems caused
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by aluminium oxidation. By using Solid Source Molecular Beam Epitaxy it is possible
to solve the major problem associated with the diffusion of zinc in MOVPE and exploit
the superior control provided by MBE growth techniques without the costs and the
risks of handling toxic gases in Gas Source MBE.

Development of improved coplanar waveguide (CPW) integrated edge-coupled
waveguide UTC-PDs is the next step; the integration of the CPW on the chip allows
the microstrip mount to be removed from the measurement system, and the
edge-coupled waveguide design is expected to improve significantly the device
performance in terms of bandwidth and responsivity [2.4], [2.10]-[2.12]. The next
chapter covers the work carried out to study and measure the output impedance of
edge-coupled UTCs, which is essential to maximise the efficiency of energy coupling

between the photodiode and the antenna.
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Chapter 3 - Characterisation and circuit
analysis of waveguide UTCs

This chapter reports the experimental characterisation and circuit analysis of
waveguide UTCs. Along with the 3D full-wave modelling discussed in the next
chapter, this work aims to allow the question regarding the UTC-to-antenna coupling
efficiency to be more thoroughly understood. To the best of the author’s knowledge
no in depth analysis to evaluate the UTC impedance has been attempted in the
literature, with the ultimate objective to enhance the efficiency of energy coupling
between photodiode and antenna. Typically, in designing or predicting the
performance of antenna integrated UTC systems, the match/mismatch between the
photodetector and the antenna is neglected or a simplified configuration, consisting
of the estimated device capacitance and series resistance, is assumed; it will be
shown that, using this simplified configuration, it is not possible to fit the measured
real and imaginary part of the device impedance over the frequency range to an
acceptable accuracy. Furthermore, when photodiodes and THz antennas connected
through a waveguide are reported, e.g. [3.1], the waveguide-to-antenna transition
and its optimisation are usually discussed but the losses of power caused by a
possible mismatch between UTC and waveguide are ignored.

When the shortest electrical wavelength of the frequency range being studied is
substantially greater than the UTC size, then the photodiode can be considered as a
lumped element. The problem concerning the UTC-to-antenna coupling efficiency
optimisation can hence be addressed as an impedance matching problem, requiring
a reasonably accurate knowledge of both the antenna and UTC impedance. In
Chapter 5, the design of antennas operating around 345 GHz, where there is a
minimum in the atmospheric attenuation [3.2], will be presented. These antennas
will be integrated with 3 x 15 um? active area UTCs. At 345 GHz, the free space
wavelength is 870 um (i.e. 58 times the photodiode length) whereas the wavelength
in the InGaAs absorber, which is the material with the highest relative electrical
permittivity in the structure (€;,,c04s = 13.9), is over 15 times longer than the device

length.
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To maximise the UTC-to-antenna coupling efficiency at higher frequencies, where the
lumped element assumption ceases to stand, the development of a different
analytical approach will be required, especially for longer travelling wave devices. In
this scenario the UTC will have to be treated as a section of waveguide, endowed with
its own characteristic impedance, and both ends of the UTC will need to “see” a load
matched to the characteristic impedance in order to minimise the losses caused by
the reflections at such ends; if one end of the device is left as an open circuit,
whatever we connect to the other end will not “see” an impedance matched to the
characteristic impedance but instead the input impedance of a section of a
transmission line terminated with an open circuit. The study of the UTC-to-antenna
coupling efficiency for travelling wave devices and/or short devices at very high
frequencies, is not included in this thesis but is planned as part of the future work.

In Chapter 5 it will be shown how a reasonably accurate knowledge of the photodiode
impedance can enable us to make a satisfactory prediction of the power radiated by
an antenna integrated with such a photodiode, both in terms of absolute value and
trend over the frequency range, by means of 3D full-wave simulation. It will also be
noted how, the use of the simplified parallel-capacitance and series resistance
configuration for the radiated power calculation, would have led to inaccurate
results. This proves that a significant amount of power can be lost as rejected by the
antenna and raises the possibility to enhance the radiated power by designing
antennas approaching, as closely as possible, the maximum power transfer condition,
realised when the load impedance is equal to the complex conjugate of the source
impedance. On the other hand it is important to remember that a reflection-less
impedance matching is always realised when the load impedance is equal to the
source impedance. It follows that if the source impedance is real (purely resistive),
then the optimum load (i.e. antenna) impedance to achieve the maximum transfer of
power coincides with the optimum load impedance to achieve a reflection-less
matching; in other words the minimisation of the reflection coefficient (i.e. S11) leads
in this case automatically to the maximisation of the real power transferred to the
load. When the source impedance is complex, as is the case for the UTC, this is no
longer true and the minimisation of the reflection coefficient as a criterion to

maximise the real power transferred to the load cannot be employed.
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While the antenna impedance is relatively easy to calculate and is established during
the design stage, the modelling and evaluation of the UTC impedance is a far more
challenging task. Knowing accurately the physical properties of all the semiconductor
materials making up a UTC photodiode is essential to get truthful results from
modelling and simulation and yet, it is a difficult knowledge to achieve. UTCs contain
ternary (e.g. InGaAs) and quaternary (e.g. InGaAsP) materials, with different element
concentrations and different doping levels; the values of electrical permittivity and
especially electrical conductivity for these materials can only be approximately
estimated. Furthermore, quantum mechanical effects governing the electron
transport from the absorber to the collection layer, through the spacers’ tunnel
barriers due to the conduction band offsets, can affect the conduction properties in
a way that, at a macroscopic scale, is reflected in changes in bulk material properties
such as resistivity and electrical permittivity. For these reasons, the work regarding
the study of the UTC impedance will start with the analysis of the experimental
results and a circuit analysis, in this chapter, which will help assess and refine the
material physical properties to employ in the full-wave modelling and simulation,
presented in the next chapter. The full-wave modelling will in turn enable the S11 and
the UTC impedance to be evaluated up to frequencies not attainable by measuring
equipment.

The experimental data of the UTC frequency photo-response are also discussed in
this chapter and compared with the values calculated by means of a circuit analysis
adopting the results of the UTC impedance investigation.

In Chapter 2 we have discussed the epitaxial structure grown by SS-MBE at UCL,
employed to fabricate test vertically illuminated UTCs; this epitaxy is similar to that
reported previously in [3.3] and is the same as that being used for the fabrication of
waveguide UTCs, also described in Chapter 2.

The waveguide UTCs characterised in this chapter have been provided by III-V Lab
and were fabricated as part of the project iPHOS; their epitaxial layer structure [3.4]
is shown in Table 3.1. The IlI-V Lab UTC epitaxial structure is based on that first
designed at UCL [3.3], [3.5], [3.6]. The layer structure in Table 3.1 [3.4] shows some
changes with respect to the UCL structure discussed in [3.3], [3.6] and in Chapter 2

[3.5], mainly due to the fact that the 1lI-V Lab photodiodes were primarily designed
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and fabricated to be monolithically integrated with other components, such as lasers
and semiconductor optical amplifiers. The changes are listed below:
e GalnAs is employed as p-contact layer material instead of InGaAsP (Qu.3);
e A thick ridge layer of highly p-doped InP has been added between the
p-contact and the absorber layers;
e Quaternary InGaAsP Qi.17 is employed for the waveguide layer instead of
InGaAsP Qi.3;
e BCB was employed by IlI-V Lab, for passivation purposes and as a base layer
to deposit the CPW pads, rather than the SiOxNy used in UCL structures. The
BCB layer was modelled in CST employing a “loss free” polymer, from the CST
material database, with an electrical permittivity of 3.5. Loss free means that

no electrical conductivity or tangent delta are included in the material model.

Table 3.1: Layer structure of the UTCs provided by IlI-V Lab [3.4],
fabricated as part of the project iPHOS. This layer structure is based on
that first designed at UCL [3.3], [3.6] and then refined by Dr. Efthymios
Rouvalis still at UCL [3.5].

UTC-PD Epitaxy

Doping(cm3) Material Function Thickness (nm)
p** GalnAs p-contact 200
p* InP Ridge Layer 1000
p-gradual Ino.53Gao.47As Absorber 120
Spacer
" Q Iar;ers N
n InP Depletion 300
n* Q117 Waveguide 300
n* InP n — contact --
Fe Sl -1InP Substrate --

The devices were provided in different size (active area) sets. The work covered in
the following sections of this chapter is focused on 3 x 15 um? and 4 x 15 um? active

area devices. In Figure 3.1 two sample photodetectors are illustrated, with active area
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equal to 3 x 15 um? and 4 x 15 um? respectively. The device geometry is the same as
the UCL waveguide UTCs described in Chapter 2. The photodiodes are integrated with
coplanar waveguide contact patterns for the use of air coplanar probes. Also in Figure
3.1 the optical waveguide to couple light into the detector is highlighted; for both
3 x 15 pm? and 4 x 15 pm? area UTCs, the optical waveguide width is scaled down to

less than 3 um at the cleaved facet, where the fibre to chip coupling takes place.

Optical
waveguide

Figure 3.1: Photograph of two sample UTCs, with 3 x 15 pm? and 4 x 15 pm? area. The
devices are integrated with coplanar waveguide contact pattern for the use of air
coplanar probes. These UTCs have been provided by IlI-V Lab and were fabricated as
part of the project iPHOS.

All the measurements discussed in this chapter were carried out at a constant
temperature of 22 °C, maintained by means of a Peltier Cooling Module and a

temperature controller.

3.1 DC characterisation

In Figure 3.2 the |-V characteristic and the resistance of two different photodiodes
are displayed, measured over the voltage range -2 V to 1.5 V. The devices exhibit low
dark current, of about 27 nA for a 2 V reverse bias, and somewhat high values of
series resistance, e.g. 25 Q for the 4 x 15 um? area UTC and 31 Q for the 3 x 15 um?

area UTC. Increased values of the device series resistance were to be expected due

95



Chapter 3 — Characterisation and circuit analysis of waveguide UTCs

to the additional 1 um thick layer of p-doped InP illustrated in Table 3.1,
nevertheless, the resistance values would have decreased further for bias greater

than 1.5V, though overheating failure may also have occurred.

10-3 -V curve 3 Resistance dV/dI
16% : : : 10 : ‘ . .
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Figure 3.2: On the left, I-V curves for the two different area devices, measured over the voltage
range -2 V to 1.5 V. On the right, resistance of the forward biased devices, displayed over the
voltage range 0.6 Vto 1.5 V.

A theoretical estimate of the series resistance can also be carried out, as long as the
conductivity o of the layers contributing to the resistance is known, since the device
geometry is also known from Chapter 2. Such conductivity can be calculated as
0 = qn.U, + qnuuy, where q is the electron charge (1.6022 x 10''° C), n, /n;, are the
electron/hole concentrations and u./uy, are the electron/hole mobility. For highly
doped materials, like those contributing to the UTC series resistance (namely
p-contact, ridge layer, waveguide and n-contact), the majority carrier concentration
can be assimilated to the donor/acceptor concentration, provided the temperature
is high enough to fully activate all of the donors and acceptors. On the other hand the
minority carrier concentration can be extracted from the mass action law n,n, =
n;2, where n; is the material intrinsic concentration; based on the doping levels
shown in Table 3.1 and considering the intrinsic carrier concentrations of the
materials contributing to the device series resistance (e.g. 6.3 x 10** cm for InGaAs,
1.3 x 107 cm3 for InP and 4.4 x 10° cm™ for Q1.17), it appears clear that the minority
carrier concentrations are several orders of magnitude smaller than the majority

ones and hence their contribution to the material conductivity is negligible. It follows
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that the majority carrier mobility is all that is needed to have an estimate of the
material conductivities and therefore the layer resistances. Displayed in Table 3.2 is
a summary of the electrical conduction properties of the layers contributing to the

photodetector series resistance.

Table 3.2: Electrical conduction properties of the layers contributing to the photodetector series
resistance.

. : Layer resistance (Q)
Layer Thickness Maj(_)rlty - Electrlcgl_
s carrier mobility conductivity
description (nm) (cm2VisY) @'m?) 3x 15 um? 4 x 15 pm?
uTC uTC
p-contact
GalnAs 200 60 [3.7] 19226 0.23 0.17
p++
Ridge Layer
InP 1000 60 [loffe] 1923 11.6 8.7
p+
Waveguide
Q117 300 1600 [loffe] 89723 negligible negligible
n+
n — contact
InP - 1500 [3.8] 96132 3 3
n+
Total layer Total layer
resistance (QQ) | resistance (Q)
15 12

The data illustrated in Table 3.2 also enable us to point out the additional resistance
introduced by the thick InP ridge layer.

All the conductivities have been calculated assuming a temperature of 300 K. It is
important to note that the conductivity of highly doped semiconductors is not very
sensitive to temperature changes, as long as the temperature does not increase
enough to trigger the transition from extrinsic to intrinsic region; in fact, in the
extrinsic region, the carrier concentration is dictated by the dopant concentration
and the variations of the two scattering phenomena, e.g. lattice and impurity
scattering, that influence the carrier mobility, tend to cancel each other (lattice
scattering increases while impurity scattering decreases as the temperature goes up)

causing the mobility to remain approximately constant.

97



Chapter 3 — Characterisation and circuit analysis of waveguide UTCs

In order to obtain a more truthful value of the total device resistance, the contact
resistance of the ohmic contacts formed at the interface between the metallisation
(Ti/Pt/Au) and n/p-contact layers has to be taken into account. The ohmic contact
resistance can be experimentally evaluated through transmission line model
measurements [3.9], [3.10], though it was not possible to carry out this type of
measurements on the IlI-V Lab UTCs as no samples with the required contact pad
patterns were available.

Specific contact resistance values of 5.5 x 1077 Q cm? and 8 x 107® Q cm? obtained by
deposition of Ti/Pt/Au on Zn-doped 5 x 10%*® cm™ p-Ings3Gaos7As and S-doped
1 x 10%* cm™ n-InP respectively, have been reported in the literature [3.11]. A much
higher value of specific contact resistance of p-type ohmic contacts, has also been
reported, i.e. 10.68 x 10°® Q cm? for Ti/Pt/Au deposited on Zn-doped 2 x 10*° cm™
p-Ino.53Gapa7As, in [3.12]. Shown in Table 3.3 is the contribution to the total device
resistance provided by the contact resistance of the ohmic contacts formed at the
interface between the metallisation (Ti/Pt/Au) and n/p-contact layers, calculated

using the specific contact resistance reported in [3.11].

Table 3.3: Contribution to the total device resistance provided by the contact
resistance of the ohmic contacts formed at the interface between the metallisation
(Ti/Pt/Au) and n/p-contact layers.

Contact resistance ()

Contact description Spgcmc contact )
resistance (Q cm?) 3x 15 prm? 4% 15 um?

uTC uTC
Ti/Pt/Au on 5
p** GalnAs 5.5x1077 [3.11] 1.22 0.92
Ti/PUAu on 8x10°6 [3.11] 3.53 3.53
n* InP

Total contact | Total contact
resistance (Q) | resistance (Q)

5 4.5

Based on the dataillustrated in Table 3.2 and Table 3.3, the total UTC series resistance
is about 20 Q for the 3 x 15 um? active area device and 16 Q for the 4 x 15 um? active
area device, which is, as expected, less than the lowest values shown in Figure 3.2

extracted from the I-V curve.
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It has to be noted that the assessment of the contribution provided to the device
series resistance by the ohmic contact on the n-InP contact layer, is not as
straightforward. The area covered by the two n-metallisation pads is quite large
(greater than 20 x 15 um? each pad). Therefore, if the whole area was considered to
calculate the n-ohmic contact resistance, then a value of only 1.3 Q would be
obtained. Actually, only a limited area of the pads is crossed by the electric current
and hence the resistance offered by the ohmic contact is larger, i.e. 3.5 Q. This
analysis has been verified by means of CST MWS, as illustrated in Figure 3.3. The
current flows vertically through all the ridge layers and then through the InP n-layer
to reach the n-metallisation. Here the intensity of the current flowing through the
n-ohmic contact decreases gradually as we move further away from the p-ridge; in
practice an effective area of 7.5 x 15 um? for each of the two n-ohmic contacts can
be identified, which would provide the same resistance of 3.5 Q2 (shown in Table 3.3)
if uniformly crossed by the current. Absorber, spacer and depletion layers in the ridge
have been replaced by a layer of perfect electric conductor in the CST model, as they
do not contribute to the device series resistance.
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wire conn
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Figure 3.3: Cross section of the UTC CST model, showing the current flowing through all the ridge layers
and through the InP n-layer to reach the n-metallisation. The simulation shows that only a limited area
of the interface between InP n-layer and n-metallisation is actually crossed by the current. Absorber,
spacer and depletion layers in the ridge have been replaced by a layer of perfect electric conductor as
they do not contribute to the device series resistance.

99



Chapter 3 — Characterisation and circuit analysis of waveguide UTCs

3.2 S;1 and impedance measurement

The UTC S11 and impedance measurement was performed up to 110 GHz in two steps,
covering the sub-ranges 10 MHz to 67 GHz and 75 GHz to 110 GHz.

In the lower frequency range (10 MHz to 67 GHz) an Agilent performance network
analyser (PNA) was employed, directly capable of operating from 10 MHz up to
67 GHz. The device was probed using a Cascade air coplanar probe with coaxial
electrical connection. A one port short-open-load-through (SOLT) calibration was
performed up to the probe tips, by means of a Cascade impedance standard
substrate (ISS).

For measurements in the W-band (75 GHz to 110 GHz), an Agilent extender (mixer)
was connected to the PNA, enabling operation between 75 GHz and 110 GHz. In this
range a Cascade air coplanar probe with a waveguide electrical connection
(WR10/WG27) was used. The probe and the extender were rigidly connected directly
through the waveguide connections and firmly secured against any move; the 5 axis
stage holding the device was then carefully controlled to ensure precise probing. In
this frequency range the one port SOLT calibration was performed by means of a
Cascade W-band impedance standard substrate.

The Si11 (relative to a 50 Q2 reference impedance) magnitude in dB and phase in degree
are displayed in Figure 3.4, while the impedance real part (resistance) and imaginary
part (reactance), both in Ohm, are given in Figure 3.5. Figure 3.6 shows the measured
reflection coefficient plotted on an impedance type Smith chart. Two different size
devices were measured, e.g. 3 x 15 um? and 4 x 15 um?, and two different values of

reverse voltage were applied, e.g.0Vand 2 V.
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Figure 3.4: S11 magnitude in dB and phase in degree, measured with respect to the PNA 50 Q
impedance.

As expected, the device reactance exhibits a capacitive behaviour (i.e. is negative)
within the measured frequency range and is larger (in absolute value) for smaller area
devices; applied negative bias also increases the reactance absolute value. The
impedance real part is visibly larger for smaller devices and appears to decrease with

greater (more negative) bias in the W-band and decrease at lower frequencies.
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Figure 3.5: UTC impedance real part (resistance) and imaginary part (reactance).
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Figure 3.6: Measured reflection coefficient plotted in an impedance type Smith chart.

The theoretical capacitance for the two different area devices at zero bias, assuming
the relative electrical permittivity for the depletion layer InP to be 12.5 and ignoring
the effect of the two spacers, should be about 16.6 fF for the 3 x 15 pm? UTC and
22 fF for the 4 x 15 pum?2.

On the other hand, if we try to extract the capacitance C from the measured device

reactance X(f), as C = —1/2nfX(f), we obtain the curves displayed in Figure 3.7.
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UTC capacitance from measured reactance
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Figure 3.7: UTC capacitance derived from the measured device reactance.

The imaginary part of the impedance is in general a combination of capacitive and
inductive components, however, at lower frequencies, the inductive components are
much less significant unless the device equivalent inductance is very large, which is
not the case for the UTCs under study. It follows that the lower the frequency the
better the curves in Figure 3.7 represent the UTC total capacitance. One should
expect a photodiode capacitance to be essentially frequency independent though,
this does not seem to be supported by the experimental results shown thus far. The
measured capacitance seems to be reasonably constant within the frequency range
20 GHz to 67 GHz. The increasing capacitance values exhibited above 75 GHz are, in
the author’s opinion, caused by inductive components that start to become
significant or by parasitic parallel capacitances and therefore are not accurately
representative of the photodetector total capacitance. To the contrary the strongly
frequency dependent behaviour displayed below 20 GHz, does seem to suggest a
change in the total device capacitance and indeed cannot be explained by means of
the traditional single constant capacitance in parallel with the photodiode
photocurrent generation, when the device is illuminated. If the device reactance
actually depended only on a single capacitance or on a single capacitance in parallel
with a very large resistance, then the curves in Figure 3.7 should be flat over the

whole frequency range below the frequencies affected by the inductive components.
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Device capacitance measurements are normally performed at a single frequency,
typically below 1 MHz; as can be seen in Figure 3.7, the capacitance measured near
the lowest frequency handled by the PNA (i.e. 10 MHz) ranges from about 65 fF to
more than 80 fF. To verify these low frequency capacitance values, the UTC S11 were
re-measured using an Agilent network analyser operating from 9 KHz up to 8.5 GHz;
the obtained results were consistent with the PNA results (10 MHz to 67 GHz) and
the capacitance measured near the lowest frequency (i.e. 9 KHz) ranged from 65 fF
to 85 fF.

A simplified circuit model, shown in Figure 3.8 a), comprising the device capacitance
and series resistance, is commonly recognised as an adequate model for the UTC. A
slightly more accurate circuit version, illustrated in Figure 3.8 b), includes the effect
of the resistance R,,, across the depletion layer, which, although very high (hundreds
of KQ), is not infinite and also the effect of parasitic capacitance C, and inductance
Ly, whose effect become relevant only at very high frequencies. The arrow in the
circle, displayed in the left hand side of both circuits in Figure 3.8, is a current source
which is only active when the device is illuminated, otherwise it is an open as in the

case of the Si1/impedance measurement discussed in this section.

O O

Figure 3.8: a) Simplified circuit model for a photodetector; b) simplified circuit model including
the resistance Rp, across the depletion layer, which, although very high (hundreds of KQ), is not
infinite and also the effect of parasitic capacitance Cp and inductance Lp.

Interestingly, regardless of what values are assigned to the resistance R and the

capacitance C, the measured device Si1 and impedance, shown in Figure 3.4 and
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Figure 3.5, cannot be explained by either of the circuits illustrated in Figure 3.8. In
order to support this assertion, in Figure 3.9 the measured Sii1/impedance, for the
3 x 15 um? UTC at zero bias, is compared with the Si1/impedance obtained from the
simplified circuit for two different values of device capacitance, e.g. 16.6 fF
(theoretical value) and 68 fF (measured value at very low frequency); the parasitic
capacitance C, and inductance L, are neglected since their effect only starts to
become relevant at very high frequency, while the resistance R, across the depletion
layer is taken into account with a value of 300 KQ because, considering its value as
infinite would cause the real part of the impedance to be just a constant straight line
over the whole frequency range. The results shown in Figure 3.9 strongly suggest that
the difference between measured and calculated response is substantial and this is
particularly noticeable in the trend of the impedance real part up to 50-60 GHz and
the S11 magnitude up to 20-30 GHz. As a confirmation, a parameter optimisation to
fit the experimental results, was also attempted numerically, sweeping a vast range
of set of values of R, R, C and even including C, and L,, (whose effect, as anticipated,
is only perceptible above 75 GHz), however the discrepancy is substantial and no set

of values can provide a satisfactory matching.
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Figure 3.9: Comparison between measured Sii/impedance of a 3 x 15 um? area UTC and
Si11/impedance obtained from the simplified equivalent circuit for two different values of device

capacitance.

A qualitative mathematical explanation of this discrepancy can be attempted by
considering the analytical expression of the reflection coefficient S;; for the basic
Circuit 1 and Circuit 2 illustrated in Figure 3.9; if we consider such reflection
coefficient as a function (or frequency response) in the complex variable s = o +
j2rf (where j = +/—1 is the imaginary unit and f is the frequency) we obtain the

expression (3.1):

R+R, — R,
® =R (s + T=Rm )

511(5) = R+ Rp + RO (31)
(R +Ry) (s e Ro)RpC>

where R, is the 50 Q reference impedance. Equation (3.1) shows that the reflection

coefficient is endowed with one pole and one zero, both of the first order. The pole

R+Rp+Ry . .
Spole = — 7o~ is real and negative and corresponds, at steady state, to a
(R+Rg)RpC

frequency of 31.2 GHz for Circuit 1 and 127.9 GHz for Circuit 2; the zero S,z =

106



Chapter 3 — Characterisation and circuit analysis of waveguide UTCs

— 2R i real and positive and corresponds to a frequency of 93.6 GHz for
(R—Ro)R,C

Circuit 1 and 383.5 GHz for Circuit 2. As known from circuit theory and control theory,
the asymptotic effect of a negative pole of the first order is to produce a 20dB/decade
magnitude falloff and a 90° phase decrease, while a positive zero generates a
20dB/decade magnitude increase but still a 90° phase decrease. It follows that both
Circuit 1 and 2 would settle, asymptotically, on a flat magnitude and a -180° phase.
The §;, of Circuit 1 and 2 is hence shaped by s;4,, and S;¢,. Circuit 2 magnitude
starts flatter than Circuit 1 reflecting the fact that the former has a pole
corresponding frequency four times larger than the latter. In Circuit 1 the pole is
located at quite a low frequency (31.2 GHz) and its effect on the magnitude decrease
(which asymptotically would lead to a 20 dB/decade falloff) is already observable,
followed by the effect of the zero, at 93.6 GHz, which tends to counterbalance the
pole effect and would restore, asymptotically, the magnitude to a flat trend. The
measured S;; magnitude, plotted in Figure 3.9 as blue line, exhibits an early decrease,
even more pronounced than Circuit 1 however, unlike Circuit 1, it is soon restored to
a less steep slope maintaining which it reaches -3.5 dB at 110 GHz; the measured S;;
phase decreases virtually in a linear fashion down to -100° at 110 GHz.

The only way for the magnitude of a one-pole-one-zero function, such as the S;; of
Circuit 1 and 2, to fit the measured S;; magnitude within the low frequency range
(i.e. 0 GH to 25 GHz), would be to have the pole located at a very low frequency (less
than the 31.2 GHz shown for Circuit 1) and the zero closely following the pole at a
slightly higher frequency, like the plot in Figure 3.10. Firstly, it has to be noted that,
in order to have the pole and the zero located in this way, an unrealistically large
capacitance C = 550 fF and an unlikely small resistance R = 3(2 have to be
employed. Secondly, having the pole and the zero both located at such low
frequencies, causes the superposition of their asymptotic effects to be already nearly
noticeable below 110 GHz, with the S;; magnitude settling on a constant value of
about -1dB and the phase on -180° as a consequence the discrepancy between
circuit and measured magnitude becomes more and more considerable above circa
25 GHz, while the discrepancy between circuit and measured phase is substantial

over the whole frequency range.
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It seems reasonable to infer and conclude that more poles and zeroes, i.e. a higher
order circuit, are necessary in S;;(s) to achieve a satisfactory agreement between

the measured S;; and the circuit-model response.
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Figure 3.10: Example of a one-pole-one-zero function, such as the Si11 of Circuit 1 and 2, fitting
the measured S11 magnitude within the low frequency range (i.e. 0 GH to 25 GHz). In order to
have the pole and the zero located in this way, an unrealistically large capacitance C = 550 fF and
an unlikely small resistance R = 3 2have to be employed.

For the circuit S;; (s) transfer function to have more poles and zeroes (i.e. the circuit
order to increase), additional independent energy storage elements, such as
capacitors and/or inductors, must be introduced; the presence of these new
elements though, needs to be justified and a reasonable connection to the device
structure and physics has to be suggested.

The capacitance C and the resistance R, in the simplified circuit described in Figure
3.9 and Figure 3.10, essentially account for the effect of the depletion layer, modelled
as an appropriate capacitance in parallel with a very large resistance; the rest of the
device structure is simply taken into account by the resistance R which includes the
resistive effect of the ohmic contacts and the doped layers contributing to the device

series resistance.
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The spacer layers, grown between the absorber and the carrier collection layer, have
the function of alleviating the conduction band discontinuity generated at the
heterojunction between the narrow band-gap p-doped InGaAs and the wide band-
gap lightly n-doped InP. The electrons move by diffusion within the p-doped absorber
layer and, once injected into the carrier collection layer, drift towards the cathode
layer with overshoot velocity; the conduction band discontinuity tends to hinder the
electron injection into the depletion layer and hence acts as a barrier for the electron
transport. A comprehensive description of the UTC dynamic (non-equilibrium)
behaviour, may have to include an in depth analysis of the role played by the spacer
layers and the conduction band discontinuities, in the device response.

The issue concerning the presence of an offset in the conduction band edge was
identified for Heterostructure Bipolar Transistors (HBT) where, such a discontinuity
gave rise to a barrier impeding the injection of electrons from the emitter into the
base region [3.13], [3.14]; a description was proposed, for the electron transport
across this barrier, using a thermionic model discussed by Anderson [3.15]. A study
regarding the effect of graded layers and tunnelling on the performance of
AlGaAs/GaAs heterojunction bipolar transistors was presented by Grinberg et al
[3.16]. Here HBTs with an abrupt emitter-base junction and graded HBTs were
modelled, using a thermionic-diffusion model, and the electron current density
across the heterointerface was calculated together with the electron concentrations
at each side of the heterointerface; it was found that the values of the common
emitter current gain in HBT’s with an abrupt emitter-base junction are smaller than
graded HBT because the electron injection is limited by the interface spike barrier.
Grinberg also proposed a new thermionic field-diffusion model including the effect
of electron tunnelling near the peak of the interface spike; when the effect of
tunnelling is included, a multiplicative term is introduced in the expression of the
electron current density across the heterointerface, which accounts for the barrier
transparency. It turned out that tunnelling effects play an essential role in HBTs with
abrupt spikes, while are less important in HBTs with graded junctions and become
negligible for grading lengths larger than 30 nm. The transit-time effect of the
electrons injected from the channel into the gate layer, in a heterostructure similar

to a high-electron mobility transistor, was studied theoretically in [3.17] to explain
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the plasma instability in the structure. As well as the temperature and the applied
voltage, the electron injection depended on the band offset at the heterointerface
and occurred via either tunnelling through the top of the barrier or thermionic
emission over the barrier.

To the best of the author’s knowledge, a thorough study about the effect of spacer
layers and conduction band discontinuities on the dynamic (non-equilibrium)
operation of UTCs, has not been carried out. The topic is certainly of great interest
for future research, however we introduce here a model for the observed effects.
Based on the above mentioned studies [3.13]-[3.17] it arises that tunnelling and
thermionic emission are the phenomena governing the electron transport across
conduction band offsets. As seen in [3.16], such electron transport is associated with
different charge concentrations at each side of the barriers and with possible
impediment to the electron passage (i.e. current decrease) caused by the potential
barrier. Here we suggest the hypothesis that these effects may be reflected, at a
macroscopic scale, in a way that can be interpreted as capacitive and resistive effects
on the UTC frequency behaviour. In the new Circuit 3, illustrated in Figure 3.11, the
two spacers have been modelled as two RC parallel circuits (R,C, and R3C3), which
provide the required additional poles/zeroes in the S;;(s) transfer function; the
neutral region of the heavily p-doped 120 nm thick absorber is ignored as it would
only provide a negligible resistive effect. The R,C, parallel represents the carrier
collection layer, while R, takes into account the resistive effects of doped materials
and ohmic contacts. The parasitic capacitance and inductance C, and L,, only have
the function to refine the agreement with the experimental data above 75 GHz. It will
be shown in the next section, where the experimental data is compared with 3D
full-wave simulation results, that most of the L,, value is not due to the UTC itself but
to the inductive effect introduced by the coplanar waveguide contact pads, deposited
to enable the use of air coplanar probes, which becomes observable in the W-band.
The value of (), is very small and can be associated to capacitive coupling between
the n- and p-contact metal pads; an additional parasitic capacitive coupling takes

place between the side walls of the thick heavily p-doped ridge layer and the
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underlying heavily n-doped n-contact and waveguide layers, enhanced by the

polymer electrical permittivity.
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Figure 3.11: Relation between the new equivalent circuit and the UTC structure.

Figure 3.12 shows the comparison between S;;/impedance of the new circuit
illustrated in Figure 3.11 and S;;/impedance of a lll-V Lab 3 x 15 pm? area UTC
measured at zero bias; all of Circuit 3 elements have been optimised to match the
response of the 3 x 15 um? area UTC and their optimum values are also displayed in
Figure 3.12. The agreement between Circuit 3 and experimental results is excellent
and supports the hypothesis proposed above, regarding the role played by spacer

layers and conduction band discontinuities in the photodiode frequency response.
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Figure 3.12: Comparison between measured Si1/impedance of a 3 x 15 um? area UTC at O V bias
(dashed blue line), and S11/impedance obtained from Circuit 3 which models the proposed effect
of spacer layers and conduction band discontinuities (dotted red line).

Remarkably, to obtain a good agreement between Circuit 3 and the measured
S;1/impedance of a4 x 15 um? area UTC (still at zero bias) it is not necessary to repeat
an optimisation process, but is sufficient to scale down the optimum resistances of
the 3 x 15 um? UTC by a factor 3/4 and scale up the capacitances by a factor 4/3; this
comparison is shown in Figure 3.13.

In order to match the experimental results of the 3 x 15 um? area UTC measured at
2 V reverse bias, the values of the capacitances C,, C3, and C,, associated with the
spacers and the depletion layer, have been adjusted, while all the resistances are
unchanged with respect to the 0 V bias case; in particular this is consistent with the
fact that the applied voltage does not influence the device series resistance. The
agreement is good and depicted in Figure 3.14.

As in the zero bias case, for the measurements taken at 2 V reverse bias, it is sufficient
to scale the optimum resistances and capacitances found for the 3 x 15 pm? UTC, in
order to obtain a good match between Circuit 3 and S;;/impedance of the 4 x 15 pm?

area UTC, as illustrated in Figure 3.15.
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Figure 3.13: Comparison between measured Si1/impedance of a 4 x 15 um? area UTC at 0 V
bias (dashed blue line), and Si1/impedance obtained from Circuit 3 (dotted red line). The
optimum resistance and capacitance values are obtained by scaling the optimum values
found for the 3 x 15 pm? area UTC at O V.
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Figure 3.14: Comparison between measured Si1/impedance of a 3 x 15 um? area UTC at 2 V
reverse bias (dashed blue line), and S11/impedance obtained from Circuit 3 (dotted red line).
The capacitances Cz, Cz and Cs, associated with the spacers and the depletion layer, have been
adjusted, while all the resistances are unchanged with respect to the 0 V bias case.
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Figure 3.15: Comparison between measured Si1/impedance of a 4 x 15 um? area UTC at 2 V reverse
bias (dashed blue line), and Si1/impedance obtained from Circuit 3 (dotted red line). The optimum
resistance and capacitance values are obtained by scaling the optimum values found for the 3 x 15 um?
area UTC at 2 V reverse.

The values of the resistance R; in Circuit 3, deduced from the S parameter
measurements, is 15 Q for the 3 x 15 um? area UTCs and (3/4) x 15 Q for the
4 x 15 um?. It is noted that this values are about 5 Q) smaller than the series resistance
estimates presented in Section 3.1. It seems reasonable to place this discrepancy
within the error tolerance in the evaluation of the materials carrier mobility and the
ohmic contact contributions. In this chapter preamble, it was indeed said, that the
experimental work discussion would precede the 3D full-wave modelling and
simulation, in order to refine the knowledge of the material physical properties to
employ in such modelling. It is also noted that the full-wave modelling discussed in
the next section will show that the optimum value for the series resistance R; of the
4 x 15 um? area UTCs is in reality slightly larger than (3/4) x 15 Q, which is consistent
with the fact that only the contributions to the series resistance due to the materials
in the ridge actually do scale down by a factor (3/4), but the contribution due to

n-contact layer and n-ohmic contact do not.
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The values of Circuit 3 optimum parameters, found in this section, will be hence
employed in Chapter 4 to set the appropriate material properties in the 3D full-wave
modelling.

In the next section the measured photodiode frequency photo-response is discussed
and it is shown how the results obtained for Circuit 3 can be employed to predict such

photo-response.

3.3 Frequency photo-response measurement

The UTC frequency photo-response was measured from 10 MHz to 67 GHz by means
of an Agilent lightwave component analyser (LCA), based on the performance
network analyser (PNA) used for the S11 measurements. The device was probed using
a Cascade Air Coplanar (ACP) probe with coaxial electrical connection and lensed
fibres with a spot size ranging from 4 um to 10 um were used to couple the light into
the device optical waveguide. A Scanning Electron Microscope (SEM) photograph of
a packaged 3 x 15 um? area UTC is shown in Figure 3.16, with details regarding the
position of photodiode, optical waveguide and lensed fibre; as shown in the inset,
the optical waveguide width is less than 3 um at the cleaved facet, which gives an
idea of the challenge related to the optimisation of the fibre-to-waveguide alignment,

essential to maximise the optical responsivity.

30 um EHT = 8.00 kV Signal A = SE1 Date :24 Sep 2014
WD = 7.5mm Photo No. = 757 Time :15:49:56

Figure 3.16: SEM image of a packaged 3 x 15 um? area UTC. The position of photodiode, optical
waveguide and lensed fibre is indicated with red arrows. The inset highlights the optical waveguide
width.

115



Chapter 3 — Characterisation and circuit analysis of waveguide UTCs

The experimental arrangement used for the frequency photo-response
measurement is shown in Figure 3.17. The optical section of the LCA contains a 1550
nm laser source and a Mach-Zehnder modulator which is driven by an RF signal
provided by the electrical section of the LCA. The modulated laser is transmitted via
an optical fibre and then coupled to the UTC optical waveguide through a lensed
optical fibre.

A Keithley source-meter, which operates as both power supply and digital
multimeter, was connected to the electrical section of the LCA. The RF and DC
photocurrent generated by the UTC and extracted through the ACP, are received by
the LCA, whose internal bias-T enables the RF power and the DC photocurrent to be
measured separately by the LCA and the Keithley respectively. The source-meter also

provides the bias for the UTC through the Cascade ACP.
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Figure 3.17: Experimental arrangement used for the measurement of the UTC frequency
photo-response.

The measured frequency response returned by the LCA consists of the responsivity

p(f) normalised to 1 A/W, in dB, as in (3.2).

Ipy (A A
p(f)as = 201l0g;q %/(1@] (3.2)
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The measured frequency photo-response normalised to 0 dB of a 3 x 15 um? area
photodiode and a 4 x 15 um? area photodiode are plotted in Figure 3.18 and Figure
3.19 respectively, with a continuous black line. In the two figures the response has
been plotted both with a linear abscissa a) and a logarithmic abscissa b) as the former
enables the curve trend below 30 GHz (similar to the S;; trend) to be noticed, while
the latter highlights the curve knees, above which the response will tend to settle on
the high frequency roll-off, determined by the combined effects of transit-time
limited and RC limited response. For non-travelling wave devices, like those studied
in this work, the asymptotic roll-off of the RC limited response is equal
to -20 dB/decade if the parasitic capacitance and inductance are ignored, otherwise
is -60 dB/decade. For travelling wave photodiodes (TW-PDs), the RC bandwidth
limitation is eased as it depends on the velocity mismatch between optical and
electrical waves, rather than the total device area [3.18]; the high frequency roll-off
for travelling-wave photodetectors can be better than -10 dB/decade [3.19], ignoring
additional parasitic effects. The asymptotic roll-off contribution due to the
transit-time limited response is -20 dB/decade for both lumped and travelling-wave
devices.

The optical power set in the LCA was 6 dBm, though a 0.4 dB loss through the optical
fibre was measured with a power meter at point 2 in Figure 3.17; the optical power
was also measured at the output of the lensed fibre and showed no additional loss
with respect to point 2. The measured optical power leaving the lensed fibre was
therefore 5.6 dBm (= 3.6 mW).

The measured DC photocurrent was very similar for both devices, namely 460 pA for
the 3 x 15 um? UTC and 490 pA for the 4 x 15 um? UTC, which therefore exhibited DC
responsivities of 0.127 A/W and 0.135 A/W respectively, at a 1.55 um wavelength. It
is noted that the DC responsivity was improved by almost 10 % when a polarisation
controller was inserted between the optical fibre and the lensed fibre, as this allowed
the coupling into the UTC optical waveguide to be further optimised; nevertheless,
due to some losses through the polarisation controller, the actual optical power
reaching the photodiode dropped of a couple of dB, causing the measured frequency
photo-response to be noisy. The frequency response was hence measured without
the use of the polarisation controller.
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Figure 3.18: Measured (continuous black line) photo-response and calculated RC limited
photo-response (dashed red line) of a 3 x 15 pm? area UTC, displayed with a linear abscissa in
a) and a logarithmic abscissa in b).
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Figure 3.19: Measured (continuous black line) photo-response and calculated RC-limited
photo-response (dashed red line) of 4 x 15 um? area UTC, displayed with a linear abscissa in
a) and a logarithmic abscissa in b).

Circuit 3, discussed in the previous section with its optimum parameters, was
employed to predict the frequency response of the two different area UTCs and make
a comparison with the measured photo-response. For this purpose, the current
generator of Circuit 3, that was an open-circuit for the Si11/impedance evaluation, is
now active and accounts for the photocurrent Ip; generated by the incident optical
power, as shown in Figure 3.20; also, the terminals at which the Si1 and the
impedance were evaluated, are now terminated in a 50 Q) load R; representing the

LCA input impedance, to which the RF power generated by the UTC is delivered.
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Figure 3.20: Circuit 3 for the evaluation of the frequency photo-response. Ir4, which was zero
for the Si1/impedance evaluation, is now active and accounts for the photocurrent generated
by the incident optical power. R; is the LCA input impedance and %R/’ is the RF power
delivered to the LCA.

If we indicate with Z; the total impedance associated with absorber, spacers and

depletion layer, given by (3.3)

Z, = Rz + R + R 3.3
714 j2nfR,C, 1+ j2nfR3Cs - 1+ j2mfR,C, (3:3)
then we can quantify the relationship between Ipy and I}, as in (3.4)
Z
I, = ! (3.4)

I
"1(2; + R)(1 — 4m2f2LpCp + j2mf R, Cp) + j21ifLp + R,

If the transit-time effect is ignored and only the RC limited response is considered,
the amplitude of the current Iy can be regarded as constant over the frequency
range and the calculated UTC photo-response corresponds to the dashed red lines
plotted in Figure 3.18 and Figure 3.19. These curves represent the squared modulus

of I, (f) normalised to the DC squared modulus of [, in dB, i.e.
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10log,o (11, (f)|?0rm); the optimum circuit parameters, found in the previous
section for the 3 x 15 um? UTC and the 4 x 15 um? UTC at -2 V bias, have been
employed. As can be noticed in Figure 3.18 and Figure 3.19, the two different size
photodiodes exhibit RC-limited response 3 dB bandwidths of 111 GHz and 84 GHz
respectively; the full-wave modelling results of the next chapter will show that the
RC limited 3 dB bandwidth values have been here overestimated due to the too large
value of inductance Lp considered for Circuit 3 in Figure 3.20, whose effect is to
slightly raise the frequency response curves.

For a comprehensive calculation of the device photo-response, the transit-time effect
must be taken into account. The amplitude of the current Ipy is not constant over
the frequency range but suffers from a decrease caused by the electron transit time
across absorber and depletion region.

In depth studies of InP/InGaAs heterojunction bipolar transistors (HBT) have
demonstrated that electrons can drift at overshoot velocities, as high as 4 x 10’ cm/s
[3.20]; for the 300 nm thick InP collection layer of the UTCs characterised in this
chapter, such velocity yields a 0.75 ps transit time. If this transit time 7, across the
collection region was the only reason for Ipy to decrease over the frequency range,
then |Ipy|? would drop as sin?(nft.) /(nft)?, as is the case for PIN photodiodes
[3.21], [3.22], and the 3dB transit time limited bandwidth would be
frr = 0.443/t, = 590 GHz. Actually, in a UTC structure, for reasonable values of
the depletion layer thickness, the transit time across the collection layer is shorter
than across the absorber and therefore, the device transit time limited 3 dB
bandwidth is mainly determined by the response in the absorption layer.

The expression for Ipy was calculated in [3.23]-[3.24] and is shown in (3.5):

Wa .
() = o [ teiws ) ll‘ jonfty <1_ LG, ) >l s
0

1 +]27TfTR Ie,inj(WA' f)
sin(nfte)| _ -
e inj (WA'f) I fTC e/ (3.5)
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where W, is the absorber thickness, W, is the collector thickness, W = W, + W,
Ie,inj(Wy, f) is the electron injection current at the absorber/collector interface, x is
the coordinate along the layer thickness, I, (x, f) is the electron current across the
absorber, T is the absorber dielectric relaxation time, 7. is the electron transit time
across the depletion layer. The first term in equation (3.5), i.e. the integral, represents
the contribution to the total photocurrent Ipy provided by the absorption layer, while
the second represents the collection layer contribution.

When the doping in the absorber is adequately high (> mid 10*’/cm3) [3.23]-[3.24], a
quasi-neutral condition is preserved in this region and the hole drift current,
generated by the background holes, is largely predominant against the hole diffusion
current, produced by the excess holes, which becomes negligible. Equivalently, it can
be said that the holes respond within the dielectric relaxation time 7 = ¢/0 (where
€ and o are the material electrical permittivity and conductivity respectively) which
for p-InGaAs 108 cm™ can be as short as 33 fs [3.23]. Under these conditions, the
influence of the absorber holes on the UTC bandwidth can be ignored and the device
transit-time limited response will only depend on the electron injection current at the
absorber/depletion interface and on the transfer function through the collection
layer. Essentially, the term within square brackets inside the integral in (3.5)
approaches 1 and equation (3.5) can be simplified as in (3.6):

Wa Wc Sin(ﬂffc)l e—jnf‘l:c} (3.6)

Ipu(f) = Ieinj(Wa, f) {W T fte

where the term between curly brackets represents the transfer function through the
collection layer.

If no quasi field is present in the absorber, the minority electrons within this layer
only move by diffusion and, despite the high mobility of the minority electrons
(greater than 4000 cm?/Vs for p-InGaAs 10'® cm3), the transit time across the
absorption layer can still be longer than the hole transit time across an equally thick
depletion layer in a PIN photodiode [3.23]. As shown in [3.24], in this pure diffusion

scenario the analytical expression of the electron injection current Ie,inj(WA,f) at
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the absorber/depletion layer interface, can be more easily calculated and is given by

(3.7):

1 D,Tyec
(W ) 1+ )2nfTrec vrytanh \ [ D Trec
Ie,inj(WAJ f) 1 +]27TfTreC

Iy

(3.7)

D,t
D, tanh +v / rec
\ eTrec TH 1 +]27Tfrrec
1+ )2nfT,ec

where I, is the DC injection current (i.e. the equation right hand side term is 1 when
f =0), D, is the electron diffusion coefficient in the absorber, .. is the carrier
recombination lifetime and vy is the electron thermionic emission velocity.

It was shown [3.23], [3.25] that the effect of a quasi-field within the absorption layer
can be significant when high-mobility InGaAs is used and the transit time limited
frequency response can be improved substantially, since the quasi-field helps the
electrons to be swept out from the layer. A quasi-field can be generated either via
band-gap grading or doping grading, the latter being the case for the 1lI-V Lab UTCs
characterised in this chapter, as can be seen from the epitaxy structure in Table 3.1.
An enhancement of the intrinsic 3 dB bandwidth can also be seen at a high excitation
level (high photocurrent) as the electron transport changes from diffusive to mixed
drift/diffusive due to the effect of a self-induced field [3.24]. To calculate the
transit-time frequency response of the IlI-V Lab UTCs, the contribution of the
quasi-electric field generated by the graded doping shown in Table 3.1 needs to be
estimated. The quasi-electric field concept was first discussed by H. Kroemer in [3.26]
and it was shown that, unlike “ordinary” electric fields, quasi-electric fields do not
exert forces equal in magnitude and opposite in direction upon electrons and holes
and therefore represent a new degree of freedom for the device designer to obtain
effects impossible to obtain with ordinary electric fields. The generation of a
quasi-electric field is a complex phenomenon which occurs, as mentioned above, in
compositionally non-uniform semiconductor materials and materials with graded

doping. An analytical study of quasi-electric fields generated in such scenarios can be
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found in [3.27]; the quasi-electric field Eyy acting on the electrons is due to the

spatial variation of the electron affinity y as in (3.8):

1dy

__lax 3.8
QN qdx (3.8)

whereas that acting on holes is due to the spatial variation of both electron affinity

and band-gap energy as in (3.9):

1d(y+ E;)
__1 3.9
Eqp 7 dx (3.9)

The graded doping in the p-type UTC absorption layer yields a potential gradient, and
hence a quasi-field, which effectively accelerates electrons in the direction of
decreasing doping levels. Therefore, the graded doping realised in the absorber of
the IlI-V lab UTCs, shown in Table 3.1, produces a quasi-field that effectively
accelerates the minority electrons from the absorption towards the collection layer.
Although the overall effect of this doping profile is favourable to a faster device
response, it also generates a secondary effect which tends to slow down the minority
electrons; this effect is due to the effective band-gap narrowing associated to high
doping levels.

While the spatial variation of the band-gap energy in a compositionally non-uniform
semiconductor is clearly due to the graded composition, the band-gap narrowing
occurring as a consequence of doping is not as obvious. When the semiconductor is
lightly doped, the conduction and valence bands are parabolic with sharply defined
band edges. As the doping density increases, the localized impurity states broaden
into an impurity band and the fluctuating potential associated with the dopants
located on randomly situated lattice sites produces tails in the conduction and
valence bands and, as the doping level increases, the impurity band merges with the
conduction band and an effective shrinkage of the band-gap results [3.27]. An
assessment of the band-gap shrinkage versus doping levels in p-type Inos3Gap.a7As

was presented in [3.28]; based on such results the difference of band-gap narrowing
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produced by the doping levels equal to the upper and lower bounds of the graded
doping profile in the IlI-V Lab UTC absorber, can be estimated to be about 10 meV.
For minority electron transport in a quasi-neutral region, as is the case for the llI-V Lab
UTC absorber, the effective band-gap shrinkage can be entirely attributed to the
conduction band (i.e. the effective asymmetry factor discussed in [3.27] equals 1),
while the valence band remains flat, as also shown in [3.23]. It follows that the
estimated band-gap narrowing (about 10 meV) also coincides with an effective
electron affinity variation that generates, as in (3.8), a quasi-electric field E,y acting
on electrons. Therefore, the corresponding potential is about 10 mV, and its effect
slows down the electron travelling towards the collection layer. The results discussed
in [3.25] show that a quasi-field equivalent to a 50 mV potential can increase the 3 dB
bandwidth of a UTC with 120 nm thick absorption and depletion layers, from 160 GHz
(diffusion only) to almost 400 GHz; the 1lI-V Lab UTCs have a 120 nm thick absorber
and a 300 nm thick depletion layer, hence their transit time limited 3 dB bandwidth
would increase from almost 160 GHz (diffusion only) to over 300 GHz under the effect
of the same 50 mV potential. The overall potential generated by the graded doping
in Table 3.1 will be favourable to a faster device response and will dominate the
adverse secondary effect due to the effective band-gap narrowing. It appears
reasonable to suppose that the overall potential generated in the IlI-V Lab UTCs by
the graded dopingin Table 3.1, will be in the range 10 mV to 20 mV and will therefore
increase the transit-time limited bandwidth to between 200 GHz and 300 GHz.

Figure 3.21 illustrates the transit time limited response of a UTC with a 120 nm thick
InGaAs absorber and a 300 nm thick InP collection layer, calculated using equations
(3.6) and (3.7) and the estimated quasi-field contribution, for five different scenarios.
The continuous red line represents the response due only to the transfer function
through the collector, i.e. the squared modulus of the term between curly brackets
in equation (3.6) in dB, which shows a 3 dB bandwidth of over 500 GHz. The dotted
blue line is the transit-time limited response, i.e. 1010g.o(|1py(f)|20rm), for the
pure diffusion case, when no quasi-field is present, and exhibits a 3 dB bandwidth of
152 GHz. The three dashed green lines 1, 2 and 3 represent three possible
transit-time limited responses obtained with the contribution of the estimated
overall potential (between 10 mV and 20 mV) generated by the doping grading shown
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in Table 3.1, and have 3 dB bandwidths of about 200 GHz, 235 GHz and 270 GHz
respectively. A summary of the parameters in equations (3.6) and (3.7), employed to
calculate the responses in Figure 3.21, is given in Table 3.4; the electron diffusive
constant was calculated using the Einstein relation for the diffusion of charged

particles.

Table 3.4: Summary of the parameters in equations (3.6) and (3.7), employed to
calculate the responses in Figure 3.21.

Parameter Description Value
Wy Absorption layer thickness 120 nm
Wc Collection layer thickness 300 nm

Electron transit time across the collection layer, calculated

T . . .
¢ assuming an overshoot velocity of 4 x 107 cm/s [3.20] 0.75 ps
D Diffusion constant of electrons in the absorber calculated )
e - 2 103 cm?/s
for an electron mobility of 4000 cm?/(Vs) [3.23], [3.25]
v Thermionic emission velocity used as a boundary condition | 2.5 x 107 cm/s
TH at the absorption/collection layer interface [3.25], [3.24]
Trec Carrier recombination lifetime in the absorber 2ns [3.29]
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Figure 3.21: Transit-time limited response of a UTC with a 120 nm thick InGaAs absorber and a
300 nm thick InP collection layer. The continuous red line represents the decrease due only to
the transfer function through the collector. The dotted blue line is the transit-time limited
response for the pure diffusion case, when no quasi-field is present. The three dashed green lines
1, 2 and 3 represent three possible transit-time limited responses obtained with the contribution
of the estimated potential (between 10 mV and 20 mV) generated by the doping grading shown
in Table 3.1.

The RC-limited frequency response has previously been calculated in equation (3.4)
using Circuit 3 in Figure 3.20 and considering the current source Ipy as ideal (i.e.
constant over the frequency range). The transit-time limited responses plotted in
Figure 3.21 can now be used to assess the overall 1ll-V Lab UTC photo-response,
incorporating both the RC-limited and transit-time limited contributions; essentially
the ideal current source Ipy in equation (3.4) can now be replaced with a current
source whose squared modulus decreases over the frequency range following the
responses plotted in Figure 3.21. The total frequency response of the 3 x 15 um? and
the 4 x 15 um? llI-V Lab UTCs, for diffusion only and the three different quasi-field
scenarios shown in Figure 3.21, is plotted in Figure 3.22 and Figure 3.23 respectively

and compared with the measured photo-response.
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Figure 3.22: Overall frequency response of the 3 x 15 um? Ill-V Lab UTCs, for the diffusion only
scenario (dotted blue line) and the three different quasi-field scenarios (dashed green lines)
depicted in Figure 3.21, compared with the measured response (continuous black line).
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Figure 3.23: Overall frequency response of the 4 x 15 um? Ill-V Lab UTCs, for the diffusion only
scenario (dotted blue line) and the three different quasi-field scenarios (dashed green lines)
depicted in Figure 3.21, compared with the measured response (continuous black line).

The overall frequency responses calculated including the estimated quasi-field
contribution (dashed green lines in Figure 3.22 and Figure 3.23) show wider
bandwidths than the experimental data. On the other hand, the frequency response
calculated ignoring the quasi-field in the absorber (dotted blue line in Figure 3.22 and
Figure 3.23) appears to decrease just slightly faster than the measured
photo-response. This seems to suggest that the effect of the quasi-field generated by
the graded doping should be rather modest, in order to match the experimental data,

contradicting the quasi-field enhancement expected on the basis of the analysis
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presented in [3.23] and [3.24]. The reason for this disagreement is that, as already
mentioned previously, the calculated RC-limited 3 dB bandwidth has been here
overestimated due to the too large value (16 pH) assigned to Lp in Circuit 3 in Figure
3.20. The CST full-wave modelling, discussed in the next section, will show that the
actual inductive component of the UTC is in reality smaller, i.e. 6.5 pH, which causes
a reduction of the RC-limited 3dB bandwidth and therefore requires, in order to
match the experimental data, a quasi-field enhancement in line with the calculation
shown in Figure 3.21. The reason why a greater value of inductance Lp provides a
better power transfer to the 50 Q R; within the considered frequency range (i.e. a
broader 3 dB bandwidth), is that the UTC reactance is clearly capacitive (i.e. negative)
in such frequency range. The higher value of inductance Lp (16 pH) tunes the UTC
capacitive reactance more efficiently than the smaller value (6.5 pH), within the

considered frequency range, and hence yields a wider RC-limited 3 dB bandwidth.

3.4 Conclusions

In this chapter the IlI-V Lab UTC impedance and frequency photo-response have been
studied in depth using experimental data, circuit analysis and some theoretical
investigation. The UTC Si11 and impedance were measured up to 110 GHz and the
experimental results were employed to carry out a circuit analysis of the devices. It
was found that the circuit model typically used to describe the photodetector
response, which attributes the UTC reactance to one energy storage element only
(junction capacitance), cannot describe the experimental results with acceptable
accuracy, no matter what values are considered for the junction capacitance and the
series resistance. In order to describe the observations a novel model was
introduced, suggesting that the spacer layers and the conduction band discontinuities
at their interfaces may play a not negligible role in shaping the UTC impedance and
frequency response. An investigation of the UTC transit-time limited frequency
response has also been carried out, including an assessment of the quasi-field
generated by the graded doping profile in the absorption later. The results obtained
in this chapter will be employed to set the material properties in the 3D full-wave

modelling work discussed in the next section.
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Chapter 4 - 3D full-wave modelling of
waveguide UTCs

This chapter presents the 3D full-wave modelling work (performed in CST STUDIO
SUITE), carried out to allow the question regarding the UTC-to-antenna coupling
efficiency to be more thoroughly understood. To the best of the author’s knowledge
no 3D full-wave modelling to analyse the UTC impedance has been reported. A brief
description of the CST equations and numerical methods will be provided in
Section 4.3.

As mentioned previously we will show, in the next chapter, how a reasonably
accurate knowledge of the photodiode impedance can enable us to make a
satisfactory prediction, both in terms of absolute value and trend over the frequency
range, of the power radiated by an antenna integrated with that photodiode. The
modelling of the UTC frequency photo-response has also been carried out in this
chapter. To model the frequency response the results of the impedance analysis have
been adopted. We also present in this chapter the results of 3D full-wave optical
modelling and simulation, aiming to better understand and improve the optical
power coupling between lensed fibre and UTC optical waveguide.

As reference source for the material electrical and optical properties, the CST STUDIO
SUITE material database was employed together with the information available in
[4.1]-[4.3] and in the on-line electronic archive of the loffe Physico-Technical
Institute. The full-wave modelling will allow the device Si11 and impedance to be
calculated up to 400 GHz. The value of the photodiode impedance will then be used
in Chapter 5 to determine the power radiated by antenna integrated UTCs, properly

taking into account the UTC to antenna coupling efficiency.

4.1 S;; and impedance 3D full-wave modelling

The optimised parameters of Circuit 3 found in Section 3.2 and their relation with the
device structure, illustrated in Figure 3.11, can be employed to set the material
properties, i.e. conductivity and relative electrical permittivity, in CST. The series

resistance R, obtained for the 3 x 15 um? UTC, at both OV and 2V reverse bias, is
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equalto 15 Q, therefore the conductivities of the layers contributing to the UTC series
resistance (namely p-contact, ridge layer, waveguide and n-contact) need to be
adjusted, starting from the values shown in Table 3.2, in order to produce a total
device series resistance equal to 15 €, including the effects of n- and p-ohmic
contacts, for the 3 x 15 um? model; the obtained conductivity values are summarised

in Table 4.1.

Table 4.1: Conductivities used in the full-wave modelling for the layers contributing
to the UTC series resistance. The relative electrical permittivity values are also
shown, although they play a very marginal role for these layers.

o . Electrical conductivity | Relative electrical
Layer description Thickness (nm) @) permittivity
p-contact 200 19226 13.91
Ridge Layer 1000 3600 125
Waveguide 300 95000 13.12
n — contact - 103000 125

As mentioned previously, the calculation of the n-contact layer and n-ohmic contact
contributions to the series resistance is not a trivial geometrical problem hence a
simplified CST model, as in Figure 3.3, has been used to verify that the conductivities
given in Table 4.1 and the specific contact resistances shown in Table 3.3 actually
produce a total device resistance of 15 Q. The p- and n-ohmic contact resistances
have been taken into account in the CST model by inserting thin layers of appropriate
conductivity between the n/p-contact layers and the gold pads. This simplified CST
model has also been used to verify whether the device series resistance actually
scales down by a factor 3/4 for the 4 x 15 um? UTC; it was found that the 4 x 15 pm?
UTC series resistance is 12.7 Q which is slightly larger than (3/4) x 15 Q (=11.2 Q) and
this is consistent with the fact that in reality only the resistance of the layers making
up the ridge scales down by (3/4) while that of n-contact layer and n-ohmic contact
does not.

The properties of the two spacers and the collection layer are dictated by the
optimised circuit elements R,, C5, R3, C3, R4 and C, of Circuit 3 in Figure 3.11, which

were discussed in Section 3.2, and are summarised in Table 4.2. It is important to bear
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in mind that these properties are not intended to represent the actual bulk properties
of the materials making up the layers concerned (i.e. InGaAsP and InP) but are the
results of the model we have introduced in Section 3.2 to explain the effects observed
in the experimental data. As can be seen in Table 4.2, the relative electrical
permittivity of the layers, except the absorption layer, is slightly different for the two
different bias values (0 V and -2 V) which takes into account the capacitance change
introduced by the applied reverse voltage; although the changes in capacitance are
generally due to variations of the depletion region thickness, we have preferred to
maintain the model geometry unchanged and account for the effect by means of an
equivalent permittivity variation. Since the absorption layer only provides a marginal

resistive contribution, its permittivity was not changed.

Table 4.2: Material properties of the two spacers and the collection layer derived by
the optimised circuit elements Rz, C2, Rs, C3, R4 and Cs of Circuit 3. The absorber
properties are also shown, although this layer only provides a marginal resistive
contribution.

. Electrical Relative electrical Relative electrical
Layer Thickness L NP .
descrintion (nm) conductivity permittivity permittivity
P @1m) (0 V bias) (-2 V bias)
Absorption 120 4005 13.91 13.91
layer
Spacer Q - 1.26 3.95 3.20
Spacer Q 2.67 3.05 2.63
Collection 300 0.02 50.45 45.18
layer

As mentioned previously, the BCB layer was modelled in CST employing a “loss free”
polymer, from the CST material database, with an electrical permittivity of 3.5. The
substrate was modelled with standard loss free 12.5 permittivity indium phosphide
(InP) while for the metal pads the default CST gold model (conductivity of
4.561 x 107 (Om)!) was employed. The Ill-V Lab UTCs also contain very thin layers of
platinum (conductivity of 9.52 x 10° (Qm)?) and titanium (conductivity of
2.015 x 10% (QOm)?) whose exact thickness was unknown; these two layers were
included in the model between the polymer and the CPW gold, with typical thickness
values of 10 nm (Pt) and 5 nm (Ti), while were not inserted between the UTC
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n/p- contact layers (InGaAs/InP) and the gold because at this locations, as mentioned
previously, ad-hoc layers were introduced to take the ohmic contact resistances into
account.

A model including the whole of the cleaved chip and the CPW pads is illustrated in
Figure 4.1. Figure 4.2 shows additional details of the area near the UTC, including the
n-contact layer mesa and the optical waveguide, while a further magnified cross
section view is given in Figure 4.3, showing details of the layers making up the ridge.
Since the chip was placed on a brass mount during the measurement, a perfect
electric conductor (PEC) plane was used as boundary condition underneath the InP
substrate (Zmin), While all the other boundaries were surrounded by vacuum. The
excitation source, highlighted in red in Figure 4.1, was placed on the CPW signal pad
and connected to the ground pads through ideal one-dimensional PEC wires (blue
lines in Figure 4.1) which introduced no parasitic capacitance; to reduce the current
loop inductance introduced by the wires, the loop areas were kept as small as
possible. The excitation source is a CST “discrete port”, essentially representing a
Norton (or Thevenin) equivalent with a 50 Q impedance. It is noted that CST also
provides a different type of excitation source, called “waveguide port”, which has a
planar geometry and basically acts as a special kind of boundary condition of the
calculation domain, enabling the stimulation as well as the absorption of energy; the
waveguide port is generally preferred over the discrete port, in terms of accuracy, for
the S parameter calculation of waveguide and microstrip structures. In the author’s
opinion though, the use of the waveguide port could not have represented the actual
connections and geometry of the experimental arrangement with acceptable
accuracy. The use of the discrete port with the connections shown in Figure 4.1 was
hence preferred, as it was considered to be better representative of the way the air
coplanar probes are brought in contact with the CPW pads. The CST discrete ports
provide accurate results when their size is much smaller than the wavelength; in our
model the discrete portis 1 um long.

It should also be noted that the hardware used for this work enabled the simulation
of very large models, up to a few hundred million mesh cells, containing geometrical

features extremely small compared to the bounding box size.
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150 pm

InP - substrate

Figure 4.1: CST model including the whole of the cleaved chip and the CPW pads.

Titanium

Polymer

- ¢255 pm InP —ridge layer

InP — carrier
collection layer

InP - substrate

Figure 4.2: Model details of the area near the UTC, including the n-contact layer mesa and the optical
waveguide.

138



Chapter 4 —3D full-wave modelling of waveguide UTCs

Figure 4.3: Magnified cross section view showing details of the layers making up the UTC ridge.

The first simulations were carried out on the model shown in Figure 4.1, which
includes the whole of the chip with the CPW pads. Because the frequency range of
interest extends up to 400 GHz, it is essential to assess and de-embed the effect of
the CPW as this would affect dramatically the calculated Si1/impedance values at
such high frequencies; we are interested in the Sii/impedance of the UTC alone,
which will help us evaluate and improve the efficiency of energy coupling with
antennas.

It was found during the laboratory experiment that varying the ACP contact position
along the CPW had very little effect on the measured Si11 below 67 GHz, while
introducing some change in the W-band. The same test was performed numerically
on the model in Figure 4.1 and yielded different results, showing a noticeable effect,
particularly on the S11 phase, at all frequencies. As the excitation source position in
the model was moved further away from the UTC, a progressively steeper
quasi-linear phase decrease was observed in the frequency range below circa
200 GHz. Also when the excitation source in the model was brought close to the UTC,
near the CPW angles, a phase decrease steeper than the measurement was still
observed. As for the S11 magnitude, the agreement with the measurement was good
from 0 GHz up to 67 GHz when the source was brought close to the UTC, but
remained good only up to 35 GHz when the source was moved further away from the

UTC. Figure 4.4 shows the comparison, for the case of a 3 x 15 um? area UTC at -2 V
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bias, between the measured S11 and the S11 calculated with the model in Figure 4.1,
when the source is placed near the end of the CPW pads, as in Figure 4.1. The
numerical phase decrease is also slightly affected by the small inductance introduced
by the PEC wires (blue lines in Figure 4.1), however this contribution is not nearly

enough to explain the discrepancy with the measurement.

S11 phase/ 3x 15 p.m2 area UTC/ -2V blas

2100 Jo — Phase CST (mcludlng CPW) ||
: 5 5 5 — Phase measured

SO N SRS S =t S SR A S S

Phase (degrees)
S
o

-500
-600 1 ‘ . .
-800 ; ; ; ; : :
0 50 100 150 200 250 300 350 400
Frequency (GHz)

Si; magnltude/ 3 x15um?area UTC/-2V blas

i |— Magnitude CST (including CPW)| |
i |— Magnitude measured i

Magnitude (dB)

0 50 100 150 200 250 300 350 400
Frequency (GHz)

Figure 4.4: Comparison, for the case of a 3 x 15 um? area UTC at -2 V bias, between the
measured Si1 and the Si1 calculated with the model in Figure 4.1 when the source is placed near
the end of the CPW pads.
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To test whether the discrepancy was actually caused by the properties assigned to
the UTC being incorrect, a range of different UTC material properties for the model
in Figure 4.1 were tested. The result of this test suggested that when the complete
model including the CPW pades, i.e. Figure 4.1, is simulated, the more gently sloping
phase decrease obtained from the measurement cannot be even approached. It
seems reasonable to consider the possibility that the CPW pads in the measurement
did not have, especially below 67 GHz, the same relevant effect they have on the CST
model in Figure 4.1 excited by the discrete port. Since a likely effect introduced by
the CPW is an additional parasitic inductance (and possibly capacitance) increase,
Circuit 3 was also used, with its optimised values in Figure 3.14, as starting point to
assess the influence of L,, and C,,; remarkably it was found that when L,, is increased
above 80 pH and C,, above 4 fF, the S11 phase and magnitude, below about 120 GHz,
become very similar to the S11 shown in Figure 4.4, obtained by simulating the model
in Figure 4.1. As a final test, the UTC in the model in Figure 4.1, was replaced with a
second discrete port and the CPW was analysed as a 2 port network, by calculating
the full 2 port S parameters; such 2 port S parameters were then employed to add
the CPW effect to the measured S11 and the result was in very good agreement with
the S11 obtained with the model in Figure 4.1, shown in Figure 4.4.

A possible explanation of why the CPW response does not appear to be present in
the measured Si1, particularly below 67 GHz, is that the inductive and capacitive
effects associated with the CPW pads may be similar to those measured on the
impedance standard substrate (ISS) during the calibration and are hence corrected
during the calibration. The cascade ISS standards are fabricated on a 625 um thick
alumina substrate, with electrical permittivity of 9.9. As a very elementary test, we
modelled the short standard (not enough information about the load standard is
available), which consists of a 50 um x 500 um rectangular metal pad, and calculated
the S11 using the same discrete port and set of ideal wires shown in Figure 4.1; we
found that such Si1 exhibits a phase decrease over the frequency range which is
comparable, below about 100 GHz, with that obtained by simulating the model in
Figure 4.1 when the UTC is replaced with a short and the excitation source is brought

closer to the UTC location, i.e. at the CPW pad angles.
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All the modelling work was then continued excluding the CPW pads and performing
the simulation on the model shown in Figure 4.5, which is identical to the model in
Figure 4.1 in terms of geometrical details and material properties. Only a portion of
substrate around the UTC was considered in this model, with perfect boundary
absorption in all directions except Zmax, because it was verified that when the UTC
alone (with no CPW) is simulated, the S11 is not influenced by the conditions set at

the boundary of the whole of the chip in Figure 4.1.

Excitation
_source

InP - substrate

Figure 4.5: UTC model without CPW pads.

The S11 and impedance of the 3 x 15 um? area UTC at 2 V reverse bias, calculated
using the CST model in Figure 4.5, are shown in Figure 4.6 and compared with the
experimental data and with the results obtained using Circuit 3 with its optimised
values in Figure 3.14. The magnitudes of the measured S11 and the Si11 obtained with
CST and Circuit 3 are all in excellent agreement up to 90 GHz and good agreement
between 90 GHz and 110 GHz; the phases are all in excellent agreement up to 67 GHz,
then measurement and Circuit 3 phases maintain good agreement up to 110 GHz,
while CST phase begins to depart. Above 110 GHz the disagreement between Circuit 3
and CST S11 becomes more and more significant. Such disagreement is entirely due
to the value of the inductance Ly, in Circuit 3 which is too high (16 pH), as can be seen
clearly from the reactance in Figure 4.6 which switches from capacitive (i.e. < 0) to

inductive (i.e. > 0) at 255 GHz for Circuit 3 while it is still slightly capacitive at 400 GHz
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for the CST result; notably, if L,, is reduced to 6.5 pH, the S11 and impedance obtained
with CST and Circuit 3 are identical up to 400 GHz for the case of both 3 x 15 um? and
4 x 15 pm?* area UTC at both 0V and -2 V bias. The influence of L,, on Circuit 3 S11 was
minor below 67 GHz while becoming noticeable in the W-band; the value of 16 pH
for L, essentially resulted from the need to force the Circuit 3 S, particularly its
phase, to match the S11 measured between 75 GHz and 110 GHz. Despite being simple
and broad band, the SOLT calibration is still considered challenging at high
frequencies [4.4]; it requires very well-defined standards and provides lower
accuracy at high frequency, particularly on wafer [4.5]. For the SOLT calibration on
wafer, the probe placement accuracy is of critical importance [4.6] and all standards
must be accurately contacted physically, since the inductance values are very
dependent on probe placement on the standard [4.7], especially in the W-band. As is
particularly visible in Figure 3.4 and Figure 3.5, all the values of phase/reactance
measured from 75 GHz to 110 GHz show a small offset downward/upward compared
to those measured from 10 MHz to 67 GHz. In summary, also considering that, as
mentioned previously, the values measured in the W-band were found to be sensitive
to the probe placement on the CPW pad, it is probable that the values measured
within the W-band (mainly phase and reactance) are to some extent affected by an
inductive error which may have originated from an imperfect calibration and/or the
CPW inductance that is more significant at such frequencies. The 6.5 pH inductance,
which provides an excellent agreement between Circuit 3 and CST results up to
400 GHz, is hence accepted to be correct and the impedance values calculated with
the full-wave modelling will be employed in the antenna analysis and design
presented in the next chapter.

The S1;: and impedance of the 3 x 15 um? UTC at 0 V, 4 x 15 pm? UTC at 0 V and
4 x 15 pm? UTC at -2 V are shown in Figure 4.7, Figure 4.8 and Figure 4.9 respectively.
It is important to bear in mind that also for these three scenarios, as for the result in
Figure 4.6, the amended 6.5 pH inductance would provide excellent agreement

between Circuit 3 and CST results up to 400 GHz.
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Figure 4.6: S11 and impedance of the 3 x 15 um? area UTC at 2 V reverse bias, calculated using
the CST model in Figure 4.5, compared with the experimental data and with the results
obtained using Circuit 3 with its optimised values in Figure 3.14, which include the value of
16 pH for the parasitic inductance L,,. The amended value of 6.5 pH for L, in Circuit 3 would
provide excellent agreement between Circuit 3 and CST results up to 400 GHz.
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Figure 4.7: S11 and impedance of the 3 x 15 um? area UTC at 0 V bias, calculated using the CST
model in Figure 4.5, compared with the experimental data and with the results obtained using
Circuit 3 with its optimised values in Figure 3.12, which include the value of 16 pH for the
parasitic inductance L,. The amended value of 6.5 pH for L, in Circuit 3 would provide
excellent agreement between Circuit 3 and CST results up to 400 GHz.
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Figure 4.8: S11 and impedance of the 4 x 15 um? area UTC at 0 V bias, calculated using the CST
model in Figure 4.5, compared with the experimental data and with the results obtained using
Circuit 3 with its optimised values in Figure 3.13, which include the value of 16 pH for the
parasitic inductance L,. The amended value of 6.5 pH for L, in Circuit 3 would provide
excellent agreement between Circuit 3 and CST results up to 400 GHz.
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Figure 4.9: S11 and impedance of the 4 x 15 um? area UTC at 2 V reverse bias, calculated using
the CST model in Figure 4.5, compared with the experimental data and with the results
obtained using Circuit 3 with its optimised values in Figure 3.15, which include the value of
16 pH for the parasitic inductance L,. The amended value of 6.5 pH for L,, in Circuit 3 would
provide excellent agreement between Circuit 3 and CST results up to 400 GHz.
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In the next section the RC limited frequency photo-response is calculated in CST using
the model in Figure 4.5 and compared with that calculated with Circuit 3 and with the
measurement. Then the transit-time limited response discussed in Section 3.3 is

included to calculate the overall frequency response.

4.2 Frequency photo-response 3D full-wave modelling

The structure shown in Figure 4.5 was also employed to calculate the UTC frequency
response. The frequency response calculated in CST only represents the RC-limited
response; the transit-time limited response contribution will then be incorporated
using the results shown in Figure 3.21. As shown in Figure 4.10, the discrete port used
as excitation source for the Si1 calculation was replaced with a 50 Q load,
representing the LCA input impedance to which the RF power generated by the UTC
is delivered; also, an ideal current source was placed across collection layer, spacers
and absorber, connecting the heavily doped waveguide and ridge layers. The model
in Figure 4.10 reflects the connections discussed for Circuit 3 shown in Figure 3.20,

employed to calculate the photodiode frequency response.

- 50 Q load

Figure 4.10: CST model used for the frequency response full-wave modelling.

The relevance of the current source position along the ridge was analysed and, as

expected, was found to slightly influence the response only at high frequency, above
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circa 300 GHz; in fact the 15 um long devices can be treated as a lumped element up
to 400 GHz with reasonable accuracy. For future work on longer devices and at higher
frequencies, modelling of distributed excitation along the ridge will be investigated,
benefiting from the optical full-wave modelling result, discussed in the next section,
which enable a better understanding of how the light is absorbed throughout the
absorption layer. It is interesting to note that an alternative way to model the
frequency response would be to use the same discrete port employed for the Si1
calculation (50 Q port), positioned at the same location as for the S11 calculation, and
record the voltage between the heavily doped waveguide and ridge layers, across
absorber, spacers and collection layer. It is in fact easy to demonstrate that, because
the model equivalent network contains only passive elements and all the materials
are isotropic, the current flowing in the 50 Q2 load in Figure 4.10 is proportional to the
voltage between waveguide and ridge layers in Figure 4.5. For the calculation of the
frequency response discussed in this section, the ideal current source as shown in
Figure 4.10 was used.

As was concluded in Section 3.3, based on the RC-limited frequency responses
calculated by means of Circuit 3 in Figure 3.20 and its optimised parameters in Figure
3.14 and Figure 3.15, the effect of the graded-doping-induced quasi-field, required to
match the experimental data, turns out to be rather modest, contradicting the
bandwidth enhancement expected on the basis of the analysis presented in
[4.8]-[4.10]. In fact the overall responses calculated combining the RC-limited
response of Circuit 3 and the transit-time limited responses 1, 2 and 3 (which are in
line with the analysis in [4.8], [4.9], [4.10]) are faster than the measured responses,
as shown in Figure 3.22 and Figure 3.23. As was anticipated, the reason for the
disagreement lies in the fact that the RC-limited 3 dB bandwidth, calculated by means
of Circuit 3, was overestimated due to the too large value (16 pH) assigned to Lp in
Circuit 3. The RC-limited response calculated with full-wave simulation, using the
model in Figure 4.10, is plotted in Figure 4.11 and compared with the experimental
data and with Circuit 3 RC-limited response for both the original value of parasitic
inductance (L, = 16 pH) and the amended value (L, = 6.5 pH). Exactly as for the

case of S11 and impedance calculation, the too high initial value of the inductance L,,
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(16 pH) is entirely responsible for the disagreement between Circuit 3 and CST results.

Remarkably, as for Si1 and impedance, the amended value of 6.5 pH for L, also

provides a very good agreement between Circuit 3 and CST RC-limited frequency

response up to 400 GHz, as also shown in Figure 4.11.
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Figure 4.11: Comparison between RC-limited response calculated with full-wave simulation
using the model in Figure 4.10 (continuous black line) and experimental data (continuous blue
line). The RC-limited response calculated with Circuit 3 using both the initial value of parasitic
capacitance Lp = 16 pH (dash-dot green line) and the amended value 6.5 pH (dashed red line)
are also shown.
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If we now use the CST RC-limited response to calculate the overall UTC frequency
response, by incorporating the transit-time limited responses 1, 2 and 3 in Figure
3.21, we obtain the results shown in Figure 4.12 and Figure 4.13 for the 3 x 15 pm?
and 4 x 15 um? UTCs respectively. The agreement between numerical and measured
results is now good. In particular the results obtained by incorporating the
transit-time limited response 2, which exhibited a 235 GHz 3 dB bandwidth, appears
to provide a good agreement with the experimental data for both 3 x 15 um? and
4 x 15 pm? UTCs. The insets in Figure 4.12 a) and Figure 4.13 a) are a magnified view
of the responses in the frequency range 0 GHz to 80 GHz and are intended to provide
a clearer comparison between numerical and experimental data.

For the 3 x 15 um? area device, the responses 1, 2 and 3 exhibit 3 dB bandwidth of
82 GHz, 86 GHz and 88 GHz respectively. For the 4 x 15 um? area device, the responses
1, 2 and 3 exhibit 3 dB bandwidth of 65 GHz, 67 GHz and 69 GHz respectively.
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Figure 4.12: Comparison between measured frequency photo-response and overall
frequency photo-response calculated combining the full-wave modelling RC-limited response
with the transit-time limited responses in Figure 3.21, for the case of a 3 x 15 pm? area UTC.
The inset in Figure 4.12 a) is a magnified view of the responses in the frequency range 0 GHz
to 80 GHz and enables a clearer comparison between numerical and experimental data.
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Figure 4.13: Comparison between measured frequency photo-response and overall
frequency photo-response calculated combining the full-wave modelling RC-limited response
with the transit-time limited responses in Figure 3.21, for the case of a 4 x 15 um? area UTC.
The inset in Figure 4.13 a) is a magnified view of the responses in the frequency range 0 GHz
to 80 GHz and enables a clearer comparison between numerical and experimental data.

4.3 Fibre to chip coupling optical 3D full-wave modelling
In this section the optical 3D-full-wave modelling of the IlI-V Lab waveguide UTCs is
presented. A wide variety of algorithms have been developed for the simulation of
passive photonic devices, though only a few have made it to mainstream use, such as
Beam Propagation Method (BPM), Eigenmode Expansion Method (EME) and Finite
Difference Time Domain (FDTD) [4.11].
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The BPM method is an approximation technique for simulating the propagation of
light in slowly varying optical waveguides; BPM struggles with handling structures
containing material with significantly different refractive index, cannot deal with
metals and reflections, and has problems modelling non-rectangular structure.

The EME method is a linear frequency-domain method which relies on the
decomposition of the electromagnetic fields into a basis set of local eigenmodes that
exists in the cross section of the device; although unable to deal with non-linearities,
it provides a rigorous solution to Maxwell’s equations, the main approximation being
the number of modes used. It should be noted though, that not all problems can be
solved by considering only a modest number of modes. Furthermore, the choice of
the modes to be considered to simulate a device is still an assumption to be made by
the user while, for devices like the waveguide UTCs, the type of propagation excited
within the device by an optical beam incident externally, is one of the unknown to
calculate and a major question that we want to investigate. Also, the EME cannot
provide information such as external responsivity and effect of the misalignment
between incident beam and waveguide.

The FDTD method is a finite-difference discretisation of Maxwell’s equation in time
and space and in principle can model virtually anything, provided enough computing
power. The Finite Integration technique (FIT), employed in CST Studio Suite is a spatial
discretisation scheme to numerically solve electromagnetic field problems in time
and frequency domain. It preserves basic topological properties of the continuous
equations such as conservation of charge and energy and covers the full range of
electromagnetics (from static up to high frequency) and optic applications. The FIT
method applies the Maxwell equations in integral form to a set of staggered grids and
stands out due to high flexibility in geometric modelling and boundary handling as
well as incorporation of arbitrary material distributions and material properties such
as anisotropy, non-linearity and dispersion. The CST Transient solver is based on the
Finite Integration Technique (FIT) and applies some highly advanced numerical
techniques like the Perfect Boundary Approximation (PBA) in combination with the
Thin Sheet Technique (TST) to allow accurate modelling of small and curved
structures without the need for an extreme refinement of the mesh at these

locations. With the optical full-wave modelling performed in CST, we will be able to
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simulate very realistic scenarios in which the excitation source is a Gaussian beam,
which is a good approximation of the light coupled from the lensed optical fibre into
the waveguide. In this way it is possible to calculate, among other things, the external
responsivity, the effect of the misalignment between Gaussian beam and waveguide,
the type of propagation excited within the waveguide (single- or multi-mode) and the
way the light actually propagates and is absorbed throughout the UTC structure.

The material properties used to model the UTC at 1550 nm free space wavelength
(193.548 THz) are shown in Table 4.3. In particular, the gold metallisation was
characterised with the CST default gold optical model with dispersive permittivity,

derived from [4.12].

Table 4.3: Material optical properties at 1550 nm wavelength, i.e.

193.548 THz.
Layer_ Thickness Relatlve_elgc_tncal Tangent delta
description (nm) permittivity
p-contact 3
GalnAs 200 12.88
Ridge layer 1000 10.11 -
InP
Absorption
layer 120 12.88 0.0446
INo.53Gao.47As
Spacer Q -- 11.49 -
Collection
layer 300 10.11 -
InP
Waveguide 300 11.49 B
Q17
n-contact
layer - 10.11 -
InP
Substrate InP - 10.11 -
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4.3.1 Waveguide port source

The optical analysis has been carried out at 193.548 THz (e.g. 1550 nm wavelength)
on the 3 x 15 um? device. The geometrical details of the initial UTC optical model are
illustrated in Figure 4.14; as can be noticed, the scaling of the waveguide width has
been here taken into account since its effect at optical frequencies cannot be ignored,

while it was irrelevant for the Si1 calculation below 400 GHz.

Waveguide
port

Figure 4.14: Geometrical details of the initial UTC model used for the optical full-wave simulations.
The gold metallisation was characterised with the CST default gold optical model with dispersive
permittivity, derived from [4.12].

For this first optical analysis a CST waveguide port was employed as excitation source.
As explained in Section 4.1, the waveguide ports represent a special kind of boundary
condition of the calculation domain which enables the stimulation as well as the
absorption of energy and allows the calculation of the waveguide modes; the electric
field distribution, the power flow and absorption, generated by each mode, can be
computed among other things.

The power flow pattern along the Y direction and the propagation constant B of the

two main modes is shown in Figure 4.15. The optical waveguide does not support any
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transverse mode as both mode 1 and mode 2 are hybrid. The X component of the
electric field is the dominant component for mode 1 which is similar to a TEgz mode,
while the X component of the magnetic field is the dominant component for mode 2

which is similar to a TMo1 mode.

Power flow — Y component

1.55e+12
1.41e+12
1.27e+12
1.13e+12
9.86e+11
8.45e+11
7.05e+11
S.64e+11

4.23e+11
2.82e+11
1.41e+11

0

Figure 4.15: Power flow pattern along the Y direction and the propagation constant
B of the two main modes. Both mode 1 and mode 2 are hybrid. The X component
of the electric field is the dominant component for mode 1 which is similar to a TEo:
mode, while the X component of the magnetic field is the dominant component
for mode 2 which is similar to a TMo1 mode.

A side cross section of the power flow along the structure is given in Figure 4.16,
showing in particular the power coupling between the waveguide layer and the
absorption layer in the ridge; the fact that some power is coming out from the
absorber at the end of the ridge suggests that the Ings3Gao.s7As layer is not long

enough to absorb the whole power coupled in it.
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Power flow — Y component

Figure 4.16: Side cross section of the power flow along the structure, showing the power coupling
between the waveguide layer and the absorption layer in the ridge.

Figure 4.17 shows a horizontal cross section cutting through the waveguide layer;
specifically it can be noticed how, because of the single mode propagation, the

intensity pattern does not change along the Y direction within the waveguide.

Power flow — Y component

Figure 4.17: Horizontal cross section cutting through the waveguide layer, showing the power
flow along the Y direction.

In Figure 4.18 a horizontal cross section cutting through the absorber is displayed,
showing the way the light is absorbed along the layer. It is noted that the power
simulated by the waveguide port was equal to 0.5 W and that, at the frequency of
interest (193.548 THz), the power coupled into the waveguide was virtually 100 %,
i.e.0.4997 W for mode 1 and 0.4984 W for mode 2. It follows that, by considering the
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ratio between the power absorbed in Ings3Gao.s7As (0.3683 W for mode 1 and
0.2995 W for mode 2) and the power accepted, the internal quantum efficiency 7.,
given in Figure 4.18, can be calculated; the internal responsivity can also be evaluated
as Pint = Nint 4/ (hf) where q is the electron charge (1.602 x 10*° C), h the Plank
constant (6.626 x 103* Js) and f the frequency (193.548 THz). The value of 0.921 A/W
can hence be looked upon as the maximum theoretical responsivity attainable for the
structure discussed in this section, ideally achievable if 100 % of the optical power
coming out of the lensed fibre is coupled into the waveguide and propagates as
mode 1. This scenario is far from being realisable because, as discussed in the next
section, firstly only a fraction of the incident optical power will be successfully
coupled into the waveguide, even if the optical beam leaving the lensed fibre is
perfectly aligned with the waveguide, and secondly because the concerned
waveguide is multi-mode at 1550 nm free space wavelength. It is noted that when
mode 1 and mode 2 were simulated simultaneously for the model in Figure 4.14, the
guantum efficiency was equal to 0.669, between that obtained for mode 1 and
mode 2.

The power absorption pattern in Figure 4.18 suggests that the single modes travelling
through the input waveguide excite multimode propagation in the waveguide
represented by the UTC ridge structure, principally because of the greater width of
that waveguide; the absorption pattern though, is also slightly determined by the
power that is not entirely absorbed and is reflected back into the layer. A test
simulation was run with mode 1, to check the absorption pattern when the UTC ridge
has the same width as the input waveguide. The obtained pattern was still not truly
single mode but more uniform along Y in the first two thirds of the ridge length;
interestingly, despite the smaller absorber size, compared to Figure 4.18, the power
lost in the absorber was slightly greater, i.e. 0.3713 W, for equal power coupled in
the input waveguide. This is because the scaled up width, at the transition between

input waveguide and UTC ridge, reduces the coupling efficiency between the two.
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Power absorbed in In, .;Ga, ;,AS

Mode 1 _ - 1.7s+17
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Figure 4.18: Horizontal cross section cutting through the absorber showing details of the power
absorbed in the Inos3Gao.47As layer for mode 1 and mode.

To assess the importance of the waveguide length, the simulation for mode 1 was
repeated for a number of longer waveguides and no significant difference was
observed. The waveguide length is measured from the facet to the UTC ridge and
includes the waveguide tapered section; a 15 um long waveguide corresponds, for
instance, to the case shown in Figure 4.14. The results relative to a 50 um long
waveguide are shown in Figure 4.19. The power coupled in the waveguide is well
confined and propagates with negligible losses. Furthermore, because of the single
mode propagation, the power flow along the propagation direction remains constant
and the intensity pattern arriving at the ridge is always the same, regardless of the
waveguide length; as a consequence the power coupling between the waveguide and
the absorption layer always occurs in the same fashion. The results in Figure 4.19
show that, not only the internal quantum efficiency is virtually unchanged (+ 0.1 %)
with respect to the 15 um long waveguide case, but also the pattern of the power
absorbed throughout the Ing53Gao.47As is the same.

For real devices the waveguide geometry is not as perfect as in our model, due to
inevitable fabrication imperfections, therefore some power can be scattered and lost
along the optical waveguide; also, as already mentioned, single mode propagation is

hard to achieve in real optical waveguides.
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Mode 1

|Power flow — Y component

Power absorbed in In, ;;Ga, ,,As

g v

Ny = 0.738
Pint = 0.922 A/W

Figure 4.19: Power flow along the input waveguide and power absorption in the absorber, for the case
of a 50 um long input waveguide. The internal quantum efficiency is virtually the same (+ 0.1 %) as in
the 15 um long waveguide case; the pattern of the power absorbed throughout the Inos3Gao.s7As is
also unchanged. The waveguide length is measured from the facet to the UTC ridge and includes the
waveguide tapered section; a 15 um long waveguide corresponds, for instance, to the case shown in
Figure 4.14.

In the next section a more realistic scenario is analysed, in which a Gaussian beam is

the source of the optical power.

4.3.2 Gaussian beam source

Two linearly polarised (X and Z) Gaussian beams, with nominal electric field
amplitude of 1 V/m and spot size of 4 um, were used to couple light into the UTC
optical waveguide. The X polarised beam was intended to excite the propagation of
mode 1, whose dominant component is the electric field X component, while the Z
polarised beam was intended to excite mode 2, for which the magnetic field X
component is dominant and the electric field is principally in the Z direction. Details
of the beam for the X polarisation case are given in Figure 4.20. The figure shows the
propagating electric field in free space, though the device structure is outlined in
order to discuss the alignment between beam and waveguide. The Gaussian beam
wave-front is planar at the waist, therefore, for perfect alignment, the facet of the
cleaved waveguide needs to lie within the same plane; also, the beam optical axis
must pass through the centre of the waveguide layer cleaved facet. The incident
optical power was 8.2563 x 10*> W for the X polarised beam and 8.4285 x 10> W for

the Z polarised beam.

159



Chapter 4 —3D full-wave modelling of waveguide UTCs

Gaussian beam source in free space

Figure 4.20: Gaussian beam details for the X polarisation case. The figure shows the
propagating electric field in free space, though the device structure is outlined in order to
highlight the alignment between beam and waveguide.

4.3.2.1 Gaussian beams with different polarisation

A still image of the propagating electric field magnitude, in the presence of the device
structure, is shown in Figure 4.21 for both X and Z polarisations. The way in which
part of the incident field is coupled down in the InP substrate is similar for the two
cases, while the propagation above the device is quite different; in neither case does
a significant amount of field appear to reach the absorber directly through free space,
nevertheless the Z polarisation case seems to be more susceptible to this type of
unintentional coupling.

It is interesting to notice that, if the field amplitude (e.g. the modulus maximum at all
locations) had been shown instead of a still image of the modulus of the propagating
electric field, the periodic-like pattern along the Y direction in front of the waveguide
facet, visible in Figure 4.21, would have remained similar. This is due to the
interference between the incident field and the field reflected from the waveguide
facet. In real experiments, if no reflection coating is applied to the waveguide facet,

the reflected optical signal can couple back into the lensed fibre; if no isolators are
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used in the fibres, such optical signal can be reflected back and forth and appear, in

the measured device frequency photo-response, as periodic ripples.

Electric field magnitude animation - still image
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Figure 4.21: Still image of the electric field magnitude animation, in the presence of the device.

A side cross section view and a horizontal cross section view (through the waveguide
layer) of the power flow along the Y direction, are shown in Figure 4.22 and Figure
4.23 respectively, for both X and Z polarisation. The propagation excited in the
waveguide from the X polarised and Z polarised Gaussian beam is different, however

it is clearly multimode in both cases.
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Power flow — Y component
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Figure 4.22: Side cross section view of the power flow along the Y direction.
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Figure 4.23: Horizontal cross section view (through the waveguide layer) of the power flow
along the Y direction.

The incident optical power of the Gaussian beam in our model represents well the
optical power measured with the power meter, at the output of the lensed fibre in
the real laboratory experiment. As discussed previously, the power lost in the
absorption layer is also provided as part of the simulation results. It is then possible

to calculate the external quantum efficiency and particularly the external
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responsivity, which is the quantity actually measured experimentally. The external
qguantum efficiency and responsivity are given in Figure 4.24 for the X and Z
polarisation, together with a horizontal cross section of the absorption layer showing
the power absorption pattern. The Z polarised beam provides a slightly higher
quantum efficiency despite mode 1 (whose main electric field component is along
the X direction) having exhibited a superior performance in the single mode analysis;
this may be due to the fact that the results shown in Figure 4.24 actually originate
from a multimode propagation and/or to the fact that the fraction of incident power
coupled into the waveguide may be higher for the Z polarised beam.

The highest experimental values of responsivity, measured on same area lll-V Lab
UTCs at UCL (i.e. 0.20 A/W, 0.21 A/W and 0.22 A/W) were remarkably close to
numerical values of responsivity shown in Figure 4.24, which corroborates the
accuracy of the numerical results. The perfect alignment between beam and
waveguide, which was implemented numerically, is difficult to achieve in a
measurement and therefore, the numerical values should in fact be the upper limit

of the values obtainable experimentally.

Power absorbed in In, .;Ga, ,,As
X - polarised

1200

Neye = 0.178 . o
Peyt = 0.222 A/W ! o

Z - polarised X

Neyt = 0194
Peys = 0.242 A/W

Figure 4.24: Horizontal cross section, cutting through the absorber, showing details of the power
absorbed in the Inos3Gao47As layer for both the X and Z polarised input Gaussian beams. The
external quantum efficiency and responsivity are also given.
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4.3.2.2 Optical waveguides of different length

As in the simulations using the waveguide ports, discussed in section 4.3.1, the
influence of the waveguide length was investigated. The waveguide length is
measured from the facet to the UTC ridge and includes the waveguide tapered
section; the 15 um long waveguide case corresponds, for instance, to the structure
shown in Figure 4.14. For this analysis only the X polarised Gaussian beam was
employed. Figure 4.25 shows the power flow on a horizontal cross section through
the waveguide layer, for three different values of waveguide length, i.e. 15 um, 35 um
and 50 um. In real waveguides, due to fabrication imperfections, some power is
scattered and lost as the light travels along the waveguide and therefore UTCs with
longer waveguides will exhibit lower optical responsivity. The waveguides discussed
in this section are ideal and have no losses, therefore longer waveguides show a
self-imaging effect, as can be seen in Figure 4.25. Nevertheless, unlike the single
mode propagation case, the intensity pattern in the multimode case is not constant
over the propagation direction, because each mode travels with a different velocity
and the way the modes combine varies along Y. For this reason the intensity pattern
arriving at the UTC ridge changes with the input waveguide length and it is interesting

to see how this affects the device responsivity.
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Figure 4.25: Power flow on a horizontal cross section through the waveguide layer, for three
different values of waveguide length, i.e. 15 um, 35 um and 50 um. The waveguide length is
measured from the facet to the UTC ridge and includes the waveguide tapered section. The 15 um
long waveguide case corresponds, for instance, to the structure shown in Figure 4.14.
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The external quantum efficiency, the external responsivity and the power absorption
pattern in the Ings53Gao.a7As layer, are given in Figure 4.26, for the three different
waveguide lengths. The power absorption patterns in the three different cases are all
different, unlike the single mode case in which the pattern was not dependent on the
waveguide length. Unlike the single mode case, the external quantum efficiency
varies in a perceptible way, e.g. + 5 % for the 35 um waveguide case with respect to
the 15 um long waveguide. The fact that the quantum efficiency variation with
respect to the waveguide length is not monotonic, supports the conclusion that such
variations are not due to power escaping the waveguide during the propagation, but

rather to the varying intensity profile.

Power absorbed in In; ;;Ga, ,,AS

X - polarised
WG length = 15 um ’ Z Y
Next = 0-178
Peoyt = 0.22 A/W X
1200
X - polarised 1091
WG length =35 um e
Next = 0-187 :‘ o7
Pext = 0.234 A/W 764
655
545
X - polarised 436
WG length = 50 um 327
Nex = 0.179 " 218
109
Pext = 0.224 A/W 0

Figure 4.26: Quantum efficiency, external responsivity and power absorption pattern in the
Ino.s3Gao.s7As layer, for the three different waveguide lengths.

4.3.2.3 Gaussian beam misalignment

An additional essential aspect of the fibre to chip coupling, which can be investigated
by means of the 3D full-wave modelling, is the effect of misalignment between
Gaussian beam and optical waveguide.

Here we discuss the misalignment for the case of the X polarised Gaussian beam

described in Figure 4.20 and the waveguide UTC structure in Figure 4.14.
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Misalignments along all the three axes are considered and indicated as AX, AY and
AZ. The misalignments are considered with respect to the perfect alignment, realised
when the beam optical axis is perpendicular to waveguide facet, passes through the
centre of the waveguide layer facet and the beam waist is located at the same Y
coordinate as the waveguide facet. The beam position is fixed and the UTC waveguide
structure is translated by AX, AY or AZ; for instance AX =-750 nm means that the chip
is moved by 750 nm along the X axis in the negative direction. A cross section view of
the modulus of the propagating electric field is shown in Figure 4.27, for the case of
AZ = 1500 nm and AZ = -1500 nm. In comparison with the perfect alighment case in
Figure 4.21, the field coupled into the waveguide is clearly weaker, especially for
AZ = -1500 nm; in the 1500 nm misalignment case, a larger fraction of the incident

field is coupled into the substrate as expected.

Electric field magnitude animation - still image
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Figure 4.27: Still image of the electric field magnitude animation, for two different vertical
misalignments, namely AZ = 1500 nm and AZ = -1500 nm.
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The external quantum efficiency and responsivity, for a number of misalighment
scenarios, are given in Table 4.4 and the responsivity versus the misalignment is
plotted in Figure 4.28. A maximum misalignment of 1.5 um was considered in all
directions, which can very easily be present in a real experiment. Within this range of
misalignment values, the displacement along Y does not appear to affect the
responsivity significantly. The misalignment along Z seems to be the most sensitive,
as expected, since the waveguide layer is 2.4 um wide (X direction) but only 300 nm
thick (Z direction); a thicker waveguide layer would be desirable, also because it
would lessen the chance of exciting substrate modes while coupling the light from
the lensed fibre, however it is challenging to grow InGaAsP layers thicker than 300
nm by solid source molecular beam epitaxy.

As can be noticed in Table 4.4 and in Figure 4.28, additional steps (Az = -300 nm and
Az = -540 nm) were included for the Z misalignment between 0 nm and -750 nm,
where the case Az =-540 nm corresponds with the Gaussian beam optical axis passing
through the centre of the absorber facet. In this way it is possible to check whether
any local responsivity maximum is observed due to additional coupling between
beam and absorber directly through free space; the results suggest that the amount
of optical power coupled directly through free space is not relevant and the optical

responsivity decreases monotonically as the negative displacement along Z increases.

167



Chapter 4 —3D full-wave modelling of waveguide UTCs

Table 4.4: Dependence of the external quantum efficiency on the misalignment between
optical waveguide and Gaussian beam (X polarisation).

External responsivity (A/W)

Misalignment (nm) External quantum External
efficiency responsivity (A/W)
AX Ay Az
0 0 0 0.178 0.222
750 0 0 0.150 0.187
1500 0 0 0.090 0.112
0 0 -300 0.163 0.204
0 0 -540 0.143 0.179
0 0 -750 0.123 0.154
0 0 -1500 0.057 0.071
0 0 750 0.154 0.192
0 0 1500 0.083 0.104
0 -750 0 0.176 0.220
0 -1500 0 0.171 0.214
0 750 0 0.177 0.221
0 1500 0 0.173 0.216
External responsivity vs misalignment
0.24 T i I 1 1
: 3 Y misalighmant
0.22“ * :

o
)

0.18
0.16
0.14

‘'z misalignmant

0_1_ ___________ S S S SO

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

-500 0 500
Misalignment (nm)

00 -1000

Figure 4.28: External responsivity vs misalignment.
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In practical experiments, achieving a good alignment between the lensed fibre and
the waveguide is difficult and requires an appropriate experimental arrangement as
well as a great deal of expertise and patience. Ideally a very narrow waveguide, for
single mode propagation, and a small beam spot, to increase the fraction of incident
power coupled in the waveguide, are desirable; on the other hand the smaller the
waveguide and the beam spot, the more challenging and sensitive the alignment. For
these reasons in the future work, we will pursue further the solution employing a

large diluted tapered mode converting waveguide, discussed in Chapter 8.

4.4 Conclusions

In this chapter the UTC structure has been studied for the first time by means of 3D
full-wave modelling, which enabled the device parasitic inductive component to be
corrected and the impedance and frequency response to be calculated up to 400 GHz.
Full-wave modelling was also performed at optical frequencies to analyse the UTC
optical waveguide and the power absorption in the Inos3Gao47As layer. The optical
full-wave modelling also allowed us to investigate the coupling between an incident
Gaussian beam and the UTC optical waveguide and assess, among other things, the
effect of waveguide length, beam misalighment and beam polarisation on the
external responsivity as well as the type of propagation excited by the incident beam
in the waveguide.

The achieved knowledge of the UTC impedance will be used, in the next chapter, to
calculate and improve the efficiency of energy coupling between photodetectors and
antennas. The full-wave optical analysis will serve, in the future work, to improve the
UTC optical responsivity and refine the accuracy of the excitation modelling for

travelling wave devices.
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Chapter 5 - Antenna integrated UTCs
with ground planes and silicon lenses

In this chapter new THz antenna designs, obtained by means of full-wave
electromagnetic modelling, are presented and shown to be suitable for integration
with both standard silicon lenses and a novel solution employing a ground plane. The
novel ground plane solution can offer advantages in terms of heat dissipation, as it is
more suitable for the realisation of efficient heat sinks. A further consideration is that,
realising accurate alignment between silicon lens and antenna chip is essential to
optimise the radiation pattern and yet is a challenging task to accomplish; antennas
integrated with ground planes do not require such alignment.

Substrate lenses integrated with antennas at sub-millimetre wave and THz
frequencies are electrically very large and hence were typically analysed by means of
geometrical optics (GO) or at best physical optics (PO), since full-wave
electromagnetic modelling was computationally prohibitive and is still challenging to
this day. GO can however provide sufficiently accurate results only when all
geometrical features are significantly larger than the wavelength and furthermore,
although PO allows diffraction and interference effects to be analysed, it is not a
precise theory, unlike full-wave electromagnetism, and cannot provide information
such as the effect of the lens on the antenna impedance, field polarisation or possible
standing waves and resonances within the lens. In this chapter we present the
full-wave modelling of a THz antenna integrated with a 4 mm diameter silicon lens;
to the best of the author’s knowledge, full-wave modelling of THz antennas
integrated with substrate lenses have been discussed previously only in [5.1] and
[5.2]. On the other hand, the effect of the misalignment between substrate lens and
antenna chip will be calculated here, for the first time, by means of full-wave
modelling. In Chapter 7 we will discuss a computationally even more challenging
full-wave simulation of a 2 x 2 antenna array on a 5 mm diameter silicon lens; to the
best of the author’s knowledge a full-wave modelling of a THz antenna array on a

substrate lens has never been reported in the literature.
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By comparing numerical and experimental results it will be shown how the accurate
antenna design, along with the results of the UTC impedance investigation, can
enable the prediction of the power radiated by antenna integrated UTCs, not only in

terms of trend over the frequency range but also of absolute level of emitted power.

5.1 THz planar antennas — a brief review

Millimetre-wave receivers and transmitters were traditionally waveguide-based
[5.3]. The standard antennas for millimetre-wave radiometric receivers used to be
machined antennas such as conical horn antennas [5.4]; corrugated horns were built
up to 300 GHz and dual-mode horns up to 500 GHz [5.5], [5.6]. Another machined
antenna is the travelling wave corner-cube antenna [5.7], [5.8] which is an open
structure compatible with whisker contacted Schottky diodes and was used at
frequencies above 600 GHz because of its relatively simple construction; the
corner-cube Schottky diode receiver was for a long time the only available receiver
at frequencies above 1000 GHz and increasingly optimised versions of this antenna
were realised [5.9]-[5.12]. Machined antennas are, however, not ideal for sub-
millimetre-wave and THz frequencies as they are difficult to realise and expensive.
Conversely, monolithic receivers, comprising a planar antenna integrated with a
matching network and a mixer, soon proved to be an attractive solution for the
millimetre and sub-millimetre-wave region [5.4]. Microstrip antennas are simple to
fabricate, low cost, lighter and low profile and hence ideal candidates for integration
with photo-mixers; besides, the planar structure of microstrip antennas enables easy
fabrication of large antenna arrays. On the other hand microstrip antennas suffer
from significant ohmic losses at sub-millimetre-wave and THz frequencies and exhibit
reduced performance in terms of bandwidth and directivity in comparison with
standard waveguide horns. Elementary antennas on planar dielectric substrates also
tend to suffer from power loss to substrate modes. Elementary antennas comprise
the family of electrically short dipoles, short slots, and small loops (magnetic dipoles),
where the current can be accurately approximated as a constant or a linear
distribution [5.4]. Detailed analyses of the surface wave losses were carried out by
Pozar [5.13], Alexopoulos and co-workers [5.14]-[5.17] and Rutledge et al. [5.18].
They found that elementary antennas couple power to successively higher-order
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substrate modes as the thickness of the substrate increases, and in some cases, more
than 90% of the radiated power is trapped in the dielectric. Therefore, the gain of
elementary slot and dipole antennas on a dielectric substrate drops very quickly as
the thickness of the substrate increases. The higher order modes go beyond cut off
as the substrate gets thinner. To reduce the loss significantly, the substrate thickness
should be much smaller than the wavelength in free space A, e. g. less than 4 % for
slot antennas and 1 % for dipole antennas, which basically corresponds to the
standard guidelines for a patch antenna design, where the substrate thickness is
usually around one hundredth of the wavelength in free space [5.19]. This translates
into impractically thin substrates at sub-millimetre wave and THz frequencies.

A great deal of research was done on integrated circuit antennas since the beginning
of the 1980s to tackle the main problems associated with electrically thick dielectric
substrates. Several new concepts, such as the integrated horn antenna, the dielectric-
filled parabola, the Fresnel plate antenna, the dual-slot antenna, and the log-periodic
and spiral antennas on extended-hemispherical dielectric lenses, were developed in
the millimetre and sub-millimetre wave range [5.4].

The substrate mode problem would be eliminated if the antenna was placed on a
semi-infinite dielectric substrate. In this case, the dipole and slot antennas radiate
most of their power into the dielectric [5.18], [5.20] with a factor of ¢, and 53/2
respectively, over the power radiated into air, where ¢, is the substrate relative
electrical permittivity. For slot antennas, the power into the dielectric completely
dominates the power into the air even at moderate dielectric constants. A widely
accepted assumption suggests that infinite dielectric can be synthesised using a lens
of the same dielectric constant, attached to the antenna substrate, hence the name
substrate lens. The use of the dielectric lens, to avoid substrate modes, is based on
an idea from the optical domain, and was introduced by Rutledge and Muha in 1981
[5.21]. The planar antenna presumably on a thick substrate is placed directly on the
back of a dielectric lens. If the dielectric constant of the lens is close to that of the
antenna substrate, then substrate modes will not exist. This approach eliminates
substrate mode losses and can be designed with virtually no spherical aberration or

coma [5.4]. It should be noted that these conclusions made about large substrate lens
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properties resulted from simplified analyses and full-wave modelling work is needed
to validate them. The substrate lens can be hemispherical, hyper-hemispherical or

elliptical as shown in Figure 5.1 [5.22].

vl 7

(a) (b) {c)

Figure 5.1: Different types of dielectric lens configurations: (a)
hemispherical, (b) hyper-hemispherical , (c) elliptical [5.22]. R is the radius
and n is the dielectric refractive index.

Results obtained by means of modified physical optics (PO) [5.23] and geometric
optics-physical optics (GO-PO) also suggested that the directivity of an antenna
integrated with substrate lenses increases with the increase in the extension length
and the size of the lens and that the directivity also depends on the relative dielectric
permittivity of the material used in the lens, however, with the increase in the
extension length, the compactness of the antenna is reduced. The focusing properties

of small substrate lenses were investigated in [5.24] and it was found that the

minimum radius for acceptable operation is 0.5 A5 and 1 4, for quartz and silicon
lenses respectively, where 4, is the free space wavelength.

Filipovic et al. [5.25] analysed the performance of double-slot antennas on hyper-
hemispherical , illustrated in Figure 5.2, and elliptical silicon lenses; the radiation
pattern was evaluated employing a ray-optics/field-integration approach inside the
dielectric lens, and electric and magnetic field integration on the spherical dielectric
surface. The authors concluded that the elliptical lens results in diffraction-limited
patterns and couples well to a plane wave with an aperture efficiency of 70%-75%
and that the hyper-hemispherical lens results in a lower gain pattern. As mentioned
previously, these conclusions ought to be validated with full-wave electromagnetic

analysis.
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Figure 5.2: The extended hemispherical lens and the
ray-tracing/field-integration [5.25].

Planar spiral and log-periodic antennas, shown in Figure 5.3 a) and Figure 5.3 b)
respectively, offer an alternative to bow-tie antennas on dielectric lenses for
wideband applications [5.26]-[5.28].

The lower cut-off frequency of the logarithmic spiral is approximately where the
overallarm length L = (rZ,max + rl,max)/z cos ¥ reaches one wavelength /10/\/%
[5.28], [5.29] with the radii as indicated in Figure 5.3 a); the upper cut-off frequency
strongly depends on the device geometry. To enhance the output power, resonantly
enhanced broad band antennas can be used, such as the logarithmic-periodic
antenna which consists of a bow-tie antenna with attached resonant arms; the arm
is resonant at f,, = (ZC)/[T[(Rn + rn)\/;ff], enhancing the power output at this
frequency [5.30]. The operation bandwidth is determined by the smallest and the
largest arm. The spiral antennas vyield circularly polarised patterns with very low
cross-polarization levels [5.4]. The log-periodic antennas yield linearly polarised
patterns with -20 dB cross-polarized component if suspended in free space [5.31].
Also, the polarization direction of a log-periodic antenna is periodic with frequency

and sweeps an angle of 45 degree.
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Figure 5.3: Two variations of broad band planar
antennas [5.26]: (a) Logarithmic spiral antenna. (b)
Logarithmic-periodic antenna.

The substrate mode problem was solved in a radically different way in [5.11],
[5.32]-[5.34], by removing the substrate altogether and integrating the antenna on a
thin dielectric membrane. The membrane is so thin compared with a free-space
wavelength that the antenna effectively radiates in free space. The dielectric losses
are eliminated and the design can be easily scaled for different wavelengths. Since
the membrane is fabricated on silicon (or GaAs), the detectors and electronics can be
integrated on the surrounding semiconductor substrate. The first antenna fabricated
using this method was a log-periodic antenna backed by an absorbing cavity for
wideband applications or a reflecting mirror for narrowband applications. This design
produced very good patterns with -20 dB cross-polarization from 100 GHz to 700 GHz
[5.31].

5.1.1 Some considerations about the broad band concept for antennas

The author considers that the broad band concept for antennas has often been used
in an ambiguous fashion and should be better clarified. Antenna bandwidth has to be
defined in terms of both gain (i.e. directivity and radiation efficiency) and efficiency
of energy coupling from the source. If an antenna is efficiently coupled to its source
over a wide frequency range but its directivity does not maintain a useful radiation
pattern all across the same frequency range, then such an antenna should not be
described as broad band. Also, regarding the coupling efficiency between antenna
and source, some careful consideration should be made. Classically antennas have

been fed by sources with a purely resistive (real impedance) source, in which case the
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antenna performs as broad band if its reactance is close to zero over a broad
frequency range and its resistance is comparable to the source resistance across the
same frequency range. As explained previously, when the source impedance is real,
reflection-less matching with the antenna is equivalent to maximum transfer of
power matching and hence, reducing the reflection coefficient automatically leads to
maximising the transfer of power from the source to the antenna. For these reasons,
on the assumption of driving antennas with a real impedance source, the antenna
bandwidth has been traditionally defined in terms of reflection coefficient p, or S;4
in dB or VSWR (Voltage Standing Wave Ratio) with typical specifications requiring
p<02 <=> 81145 <—-14dB <=>VSWR <1.5. It is on the basis of such
bandwidth definition that antennas like the logarithmic spiral and periodic, shown in
Figure 5.3, are claimed to be broad band; however, this cannot be justified, regardless
of what source is used to drive the antennas. The fact that antennas like the
logarithmic spiral and periodic are broad band as defined with respect to a real
impedance source, does not ensure that they will still perform as broad band
antennas when driven by a source with unknown impedance, as has been the case
for antennas integrated with UTCs. Based on the results discussed in Chapter 3 and
4, we know that the UTC reactance becomes increasingly capacitive with decreasing
frequency, below about 400 GHz, and is expected to become noticeably inductive
above 400 GHz. This means that an antenna with zero reactance would be efficiently
coupled with the UTC only around 400 GHz, assuming the impedance real parts are
comparable. An antenna perfectly coupled with the UTC should instead ideally have
a reactance equal to the additive inverse of the UTC reactance, i.e. strongly inductive
at lower frequencies and then switching to capacitive above about 400 GHz. In such
a scenario the UTC would transfer the highest possible power to the antenna at all
frequencies, again assuming the impedance real parts are comparable.

As a quantitative example let us consider the frequency 100 GHz, where the
impedance of the 3 x 15 um? UTC at -2 V bias is Zy7-(100 GHz) = (18 — j57)Q; at
this frequency the power coupled to an antenna with a purely resistive impedance of

18 Q2 would be smaller, by a factor of 5.5 dB, than the power coupled to an antenna
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having impedance Z,y7(100GHz) = (18 + j57)Q also containing an inductive
reactance.

Even around 400 GHz, where the UTC reactance crosses zero, the impedance
matching between the logarithmic spiral/periodic antennas and the UTCs will not be
good, due to a noticeable difference in the impedance real part. The UTC impedance
real part becomes very small at such high frequencies, i.e. about 15 Q for the
3 x 15 um? Ill-V Lab UTCs and 12.7 Q for the 4 x 15 um? Ill-V Lab UTCs and is expected
to be less than 10 Q for UTCs without the additional InP ridge layer. Conversely,
logarithmic spiral and periodic antennas have a large input resistance, especially
when considered in free space. Babinet’s principle for antennas [5.29], [5.19] states
that the impedance of a planar antenna Zp4 and the impedance of its dual surface
antenna Zpg gyuq are related to the impedance of free space Z, =377 (Q as
ZpaZpaauar = (Zo/2)%. The Log-Periodic Spiral Antenna and its dual surface are
identical and hence have the same impedance, therefore the theoretical impedance
for a logarithmic spiral antenna in free space is about 188 Q. Considering an effective
relative electrical permittivity &, = (12.5 + 1)/2 = 6.75 when the spiral antenna is
placed on a semi-infinite InP substrate, the theoretical resistance scales down by a
factor /¢, with respect to the free space case an hence equals 73 Q, i.e. still several
times greater than the UTC impedance real part at high frequency. For efficient
energy coupling with the UTC at high frequencies, antennas with a small impedance
real part should be preferred; in order to achieve high radiation efficiency, such
impedance real part should be attributable to radiation resistance rather than ohmic

losses.

5.2 Ground plane

5.2.1 Case study - modelling and measurement of the radiated power

from a bow-tie antenna integrated UTC with a ground plane
[11-V Lab have provided a 3 x 15 um? area UTC integrated with a bow-tie antenna with
a gold screen deposited underneath the 150 um thick InP substrate, shown in Figure
5.4 a) prior to packaging. The gold screen was not intended to operate as a ground

plane for the antenna emission, therefore the whole antenna chip did not represent
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an optimum design for radiation with a ground plane. Nevertheless, regardless of the
emission performance, the antenna was employed to verify whether the knowledge
of the UTC impedance, in conjunction with the antenna full-wave modelling, could
provide a good prediction of the radiated power, not only in terms of power trend
over the frequency range but also in terms of absolute level of emitted power.

The antenna chip was hence modelled in CST, as shown in Figure 5.4 b), and analysed
between 50 GHz and 300 GHz. Exact dimensions and geometrical details of the
antenna chip were not available, therefore the values shown in Figure 5.4 are
approximate. The material properties used for gold and indium phosphide were the

same as in the UTC impedance modelling.

N

Groun@

Figure 5.4: a) Bow-tie antenna integrated UTC with a ground plane, provided by IlI-V Lab. The
photodetector area is 3 x 15 um? and the antenna-chip approximate geometrical details are shown
in the picture; b) CST model of the bow-tie antenna with a gold ground plane.

The total power emitted by an antenna depends on the efficiency of energy coupling
with the driving source and on the radiation efficiency. The former defines the
fraction of power made available by the source that is accepted by the antenna, while
the latter determines the fraction of power accepted by the antenna that is coupled
into free space; the antenna directivity, on the other hand, describes the angular
distribution of the radiated power.

The bow-tie Antenna 3D radiation pattern (directivity in dBi) calculated in CST, is

shown in Figure 5.5 for four frequencies of interest, i.e. 66 GHz, 111 GHz, 153 GHz
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and 200 GHz. The antenna radiation efficiency from 50 GHz to 300 GHz is given in
Figure 5.6. The radiation patterns show how part of the emitted power, especially at
111 GHz, is radiated almost along the XY plane, or at least at very shallow angles, and
would not be captured by a power meter positioned in front of the antenna in a real
measurement. For this reason the power radiated within different solid angles along
the Z direction has also been calculated, to enable a more realistic comparison with
the experimental results. It is noted how a planar antenna on a thick substrate with
a ground plane, can still exhibit a good radiation pattern if metal patch shape and
chip size are properly designed for the frequency range of interest; as the concerned
bow-tie antenna was not optimised to emit with a ground plane, the good radiation
pattern shown at 200 GHz in particular, is the result of a fortunate combination of

such factors.

Directivity (dBi)

dBi dBi
5.6 7.08
3.85 4.87
2.8 3.54
1.75 2.21
0.7 0.885
-2.15 -2.06
-8.6 -8.23
-15 -14 .4
=-21.5 -20.6
-27.9 -26.7
-34.4 -32.9
Y X
dBi dBi
7.09 9.3
4.88 6.39
3.55 4.65
DD 2.91
0.887 1.16
-2.086 -1.92
-8.23 -7.68
-14.4 -13.4
-20.6 -19.2
-26.7 -24.9
153 GHz 200 GHz

Figure 5.5: Bow-tie antenna 3D polar radiation pattern calculated in CST.
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The dips in the radiation efficiency shown in Figure 5.6 are due to losses in the
antenna and ground plane metal (gold).

To perform a thorough calculation of the absolute power emitted by the antenna,
the coupling efficiency between the antenna and the UTC needs to be taken into
account; this depends on the impedance of both antenna and photodetector and can
now be evaluated using the results of the experimental and numerical analysis of UTC
impedance, discussed in Chapter 3 and Chapter 4. The real and imaginary part of the
bow-tie antenna impedance are plotted in Figure 5.7 and compared with those

measured and calculated for the 3 x 15 um? area UTC at -2 V bias.

Radiation efficiency (dB)

0 50 100 150 200 250 300
Frequency (GHz)

Figure 5.6: Bow-tie antenna radiation efficiency in dB calculated in CST.
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Figure 5.7: Comparison between real and imaginary part of the bow-tie antenna impedance and
those measured and calculated for the 3 x 15 um? area UTC at -2 V bias.

As discussed in Chapter 3 and Chapter 4, the maximum transfer of power between
the source (UTC) and the antenna occurs at the frequencies for which the antenna
impedance is equal to the UTC impedance complex conjugate. Therefore local
maxima of radiated power should be expected at the frequencies where the UTC and
antenna reactance have the same absolute value and opposite sign; the magnitude
of such local maxima is determined by how close the impedance real parts are and
by other factors like radiation efficiency, solid angle considered for the radiated
power calculation and transit-time limited response of the UTC.

The power emitted by the antenna integrated UTC in Figure 5.4 a), after packaging,
was measured with a basic heterodyne experimental arrangement using two free
running lasers, as shown in Figure 5.8. The first polarisation controller is needed to
align the field polarisation of the two tuneable lasers. The second polarisation
controller, located after the erbium-doped fibre amplifier (EDFA), is employed to

optimise the coupling efficiency between the lensed fibre and the optical waveguide

on the UTC chip.

182



Chapter 5 — Antenna integrated UTCs with ground planes and silicon lenses

Polarisation
Tuneable controller1 .
laser Polarisati Mechanical
olarisation chopper
controller2
[>-000, ,)) ,)) Power
- meter
3dB EDFA -
Tuneable | Bow-tie antenna
laser coupler integrated UTC N”
Attenuator Reference LOCk-."?
amplifier
L4
OSA

Figure 5.8: Experimental arrangement used to measure the power emitted by the
antenna integrated UTC after packaging. The first polarisation controller is needed to
align the field polarisation of the two tuneable lasers. The second polarisation controller,
located after the erbium-doped fibre amplifier (EDFA), is employed to optimise the
coupling efficiency between the lensed fibre and the optical waveguide on the UTC chip.

The optical power coupled into the UTC was measured with a power meter at the
output of the fibre connecting the second polarisation controller with the UTC, and
was 50 mW. The UTC was biased at -2 V and exhibited a DC photocurrent of 7.2 mA,
corresponding to a 0.144 A/W responsivity. A Thomas Keating (TK) power meter
system [5.35] was used to measure the radiated power. The TK measures power in a
beam directed into the head window, which comprises a closed air-filled cell formed
by two closely spaced parallel windows with a thin metal film in the gap between
them. The beam must be 100% amplitude-modulated either at its source or by a
chopper placed in the path of the beam. The modulation frequency is to be in the
range 10 Hz to 50 Hz, and the lowest noise equivalent power (NEP) is found in the
middle of this range. The absorption of the power in the film produces modulated
variations in the temperature of the film and the layers of air in contact with it. In
turn this produces a modulation of the pressure in the cell, which is detected by a
pressure-transducer and measured by the lock-in amplifier. The modulated pressure
change is closely proportional to the total absorbed power. As can be seen in Figure
5.8, a mechanical chopper was used in our experimental arrangement to modulate
the beam, with a modulation frequency of 20 Hz.

The power radiated at each frequency by an antenna is proportional to the squared

amplitude of the current flowing into the antenna at that frequency; on the other
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hand the current flowing into the antenna depends on the match/mismatch between
antenna impedance and source impedance. An accurate calculation of the current
driven by the UTC into the bow-tie antenna, over the frequency range, can be carried
out using the optimised version of Circuit 3 discussed in Chapter 3, including the
corrected value of parasitic inductance Lp (6.5 pH) found in Chapter 4, by replacing
R; with the antenna impedance plotted in Figure 5.7. The measured 7.2 mA DC
photocurrent can be used as reference level for the current source in Circuit 3 and
the transit-time limited response 2 in Figure 3.20 can be considered to take the
transit-time effect into account. The power radiated by the bow-tie antenna driven
by the UTC was hence calculated in CST for different conical solid angles and is plotted
in Figure 5.9 along with the experimental data; the conical angles are defined with
respect to the Z axis and a 90 degree conical solid angle is, for instance, identified by
a 45 degree angle with respect to the Z axis. Unlike the power emitted within solid
angles, the power radiated in the whole space does not depend on the radiation
pattern, but only on the radiation efficiency, the UTC transit-time response and the
impedance match/mismatch between UTC and antenna. It is interesting to note how
all the maxima of the calculated emitted power in Figure 5.9 occur at frequencies
where the imaginary parts of UTC and antenna impedance have about same absolute
value and opposite sign and the real parts are comparable (i.e. 66 GHz, 111 GHz,
153 GHz, 183 GHz, 215 GHz, 225 GHz, etc.). On the other hand there are frequencies
where, despite the impedance imaginary parts having similar absolute value and
opposite sign, there is no peak of radiated power because the impedance real parts
are greatly different; this situation is verified at 86 GHz, where the impedance real
part is 20 Q for the UTC and over 1.5 k€2 for the antenna, and at 241 GHz where the
impedance real part is 15 Q for the UTC and over 262 Q for the antenna.

The importance of the coupling efficiency between source and antenna can be seen
around 200 GHz where the power emitted within an increasingly narrow solid angle
does not show any local maximum although, as shown in Figure 5.5, the directivity
pattern is favourable; the reason is that the UTC and antenna reactance are both

capacitive at 200 GHz, therefore little power is accepted by the antenna.
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Figure 5.9: Comparison between measured radiated power and radiated power calculated
within different conical solid angles.

It is also important to remark how the value of the sharp maximum of radiated power
calculated at 111 GHz, is dramatically reduced as an increasingly narrow solid angle
is considered; the reason is that at this frequency the power is mostly radiated at very
shallow angles with respect to the antenna plane, as can be seen in Figure 5.5.

It should be noted that the real bow-tie antenna also contains thin layers of platinum
and titanium, deposited prior to the gold deposition, with the titanium layer likely
contributing to the power dissipation and hence radiation efficiency reduction. Like
the exact antenna chip geometrical details, the thickness of the platinum and
titanium layers were not available. The results of some test simulations performed in
CST suggested that the losses in the titanium layer depend, in a non-negligible way,
on the layer thickness; the titanium and platinum layers were hence not included in
the model of the bow-tie antenna and the other antennas which will be discussed in
this chapter.

The conical solid angles we have defined in the CST model equal, in steradian,
2m(1 — cos @), where @ is the angle identified with respect to the Z axis (e.g.
45 degree for the 90 degree conical solid angle); the 90 degree conical solid angle is
equal to 1.8 steradian and the 70 degree conical solid angle is equal to 1.1 steradian.
The distance between the Thomas Keating 40 mm window aperture [5.35] and the

emitter in the experimental arrangement was about 33 mm, which corresponds to a
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solid angle almost equal to the 1.1 steradian found for the 70 degree conical solid
angle. It follows that the radiated power calculated within the 70 degree conical solid
angle in the CST model represents well the power measured experimentally. A direct
comparison between the radiated power calculated in CST within the 70 degree solid
angle and the measured radiated power, is shown in Figure 5.10 with a reduced range

on the ordinate axis which enables a clearer assessment.
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Figure 5.10: Comparison between measured radiated power and radiated power calculated
within a 70 degree conical solid angle.

The trends of measured and calculated power over the frequency range are clearly
correlated. The three peaks of measured power at 74 GHz, 105 GHz and 140 GHz
seem to correspond to the peaks of calculated power at 66.5 GHz, 111 GHz and
153.5 GHz. The zigzag feature visible around the measured peak at 74 GHz is probably
just an artefact of the measurements. The measured peak at 74 GHz and the
calculated peak at 66.5 GHz have same magnitude (262 pW) and are shifted by
7.5 GHz. The measured peak at 105 GHz and the calculated peak at 111 GHz have also
the same magnitude (47 uW) and are shifted by 6 GHz. The measured peak at 140 GHz
and the calculated peak at 153.5 GHz show a relevant disagreement as they are

shifted by 13.5 GHz and differ in magnitude by 5 dB (53 pW vs 168 pW).
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The 7.5 GHz and 6 GHz frequency shifts between experimental and numerical results,
regarding the first two pairs of peaks (measured at 74 GHz and 105 GHz and
calculated at 66.5 GHz and 111 GHz) occur in opposite directions which could be
explained by some dispersion in the semiconductor material or, most probably, by a
calibration error of the frequency scale in the measurement. Other possible factors
are the lack of exact information available about the antenna chip, such as exact
antenna size, chip size and thickness, thickness of Ti and Pt layers, or thickness of the
BCB layer deposited on top of the chip.

Based on the estimated InP substrate thickness (150 um) and the known InP relative
electrical permittivity (12.5), at 141 GHz the wave reflected from the ground plane
will recombine in phase with the wave generated at the antenna source. This
mechanism is likely to play an important role in the generation of the measured and
calculated power peaks at 140 GHz and 153.5 GHz which will be sensitive to the exact
substrate thickness, both in terms of magnitude and frequency location. An
additional factor that could contribute to the smaller value of measured power
(-5 dB) is that the ohmic losses in the titanium have not been included in the
calculation and may present a peak at this frequency.

Following these considerations and bearing in mind the level of difficulty involved in
measuring and predicting the absolute power radiated by a system involving so many
variables in the equation, the agreement between experimental and numerical
results shown in Figure 5.10 can be deemed satisfactory. More so if we consider that
an accurate analysis of the power emitted from an antenna integrated photodetector
has not been reported before, including 3D full-wave modelling of photodetector and
antenna and taking into account the effect of the actual match/mismatch between
photodetector and antenna.

In Figure 5.11 we re-plot the power radiated by the bow-tie antenna calculated when
the UTC impedance is taken into account using the classical simplified circuit
discussed in Chapter 3 and shown in Figure 3.7 b); in this case the reactive
components related to the photodiode ridge are attributed to a single capacitance of
17 fF, which is the theoretical junction capacitance based on the device geometry and
material properties. Figure 5.12 shows the same comparison as in Figure 5.11 with a

reduced range on the ordinate axis, which enables a clearer assessment. As can be
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seen in Figure 5.11 and Figure 5.12, the disagreement between experimental and
numerical results calculated within the 70 degree solid angle is in this case very
significant; the three peaks of calculated radiated power are in this case located at
69 GHz, 111.5 GHz and 156.5 GHz and their magnitudes are 1578 uW, 135 pW and
341 pW which correspond to discrepancies with the measured peaks equal to 7.8 dB,
4.6 dB and 8 dB. A design based on the classical junction-capacitance/series-
resistance assumption would have led to a substantial overestimation of the radiated

power obtainable.
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Figure 5.11: Comparison between measured radiated power and radiated power calculated
when the UTC impedance is taken into account using the classical simplified circuit discussed in
Chapter 3 and shown in Figure 3.7 b); in this case the reactive components related to the
photodiode ridge are attributed to a single capacitance of 17 fF, which is the theoretical junction
capacitance based on the device geometry and material properties.
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Figure 5.12: Same plot as in Figure 5.11, shown with a reduced range on the ordinate axis to
enable a clearer assessment.

5.2.2 Modified bow-tie antenna designs with high radiation efficiency and
directivity

In this section the design of planar THz antennas on electrically thick substrates with
a ground plane is presented. The large thickness of the substrate, in terms of
wavelength, complicates the optimisation of the radiation pattern over a wide
frequency range. Substrate modes tend to be excited, as extensively shown in the
literature by detailed analyses carried out by Pozar [5.13], Alexopoulos and
co-workers [5.14]-[5.17] and Rutledge et al. [5.18]., therefore the radiation efficiency
can be reduced if a significant amount of power remains trapped within the substrate
and is eventually lost as ohmic or dielectric losses.

As shown in [5.19] for the case of a half-lambda dipole facing a parallel metallic plane,
the optimum distance between antenna and ground plane should be less than a one
quarter wavelength in order to obtain the maximum of directivity aligned with the
direction perpendicular to the plane. The behaviour of a planar dipole on a
semiconductor substrate with a ground plane is not as straightforward. Consider the

case of a planar dipole of length L = 165 um, on a semi-infinite InP (relative electrical
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permittivity 12.5) substrate; such a dipole resonates at a frequency of about 320 GHz
(e.g. the reactance is equal to zero), at which the wavelength inside InP is A;,,p =
265 um and in the free space Ay, = 937 um. If an infinite metallic plane parallel to
the InP/air interface is introduced on the semi-infinite InP side it is found that the
distance between this ground plane and the antenna (i.e. the substrate thickness t)
influences the radiation pattern in a way which is substantially different from the case
of a half-lambda dipole facing a parallel metallic plane in free space. Figure 5.13
illustrates the radiation pattern of the planar dipole on InP substrate with a ground
plane at 320 GHz, for a sequence of 6 different values of substrate thickness t; the
maximum value of thickness below which the main lobe is always orthogonal to the
ground plane is much smaller than 2L /4 and even than A;,,p/4 and seems rather to
agree with the standard guidelines for a patch antenna design, where the substrate
thickness is usually around 1,/100 (one hundredth of the wavelength in free space)
[5.19]. When the substrate thickness is equal to 8 um, e. g. just below 1,/100, the
main lobe is still perpendicular to the ground plane, as shown in Figure 1 (a); when
ty = 15 um, e. g. just above 4,/100 but still smaller than A;,p/4, the main lobe
breaks up and the maximum of directivity is into the substrate, as illustrated in Figure
5.13 (b); for tg = 40 pum (e. g. still smaller than Ainp/4), as in Figure 5.13 (c), there is
basically no radiation along the direction orthogonal to the ground plane and the
main lobe is in the substrate; for greater thickness values, such as 75 um, 100 um
and 165 um as shown in Figure 5.13 (d), (e) and (f) respectively, the beam is unstable
and the radiation pattern deteriorates significantly. These results seem to suggest
that meeting the condition t; = 44/100 is the only way to realise planar antennas
with ground planes endowed with good radiation properties; on the other hand it is
clear that achieving such a condition at THz frequencies is not possible in practice.
Indium Phosphide is a fragile material and even thickness values around 100 um are
not easy to obtain by substrate thinning. At 320 GHz, as discussed above, 4,/100 is
approximately 9 um and this value would become gradually smaller as the frequency
goes up, therefore it is reasonable to conclude that substrate thinning is not a viable

solution.
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Figure 5.13: Radiation pattern of a 165 um long planar dipole on InP substrate with a
ground plane at 320GHz, for a sequence of 6 different values of substrate thickness.

An exhaustive numerical analysis, guided by basic theoretical considerations, has
shown, that the realisation of planar THz antennas on electrically thick substrates
with ground planes, exhibiting good radiation properties, is indeed possible by
simultaneously optimising the metallic pattern and the substrate horizontal
dimensions; the latter become an important parameter to be optimised, since the
reflections from the sides of the InP substrate influence the antenna performance,
unlike, allegedly, antenna chips on substrate lenses.

Figure 5.14 shows design geometrical details of two planar antennas with ground
planes, integrated with 3 x 15 um? area UTCs, optimised to radiate within a frequency
range centred at 345 GHz, where a minimum in the water absorption is present. The
ground plane is not displayed explicitly, however the boundary condition underneath
the chip consists of an infinite metallic plane and the Z axis identifies the intended

radiation direction.
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Figure 5.14: Geometrical details of two planar antennas with ground planes, integrated with
3 x 15 um? area UTCs, optimised to radiate within a frequency range centred at 345 GHz.

The chip material properties are the same as shown in Figure 4.2 for the chip model
employed to analyse the UTC impedance; the geometry underneath antenna metal
and polymer layer have also been kept the same as shown in Figure 4.2, in order to
take the UTC ridge, mesa and waveguide shapes into account, although they have a
marginal effect on the antenna radiation properties. The thin layers of titanium and
platinum, which were included in the model shown in Figure 4.2, have been ignored
in the antenna models in Figure 5.14 where only a 300 nm layer of gold makes up the
antennas. Since the two antennas are not symmetrical along the Y axis direction, the
UTC position in the optimised designs shown in Figure 5.14, is not equidistant from
the chip upper and lower edges, being 215 um from the upper edge and 189 um from

the lower edge.
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Antenna 1 and Antenna 2 exhibit almost identical radiation properties (i.e. radiation
efficiency and directivity pattern), particularly around 345 GHz, but they have
different input impedance. Antenna 1 was the first to be designed and was optimised
in terms of radiation properties only, since the UTC impedance study had not yet
been completed and hence a target value for the antenna impedance optimisation
was not available. Once the UTC impedance study was complete and its impedance
known, an additional antenna modelling study was undertaken, aiming to modify
Antenna 1’s impedance and achieve a better coupling efficiency with the UTC around
345 GHz, while maintaining the good radiation efficiency and directivity already
attained with Antenna 1; Antenna 2 is the result of such additional modelling work.
Figure 5.15 shows the radiation efficiency and the directivity along the Z axis
direction, of Antenna 1 and Antenna 2, from 150 GHz to 400 GHz; as anticipated, the
radiation performance of the two antennas is very similar and virtually identical
around 345 GHz. The directivity along the Z axis of both antennas presents a very
deep dip at about 275 GHz, where the wavelength in InP is 308.6 um; considering
that the InP substrate in the model is 150 pum thick, the displayed dips are likely
associated to a destructive interference between the waves reflected from the
ground plane and the waves emitted from the antenna directly in the air. Examples
of the 3D-radiation pattern, at six frequencies near 345 GHz, are shown in Figure 5.16
for Antenna 1; as described earlier Antenna 2 has identical radiation properties at

these frequencies.
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Figure 5.15: Radiation efficiency and directivity of Antenna 1 and Antenna 2.

193



Chapter 5 — Antenna integrated UTCs with ground planes and silicon lenses

Directivity (dBi) — antenna 1

9.9 dBi 10.7 dBi 10.9 dBi

11.1 dBi

Figure 5.16: Antenna 1 radiation pattern at six frequencies of interest. The specified values in dBi
(in red) are the maximum directivity values of the main lobe.

The impedance of Antenna 1 and Antenna 2 is given in Figure 5.17 and compared
with the impedance of the 3 x 15 pm? llI-V Lab UTC at -2 V bias. At 345 GHz the UTC
resistance (impedance real part) is about 15 Q, while the reactance is slightly
capacitive, e.g. -5 Q. Between 330 GHz and 360 GHz Antenna 1 resistance ranges
from 125 Q to 400 Q and its reactance is strongly inductive, e.g. between about 80 Q
and 240 Q, therefore the coupling efficiency between UTC and antenna is rather
poor. Antenna 2 was designed to approach the complex and conjugate matching with
the UTC and as a result its resistance was reduced to values between 10 (2 and 18 Q,
while its reactance is between 10 Q and 25 Q, across the frequency range 330 GHz

to 360 GHz.
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Figure 5.17: Impedance real and imaginary part of Antenna 1 and Antenna 2; the impedance
of the 3 x 15 um? I11-V Lab UTC at -2 V bias (continuous black line) is also shown for comparison.

The power radiated by Antenna 1 and Antenna 2 is plotted in Figure 5.18 for a DC
photocurrent of 10 mA. The power emitted within the frequency range of interest,
e.g. 330 GHz to 360 GHz, by Antenna 2 (up to 87 uW) is up to 3.5 times greater than
the power emitted by Antenna 1 (up to 25 uW), which highlights the importance of
realising efficient energy coupling between the antenna and the driving source (i.e.
UTC). The power radiated within a 60 degree conical solid angle, identified by a 30
degree angle with respect to the Z axis, is also plotted in Figure 5.18; this shows that
the peaks of power radiated in the whole space by Antenna 1 around 230 GHz and
295 GHz, and by Antenna 2 around 270 GHz, are not emitted along the Z axis direction
and go down by at least 6 dB when calculated within the solid angle.
The emitted power would go up by 6 dB for every 3 dB increase of the photocurrent
amplitude; for instance, Antenna 2 would radiate up to 348 uW around 345 GHz for

a 20 mA DC photocurrent. Indeed the UTC transit-time limited response also limits

the power that can be emitted at high frequencies.
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Figure 5.18: Power radiated by Antenna 1 and Antenna 2, for a DC photocurrent of 10 mA. The
power emitted within the frequency range of interest, e.g. 330 GHz to 360 GHz, by Antenna 2 (up
to 87 uW) is up to 3.5 times greater than the power emitted by Antenna 1 (up to 25 uW). The
power radiated within a 60 degree conical solid angle, identified by a 30 degree angle with respect
to the Z axis, is also plotted.

To understand how the emitted level of power can be increased, one has to consider
that, the ideal case would consist of an antenna with a large impedance real part (due
to radiation resistance, not ohmic losses) driven by an ideal current source which has,
by definition, an infinite output impedance; in such a scenario the current source
could inject a large current into the antenna endowed with a high radiation
resistance, resulting in a very large radiated power. If an antenna with a high radiation
resistance, such as Antenna 1 near 345 GHz, is driven by a low output impedance
source, such as the UTC, the current injected into the antenna is very low and so is
the emitted power. That is why, the best that can be achieved at these frequencies,
using such a UTC as source, is to employ a low impedance antenna, approaching the
complex conjugate matching with the UTC, having radiation efficiency and directivity
as high as possible.

Following these consideration it is possible to understand, from an alternative
perspective, why low device capacitance and series resistance are highly desirable in
a UTC to be integrated with antennas. If the UTC Circuit 3 model, discussed in
Chapter 3, is converted into its Norton equivalent circuit (current source), it can be

seen that the output impedance real part of the Norton equivalent can be increased
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either increasing the series resistance R, or decreasing the capacitances; however if
we do increase R; we cause the Norton equivalent current (which depends on the
circuit elements) to decrease. Therefore if R, is kept low while the capacitances are
decreased, we obtained a Norton equivalent (our current source) which has a high
real part of the output impedance without a reduction of the Norton equivalent
current; in short we would have a current source able to couple high power into a

high radiation resistance antenna realising the complex-conjugate matching.

5.2.2.1 Effect of the bias lines on the radiation performance

In this section some initial investigations are made, concerning the effect that bias
lines can have on the radiation properties of Antenna 1 and Antenna 2 and a
preliminary design is presented.

Figure 5.19 shows, on the left hand side, the surface current distribution on the metal
of Antenna 1 and the electric field amplitude on the surface of the chip at 345 GHz,
without any bias line; areas of low current amplitude on the metal and low field
amplitude on the chip surface are highlighted as suitable for the realisation of high

inductance lines connecting the antenna to small metal pads for wire bonding.
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Figure 5.19: Bias line design. The current distribution on the metal of the antenna has not
changed following the introduction of the bias lines and the metal pads. It is noted that when
the same bias line design was modelled for the case of Antenna 1 on a substrate silicon lens
instead of a ground plane, the effect on the radiation pattern was found to be significant. The
main radiation beam tended to split up along the antenna length direction (Y axis direction in
Figure 5.14) suggesting that the bias lines and the pads were in fact acting as an extension of
the antenna length.

On the right hand side of Figure 5.19 the design of bias lines and metal pads is given
and it is shown that the current distribution on the metal of the antenna has not
changed. As a confirmation of the suggested design validity the radiation pattern of
Antenna 1 including bias lines and metal pads, is shown Figure 4.19 and no significant
changes are noted compared with the radiation pattern without bias lines and pads,
previously shown in Figure 5.16.

It is noted that when the same bias line design was modelled for the case of
Antenna 1 on a substrate silicon lens instead of a ground plane, the effect on the
radiation pattern was found to be significant. The main radiation beam tended to
split up along the antenna length direction (Y axis direction in Figure 5.14) suggesting
that the bias lines and the pads were in fact acting as an extension of the antenna

length.
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Figure 5.20: Radiation pattern of Antenna 1 including the effect of bias lines and metal pads. No
significant changes are noted compared with the radiation pattern without bias lines and pads.

5.2.3 Novel design of THz planar antennas with a closer ground plane for

easy array fabrication

In realising antenna arrays with ground planes, a potential issue associated with
Antenna 1 and Antenna 2 design arises from the fact that the chip dimensions are
part of the optimised parameters and should not be altered. While the optimised chip
dimensions of a single antenna element can be achieved by accurate cleaving, the
only way to create an array made up of Antenna 1 or Antenna 2 as elements, would
be to realise the array on a large chip and then separate the antennas with deep
trenches; this will require a challenging fabrication. If the antenna elements were left
unseparated on a whole large chip, the optimised performance of the single element
Antenna 1 (Antenna 2) would be lost and mutual coupling between the array
elements would further cause the radiation performance to deteriorate.

In this section we present a third antenna design with a ground plane (Antenna 3)
which, despite a lower radiation efficiency, has the advantage of being independent
from the chip horizontal dimensions and a large array could easily be fabricated on a

whole large substrate chip with virtually no mutual coupling among the antenna

199



Chapter 5 — Antenna integrated UTCs with ground planes and silicon lenses

elements. An overview of the antenna geometry and the radiation efficiency are

given in Figure 5.21

Antenna 3
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Figure 5.21: Overview of Antenna 3 geometry and radiation efficiency.

Antenna 3 is essentially a rectangular patch antenna. As mentioned previously such
an antenna needs a ground plane very close to the patch. In this design the close
ground plane is realised by depositing a layer of gold all around the UTC p-contact
ridge, prior to deposition of the passivation layer (i.e. BCB or SiOxNy) on top of which
the rectangular patch will be in turn deposited. The UTC position is highlighted in red
in Figure 5.21. While the patch size affect both antenna impedance and radiation, the
UTC position with respect to the rectangle influences the antenna impedance; the
UTC near the patch centre would see a very low impedance while near the edges the
impedance would increase. Since for this design the passivation layer should be
thicker than usual (say up to 8 um) the only fabrication difficulty could be realising
the contact between the rectangular gold pad and the underlying UTC p-contact
through a relatively deep via. Low electromagnetic energy would couple down in the
InP substrate and no horizontal propagation within the electrically thin passivation
layer could occur; as a consequence the chip horizontal dimensions are not relevant
and no mutual coupling would occur within an array using Antenna 3 as the element.
Antenna 3 has also been optimised to emit around 345 GHz when driven by the IlI-V
UTC. The radiation efficiency, plotted in Figure 5.21, is modest because of ohmic

losses. The 3-D radiation pattern (directivity in dBi) from 335 GHz to 360 GHz is shown
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in Figure 5.1. The impedance is shown in Figure 5.23 and compared with that of the

UTC.

340 GHz

355 GHz

8.6

Figure 5.22: 3-D radiation pattern (directivity in dBi) of Antenna 3, from 335 GHz to 360 GHz.
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Figure 5.23: Comparison between Antenna 3 impedance and the impedance of the 3 x 15 um?
I1I-V Lab UTC at -2 V bias (continuous black line)
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Figure 5.24 shows the power radiated by Antenna 3 from 300 GHz to 400 GHz, in the
whole space and within the 60 degree solid angle. Although the level of radiated
power is rather low, the design of this antenna concept is still at its infancy and
substantial improvements are possible. As mentioned above, this antenna is suited

to large array fabrication.

Radiated Power

50 I T T T
3 —antenna 3 - whole space

40 ---antenna 3 - 60 deg solid ang
s - 3x15um2UTC, -2V
230 IPHDC=10mA_
E |
g 20
O H
o

10

"""""""" | | E et S——
900 320 340 360 380 400

Frequency (GHz)

Figure 5.24: power radiated by Antenna 3 from 300 GHz to 400 GHz, in the whole space and
within the 60 degree solid angle.

5.3 Lens

5.3.1 Modified bow-tie antenna on a silicon lens

The use of silicon lenses combined with antenna integrated uni-travelling carrier
photodiodes is an established solution to couple THz power into free space as
radiation [5.36].

The response (in terms of S parameters and impedance) of planar antennas on InP
chips integrated with a silicon lens, is typically assumed to be equivalent to the
response of the same antenna on a semi-infinite InP substrate. In this section the
performance of Antenna 2 will be investigated by means of 3D full-wave modelling,
when the antenna is integrated with a 4 mm diameter collimating Si lens instead of
the ground plane. When the alignment between antenna chip and lens is perfect, the

lens enables efficient radiation and good radiation pattern, and the antenna
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impedance is similar to the impedance of the same antenna on a semi-infinite InP
substrate. The lens-integrated antenna radiation is, however, rather sensitive to the
alignment between chip and lens, and in general the lens focusing properties are not
as neat and even as often depicted on the basis of geometrical optics analyses.
Resonances and standing waves tend to take place inside the lens, part of the energy
coupled into the lens remains trapped inside and the ongoing reflections cause it to
be emitted along undesired directions. Reservations about THz substrate lenses were
expressed by the authors in [5.37], where an extended hemielliptic lens for a sub-
millimetre-wave receiver was analysed.

Antenna 2 has been modelled on a 4 mm diameter Si lens in a collimating
configuration, realised, for an InP chip on a silicon lens, when the source and the lens
tip are about 1.41 times the lens radius apart [5.38]. An overview of the CST model

and the radiation efficiency between 150 GHz and 400 GHz are given in Figure 5.25.
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Figure 5.25: Model overview of Antenna 2 on a 4 mm diameter collimating Si lens and radiation
efficiency.

The 3D directivity pattern in dBi is shown in Figure 5.26. The lens antenna exhibits a
good radiation pattern along the intended direction of radiation (i.e. Z axis negative
direction) with directivity up to 20.2 dBi at 344 GHz. Nevertheless, despite the perfect
alignment between lens and chip realised in the model, the whole radiation pattern
is not as even as expected and some rather noticeable side lobes tend to appear. This

might be favoured by the fact that Antenna 2 was mainly optimised to work on a
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ground plane but is mainly the effect of the inevitable ongoing internal reflections

that, as will be shown, get worse as the alignment accuracy decreases.

Figure 5.26: 3D directivity pattern in dBi. The lens antenna exhibits a good radiation pattern along
the intended direction of radiation (i.e. Z axis negative direction) with directivity up to 20.2 dBi at
344 GHz.

In Figure 5.27 the impedance of Antenna 2 on the Si lens is compared with the UTC
impedance and with the impedance of Antenna 2 on a semi-infinite InP substrate.
The latter impedance appears to be a moving average of the lens antenna impedance;
therefore if it is acceptable to say that they are similar it is not accurate to say that
they are equivalent since the oscillations of the lens antenna impedance around the
value of the semi-infinite impedance case are large and can affect the coupling with

the driving source.
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Figure 5.27: Comparison between the impedance of Antenna 2 integrated with Si lens and
the impedance of the 3 x 15 pum? IlI-V Lab UTC at -2 V bias (continuous black line). The
impedance of Antenna 2 on a semi-infinite InP substrate is also plotted.

The highly oscillating trend of the lens antenna impedance is caused by the
mentioned ongoing reflections inside the lens, caused by the trapped energy. Such
oscillating trend is, as expected, reproduced in the radiated power, plotted in Figure

5.28.
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Figure 5.28: Power radiated by Antenna 2 integrated with a silicon lens in the whole space
and within a 60 degree conical solid angle.
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By performing a moving average of the radiated power in Figure 5.28, it is found that
a maximum of almost 140 pW is emitted at about 280 GHz, while a power of

approximately 85 uW is radiated at 345 GHz.

5.3.2 Performance sensitivity to the lens alighment

In this section we carry out a brief investigation about the effect of the alignment
between the substrate lens and the antenna chip on antenna performance. For
instance, with reference to the structure overview in Figure 5.25, a misalignment AY
is defined as a displacement of the antenna chip along the Y axis direction, with
respect to the perfect alignment position. For this model, the perfect alignment is
achieved when the centre of the InP substrate chip has the same X, Y coordinates as
the centre of the lens flat face. A positive value of AY means that the chip has been
translated along the Y axis positive direction by a distance AY. Figure 5.29 shows how
the radiation pattern calculated at 344 GHz, changes with respect to the perfect
alignment case (i.e. AY = 0) when three increasing misalignments of AY = 100 um,

AY =200 pum and AY = 300 pum are considered.

AY =200 um = Lobe tilt =14° . AY =300 um = Lobe tilt =22° .

Figure 5.29: Changes, of the radiation pattern calculated at 344 GHz, with respect to the perfect
alignment case (i.e. AY = 0) when three increasing misalignments of AY = 100 um, AY = 200 um and
AY =300 um are applied.
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The effect introduced by the misalignment is quite significant as the main lobe of the
radiation pattern tilts downwards by an increasing angle. To show clearly the effect
of the misalignment, large misalignment values have been modelled, i.e. 100 um,
200 um and 300 um. The 100 um misalignment produces a tilt of 7 degrees, while the
300 um misalignment generates a tilt as large as 22 degrees. Furthermore, because
of the misalignment, the main lobe decreases in magnitude, by up to 3.4 dB, while
the side lobes become increasingly prominent. As a consequence of these changes in
the radiation pattern, the directivity along the intended direction, e.g. the negative Z

axis, falls dramatically, as shown in Figure 5.30.

. D|rect|V|ty (dBi) along the Z axis, negatlve d|rect|on
AY=0

; : - Ay= 100p.m
o AY —-zooum ———————————————————————————— teioiae —

5
100 150 200 250 300 350 400
Frequency (GHz)

Figure 5.30: Effect of the misalignments on the directivity along the intended direction, e.g.
the negative Z axis.

An additional concern regarding the operation of substrate lenses is, as mentioned
previously, the fact that they may perform more as a resonator than an actual
focusing lens, as also suggested in [5.37]. Figure 5.31 is a cross section view of the
lens antenna structure, through the cutting plane [XZ], and shows the amplitude of
the electric field at 350 GHz for the perfect alignment case (AY = 0). As suspected, the

amount of energy trapped inside the lens is relevant and the pattern of the electric
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field amplitude clearly shows resonances and standing waves, with nodes and

antinodes.

E-field ampl. 350 GHz / cutting plane [XZ]

Figure 5.31: Cross section view of the lens antenna structure, through the cutting plane [XZ],
showing the amplitude of the electric field at 350 GHz for the perfect alignment case (AY = 0)

Perhaps even more interesting is the [YZ] plane cross section through the lens,
showing, Figure 5.32, the electric field amplitude in the four cases of different
misalignment, i.e. AY =0, AY = 100 um, AY = 200 pum and AY = 300 um. It appears that
the general amplitude of the field inside the lens tends to increase with increasing
misalignment, which is consistent with the fact that the lens focusing properties

deteriorates.
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E-field amplitude at 350 GHz / cutting plane [YZ] Y
AY =100 pm (4 X

<
AY =0

AY = 200 um AY =300 pm

> gy =

Figure 5.32: [YZ] plane cross section views through the lens, showing the electric field amplitude
in the four cases of different misalignment, i.e. AY =0, AY = 100 pum, AY = 200 pm and AY =300 um.

Substrate lenses are hence theoretically capable of realising high directivity radiation
patterns when integrated with ad-hoc antennas and when an ideal perfect alignment
between lens and antenna chip is achieved. The radiation pattern though is sensitive
to the alignment accuracy and in reality, a relevant amount of energy remains
trapped inside the lens as ongoing internal reflections which cause the radiation
pattern to be rather unpredictable. The internal reflections also cause large and thick
ripples in the trend of radiated power and impedance over the frequency range. For
all these reasons, as will be shown in Chapter 7, substrate lenses are not suited to
antenna arrays because of the inevitable and significant misalignment between the

lens and all the array antenna elements.

5.4 Thermal considerations

Successful realisation of effective heat sinks is central to the successful maximisation
of the RF power extracted from high power UTCs since these can suffer from
overheating failure before reaching saturation [5.39]. While in the future research
work an in-depth thermal analysis of UTC-PD structures will be performed, supported
by the thermal solver of CST Studio suite, here some basic thermal considerations are

presented.
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The use of a gold ground plane, instead of a silicon lens, can allow a more efficient
heat dissipation to be achieved, as gold thermal conductivity is more than twice that
of silicon (318 Wm™K! vs. 149 WmK!). Peytavit et al [5.40] have demonstrated a
continuous wave output power, from a low-temperature-grown GaAs
photoconductor, reaching 1.8 mW at 252 GHz for 270 mW input optical power, 24 mA
DC photocurrent and 3 V bias voltage; such a high level of output power was made
possible by the use of a metallic mirror-based Fabry-Pérot cavity and an impedance
matching circuit. An essential merit of the device discussed in [5.40] is its remarkable
capability to handle such a high thermal power, which the authors attribute to the
thermal management built on the thinness of the LT-GaAs layer and the high thermal
conductivities of the buried gold layer and the silicon substrate.

Although silicon is a fairly good thermal conductor, the thermal management of an
antenna chip sitting directly on metal (ground plane), rather than on silicon (lens),
can in principle be superior.

In Figure 5.33 an example is shown of an InP antenna chip placed directly on metal
(left hand side) or on a small 1 mm diameter silicon lens; the extra Si slab placed

between the lens and InP chip serves to realise a collimating configuration [5.38].

Collimating silicon lens

Ground plane (section view)

(section view)

Figure 5.33: Schematic diagram of a chip on a ground plane (left hand side) and on a silicon lens
(right hand side), for thermal management considerations.

The thermal conductivity of indium phosphide, o, ;,p = 68 [W/(m - K)], is lower
than that of silicon, oy, 5; = 149 [W/(m - K)]; however, although the InP chip is

present in both scenarios and the heat flow Q has to pass through it, what really
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defines the efficiency of a system in getting rid of the heat, is the system total thermal
resistance R;;. For a given device temperature Ty.p;ce and a given metal heat sink
temperature Tperqr, the heat flow Q increases as the total thermal resistance

decreases, as in (5.1):

Q= (Tdevice - Tmetal)/Rth (5.1)

We have named Ry, (1) for the ground plane configuration and Ry, () for the silicon
lens configuration. The total thermal resistance of the ground plane configuration
coincides with the thermal resistance of the InP substrate Ry, 1,p—_syp, Which can be
calculated based on the substrate geometry and thermal conductivity, and hence
Rin1) = Renmp-sup = 9[K/W]. The total resistance of the silicon lens configuration
contains an additional contribution in series with Ryp, 1,p_gyp, that is the resistance
Rip si—siqp Offered by the slab of silicon that separates the InP chip and the metal
heat sink. For the geometry shown in Figure 5.33, Ry, ;—g14p Can be estimated to be
about R si—s1ap = 8.5 (K/W) and therefore the total thermal resistance for the
silicon lens configuration is Ry 2y = Rinmp—sub + Rensi—siap = 17.5 (K/W) which
is almost double that for the ground plane configuration. For larger lenses and if the
additional Si slab is thin, the total resistance of the configuration with the silicon lens

should increase further.

5.5 Conclusions

In this chapter the design of new THz antennas, obtained by means of full-wave
electromagnetic modelling, has been described. The new antennas have shown to be
suitable for integration with both standard silicon lenses and a novel solution
employing a ground plane. Realising accurate alighment between silicon lens and
antenna chip is essential to optimise the radiation pattern and yet is a challenging
task to accomplish; antennas integrated with ground planes do not require such
alignment. The influence of the misalignment between antenna chip and substrate
lens on the radiation pattern, has been shown, and found to be significant. The

ground plane solution can offer advantages in terms of heat dissipation, as it is more
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suitable for the realisation of efficient heat sinks. In this chapter the case study of a
large bow-tie antenna has also been presented and the comparison between
modelled and measured radiated power has been discussed; it is shown that the
knowledge about the UTC impedance achieved in Chapter 3 and 4 enables the
radiated power to be predicted with satisfactory accuracy while the radiated power
calculated based on the classical junction-capacitance/series-resistance concept is in

substantial disagreement with the measurements.
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Chapter 6 - Study of THz emission by
means of a sub-wavelength aperture
probe

In this chapter an extensive analysis is presented, regarding the use of a
sub-wavelength aperture probe to investigate THz emission, particularly in antenna
near- and far-fields. The probe exhibits properties enabling accurate detection of far
fields and the experimental system incorporating the probe is suited to map antenna
far-field radiation patterns.

Furthermore, thanks to its excellent properties as a near-field detector, the probe
enables the reconstruction of the electric field in the vicinity of antennas. In future
work the sub-wavelength aperture probe will be employed as a tool to assist the
realisation of the optimum terahertz antenna via experimental analysis of the
antennas designed numerically. The probe allows, with little invasiveness [6.1] and
with increasing space resolution [6.2], [6.3], the reconstruction of the electric field
distribution and hence surface current distribution, providing important information

about the antennas.

6.1 Modelling of surface waves on a THz antenna
detected by a near-field probe

In this section a detailed report about the modelling of the experimental system
based on the sub-wavelength aperture probe employed to detect THz emission in the
near-field of a planar bow-tie antenna is presented. For the first time the accuracy of
the proposed interpretation of the images mapped by the probe is demonstrated
[6.1]; the very good agreement between numerical and experimental results proves
that the physical quantity detected by the probe over metallic surfaces is the spatial
derivative of the electric field normal component. The achieved understanding of the
probe response allows a correct interpretation of the images and the distribution of
the electric field to be extracted. A first assessment of the probe invasiveness has also

been carried out, finding that the pattern of the surface waves on the antenna is not

217



Chapter 6 — Study of THz emission by means of a sub-wavelength aperture probe

modified significantly by the proximity of the probe. This makes the experimental
system an effective tool for near-field imaging of THz antennas and other metallic

structures.

6.1.1 Introduction

Application of the near-field scanning probe microscopy method at terahertz (THz)
frequencies (A = 30-1000 um) has enabled studies of a range of scientific questions
[6.4]. The method allows spatial resolution to be improved beyond the diffraction
limit, as well as detecting evanescent components of the THz field [6.4]-[6.11]. This
capability is particularly suitable for studies of electromagnetic fields in the near-field
region of antennas. Several investigations of THz and optical antennas have been
performed recently [6.11]-[6.16]. Antennas provide the possibility to concentrate the
electric field in a sub-wavelength region and application of optical antennas enabled
challenging studies, such as spectroscopic investigation of individual molecules. The
concentrated field in the antenna gap however depends sensitively on the antenna
geometry and experimental images of the field distribution in the near-field zone of
the antenna are essential for evaluating the antenna performance.

Understanding of the near-field probe interaction with objects is central to the
correct interpretation of images. In general, near-field images represent a
convolution of the optical field with the near-field probe spatial response, which is
often a complex function of the electric field vector and its derivatives, especially if
probe modulation techniques are used to improve the method sensitivity. Near-field
probes also disturb the optical field and it is important to understand the probe
invasiveness.

One of the probes developed for THz near-field microscopy, the integrated sub-
wavelength aperture probe [6.17], was recently shown to be sensitive to THz surface
plasmon waves [6.8], [6.11]. The probe provides the possibility of mapping THz
surface waves with spatial resolution better than 10 microns [6.2], [6.3] and to track
the wave propagation in time [6.8], [6.11]. To enable precise analysis of the surface
wave phenomena, an understanding of the probe response is essential.
Experimental results discussed in [6.11] suggested that the near-field images

represent the in-plane spatial derivative of the surface plasmon field distribution. The

218



Chapter 6 — Study of THz emission by means of a sub-wavelength aperture probe

spatial derivative nature implies that near-field images may show patterns that are
different from the surface plasmon field distribution. For example, a uniform
travelling wave is displayed with a phase shift and a standing surface wave confined
on small metallic objects, such as an antenna, may show a change in the detected
pattern symmetry. The detected field amplitude may also depend on the direction of
the surface wave propagation. Analysis of near-field images of test objects suggested
that these effects are present and a simplified coupling mechanism was introduced
to explain the near-field probe response [6.11].

In order to verify the model of the near-field probe response, the response has been
evaluated numerically; the computational approach also allows a preliminary
assessment of the question of probe invasiveness. The near-field response is analysed
by considering surface plasmon waves on the surface of a bow-tie antenna and
comparing the results with experimental images collected by the near-field probe.
The numerical results confirm that the experimental images display the spatial
derivative of the surface plasmon field formed on metallic surfaces and show similar
field patterns on the surface of the bow-tie antenna with and without the near-field
probe present. The invasiveness of the probe only becomes evident near the edges
of the antenna. The results show that the integrated sub-wavelength aperture probe
can be applied to imaging of surface plasmon waves on patterned metallic surfaces,

such as antennas and metamaterials.

6.1.2 Integrated sub-wavelength aperture near-field probe

In the experimental system, the integrated sub-wavelength aperture probe is
positioned within a few microns of the sample surface (Figure 6.1 a)). The sample is
illuminated from the substrate side by an unfocused THz beam formed by a cylindrical
waveguide [6.11]. The probe contains a GaAs photoconductive antenna detector
attached to a transparent substrate (the antenna and the low temperature grown
GaAs layer facing the substrate), and a flat thin metallic screen (gold, 600 nm)
deposited on the back side of the thinned GaAs layer [6.17]. The screen has a 20 um
x 20 um aperture in the centre of the antenna region (Figure 6.1 a), inset). Details of
the probe design, fabrication and its performance with a THz time-domain system are

described in [6.17], [6.18]. The probe detects only a local value of the THz field in the
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region of the aperture. A field distribution near the sample surface therefore can be
mapped by scanning the sample with respect to the probe. In order to keep the
illumination field constant during the scan, the sample is attached rigidly to a
waveguide.

The effect of the probe on the sample is equivalent to the effect of an infinite metallic
plane positioned parallel to the sample surface, because the screen is large in size
(2 mm x 6 mm) compared with the bow-tie antenna and the illuminating beam. It
can also be assumed that the aperture in the screen does not perturb the field
distribution because the aperture is significantly smaller than the wavelength and the
sample.

The metallic screen can support surface waves excited within the sample. Consider a
sample that contains a planar bow-tie antenna on a dielectric substrate and plasmon
waves excited on the antenna surface by a THz wave incident from the substrate side.
The incident wave forms an electric field pattern, which represents travelling and
standing surface waves on the antenna surface (Figure 6.1 b)). The electric field
vector is oriented perpendicular to the surface in the close proximity to the surface
and it decays exponentially away from the surface. It is important to consider the
effect of the metallic plane of the probe positioned parallel to the antenna surface.
Although the field distribution near the antenna is in general affected by the metallic
surface, the pattern of the surface plasmon wave is expected to remain similar to the
original pattern because the original surface plasmon field satisfies the boundary
conditions imposed by the metallic plane.

The choice of the bow-tie antenna as a sample to analyse in the experiment is
justified by its size and shape. The bow-tie antenna employed in this work is 600 pm
long and offers a large enough area for correct detection of surface waves; the
spectral content of the THz pulse that is used to excite the antenna (1.4 to 2.1 THz)
contains frequencies significantly higher than the half-lambda resonance of the bow-
tie antenna and can therefore produce identifiable patterns. The shape of the
antenna enables formation of interference patterns due to reflections travelling from
multiple directions. The antenna is also much bigger than the probe aperture, which

defines the spatial resolution. It is noted that detection of surface waves on metallic
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structures with features comparable in size to the aperture can be ambiguous

because, near the edges, the incident field is also detected by the probe.

(b)

Figure 6.1: a) Schematic diagram of the experimental arrangement [6.1] showing the
integrated near-field probe (P), the bow-tie antenna sample (S), and the THz waveguide
(W). The inset shows an enlarged antenna section of the probe. b) Schematic diagram
of the bow-tie antenna sample showing the electric field lines forming on the antenna
surface when it is illuminated by the THz beam from the substrate side.

The sub-wavelength aperture allows a small amount of the surface plasmon wave to
couple through it as an evanescent field. This field is measured by the THz
photoconductive antenna detector, however the relationship between the detected
field and the surface plasmon wave field in the vicinity of the aperture is not direct.
According to the coupling mechanism proposed in [6.11], the in-plane variation of
the surface plasmon field causes a potential difference on the opposite edges of the
aperture. The corresponding electric field is in the plane of the aperture and it is
proportional to the in-plane gradient of the surface plasmon wave distribution. The
THz photoconductive antenna is also oriented in the plane of the aperture and
therefore the field coupled through the aperture can be detected by the antenna as
a projection of the gradient vector on the antenna axis. The mapping of the field
distribution therefore results in an image that combines the surface plasmon wave
pattern on the antenna and the incident field distribution.

The next section discusses the results of numerical simulations to model the
integrated near-field probe by a metallic plane positioned at distance of 3 um away
from the bow-tie antenna sample. The surface plasmon field formed by a modelled
THz pulse between the antenna surface and the probe surface is compared to the

surface field formed without the metallic plane present. The results of the
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simulations allow verification of the coupling mechanism and an initial evaluation of

the invasiveness of the near-field probe.

6.1.3 Numerical modelling and simulation

Previous work proposed a hypothesis, supported only by a simplified explanation of
the coupling mechanism and experimental clues, suggesting that the physical
quantity detected by the probe on metallic surfaces is in fact the spatial derivative of
the electric field normal (z in the experiment) component with respect to the
direction parallel to the dipole inside the probe (which in the experiment coincides
with the y axis). This simulation intends to provide, for the first time, conclusive
evidence of the accuracy of the proposed hypothesis. For this purpose the
experimental system based on the sub-wavelength aperture probe is modelled and
the windowed time domain experiment described in [6.11] is replicated numerically.
All numerical simulations are performed using CST Studio Suite and all data pre- and
post-processing is carried out in MATLAB.

An overview of the model structure is shown in Figure 6.2 a), while Figure 6.2 b)
illustrates the plane wave employed as excitation source. The bow-tie antenna chip
has been modelled following the system employed in the laboratory experiment
[6.11], with the following geometrical parameters: 1) angle o = 90°; 2) radius r = 300
pum; 3) gap in the midpoint g = 10 um; 4) lossy gold thickness tm = 300 nm; 5) loss free
GaAs substrate height, width and thickness hs = 1460 um, ws = 1290 um and ts = 150
um respectively. The properties of gold [6.19], [6.20] and GaAs [6.21], [6.22] used for
the simulation are shown in Table 6.1 and the geometrical parameters are listed in

Table 6.2 together with their values.
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E-Fleld vector (x+ 0, y= 1, 2+ 0)

Figure 6.2: (a) Model structure and materials. (b) Plane wave employed as excitation
source. [6.1]

The modelled probe response must not be affected by reflections inside the substrate
or border effects originating at the edges of the substrate. However the perfect
boundary absorption could not be applied right at the faces of the GaAs substrate
because, when using a plane wave as excitation, the material at the absorbing
boundaries must be homogeneous; this is not the case for our model where GaAs
and air would both be present at the boundaries. The modelled antenna chip was
then completely surrounded by air and reflections within the GaAs substrate would
take place. The size of the substrate was therefore modelled large enough to allow
the waveform coming from the excitation source to pass over the antenna
undisturbed, before any reflection from the substrate sides could affect the probe
within the time window in which its response was analysed.

The presence of the probe over the bow-tie antenna is taken into account by placing
an infinite gold plane that acts as zmax boundary condition, 3 um above the substrate.
All the other boundary conditions are set to “open (add space)” meaning that some
space between the faces of the substrate and the boundary box is filled with

background material, air in this case.
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Table 6.1: Physical properties of the materials used in the model.

Material Properties

Material Type Dielectric Magnetic Electrical Conductivity
Permittivity Permeability

4561 x 107 [S/m]

Gold Lossy Metal - 1 [6.19],[6.20]
Galliu'm Loss Free Isotropic ~ 12.94 -
Arsenide Dielectric [6.21],[6.22]

Table 6.2: List of the geometrical parameters

Geometrical Parameters

Name Value Unit Measure
' 300 um
o 90 deg
tm 300 nm
g 10 pm
ts 150 pm
hs 1460 pm
Wis 1290 pm

As shown in Figure 6.2 b) the excitation source is modelled as a plane wave
propagating forward along the z axis and linearly polarised in the y axis. In order to
match the modelling as closely as possible to reality, the waveform employed for the
numerical simulation was calculated from the actual signal detected in the laboratory
experiment performed by Dr. Raimund Mueckstein [6.11], whose samples are shown
in Figure 6.3 with black circles, and was imported into the model as an ASCII file. A
pre-processing of the detected samples was necessary to make the signal compatible
with the software requirements, and consisting of four steps: 1) up-sampling to adapt
the coarse detected signal to the much finer time step used in the CST default
waveforms; 2) removing the abrupt truncations at the start and end points of the
function as they would introduce ripples in the frequency domain; this is done by
fitting the signal extremities to appropriate sinusoidal signals rapidly decaying to
zero; 3) scaling to give the function an amplitude compatible with the typical values

employed in the CST default waveforms; 4) removing a small DC component present
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in the waveform detected in the lab experiment. The experimental samples of the
original waveform were detected on the same face of the substrate where the bow-
tie antenna lies, but far enough from the antenna and the borders of the substrate
to avoid any interference from the antenna response, the reflections inside the
substrate or the border effects; the same detection has also been performed
numerically to make sure that the signal time of flight and the temporal derivative
effect introduced by the probe on the incident field tangent component [6.11] were
properly taken into account. The waveform depicted as a continuous line in Figure
6.3 represents the signal detected in the simulation on the same plane containing the

antenna but far away from any interference.

w— Wavelorm detected in the simulation

0.8~ O  Samples detected in the lab experiment
0.6~
. 04
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i 3 4L 5 6 7 8 9
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Figure 6.3: Excitation waveform. The black circles are the samples of the actual signal
detected in the laboratory experiment performed by Dr. Raimund Mueckstein [6.11].
The waveform depicted as a continuous line represents the signal in the simulation
arriving at the same detection point. As explained in [6.11], far away from any
interference, the probe detects the time derivative of the transverse incident field
(Ey in this work). The instants ts, t2, t3, ta are the times at which the field was mapped
in the laboratory experiment.

The instants t1, 1, t3, ta highlighted in Figure 6.3 are the times at which the field was
mapped in the laboratory experiment. Thus, in order to compare the experimental
and the numerical results, the simulation has to calculate the electric field on the
surface of the antenna over a lapse of time containing the instants t1, t, t3, ts. The

values of the z component of the electric field calculated 3 um over the substrate in
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the instants t1, ty, t3, ta were then exported in ASCII files with x step and y step of 1
pum. These ASCIl files were then imported in MATLAB to calculate the spatial
derivative. The goal is to demonstrate that the physical quantity detected by the
probe on the metal of the antenna is the spatial derivative of the electric field z
component on the surface of the antenna. Finally, in order to carry out a comparison
with the measurement results, the matrices containing the electric field derivative

values were mapped and saved as images.

6.1.4 Results and Discussion

The comparison between the measurement and the numerical calculation results is
shown in Figure 6.4. The images in the first row represent the patterns mapped with
the data collected in the laboratory experiment performed by Dr. Raimund
Mueckstein [6.11]; in these images the current detected at the output of the
photoconductive antenna inside the sub-wavelength aperture probe is plotted. The
images in the second row are the results of the CST simulation followed by the
MATLAB post-processing and display the spatial derivative of the electric field z
component. Since the probe in general detects the combination of the normal and
the tangent components, the comparison is valid only on the metallic surface of the
bow-tie antenna, where no incident field is present.

The good agreement between numerical calculation and experimental results
demonstrates that the physical quantity detected by the probe is indeed the spatial
derivative of the electric field of the surface wave. It is important to note that the
experimental images obtained with the sub-wavelength aperture probe are not
expected to depend on the aperture size as long as the aperture is significantly
smaller than the wavelength and smaller than the sample features. It was shown
previously that an incident THz pulse (Ex) detected by the sub-wavelength aperture
probes with different aperture sizes, shows the same waveform shape [6.23], i.e. the
probe frequency response scales by a constant if the aperture size is varied. Based on
the coupling model proposed in [6.11], it is expected that the frequency response to
the E; component, similarly to the response to Ex component, maintains its functional
frequency dependence if the aperture size is varied. As a consequence, the detected

images and time-domain waveforms are not expected to depend on the probe
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aperture size. This conclusion is consistent with the result of the modelling in which
no assumption is made about the aperture size except that it is substantially smaller
than the wavelength. Smaller apertures, of course, improve the spatial resolution,
whereas the patterns themselves are not affected; it is noted that the amplitude of

the detected signal decreases with the aperture size.

t, t;

Measured (pA)

Simulated (x10°V/m?)

Figure 6.4: Comparison between the patterns mapped in the laboratory
experiment performed by Dr. Raimund Mueckstein [6.11] and the patterns
obtained through CST simulation and MATLAB post-processing. The experimental
images depict the current detected at the output of the photoconductive antenna
inside the probe. The numerical images depict the spatial derivative dEz/dy of the
electric field z component. Each image covers an area of 460 x 620 um?.

Figure 6.5 also shows the good agreement between the time-domain waveform
detected in the laboratory experiment (black circles) on the metal of the antenna at
a distance of 175 pum from the centre of the gap and the time-domain waveform of
the electric field z component spatial derivative dE,(t)/dy obtained in the simulation
(continuous line) at the same location. The comparison is only valid before the instant
7 ps indicated by the dashed line because, after this instant, the reflections
originating from the faces of the substrate reach the antenna and cause interference
in the simulation. As explained previously, the substrate in the numerical model has
been designed to be significantly smaller than the real substrate employed in the
laboratory experiment, in order to reduce the computational load; as a consequence

227



Chapter 6 — Study of THz emission by means of a sub-wavelength aperture probe

the reflections are detected earlier in the simulation than in the real experiment. It
should be noted the powerful hardware employed to perform the simulation
discussed in Chapter 4, 5 and 7 was not available when the work presented in this

section was carried out.

o

S
(%))
T

dE,/dy (norm.)

0 |

- Waveform detected in the simulation
-©~ Samples detected in the lab experiment
----- Time after which reflections arrive in the simulation

_15 | | | |

2 3 4 5 6 7 8 9
Time [ps]

g~
-

Figure 6.5: Comparison between the time-domain waveform detected in the laboratory
experiment (black circles) on the metal of the antenna at a distance of 175 um from the
centre of the gap and the time-domain waveform of the electric field z component spatial
derivative dE.(t)/dy obtained in the simulation (continuous line) at the same location
(shown in the inset). The comparison is only valid before the instant 7 ps, indicated by the
dashed line; after this instant the reflections from the faces of the substrate reach the
antenna and cause interference in the simulation.

The mapping of the field distribution on THz antennas allows application of near-field
imaging in further studies of antenna analysis and design. In order to carry out a first
assessment of the invasiveness of the probe on the surface wave during the
considered window of time, a second simulation was run to calculate the distribution
of the electric field over the antenna when the probe is not present. The zmax
boundary condition over the antenna is therefore changed to “open (add space)”.

The comparison between the electric field z component on the antenna at the time
11, ta, t3, ta with and without the probe is illustrated in Figure 6.6. The presence of the
metallic plane 3 um over the antenna seems to support the normal component of

the electric field resulting in larger values of the field, as is evident from the scale on
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the colour bars in Figure 6.6. The difference in amplitude is, though, not important as
long as the pattern of the electric field distribution is not affected significantly by the
probe. The colours in the case without probe have been saturated to highlight the
distribution pattern and allow a comparison. Apart from a border effect, that is worth
further investigation, the distribution of the electric field within this early window of

time has not changed significantly, with maxima and minima still present in the same

locations.
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Figure 6.6: Comparison between the simulated E; component on the antenna at
the times t3, t2, t3, ta with and without the probe. The scale in the case without the
probe has been saturated to highlight the distribution pattern and allow a
comparison.

6.2 Probe far-field properties and applications

An essential step in the realisation and optimisation of antennas is the experimental
characterisation of the far-field radiation pattern. At sub-millimetre wave and THz
frequencies this type of measurement is challenging and no standard experimental
arrangement exists. Part of the challenge can be attributed to the available
power-meters, i.e. Thomas Keating and Golay Cell. Both these power-meters are very
sensitive to vibrations, require the detected signal to be 100 % amplitude modulated
(which may entail the presence of a mechanical chopper in front of the detector) and

need an infra-red (IR) filter since they are very broad band detectors and would also
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pick up any background IR power; the idea of mounting either power-meters on any
mechanical system scanning the hemisphere in front of the antenna source appears
really impractical. Furthermore the Thomas Keating 40 mm window aperture [6.24]
is too large to provide a good angular resolution, unless the distance between source
and power-meter is increased accordingly. On the other hand, the option of
measuring the antenna radiation pattern by changing the antenna orientation while
maintaining the power-meter in a fixed position and at a fixed distance, is equally
impractical when characterising unpackaged antenna integrated photodiodes.
Rotating the device would almost certainly influence the fibre to optical waveguide
alignment; any change of radiated power with respect to the angular position could
be due to either the antenna directivity or simply to a fibre to chip coupling efficiency
deterioration.

The experimental system based on the sub-wavelength aperture probe, whose
details can be found in [6.17] and [6.18], has been extensively employed to map
near-fields across planar surfaces [6.11], [6.17], [6.25], [6.26] proving to provide
repeatable and accurate results. The spatial resolution is defined by the aperture size
and can be as good as 3 um [6.2], while the step by which the planar scanning is
performed can be of several um. In a recent paper [6.27] the probe has been
employed to provide a detailed analysis of the THz emission generated by
photo-excited charge density gradients on GaAs and Fe-doped InGaAs surfaces; as
well as mapping the near-field in the vicinity of the surfaces, the probe was also
employed to detect the THz emission in the far-field region.

The radiation emitted by a finite size source is equivalent, far away from the source,
to spherical wave-fronts centred at the source; at each location on the wave-front
the electrical and magnetic field are orthogonal to one another and are both
orthogonal to the propagation direction, which coincides with the radial direction.
The propagation direction also coincides with the Poynting vector which defines the
power flow. The ideal characterisation of a source radiation pattern would hence be
realised by scanning a large enough hemispherical surface centred at the source, and
detecting, at each point, the power delivered by the Poyinting vector to the
elementary surface orthogonal to the Poynting vector. This seems to suggest that if

the sub-wavelength aperture probe is to be used to measure antenna far-fields, the
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probe aperture plane should be orthogonal to the incident Poynting vector (radial
direction) at all locations and the distance between probe aperture and antenna
source should be maintained constant. It is going to be shown that the antenna
far-field radiation pattern, within a solid angle subtended by a planar surface in the
antenna far-field region, can instead be obtained by simply mapping the incident field
across the same planar surface by means of the sub-wavelength aperture probe
system. Every point scanned across the plane will be at a different distance from the
source, which can be taken into account knowing that the field amplitude in the
far-field region is inversely proportional to the distance. The fact that the incident
Poynting vector will have a different orientation with respect to the aperture and its
normal, can be accounted for thanks to a property of the probe verified by means of

full-wave modelling. The probe 3D model is described in Figure 6.7.

Front view Back view

Figure 6.7: Probe complete model. The front view shows the gold screen and the 10 x 10 pm?
aperture, where the incident field is received. The back view shows the 10 um wide metal strips
making up the photoconductive antenna; the metal strips have been extended as far as the
perfectly absorbing boundaries in order to avoid any reflection. The back view inset gives
details of the 3 um antenna gap, where the voltage induced by the incident wave is recorded.
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The front view shows the gold screen and the aperture (10 x 10 um? size chosen for
this analysis) where the incident field is received. The back view shows the 10 um
wide metal strips making up the photoconductive antenna; the metal strips have
been extended as far as the perfectly absorbing boundaries in order to avoid any
reflection. The back view inset gives details of the 3 um antenna gap, where the
voltage induced by the incident wave is recorded.

The default excitation source employed for this simulation consists of a plane wave
linearly polarised along the Y axis and propagating along the positive orientation of
the Z axis; this situation corresponds to the angles ¢ and 0, shown in Figure 6.7, being
both equal to zero. Starting from this scenario, Figure 6.8 shows how the detected
voltage changes as the plane wave propagation direction (i.e. Poynting vector) is
rotated within the plane YZ by an angle ¢ ranging from 0° to 85°, while the angle 0 is

maintained constant at zero degrees.
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Figure 6.8: Detected voltage for different orientations of the Poynting
vector within the plane YZ.

Remarkably the detected voltage is completely independent of the angle ¢ and the
probe can be considered as an omnidirectional detector with respect to such angle.
The spectra of the signals detected for different values of ¢, plotted in Figure 6.8,
cannot be told apart as they are practically identical, while the time shifts among the
waveforms are only due to slightly different arrival times.

Figure 6.9 shows how the detected voltage changes as the plane wave propagation
direction (i.e. Poynting vector) is rotated within the plane XZ by an angle 0 ranging

from 0° to 85°, while the angle ¢ is maintained constant at zero degree.
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Figure 6.9: Detected voltage for different orientations of the Poynting
vector within the plane XZ.

In this case the amplitude of the detected voltage changes with respect to the angle 6.
However, although the detected signal does depend on the angle 6, the relation
follows an exact law and is therefore easy to take into account; in fact, as shown in
Figure 6.10, the amplitude of the detected voltage decreases exactly as cos(0), with
respect to the angle 0, at all frequencies. Figure 6.10 shows the amplitude of the
voltage versus the angle 0, at five different frequencies (0.2 THz, 0.6 THz, 1.0 THz,
1.4 THz and 1.8 THz). The circular marks in Figure 6.10 represent the voltage spectrum
amplitude values calculated in CST and are extracted from the curves in Figure 6.9,
while the continuous black lines are precise mathematical cosine functions with

different amplitudes; as can be seen the cos(0) functions fit the CST results perfectly.
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Figure 6.10: Amplitude of the voltage versus the angle 6, at five different frequencies
(0.2 THz, 0.6 THz, 1.0 THz, 1.4 THz and 1.8 THz). The circular marks represent the values
of voltage amplitude calculated in CST and are extracted from the curves in Figure 6.9,
while the continuous black lines are precise mathematical cosine functions.

It is noted that the frequency domain results shown in Figure 6.8 and Figure 6.9 are
normalised with respect to the excitation signal spectrum and hence represent the
response to a Dirac delta signal (i.e. constant spectrum). It is then clear how the
frequency domain functions plotted in Figure 6.8 and Figure 6.9, approximate very
well the response of an ideal time-differentiator, up to a scale factor; this confirms
further, that the sub-wavelength aperture probe detects the time derivative of
incident fields, as already discussed in [6.1] and [6.11]. The results presented in this
section, bear out that the field mapped by the sub-wavelength aperture probe across
a planar surface located in the far-field of an antenna source, can be employed to
obtain an accurate measurement of the antenna radiation pattern within the solid

angle subtended by the planar surface.
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6.3 Conclusions

The response of the integrated sub-wavelength aperture probe has been modelled
and measured for the case of a bow-tie THz antenna on a dielectric substrate. The
simulation results have provided conclusive demonstration that the physical quantity
detected by the probe over metallic surfaces is the spatial derivative of the electric
field normal component. A preliminary assessment of the invasiveness of the probe
has also been carried out, showing that the probe did not modify significantly the
field distribution on the surface of the antenna. The achieved full understanding of
the near-field probe response and its limited invasiveness allow a correct
interpretation of the images and the distribution of the electric field, and hence
surface currents, to be extracted, providing important information about THz
antenna operation. The sub-wavelength aperture probe has also been shown to be a
valid tool to measure the far-field radiation pattern of antenna integrated
photodetectors at sub-millimetre wave and THz frequencies, where this type of
measurement is challenging and no standard experimental arrangements are

available.
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Chapter 7 - UTC PDs monolithically
integrated with THz antenna arrays

In this chapter the radiation performance of three 2 x 2 antenna arrays, employing
the antennas presented in Chapter 5 as single elements, is studied in CST Studio. The
full-wave electromagnetic modelling of antenna arrays on substrate lenses is
computationally demanding and, to the best of the author’s knowledge, has not been
reported to date; on the other hand it can reveal important aspects of the array-lens
system performance, which could not be picked up with simplified approaches.
Recently, a planar Yagi-Uda array, without any lens, has been analysed at 590 GHz
[7.1]. In general though, many antenna systems were built on the substrate-lens
principle, such as imaging antenna arrays [7.2], far infrared imaging antenna
arrays[7.2], a 36-element imaging array for plasma diagnostics at 300 GHz [7.3], a
linear polarimetric array [7.4], a two-dimensional tracking array at 240 GHz [7.5], a
119 um imaging array [7.6]. Nevertheless, the full-wave electromagnetic modelling
has revealed that substrate lenses are not suitable for integration with arrays, as their
focusing properties, which have been shown to be sensitive to the alignment with
the source, deteriorate dramatically due to the inevitable misalignment with the
single antenna elements. Conversely, antenna arrays on a ground plane exhibit good
directivity patterns, provided the mutual coupling and the substrate modes occurring
through the electrically thick substrate are eliminated; this can require a challenging
fabrication process.

In general mutual coupling is a natural effect in antenna array operation and can also
be desirable if properly managed. It is possible to achieve array superdirectivity, in
the sense that the directivity of an array of “N” elements is greater than “N” times
the single antenna directivity [7.7], [7.8]; however, in this case, the total efficiency of
the system deteriorates as the mutual coupling and passive reflection produce an
active reflection coefficient that results in a reduced total efficiency [7.7], [7.9].

It has to be stressed that the array results shown in this chapter have been obtained
by actually simulating the simultaneous excitation of all the single elements, as this

allows a thorough and realistic evaluation of the mutual coupling effects. The
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software also provides a post-processing option which can calculate the results of an
arbitrary array geometry simply by combining the result of the single antenna
element; this option, though enabling a reduction of both computational load and
time, has not been deemed appropriate inasmuch as the effects of the mutual
coupling are ignored and the results are therefore unrealistic.

The use of antenna arrays integrated with UTC photodiodes offers advantages not
only related to the increase of directivity but also in terms of maximum input power
that can be fed into the system. When a single antenna is employed, the maximum
current amplitude that can be driven into the antenna is limited by the saturation of
the UTC, therefore, no matter how much optical power is available, there is a limit on
how much RF power can be coupled into the antenna. If an array with N
UTC-integrated antenna elements is employed, it is in principle possible to couple
into the array N times the maximum power that was possible to feed into the single
antenna integrated UTC; this will be ideally reflected in an increase of the total
radiated power by a factor N, e.g. 6 dB for the case N = 4. In a real antenna array,
mutual coupling among the antenna elements is present and influences the energy
coupling between each antenna and its driving source; the impedance that each
element of an array presents to its source, while influenced by the coupling with the
other antennas of the array, is different from the impedance of the single antenna
operating alone. In fact, the current that flows into an antenna of the array generates
a voltage across the feeding point of other antennas which is described using the
concept of mutual impedance. For these reasons, the mentioned 6 dB increase in
total emitted power, for the case of a 2 x 2 array, occurs only if the mutual coupling
among the antennas is negligible.

The first array presented here, which operates with a ground plane, employs
Antenna 2, discussed in Chapter 5, as the antenna element; an overview of the
optimised configuration for this array is shown in Figure 7.1, together with the 3D
directivity pattern in dBi, at five frequencies from 335 GHz to 355 GHz. As discussed
previously, the chip dimensions are part of the optimised parameters for Antenna 2
and should not be altered. While the optimised chip dimensions of a single Antenna 2
chip can be achieved by accurate cleaving, the only way to create an array using

Antenna 2 as the element, is to fabricate the array on a large chip and then separate
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the antennas with deep trenches; this requires a challenging fabrication process. If
the antenna elements were left unseparated on a whole large chip, the optimised
performance of the single antenna element (Antenna 2) would be lost and strong
mutual coupling among the array elements and substrate modes would further cause

the array performance to deteriorate.

Figure 7.1: Array 2 structure overview and 3D directivity pattern in dBi from 335 GHz
to 355 GHz. Array 2 employs Antenna 2 as antenna element.

For Array 2, the mutual coupling among the antenna elements is really modest and
hence each antenna operates almost independently and is driven by the same

current as the case of the single antenna integrated UTC. This means that the 6 dB
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increase of the RF power coupled into the array system is approachable for this case.
Array 2 directivity along the Z axis direction, is between 5 dB and 6 dB greater than
the directivity of Antenna 2. Consequently the power density radiated by Array 2
along the Z axis can be between 11 dB and 12 dB greater than that radiated by
Antenna 2 alone.

The second array, also with a ground plane, employs Antenna 3 as the element, which
was defined in Chapter 5. An overview of the optimised configuration for this array is
shown in Figure 7.2, together with the 3D directivity pattern in dBi, at five frequencies

from 335 GHz to 355 GHz.

Figure 7.2: Array 3 structure overview and 3D directivity pattern in dBi from 335 GHz
to 355 GHz. Array 3 employs Antenna 3 as antenna element. Antenna 3 was defined
in Chapter 5.
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Since Antenna 3 performance does not depend on the chip horizontal dimensions,
the array can be fabricated on a whole large chip without affecting the optimised
performance of the single antenna element (Antenna 3). Thanks to the presence of
the gold layer deposited just below the passivation layer (SiOxNy or BCB), which acts
as a ground plane close to the rectangular patch, low electromagnetic energy couples
down in the InP substrate and no horizontal propagation within the electrically thin
passivation layer occurs; consequently the mutual coupling among the array antenna
elements is weak. Similarly to Array 2, the directivity of Array 3 along the Z axis
direction is increased by at least 5 dB, with respect to the directivity of Antenna 3
alone. Consequently, thanks to the reduced mutual coupling and the directivity
enhancement, the power density radiated by Array 3 along the Z axis can also be
between 11 dB and 12 dB greater than that radiated by Antenna 3 alone. Although
Antenna 3 was shown to have a lower radiation efficiency than Antenna 2 and be
able to radiate less power when driven by the IlI-V Lab UTC, the easier fabrication of
Array 3, which does not need the antenna elements to be separate by deep trenches,
makes it feasible to realise larger arrays with a further increase of the power radiated
along the Z axis direction.

The third array is shown in Figure 7.3; an overview of the optimised configuration is
given, together with the 3D directivity pattern in dBi, at five frequencies from 335 GHz
to 355 GHz. This lens-array essentially consists of Array 2 on a 5 mm diameter Si lens
instead of the ground plane. As can be seen, the radiation pattern is very irregular
and changes noticeably over the frequency range while remaining very poor. As
shown in Chapter 5, ongoing internal reflections do occur in substrate lenses and tend
to become even more significant when the misalignment between chip and lens is
not perfectly realised. Thus, when a lens is integrated with an array, its focusing
properties are lost entirely, because of the inevitable and substantial misalignment
with each antenna element; the energy trapped inside the lens in the form of ongoing
internal reflections, is progressively and unevenly transferred into free space,
following unpredictable radiation patterns that change sharply over the frequency
range. A cross section view of the lens-array structure, through the plane [XZ], is given
in Figure 7.4 and shows the amplitude of the electric field at 350 GHz. Such a system

would not be useful for any sub-millimetre wave application.
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Lens-Array

Figure 7.3: Overview of lens-array and 3D directivity pattern in dBi from 335 GHz to 355 GHz.
Lens-array essentially consists of Array 2 on a 5 mm diameter Si lens instead of the ground plane.
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E-field ampl. at 350 GHz / cutting plane [XZ]
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Figure 7.4: Cross section view of the lens-array structure, through the plane [XZ],
showing the amplitude of the electric field at 350 GHz.

7.1 Conclusions

In this chapter three different 2 x 2 array designs, to be monolithically integrated with
UTC-PDs, have been discussed. The first array (Array 2) operates with a ground plane
and employs Antenna 2, discussed in Chapter 5, as antenna element; Array 2 exhibits
good performance in terms of radiation pattern and shows reduced mutual coupling
among its elements, although requiring a challenging fabrication process to separate
the antenna elements.

The second array (Array 3) also operates with a ground plane and employs Antenna
3, discussed in Chapter 5, as antenna element. Array 3 overcomes the mutual
coupling problem without requiring difficult fabrication, and is suitable for easy
fabrication of large arrays.

The third array (lens-array) essentially consists of Array 2 on a 5 mm diameter Si lens
instead of the ground plane; it was found that substrate lenses are not suitable to
antenna array designs, due to the inevitable and substantial misalignment between
the lens and the antenna elements. The energy trapped inside the lens in the form of
ongoing internal reflections, is unevenly transferred into free space, with very

irregular directivity patterns that change dramatically over the frequency range. For
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this reasons, such a system would not be useful for any sub-millimetre wave
application. By using Array 2 or Array 3, an increase of the power density radiated

along the target direction, greater than 11 dB, is in principle possible.
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Chapter 8 - Conclusions and future
work

The results and discussions presented in this thesis aim to contribute to advances in
the realisation of Continuous Wave (CW) Photonic Terahertz (THz) Emitters based on
InP Uni-Travelling-Carrier Photodiodes (UTC-PDs) integrated with THz antennas or
arrays of THz antennas. The portion of the electromagnetic spectrum comprised
between microwave and infrared radiation (i.e. THz gap) has been subject to intense
study during the last 20-30 years due to the number of exciting potential applications
in this frequency range. Although significant progress has been achieved, the THz gap
is certainly the least tapped region of the electromagnetic spectrum and our
capability to generate, manipulate and detect THz and sub-millimetre waves is still at
its early stages compared to other frequency ranges. The results and discussions in
this thesis can contribute to filling in the THz gap, since the solution employing
photonic techniques for the generation of sub-millimetre and THz waves, via
photomixing of lasers operating at 1550 nm, is a major candidate for the realisation
of tuneable, power efficient, compact and cost effective sources operating at
room-temperature; indeed, the availability of sources endowed with such properties
would make many important applications possible in this frequency range, such as
ultra-broad band wireless communications, spectroscopic sensing and THz imaging.
An overview of the THz gap has been given in the thesis introduction. The
advantageous properties of this type of radiation have been explained and the
technological solutions needed to fully exploit the potential of this frequency range
and make many applications possible have been discussed. A detailed review and
comparison of state of the art sources for continuous wave (CW) THz generation has
also been provided.

All the UTC-PDs exhibiting record breaking performance in terms of bandwidth and
output power, for operation at 1.55 um wavelength, have been fabricated on Al-free
InGaAsP-based materials. It has been shown in this thesis for the first time, how
InGaAsP-based UTC-PDs can be realised from materials grown by Solid Source

Molecular Beam Epitaxy. By using Solid Source MBE it is possible to solve the major
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problem associated with the diffusion of zinc in Metal Organic Vapour Phase Epitaxy
(MOVPE) and exploit the superior control provided by MBE growth techniques
without the costs and the risks of handling toxic gases in Gas Source MBE. This
achievement is a milestone towards the development of a simple, repeatable and
high yield fabrication process enabling the realisation of high performance UTCs at
UCL, from material growth to device fabrication.

The maximisation of the power extracted from a UTC is central to the successful
realisation of a photonic THz emitter. When the UTCs are integrated with antennas,
such maximisation entails the optimisation of the energy coupling between UTC and
antenna, which in turns requires knowledge of the UTC impedance; this aspect of
photonic emitters has not received much attention in the literature, having often
been underestimated in favour of the physics of the device employed as a source. In
this thesis a semi analytical study of the impedance of waveguide UTCs has been
carried out, supported with experimental data taken up to 110 GHz, circuit analysis
and 3D full-wave electromagnetic modelling of waveguide UTC structures. This study
has enabled a deeper understanding of the UTC to antenna coupling efficiency
question and has pointed out that the antenna design should take the complex (i.e.
not real) nature of the source (UTC) impedance into account in order to realise broad
band performance. A significant potential improvement in this way is then envisaged.
The coupling efficiency between the optical power source and the photodetector is
another key factor in the realisation of high performance photonic emitters; for the
case of edge-coupled waveguide UTCs this requires the coupling optimisation
between lensed optical fibre and UTC optical waveguide. This coupling mechanism
has been investigated in this thesis by means of 3D full-wave modelling. This has
allowed, among other things, the optical source to be realistically modelled as a
Gaussian beam incident on the waveguide facet, enabling the assessment of the
external responsivity (very good agreement with the measurements was obtained),
the effect of the fibre misalignment, the type of propagation excited in the UTC
waveguide by the incident beam, and the way the light propagates throughout the
structure; this approach will support the future design of UTC structures with
increased external responsivity. Besides, the 3D full-wave analysis enables the

visualisation and a better understanding of the light absorption pattern through the
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absorption layer which represent truly valuable information for the future coupling
optimisation between long travelling wave devices and antennas up to very high
frequencies.

It has been shown that the knowledge of the UTC impedance enables the calculation,
by means of full-wave modelling, of the power radiated by an antenna integrated
with the UTC, not only in terms of trend over the frequency range but even in terms
of absolute level of emitted power. Good agreement with the experimental results
has been attained.

Given a high performance UTC efficiently coupled to an antenna, the additional
requirement is to obtain high performance from the antenna in terms of radiation
efficiency and radiation pattern. In this thesis the design of high radiation efficiency
and high directivity antennas with ground planes on electrically thick substrates, has
been demonstrated at sub-millimetre wave frequencies. The ground plane solution
can also offer some advantage in terms of heat dissipation. The same antennas have
also been shown to work well when integrated with substrate Si lenses, however the
3D full-wave analysis has highlighted that substrate lenses only radiated efficiently
and evenly if accurately aligned with the antenna chip; for these reason substrate
lenses are not suitable to be used with antenna arrays. On the other hand two
antenna array designs with a ground plane have been successfully modelled,
although one requires a challenging fabrication to suppress the deleterious effect of
mutual coupling among the antenna elements and the other, which uses a novel
antenna concept with a close ground plane, exhibits narrow band operation.
Significant room for improvements is envisaged in this context.

This thesis also reports an in-depth study of the response of a sub-wavelength
aperture probe and its use as an additional experimental tool for the analysis of
antenna near- and far-field properties, which in turn can provide valuable
information for the design improvement. The probe enables the reconstruction of
the electric field in the vicinity of antennas and hence the surface current distribution,
providing important information about the antennas. The sub-wavelength aperture
probe has also been shown to be a valid tool for the measurement of the far-field

radiation pattern from antenna integrated photodetectors at sub-millimetre wave

251



Chapter 8 — Conclusions and future work

and THz frequencies, where this type of measurement is challenging and no standard

experimental arrangements are available.

8.1 Suggestions for future work

In this final section a list of suggestions for future research work is given.

1) UTC-to-antenna coupling optimisation for long travelling wave photodiodes:
Following from the approach developed to evaluate the UTC impedance and from
the knowledge attained about the UTC-to-antenna coupling efficiency question, it is
of great interest to extend this analysis to long travelling wave devices, for which the
lumped element assumption no longer stands. The 3D-full-wave modelling at optical
frequencies can help understand better how the light is absorbed and hence the RF
current is generated across a long absorption layer. DC optical responsivity and RF
power delivered to the integrated antenna over the frequency range, can both be

noticeably improved.

2) Fabrication and characterisation of antenna integrated emitters with ground
planes and lenses: Once the fabrication of CPW-integrated edge-coupled waveguide
UTCs is optimised, the same photodetectors will be integrated with the antenna
designs presented in this thesis and with further antenna designs that will be
investigated. The results of the characterisation of such antenna integrated UTCs will

suggest the way for further developments.

3) Fabrication and characterisation of antenna integrated emitter arrays with
ground planes and lenses: The fabrication of UTCs integrated with arrays of THz
antennas will follow the fabrication of single antenna integrated UTCs. Before the
latter fabrication can be started, the performance and reliability of the single element

antenna will be verified experimentally.

4) Further design and modelling of antenna array solutions: As mentioned
previously, significant room for improvements is envisaged for the design of THz
antenna arrays. Besides seeking further improvement in the array directivity and
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radiation efficiency, the future modelling work will aim to devise array concepts that
overcome the mutual coupling issue without requiring a challenging fabrication

process.

5) Fabrication of edge-coupled UTCs with tapered mode converting waveguide: A
solution to improve the fibre-to-chip coupling efficiency is the use of a diluted
tapered mode converting waveguide. A schematic diagram of a UTC integrated with
such a waveguide designed within the Photonics group at UCL [8.1] is illustrated in
Figure 26 (a), while Figure 26 (b) shows the actual device fabricated by CIP
Technologies Ltd. This design can substantially increase the device responsivity and
is also compatible with a Travelling Wave (TW) design, which reduces the total high
frequency roll-off [8.1]. For high speed operation the width of the UTC p-contact ridge
(equal to the absorber width) needs to be small while efficient light coupling from an
optical fibre needs wide devices. To overcome this problem the tapered mode
converting waveguide was proposed [8.2]; in this way the additional large diluted
waveguide enables the Mode Field Diameter (MFD) from a lensed fibre to be
matched. In the tapered section, light is coupled into the intermediate waveguide

that is optimized to match the modes of the absorber.
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Figure 8.1: (a) Schematic diagram of an edge-couple UTC with a diluted mode converting
waveguide for high efficiency lens-to-chip coupling. (b) Photograph of the device
fabricated by CIP Technologies Ltd.

In the future work the fabrication of mode converting waveguide integrated UTCs will
be undertaken. The fabrication of such devices is challenging due to the very narrow

width of the passive waveguide at the coupling point and the high level of precision
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required for the alignment between diluted and passive waveguide and between
passive waveguide and p-contact ridge. Moreover the growth of new materials by
solid source MBE will be necessary as the diluted tapered mode converting

waveguide needs additional epitaxy layers.

6) In-depth thermal analysis of UTC-PD structures: an in-depth thermal analysis of

UTC-PD structures will be performed by means of the CST studio suite thermal solver.

7) Theoretical study and modelling of new UTC designs, aiming at improved and
easier coupling of the optical power into the chip: A fundamental and theoretical
revision and re-thinking up of the UTC concept will be considered, with the ultimate
objective to mitigate the trade-off imposed by the current designs for the
simultaneous optimisation of DC responsivity, RC-limited response and transit-time

limited response.

8) Modelling and simulation of systems employing the near-field sub-wavelength
aperture probe for THz spectroscopy applications: Spectroscopy is one of the most
attractive applications within the THz frequency range. The sub-wavelength aperture
probe, discussed in detail in Chapter 6, has already been shown to be a valuable
system for THz spectroscopy applications. In [8.3] the probe was successfully
employed to detect and investigate the magnetic dipole and electric dipole
resonances in single high-permittivity TiO2 microspheres. In [8.4] and [8.5] the probe
was employed to investigate, at THz frequencies, the impact of sub-wavelength-size
dielectric particles on Zenneck surface waves on planar metallic antennas, enabling
the detection of perturbations of the surface waves as a signature of the particle
presence despite its sub-wavelength size. Further study on spectroscopy applications
using the probe are envisaged for future research work.

The sub-wavelength aperture probe system is a consolidated experimental
arrangement to detect THz waves in the form of pulsed radiation and as such has so
far been employed within THz time-domain spectroscopy techniques. The use of the
probe to detect CW THz radiation is being investigated and will be part of future

research work.
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8.2 General Conclusions

In this work, design procedures, analysis and measurement of UTC-PDs as THz
sources, have been undertaken. This has shown the way forward for UTC-PD based
THz source design. With the completion of the future work described above, these

sources should be excellent options for communications and spectroscopy.
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