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Abstract

Photonic technologies offer intrinsic advantages in terahertz generation and de-
tection, making them key enablers for a wide range of applications. In terahertz
receivers, these advantages are imparted to local oscillator (LO) generation and
distribution, providing ultra-high-frequency tunability, remote signal distribution,
and compatibility with existing 1550 nm equipment. Wireless communications at
300 GHz, fully enabled by photonics, can leverage these features for efficient and
seamless convergence with fibre networks. However, current photonic-based tera-
hertz receivers exhibit higher conversion loss compared to state-of-the-art electronic

solutions.

This thesis introduces an alternative optoelectronic terahertz receiver concept
based on photonically pumped Schottky mixers. By integrating low-barrier Schot-
tky barrier diodes (SBDs) with uni-travelling-carrier photodiodes (UTC-PDs), this
approach combines high-performance down-conversion efficiency with the advan-
tages of photonic LO signal generation and distribution. The modelling, design,
and characterisation of such receivers are presented. The study first focuses on in-
tegrating UTC-PDs and SBDs, designing three subharmonic receivers operating at
220-330 GHz. The first is a monolithic receiver using InP Schottky contacts with
a standard UTC-PD epitaxy. The second and third explore hybrid integration with
InGaAs air-bridged SBDs: a quasi-optical receiver and a rectangular waveguide

(WR3) receiver.

The quasi-optical receiver was fabricated and tested, along with a non-
integrated receiver used to validate the concept and provide a performance com-

parison. Results indicate a minimum conversion loss of approximately 14 dB for
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the non-integrated and 18 dB for the integrated receiver, approaching the state-of-
the-art in this frequency band. The UTC-PD is shown to provide sufficient LO
power to saturate the mixer response, and the modelling and design process is vali-
dated through agreement between simulations and measurements. To showcase the
receiver’s potential for wireless communications, a multi-channel 300 GHz link was

demonstrated, achieving an aggregate data rate of 180 Gbps.



Impact statement

This work represents a breakthrough in bridging the performance gap between op-
toelectronic and electronic terahertz receivers. Current optoelectronic receivers,
based on GaAs/InGaAs photoconductors, exhibit conversion losses of approxi-
mately 30dB or higher at 300 GHz. Here, we demonstrate, to the best of au-
thors” knowledge, photonically-pumped Schottky mixer receivers at 300 GHz for
the first time, achieving at least an order-of-magnitude improvement. Three novel
integrated receiver designs are presented with predicted performance approaching
the state-of-the-art down-conversion efficiency of GaAs Schottky mixers. Addi-
tionally, we propose and describe a modelling and design methodology capable of
predicting receiver performance, enabling future designs with improvements and
targeting higher frequency bands.

The successful experimental demonstration of an integrated receiver highlights
its strong potential for applications such as wireless communications, as confirmed
by the multi-channel link using the proposed optoelectronic receiver. We achieve a
line rate of 180 Gbps, significantly surpassing previously demonstrated fully opto-
electronic links. This improvement is a direct consequence of the enhanced signal-
to-noise ratio (SNR) enabled by superior down-conversion efficiency. The unprece-
dented data rates demonstrated here establish the proposed concept as a strong can-
didate for 6G front-haul and backhaul applications, facilitating seamless integration
between fibre and wireless networks.

This work has been disseminated through journal publications and presenta-

tions at international conferences.
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Chapter 1

Introduction

1.1 Background

1.1.1 The terahertz region

The terahertz (THz) frequency band, ranging from 0.1 to 30 THz [1-1], [1-2],
bridges the gap between infrared light and microwave radiation. Interest in this field
has grown exponentially over the last few decades, as evidenced by the increasing
number of publications. According to Web of Science [1-3], published articles fea-
turing the terms ‘terahertz’, “THz’ or ‘submillimetre wave’ in their abstract or title
have increased from 1,230 during 1990-1994 to 33,996 in 2020-2024, as seen in
Figure 1.1.

%104

Figure 1.1: Occurrences of articles including the terms “THz’, ‘terahertz’, or ‘submillime-
tre wave’ in their title or abstract, according to the Web of Science database,
grouped into five-year intervals from 1990 to 2024.
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Although radioastronomical research on the terahertz band has been conducted
for many decades [1-4], these frequencies have remained largely unexplored in
terms of applications due to limited technological development [1-1], [1-2]. In
the microwave/millimetre wave and infrared/optical regimes, excellent sources and
detectors are widely available, relying typically on electronic and photonic tech-
nologies, respectively. In contrast, in the terahertz band these two worlds converge
and the performance of traditional electronic or photonic solutions is not sufficient,
resulting in the lack of high-power sources and efficient detectors, often referred to
as the ‘terahertz gap’. In recent decades, significant breakthroughs have been made
in THz emission and detection through the combination of advances in electronic,
photonic, and material science [1-2], [1-5]. As a result, new applications are being
unlocked that include communications [1-6]-[1-8], security imaging [1-9], [1-10],
biological and biomedical [1-11]-[1-13], and material characterisation [1-14], [1-
15], among others. Some of these have already been transferred from research to
the industrial world, e.g. automotive paint control [1-16]-[1-18] or semiconductor
integrated circuits (ICs) inspection [1-19], [1-20]. Figure 1.2 collects a few insights

on some emerging THz applications.

1.1.2 Terahertz photonics

In this context of emerging trends, photonic-based THz technologies are playing an
important role in the generation, detection, processing, and transportation of THz
signals, which make up the so-called field of THz photonics [1-24], [1-25]. Optical
devices and techniques are particularly attractive for THz applications because they
offer four main intrinsic advantages: (1) ultra-wide tuneability, (2) low-loss signal
distribution, (3) reuse of mature 1550 nm technology, and (4) potentially lower sig-
nal phase noise. Some of the applications where photonic technologies have great
potential due to these benefits are spectroscopy, radio astronomy, and wireless com-
munications. An overview of the use of photonics in these applications is provided
next, with a special focus on wireless communications, which is the target applica-

tion of this work.
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Figure 1.2: THz emerging applications. a Automotive and aviation quality control:
Schematic and reflection image at 150 GHz of a composite structure with dif-
ferent layers used in radomes, adapted from [1-18]. b Medical imaging: Ter-
ahertz in-line measurements of human hepatocellular carcinoma tissue, repro-
duced from [1-21]. ¢ Semiconductor characterisation: Terahertz spectroscopy
performed on an n-doped silicon wafer to obtain its resistivity, adapted from
[1-22]. d Wireless communications: Seamless connection between two base
stations via a THz wireless bridge, adapted from [1-23].

Spectroscopy and radio astronomy

In the THz spectral domain, many chemical and biological materials exhibit unique
signatures as a result of crystalline lattice vibrations, hydrogen bonding stretches,
and other intermolecular vibrations [1-10]. THz spectroscopy systems can oper-
ate in either the time or frequency domain, but in both cases, photonic technolo-
gies are employed. In time-domain spectroscopy (TDS) systems, ultra-fast optical
femtosecond lasers pump either photoconductive switches or non-linear crystals

to generate the THz wave, and the detector is typically based on a photoconduc-
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tor, for which the best systems attain a peak dynamic range of more than 100 dB
and a bandwidth of 6.5 THz [1-26]. A schematic of a typical THz-TDS system is
shown in Figure 1.3b. The main drawback of these systems lies in the requirement
complex setups with difficult assembly, adjustment, and electronic control schemes
[1-27], [1-28]. CW frequency-domain spectroscopy systems (Figure 1.3a) on the
other hand are much simpler and inexpensive, providing excellent resolution and
bandwidth, but with a limited acquisition time. Nevertheless, recent reported CW
systems have demonstrated 200 Hz of acquisition speed [1-29], being comparable to
state-of-the-art TDS systems. Up to 5.5 THz bandwidth with a peak dynamic range
of 132 dB was achieved recently [1-30]. These systems are a great example of the

capabilities of photonic technologies to enable immense frequency tuneability.

In THz radio astronomy, spectral signatures primarily of hydrogen, helium,
oxygen, carbon and nitrogen are studied, which gives valuable information about
star and planet formation, galaxy evolution, chemistry of gas clouds, etc [I-
4]. In this sense, photonics can also play a key role, particularly when dealing
with telescope arrays. The most relevant case is the Atacama Large Millime-
ter/Submillimeter Array (ALMA). Located in the Atacama dessert in Chile at
5000 m of altitude, it consists of 64 distributed antennas that operate synchronously
and span from 27 to 938 GHz [1-31]. Figure 1.3b shows a photograph of the radio-
observatory. The heterodyne receivers of each array element, require a low-noise
LO signal, and here is where photonics are essential. The low-loss distribution of
optical signals via an optical fibre, allows the realization of a photonic local oscil-
lator system that is remotely operated at a centralised generation and distribution
point [1-32]. Thus, the antenna receiver systems are greatly simplified, as only
levelling electronics and a photomixer are required. This reduces cost, complexity
and improves reliability and scalability. In addition, compared to electronic local
oscillators, the resulting phase noise does not suffer from the penalty associated
with multiplier chains, where the phase noise increases by 20log(N), where N is the
factor of frequency multiplication. A schematic of the photonic LO system of the

ALMA observatory [1-33]-[1-35] is depicted in Figure 1.3d.
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Figure 1.3: THz photonics for spectroscopy and radioastronomy. a Schematic of a THz-
CW system, reproduced from [1-36]. b Schematic of a THz-TDS system with a
femtosecond laser source, reproduced from [1-37]. ¢ Photograph of the ALMA
observatory, reproduced from [1-38]. d Schematic of the ALMA’s photonics
local oscillator system, reproduced from [1-34].

Wireless communications

In the current 5G new radio (5G-NR) standard, frequencies up to 71 GHz are con-
sidered, Frequency Range 2 (FR2) section, with a maximum channel bandwidth of
2 GHz is allocated at the 57-71 GHz band [1-39]. Although this is a major step com-
pared to 4G networks, the ever-growing demand for high-speed data transmission
makes the available bandwidth at these frequencies insufficient to meet the expected
demands at 6G and future generations, where links with over 100 Gbps capacity are
expected to be deployed [1-40]. To meet these demands, two potential solutions
are (1) to move higher in frequency beyond 100 GHz exploiting the available band-
width in the THz range, and (2) to use optical frequencies to implement optical
wireless communications (OWCs) systems. These two are currently considered as
potential 6G enablers, although THz communications are arguably more versatile
considering some intrinsic OWC limitations. For example, OWC is less tolerant to

atmospheric effects and more sensitive to misalignment than THz [1-41].
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Existing regulations cover frequency allocation up to 275 GHz with 10 win-
dows reserved for fixed and mobile communications above 100 GHz [1-42]. In
contrast to sub-100 GHz frequencies, the THz band is characterised for exhibiting
high free-space path loss (FSPL), which can be compensated through beam colli-
mation, and considerable molecular absorption from water vapour. This leads to
several transmission windows that can be utilised for communications depending
on the range of the link. In Figure 1.4, the propagation loss in dB is depicted at the
0.1-1 THz range for distances up to 1km, using the Recommendation ITU-R P.67
model [1-43] for atmospheric attenuation. Among this terahertz range, the 200-
320 GHz window is particularly interesting because it offers immense bandwidth at
a relatively low THz range, where more power is available and the advances on key
technologies are significant. These prospects materialised in the first standardiza-
tion efforts in the IEEE 802.15.3d amendment, defined between 252 and 325 GHz
and ratified in 2017 [1-44].
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Figure 1.4: Propagation loss from 0.1 to 1 THz including FSPL and atmospheric atten-
uation, according to Recommendation ITU-R P.676. Dotted lines show the
attenuation considering FSPL only. Values are calculated for an ambient tem-
perature of 293 K, an atmospheric pressure of 101,300 kPa, and a water vapour
density of 7.5 g/m>.

The standard primarily addresses physical (PHY) and medium access con-
trol (MAC) layer specifications, defining channel bandwidths from 2.16 GHz up
to 69.12 GHz, depending on the application, enabling data rates up to 315.39 Gbps
using 64-QAM format in THz-SC mode. Targeted applications are: (1) fronthaul
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and backhaul links, (2) data centres, (3) kiosk downloads, and (4) intra-device com-
munications. In this work our primary focus is on fronthaul and backhaul links,
which are increasingly critical as the number of deployed cells and connections
grows exponentially. Dense networks will not depend exclusively on optical fibre
for fronthaul and backhaul, particularly where fibre deployment is cost-inefficient or
impractical [1-45]-[1-47]. Wireless THz connections can meet these needs by de-
livering ultra-fast links and complementing optical networks where necessary, and
achieving convergence between fibre and wireless technologies will be essential
for enabling high-speed, low-latency, and energy-efficient communications [1-48],
[1-49].

To implement such THz wireless links, a wide variety of technologies and
methods compete to offer the higher data rates. These systems can be broadly cat-
egorised in electronic and photonic types. In Figure 1.5, an overview of single-
channel data rates demonstrated with photonic and electronic approaches in real-
time and offline systems at 300 GHz and above is shown. We see that over 100 Gbps
links have been achieved, and photonics mainly dominates the field. In addition,
utilizing multi-channel/multi-lines systems, photonics-based demonstrations have
achieved aggregated data rates of up to 1 Tbps [1-50], and long range transmissions

of up to 200 Gbps for a distance of 4,600 m [1-51].
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Figure 1.5: Single-channel transmission rates of THz communications demonstrations us-
ing photonics and electronics, adapted from [1-40] with added data from [1-
521-[1-57].
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Photonics are mainly utilised in the transmitter of these systems, facilitating
the optical generation and transport of data, which is then converted to THz fre-
quencies via a high-speed photomixer. In contrast, the receiver side generally relies
on electronic receivers, as their superior sensitivity outperforms that of photonic re-
ceivers. This results in improved signal-to-noise ratio (SNR) and supports higher
data rates. This will be discussed in detail in section 1.2. A simplified schematic of

a common photonic-based THz wireless link is depicted in Figure 1.6.
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Figure 1.6: Simplified schematic of a common photonics-based single-channel THz wire-
less link. ADC: analogue-to-digital converter

In this context, photonic-based THz links are potentially the best suited to be
deployed in 6G networks, not only for offering ultra-high data rates, but for the
intrinsic advantages and ease of integration with current fibre technologies. The
concept of distribution of radio signals over fibre networks to operate a remote sta-
tion is known as radio-over-fibre (RoF), and it has been extensively studied for its
use in 5G networks [1-58]-[1-60]. The use of optical fibres, enables long-distance
distribution of radio signals, centralizing the generation and simplifying the front-
ends. Currently deployed RoF systems at microwave frequencies can be extrapo-
lated to terahertz-over-fibre (ToF), inheriting the same advantages from photonics
[1-23], [1-25]. For instance, frequency division multiplexing multichannel systems
can be easily implemented using multi-wavelength phase/frequency locked sources
[1-61]-[1-63] and optical filters/multiplexers developed for optical wavelength-
division multiplexing (WDM) networks. To illustrate the potential of THz pho-
tonics in wireless communications, a simplified concept of a future 6G network

fully enabled by photonics is depicted in Figure 1.7. The baseband units (BBUs)



1.1. Background 41

include optical engines responsible of generating the different THz channels and
the THz LOs to operate in full-duplex mode. This is distributed via the local fibre
network to the remote radio heads (RRHs), serving small cell links, fronthaul, or
backhaul links. Each RRH may operate in single-channel or multi-channel modes,
covering multiple THz bands with the same optical engine at the BBU. The RRHs
include a ‘colourless’ coherent THz photonic transceiver operating with the optical
signals distributed over the fibre network. The optoelectronic transmitter is based
on a high-speed THz photomixer that performs optical-to-THz down-conversion. In
contrast to typical photonic-based THz systems, the receiver here is also optoelec-
tronic, which fully exploits the advantages of photonics.

Despite the promise of terahertz wireless communications, whether photonics-
based or otherwise, numerous challenges remain. Some of these are (1) the ef-
ficiency and performance of THz transceivers, (2) beam alignment requirements
and associated technology, (3) the impact of weather and atmospheric conditions,
(4) hardware complexity and integration, (5) the definition of network protocols,
(6) channel modelling and estimation, and (7) interference management in dense
networks [1-7], [1-8], [1-46], [1-64]—[1-66]. This work focuses specifically on ad-

dressing challenge (1) as will be discussed next.
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Figure 1.7: THz photonics for wireless communications. a Simplified concept of a fu-

ture terahertz 6G network enabled by photonics. b. Insights on the RRHs
based on a coherent THz photonic transceiver. WSS: Wavelength selective
switch, ROADM: Reconfigurable optical add and drop multiplexer, UE: User
equipment, ADC: analogue to digital converter, DSP: Digital signal processing,
LNA: Low-noise amplifier, OE: Optoelectronic.
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1.2 Literature review

The previous section has introduced the terahertz field and emphasised the critical
role of photonics in enabling diverse applications. As highlighted, one of the fun-
damental challenges in the terahertz field is to develop efficient detectors, which is
the main focus of this thesis. A wide range of THz systems are based on heterodyne
detection, down-converting to a much lower IF, by mixing the THz wave with a
reference signal, i.e. the local oscillator. This scheme has been used for decades in
microwave and THz systems, with well-known advantages such as an improvement
in sensitivity, frequency channel selection, IF amplification and processing, and co-
herent detection. Broadly, a terahertz heterodyne receiver consists of (1) a mixer,
and (2) a source to generate local reference signal (see Figure 1.8). This section
reviews the state-of-the-art in terahertz sources and mixers, providing the context

and motivation for this work.
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Figure 1.8: THz heterodyne receiver concept.

1.2.1 Terahertz sources

The earliest technology for generating CW terahertz radiation was the far infrared
(FIR) gas laser based on CO,, developed in the 1960s [1-67]. These lasers can
achieve power levels in the milliwatt range, even at frequencies up to 5 THz [1-68].
While the existence of such sources might suggest the ‘terahertz gap’ is overstated,
this concept inherently considers factors such as practicality, complexity, and com-
pactness, i.e. areas where FIR gas sources face significant limitations.

This review focuses on the output power of compact solid-state terahertz
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sources, excluding vacuum-based devices such as klystrons [1-69], free-electron
lasers [1-70], and gyrotrons [1-71]. Although other figures of merit like phase noise
are important, they are beyond the scope of this review, which aims to benchmark

source power for driving a THz mixer.

Electronic sources

Electronic terahertz sources are generally based on producing electron oscillation
by exploiting either negative differential conductance (NDC) or negative differen-
tial resistance (NDR) [1-72]. This is the case of Gunn, impact ionization avalanche
transit-time (IMPATT), tunnelling transit-time (TUNNETT), and resonant tun-
nelling diodes (RTDs). The Gunn diode is a widely available option for low ter-
ahertz range generation that exploits the NDR of certain materials when a critical
electric field is reached [1-73], [1-74]. Typically, InP is used as the active ma-
terial, reaching powers in the milliwatt range up to about 300 GHz. The maxi-
mum reported frequency of oscillation is 455 GHz, generating an output power of
23 uW [1-75]. IMPATT diodes are also classic terahertz sources, which exploit
NDR caused via avalanche and transit-time effects when high reverse voltage is
applied to semiconductors like GaAs, InP or Si [1-76]. The TUNNET diode was
proposed to improve the IMPATT diode performance by using quantum tunnelling
instead of the avalanche effect, achieving lower noise levels [1-77]. The output
power levels and maximum oscillation frequency is similar in these two, being lim-
ited to about 300-400 GHz, with milliwatt output power up to about 300 GHz. A
more recent terahertz oscillator is the RTD, which is based on achieving resonant
tunnelling in a quantum well with an ultra-low transit time [1-78], also resulting in
NDR. In contrast to IMPATT and TUNNETT diodes, the RTD can achieve higher
cut-off frequencies. In addition, a high integration density of RTDs is possible, and
arrays with multiple RTDs have been developed. For example, in [1-79] a 6x6 ar-
ray was demonstrated reaching up to 12 mW at 450 GHz. Also, in [1-80] an output
power of 0.73 mW was reported at 1 THz with an 89 element array, which results
in 8.2 uW per element. A maximum oscillation frequency of about 2 THz has been

achieved, with an output power of less than 0.1 pW for a single RTD [1-81].
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Terahertz transistors have also been extensively investigated for signal gen-
eration, including complementary metal-oxide semiconductor (CMOS) transistors,
heterojunction bipolar transistors (HBTs), and high electron mobility transistors
(HEMTs). CMOS THz transistors are particularly interesting because they can ben-
efit from the high integration density, and scalability potential of CMOS processes.
Recent progress have shown their remarkable performance, implementing NDR os-
cillators but also multiplier-chains [1-82]. For example, output powers of 31 and
5.4 uW have been demonstrated at 607.5, and 1330 GHz [1-83], [ 1-84], respectively.
Silicon germanium (SiGe) HBT transistors have the advantage of exhibiting higher
cut-off frequency (300 GHz) compared to CMOS [1-85]. Up to 1 THz radiation
has been demonstrated, achieving 20 uW at 823 GHz [1-86], 18.6 uW at 928 GHz
[1-87], and 81.3 uW at 1.01 THz with an array of 42 coherent radiators [1-88]. An
important semiconductor parameter that limits the maximum frequency of Silicon-
based THz transistors is the low electron mobility. For this reason, HEMTs based
in high electron mobility materials like the InP material system have been demon-
strated with maximum frequencies up to 1.2 THz [1-89]. These are typically used
to implement power amplifiers and multiplier chains, reaching for example satu-
rated powers of 19.9 mW at 300 GHz [1-90], 1.7 mW at 640 GHz [1-91], 1.8 mW at
680 GHz [1-92], and 0.6 mW at 847 GHz [1-93].

Despite the promising results of the aforementioned sources, GaAs SBD mul-
tipliers remain the most widely available technology for compact and efficient ter-
ahertz generation [1-94]-[1-96]. To achieve frequency multiplication, the modu-
lation of the non-linear diode capacitance is typically used, operating the diode
in varactor mode [1-5]. Initially demonstrated in the 1960s using whisker-contact
diodes [1-97], they achieved exceptionally low parasitics but were limited in inte-
gration and reproducibility. These challenges were overcome in the 1990s with the
advent of planar Schottky diodes [1-98], which are now widespread and commer-
cially accessible [1-99]. Figure 1.9 shows SEM images of planar SBDs utilised in
terahertz multipliers. Recent advancements in on-chip power combining modules

have achieved record output powers of 500, 110, 35, 30, 2, and 0.7 mW at 180, 220,
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330, 550, 1003, and 1640 GHz, respectively [1-100].
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Figure 1.9: Planar GaAs Schottky barrier diodes for THz multipliers. a SEM picture of a
1.9 THz tripler chip, reproduced from [1-95]. b Balanced doubler chip, adapted
from [1-101].

Photonic sources
An intuitive approach to generate electromagnetic radiation using photonics con-
sists of implementing a laser. At infrared and optical frequencies, this can be
achieved straightforwardly by exploiting interband transitions in semiconductors
with energy bandgaps in the optical/infrared range [1-102]. However, at THz fre-
quencies, the photon energy is too low for semiconductor interband transitions. To
address this, the quantum cascade laser (QCL) was proposed, which uses quan-
tum wells to enable intersubband transitions at THz photon energies [1-103], first
demonstrated in 2002 [1-104]. QCLs typically emit in the mW range between
1-5THz [1-105], with up to 1 W demonstrated at 3.7 THz [1-106], competing with
or surpassing electronic technologies. However, their practicality is limited by the
need for extremely low operating temperatures (typically below 50 K) due to intrin-
sic scattering processes that prevent efficient operation at room temperature [1-107].
An alternative mature approach involves direct optical-to-THz heterodyning
downconversion in a high-speed photodiode. Unlike QCLs, photodiodes operate
at room temperature, offering greater practicality. Conventional p-i-n photodi-
odes (pin-PDs) have been investigated for terahertz photomixing [1-108]—[1-112],
and achieving recently saturated output powers of 885, 62, 12 and 1.4 uW at 115,
300, 500 and 1000 GHz, respectively [1-112]. However, the limited hole mobility
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in pin-PDs constrains their maximum frequency and power-handling capabilities.
To overcome these limitations, the UTC-PD was introduced in 1997 [1-113], [1-
114]. This device typically employs a thin p-type quasi-neutral InGaAs layer as the
absorber, enabling photogenerated majority holes to respond within the dielectric
relaxation time. Consequently, only electrons contribute to the UTC-PD response,
benefiting from drift velocities an order of magnitude higher than those of holes [1-
115]. This higher drift velocity reduces space-charge effects, resulting in improved
saturation power. THz UTC-PD photomixers have been commercially available for
over a decade, enabling THz communication systems with record transmission rates
[1-40].

Several variants of the basic vertically-illuminated UTC-PD structure have
been proposed and demonstrated to further improve the frequency-response, sat-
uration power, and responsivity such as waveguide-feed structures [1-116] or
travelling-wave type devices [1-117]. Initial demonstrations achieved over 10 mW
power at 50-100 GHz by implementing quarter-wavelength and stub matching cir-
cuits optimised for the frequency of interest[1-118]-[1-121]. Integration with res-
onant and wide-band planar antennas have been extensively studied, demonstrating
over 1 uW power levels up to 1 THz [1-117], [1-122]-[1-125], as well as packaging
on rectangular-waveguides [1-126]. Power combining approaches have achieved a
record output power of 1.2mW at 300 GHz [1-127]. Further examples of UTC-
PD photomixers include modified UTC-PD (MUTC-PD) type structures [1-128]—
[1-130], resonant-cavity enhanced devices with 750 uW at 300GHz [1-131], and hy-
brid integration on SiC to enhance power dissipation, achieving 2 mW at 300 GHz
[1-132]. Figure 1.10 depicts some examples of UTC-PD photomixers for terahertz

generation.

1.2.2 Terahertz mixers

Three figures of merit that are typically used to evaluate the mixer’s performance
are (1) the noise temperature, (2) conversion loss, and (3) the local oscillator power
required to pump the mixer. In the same manner as with THz sources, THz mixers

can be classified into electronic and optoelectronic types.
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bonding wire MIM capacitor UTC-PD chip

Figure 1.10: UTC-PDs for terahertz generation. a SEM photograph of an antenna-
integrated (log-periodic) device, adapted from [1-133]. b Photograph of a
packaged UTC-PD module fabricated in SiC substrate, adapted from [1-132].
¢ SEM photograph of a resonant-cavity-enhanced UTC-PD, reproduced from
[1-131]. d Photograph of a 300 GHz power-combining UTC-PD chip, repro-
duced from [1-127].
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Figure 1.11: State-of-the-art THz peak output power of compact CW electronic and pho-
tonic sources. The data is taken from the following references: Gunn[l-
134]-[1-136], TUNNET[1-134], [1-137], [1-138], RTD[1-79]-[1-81], [1-
139], IMPATT[1-140], [1-141], CMOS and HBT[1-83], [1-84], [1-86], [1-
871, [1-142]-[1-145],HEMT[1-90]-[1-93], pin-PD[1-112], UTC-PD[1-116],
[1-117], [1-127], [1-129], [1-131], [1-133], QCL[1-146]-[1-150].
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Electronic mixers

The most sensitive terahertz mixers are based on a superconductor-insulator-
superconductor (SIS) junction, consisting of two superconductors separated by a
thin insulator. Due to photo-assisted tunnelling of quasi-particles through the in-
sulating material, the I-V curve is non-linear and can be exploited for frequency
mixing [1-151]-[1-153]. The superconducting electrodes are typically made of Nb
or NbTiN, with junction areas of the order of 1 um, and SiO, as insulating layer
[1-151]. RC constant and energy gap frequency of the superconducting material are
the two main frequency limiting factors, leading to a maximum frequency of around
1.4 THz for all-Nb junctions [1-151]—[1-153]. These kind of mixers are relevant be-
cause the theory predicts quantum-limited sensitivity with low LO power. In prac-
tice, SIS mixers achieve a noise temperature trend of 2 to 10 times the quantum limit
(hf/k) with about ~100 uW of LO power [1-154]-[1-158]. This makes SIS mixers
an excellent option for THz heterodyne receivers at the low THz regime, being used
in many radio-observatories, e.g in ALMA [1-158]. However, the biggest limitation
is the requirement of cryogenic cooling (~ 2 — 4 K), which is impractical in many
scenarios such as space-based missions. In addition, significant IF impedance tun-
ing and matching is required to compensate the large junction capacitance of about
60-100 uF - um~2 [1-153], therefore limiting the attainable IF bandwidth (typical IF
band is 4-8 GHz).

Unlike SIS mixers, bolometers are thermal detectors that sense THz radiation
by a temperature dependent resistance when photons are absorbed in the active area
of the device [1-152]. hot electron bolometers (HEBs) are a compelling alternative
to SIS mixers because their maximum frequency is not limited by the energy gap
of the material, enabling mixing up to several THz [1-151], [1-152]. The active
material can be made of semiconductors [1-159] (typically InSb) or superconduc-
tors [1-157], [1-158], [1-160]-[1-164]. The first case does not have many practical
applications as the IF bandwidth is limited to a few MHz only [1-159]. Super-
conducting HEBs however, have demonstrated frequency mixing up to 5 THz with

excellent sensitivity (close to a 10if /k trend) [1-151]. In comparison to SIS mixers,
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they require even lower LO power, of the order of 1 uW, but also cryogenic cooling
to achieve optimum performance. The IF bandwidth is however limited to a few
GHz, being 7-8 GHz the maximum achieved [1-162], [1-163].

Atroom temperature, Schottky THz mixers are currently the dominant solution
[1-95], [1-96]. In contrast to frequency multipliers, here the non-linear I-V charac-
teristic is used to achieve frequency mixing, operating the diode in varistor mode
[1-165], [1-166]. Planar GaAs Schottky technology has been also successfully ap-
plied to mixers, achieving reliable and reproducible contacts of a few um? and even
submicron areas. This enables diodes with series resistance of a few Ohms and
junction capacitance of less than 1 fF, achieving cut-off frequencies of a few THz.
Although the sensitivity is significantly lower than SISs and HEBs mixers (close
to a 50hf /k trend) [1-151], they operate at room-temperature, are highly compact
and the IF bandwidth can be of tens of GHz. Their main limitation is the high driv-
ing LO power, which is of the order of a few mW. This arises from the significant
barrier height of 0.8-0.9 eV [1-167]. To mitigate this, subharmonic mixers where
the LO is provided at a lower harmonic of the incoming signal can be implemented
[1-95]. Figure 1.12 shows pictures of planar SBDs chips utilised in subharmonic
terahertz mixers, and in table 1.1, the performance and LO power requirements of

representative GaAs Schottky mixers is shown, from 200 GHz to 2.5 THz.

LPN-CNRS 5.0kV 14.7mm

Figure 1.12: Planar GaAs Schottky barrier diodes for THz mixers. a SEM picture of 520-
620 GHz antiparallel SBD mixer diodes, reproduced from [1-168]. b Photo-
graph of a 2 THz mixer packaged chip, reproduced from [1-169].

To further reduce the LO power requirements, ‘InP-based’ materials can be

used to make Schottky contacts with reduced barrier height. By ‘InP-based’ we
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Year Ref. Type fRF(GHZ) TDSB(K) LDSB(dB) PLo(mW) CJ(fF) RS(Q)

1993 [1-170] SHM  195-230 795 5.7 5.7 3 12
1993 [1-171] FM-S  230-280 1310 7.2 2 11 3
2005 [1-172] SHM  300-365 700 6.3 4.5 1.3 15
1991 [1-173] FM-S  300-365 1640 4.2 - 2.3 14
2008 [1-174] SHM  368-392 1625 8 1.5 2.5 10
1999 [1-175] SHM  380-425 1120 8 5 1.3 18
2010 [1-176] FM-B  520-590 2500 8.5 1.5 - -
2016 [1-168] SHM  520-620 1284 5.5 3 1.1 32
2010 [1-177] FM-B  835-900 2660 9.25 1 1 30
2014 [1-178] SHM 1120-1280 2800 12 2.5 - -
2009 [1-179] FM-B 1250-1650 3000 10 1.5 - -
2024 [1-169] SHM 1900-2060 4000 11.5 1.3 0.25 49
1999 [1-180] FM-S 2500 9000 16.9 5 - 20

Table 1.1: Performance of representative example of planar schottky diode THz mixers.
FM-S: Fundamental mixer, single-ended. FM-B: Fundamental mixer, balanced.
SHM: Subharmonic mixer, antiparallel configuration, fgr: RF frequency. Tpgp:
DSB noise temperature. Pro: LO power. C;: junction capacitance. R;: series
resistance.

refer to material layers that can be grown effectively, by molecular beam epitaxy
(MBE) for example, in InP substrates. This is the case for instance of InP, InGaAs,
and InGaAsP [1-181]-[1-183]. Barrier heights of about 0.5eV are achieved for
InP Schottky diodes [1-184], [1-185], and about 0.2-0.3 eV with InGaAs [1-186],
which is considerably lower than GaAs Schottky contacts. Despite their promis-
ing characteristics, there are not many studies or demonstrations of InP-based THz
Schottky mixers [1-187]—[1-191]. We can find several studies predicting a theoreti-
cal excess of 1-2dB of conversion loss for InGaAs mixers compared to GaAs with
an LO power about 0.1 mW [1-187], [1-190], which is an order of magnitude lower.
Regarding experimental work, we can highlight a DSB conversion loss as low as
6.6 dB and noise temperature of 700 K was demonstrated at 183 GHz [1-189], with
only 0.34 mW of LO power. Then in [1-191], a single-side-band (SSB) conversion
loss of 15dB and a noise temperature of 9,000 K is demonstrated up to 330 GHz,
with an LO power of 0.5 mW.

A recently proposed alternative for low-barrier Schottky diodes is the Fermi-
level-managed barrier diode (FMBD) [1-192]. Metal-semiconductor Schottky con-

tacts encounter two intrinsic limitations: (1) the barrier height cannot be controlled
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or further reduced without a lattice mismatch, and (2) the effect of surface-states
compromises the reproducibility of the contact. To address these limitations, an
all-semiconductor rectifying diode based on an n-type InGaAs-InP heterojunction
was proposed for terahertz detection, the FMBD. By adjusting the doping of the In-
GaAs layer at the heterointerface, the barrier height can be reduced by shifting the
Fermi-level above the conduction band. The FMBD was initially demonstrated as
a zero-bias terahertz detector, but considerable amount of work has followed using
the FMBD as a heterodyne receiver [1-193]-[1-198]. We can highlight achieved
NEPs and LO powers at 300 GHz as low as 4-10~° W/Hz /2 with 160 uWw for
a subharmonic mixer [1-194], and 2-10~1? W/Hz /2 with 400 uW for a balanced
mixer [1-198]. Conversion loss and noise temperature has not been reported yet
for FMBDs, although the achieved noise equivalent power (NEP) suggest a perfor-
mance comparable to GaAs/InGaAs Schottky mixers.

Finally, silicon-based CMOS and SiGe HBT THz mixers have shown promis-
ing potential, particularly at lower frequencies in the terahertz range [1-199] (~
300 GHz). A notable example is a 65nm CMOS mixer with a reported noise
temperature of 8,073-25,556 K at 220-320 GHz [1-200]. However, at higher fre-
quencies, performance deteriorates, with significantly increased conversion loss and
noise temperatures. For instance, a 65 nm CMOS mixer exhibited a noise tempera-
ture of 695,371 K at 410 GHz [1-201], while a 130 nm SiGe HBT chipset showed a
noise temperature of 4,595,900 K at 823 GHz [1-202].
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Figure 1.13: DSB noise temperature of state-of-the-art SIS, HEB, and SBD mixers, adapted
from [1-151] with added data from [1-157], [1-203]-[1-206] and Table 1.1.
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Optoelectronic mixers

The most common optoelectronic mixers utilize planar, interdigitated electrodes
fabricated on short carrier lifetime photoconductive materials such as GaAs or In-
GaAs [1-207], [1-208]. When the active region of a photoconductor is illuminated
with light at its absorption wavelength, free carriers (electrons and holes) are gener-
ated, increasing the material’s conductivity (photoconductance) [1-5]. With incom-
ing THz radiation, if the electric field is confined between the electrodes and the
photoconductive material, photocarriers are accelerated accordingly. If the genera-
tion of photocarriers is also modulated by a beat note between two optical frequen-
cies, frequency mixing occurs between the incoming THz radiation and the beat
note producing a down-converted signal.

Photoconductor mixers are typically used in spectroscopy systems, since they
can operate continuously up to a few THz. However, compared to electronic mix-
ers, these are highly limited in conversion loss, with a minimum reported value
of ~ 27dB at 300 GHz using a GaAs photoconductor [1-209]. This limitation is
mainly related to the very high photoconductance, of the order of kQs [1-5], which
imposes a significant impedance mismatch with output electronics. To use tele-
com wavelengths, InGaAs-based photoconductors are required, with a minimum
reported conversion loss of ~ 30dB at 300 GHz, using a plasmonic microcavity to
enhance field interaction and iron doping to increase the dark resistivity and shorten
the carrier lifetime [1-210]. Nevertheless, photoconductors are key to enable ultra-
wide bandwidth spectroscopy systems [1-29], [1-30], [1-211], [1-212], achieving
a record of 132dB peak dynamic range with up to 5.5 THz bandwidth in a CW
system[1-30].

Some additional technologies that have been proposed for optoelectronic THz
mixing are UTC-PDs [1-124], [1-213], [1-214] and graphene-based transistors or
heterostructures [1-215]-[1-217]. However, their reported performance is far from
optimal, exhibiting conversion loss typically above 40 dB. Table 1.2 summarises the

performance of relevant examples of optoelectronic THz mixers.
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Year  Ref. Type frr(GHz)  Lgsp(dB)  Pop (mW) A,y (nm)
2023 [1-217] hBN-graphene 94 44 20 1550
2012 [1-214] InGaAs UTC-PD 100 32 33 1550
2013 [1-209] LTG-GaAs PC 300 27 117 800
2014 [1-213] InGaAs UTC-PD 300 66 - 1550
2023 [1-210] Fe-doped InGaAs PC 320 30 35 1550

Table 1.2: Performance of representative optoelectronic terahertz mixers. LTG: low-
temperature-grown.  PC: photonductor.  UTC-PD: uni-travelling-carrier-
photodiode. frr: RF frequency. Lssg: SSB conversion loss. P, ;: optical power.
Aopi: optical wavelength.

1.3 Research gap and contributions

The literature review highlights that electronic-based solutions currently outperform
photonics-based technologies in terms of source power and mixer sensitivity. How-
ever, the discussed inherent advantages of photonic technologies, help bridge this
performance gap to make photonics-based solutions the preferred option in some ar-
eas. Wireless communications, the target application of this work, exemplifies this
dynamic: the highest data rates have been achieved using UTC-PD-based transmit-
ters. These demonstrations, however, rely on electronic-based receivers, where the
performance disparity with optoelectronic mixers is more pronounced and the mixer
sensitivity is of major importance to increase the overall system SNR and achieve
greater data rates. In this sense, optoelectronic mixers have been significantly less
developed compared to SIS, HEB, and SBD technologies, with sensitivities lagging
by one or more orders of magnitude. This highlights a clear research gap in advanc-
ing optoelectronic receivers to state-of-the-art performance levels, to fully exploit
the advantages of photonics at the transmitter and receiver of THz systems.

This work aims to bridge the performance gap by investigating a hybrid solu-
tion: photonically-pumped electronic mixers. This solution seeks to combine the
strengths of both electronics and photonics by integrating a high-performance elec-
tronic mixer with a photonic LO generator. The choice of technologies for this
purpose depends on three key factors: (1) operating temperature, (2) integration

ease, and (3) available LO power. Since room-temperature operation is a require-
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ment for the target application, SISs and HEBs are excluded as mixer options, along
with QCLs for the LO source. Among the remaining alternatives, a promising so-
lution involves combining SBD-based mixers with UTC-PD-based sources, which
has seen minimal research. For instance, [1-218] reports a 180 GHz subharmonic
Schottky mixer pumped by a UTC-PD at 90 GHz, achieving a noise temperature
of 2000 K. Nevertheless, the use of GaAs Schottky mixers imposes a significant
challenge related to the LO power required, which is above 1 mW (see Table 1.1).
Although UTC-PDs can generate milliwatt-level power up to about 300 GHz, these
are record-breaking demonstrations, usually referring to on-chip power, and are
difficult to replicate. The development of repeatable UTC-PD-based LO sources
for pumping GaAs Schottky mixers at higher THz frequencies remains highly con-

strained.

To overcome this limitation, the use of alternative materials like InP and In-
GaAs to make SBDs can significantly reduce the LO power required, with a mod-
erate penalty in mixer sensitivity. Furthermore, the use of these material systems
enables the monolithic integration of the mixer and the UTC-PD parts due to epitax-
1al compatibility. An example is described in [1-183], where an InGaAsP SBD was
fabricated using the UTC-PD epitaxy, but never integrated together in a receiver.
Here, we propose the integration of InP-based Schottky mixers with UTC-PDs to
implement high-performance optoelectronic THz receivers. This concept is illus-

trated in Figure 1.14.
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Figure 1.14: Optoelectronic receiver concept based on a low-barrier Schottky mixer
pumped by a photonic local oscillator generated with a UTC-PD.
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It is worth noting that the complete receiver system includes a dual-wavelength
light source for performing optical heterodyning in the UTC-PD. Functionally, in-
tegrating this component may not be desired, as one of the primary advantages of
the receiver is the ability to distribute the optical LO signal through an optical fibre
link. This work focuses exclusively on the integration of the low-barrier mixer and
the UTC-PD, and the applicability of this technology to wireless communications

at 300 GHz. The key contributions of this work can be summarised as follows:

* The first demonstration of an optoelectronic receiver based on a photonically-

pumped low-barrier mixer, utilizing non-integrated components.

* The demonstration of a high-speed 300 GHz wireless link using the optoelec-
tronic receiver, achieving data rates comparable to systems with state-of-the-

art electronic receivers.

* The design of a 300 GHz monolithically-integrated optoelectronic receiver,
incorporating InP SBDs within the standard UTC-PD epitaxial structure, with

state-of-the-art predicted performance.

* The design, fabrication, and characterisation of a 300 GHz hybrid-integrated
optoelectronic receiver, featuring low-barrier InGaAs SBDs and a UTC-PD in
a quasi-optical package, achieving an order-of-magnitude improvement over

existing optoelectronic receivers.

1.4 Thesis overview

This thesis is structured as follows: Chapter 2 provides the theoretical background
for designing the proposed optoelectronic receivers, including SBD, UTC-PD,
and resistive mixer theory. Chapter 3 details the design of InP-based SBDs us-
ing the UTC-PD epitaxial structure, along with their monolithic integration into
a 300 GHz quasi-optical receiver. Chapter 4 presents the design hybrid integra-
tion solution, including the development of a quasi-optical 300 GHz receiver and a
rectangular-waveguide WR3 receiver. Chapter 5 discusses experimental results for

photonically-pumped SBD-based receivers, focusing on receiver performance and
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demonstrations of 300 GHz wireless links. Chapter 6 concludes the thesis with a

summary of key findings and future research directions.
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Chapter 2

Theory and modelling

The key components of the optoelectronic receiver concept targeted in this thesis are
(1) the Schottky barrier diode, (2) the high-speed photodiode, and (3) the terahertz
mixer integrating these two. In this chapter, the theoretical fundamentals and mod-
elling approaches used for these components are introduced, while more details are
given in the next chapters. These are used ultimately to design the optoelectronic
receiver and to predict the overall receiver performance. Figure 2.1 summarises of

the modelling and simulation process followed in this work.

SBD Non-linear 3D EM Antiparallel UTC-PD Impedance 3D EM Mixer

Characteristics Extraction Measurements and Components Models
(Analytical/COMSOL) Cell Model (CST) Equivalent Circuit Fitting (CsT)
4-port N-port
1(v),c(v) S parameters Ry, R1,C1, Ry, .. S parameters

Y

Harmonic Balance
Circuit Models (ADS)

Conversion Loss
Noise Figure
IF Response

Figure 2.1: Summary of the modelling and simulation process to predict performance and
design the optoelectronic receiver.
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2.1 THz Schottky barrier diodes

2.1.1 Schottky barrier physics

The non-linear properties of the Schottky diode emerge from the metal-
semiconductor contact physics. Figure 2.2 illustrates the energy diagrams of a
Schottky contact, specifically for an n-type semiconductor. In these diagrams, Ey,
Ec, Ey, and Ef correspond to the free-space, conduction band, valence band, and
Fermi-level energies respectively.
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Figure 2.2: Schottky barrier contact physics described by energy diagrams with an n-type
semiconductor. a Before making contact. b After making contact without ap-
plying bias. ¢ Under forward bias. d Under reverse bias.

Prior to contact, there is a difference in the Fermi level energies which is de-
termined by the metal workfunction ¢,, and the semiconductor electron affinity y
(Figure 2.2a). These parameters represent the energy required to remove an elec-
tron from the metal or semiconductor conduction band to free space [2-1], [2-2].
When the contact is made (Figure 2.2b), higher energy electrons in the conduction

band migrate into the metal until equilibrium is reached, aligning the Fermi levels
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on both sides. Consequently, a potential barrier ¢p from metal to semiconductor is

formed which is equal to

PB = Om—2X (2.1)

This is known as the Schottky-Mott rule [2-3], [2-4], which is frequently not
observed in many metal-semiconductor systems. This discrepancy is primarily at-
tributed to surface states in the semiconductor, which result in Fermi-level pinning,
making the Schottky barrier height independent of the metal workfunction [2-5], [2-
6]. The barrier formation chemistry of Schottky contacts is a complex process that is
still not fully understood [2-7], and the barrier of a particular metal-semiconductor
system is often determined by experimental data. The barrier height seen from the

semiconductor is typically denoted as the built-in potential V;;, which is equal to

Vi = g — (Ec — EF) (2.2)

Due to electron migration, a region with positively charged ions is created
in the semiconductor, typically denoted as the depletion region. Using the abrupt

depletion approximation, the width of the depletion region W; is given by [2-8]

W0 = : (2.3)

where &y, &, g, and N, are the vacuum permittivity, relative permittivity, elec-
tron charge, and semiconductor doping respectively. The base energy diagram of
a Schottky contact is perturbed when an external voltage is applied to the junction.
Under an applied voltage (Figure 2.2¢) the barrier seen from the semiconductor and
the depletion region width can be adjusted. Electrons can only flow freely when the
potential barrier from the semiconductor is overcome under forward bias. There-
fore, the Schottky contact has a rectifying behaviour allowing current to flow in one

direction.
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2.1.2 Conduction mechanisms

The main transport mechanism that governs current-voltage characteristics in a
Schottky diode is thermionic emission through the barrier [2-9]. This refers to
electrons that reach enough energy to overcome the potential barrier from the semi-
conductor to the metal. Since the current transport is dominated by electrons, the
Schottky diode is referred to as a majority carrier device, not limited by hole trans-
port. The thermionic emission theory [2-9] leads to the following expression for the

junction current

Ij(Vj) = I() <€;]BJ% - 1) (24)

where V; is the junction voltage, Iy is the reverse saturation current, kg is the
Boltzmann’s constant, 7 is the operation temperature. The reverse saturation cur-
rent Iy can be expressed as
*r2 ~49
Iy = AA™T*e %7 (2.5
where A is the Schottky contact area, and A* is the Richardson’s constant,
which is material dependent [2-6], [2-10] and can be estimated by
B 471'mf;k12;q

where m;, is the effective electron mass, and /£ is the Planck constant. The sec-
ond most relevant transport mechanism in a Schottky diode is quantum-mechanical
tunnelling through the barrier [2-11]-[2-13]. Electrons near the Fermi level in the
semiconductor can tunnel through the potential barrier with a certain probability.
This is also known as field emission effect and it is prominent at low temperatures
and high doping levels [2-8]. As temperature is raised, more electrons have enough
energy to go over the barrier (thermionic emission), making the tunnelling effect
less significant [2-8]. Since this work focuses on room-temperature operation and
the used semiconductor doping levels are low, tunnelling is not considered as a

relevant mechanism and it is not included in the simulations. Tunnelling or other
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effects deviating from ideal thermionic emission (Equation 2.4), are often included

by adding an ideality factor n

Ij(Vj) = 10 <enl§‘l;T - 1) (27)

Deviation from ideal behaviour may also result from image-force barrier low-
ering, recombination effects, or fabrication imperfections [2-1], [2-2], [2-7], [2-12],

[2-14].

2.1.3 Equivalent circuit model

The general n-type Schottky diode structure is depicted in Figure 2.3a. It com-
prises the epitaxial layer or epilayer with a moderate doping level (typically <
5-107¢m™3), a highly-doped buffer layer (typically > 1-10'8cm™3) for Ohmic
contact and to prevent diffusion of impurities from the substrate [2-15], and a sup-

porting substrate.
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Figure 2.3: Circuit modelling of Schottky diodes. a General structure of an n-type Schottky
diode. b Simple equivalent circuit model of a Schottky diode.

To model this structure electrically, a simple analytical lumped equivalent
circuit is often used to implement the non-linear characteristics of the device [2-
15]-[2-17]. Such a model is shown in Figure 2.4b, consisting of a voltage-
dependent current source /;(V), a voltage-dependent capacitance C;(V), and a
voltage-dependent series resistance Ry(V). The current source corresponds to the
junction current in Equation 2.7. Since there is a charge storage in the depletion

region that changes with W, this effect can be essentially modelled as a voltage-
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dependent capacitance. The expression of junction capacitance is obtained from the

derivative of the charge in the depletion region [2-8], [2-15]

Ci(Vj) = ——= (2.8)
J
Vi
where Cj is the capacitance at zero bias, given by
q €0&-Ny
Cip=A 29
jo 2Vbi ( )

This formulation is only valid for a regime where V; <V}, (flat-band). Beyond
flat-band, where the depletion width is zero, the model is no longer applicable. In
addition, the model assumes that the depletion width is smaller than the epilayer
thickness. If the depletion width exceeds the epilayer thickness, the charge storage
effect is influenced by the buffer layer, which has higher doping levels, leading to
an increase in junction capacitance. This effect can be analytically modelled as

described in [2-18].

q€0&-Ng 1 e
Ay 5 N=n it V; >V,
_ Na
Ay 205N 1 if V; < Vg,
\/VbrVdW n Vaw=Vj
N

a Np

C;(Vj) (2.10)

where N, is the buffer layer doping and V;,, is the voltage for which the de-
pletion width equals the epilayer thickness. Note that the equation when V; <V,
is the same as Equation 2.8. The series resistance, related to the power loss in the
Schottky diode, has three main contributions: (1) the undepleted epilayer (R; pi),
(2) the spreading resistance in the buffer layer (R, s,,), and (3) the Ohmic contact

(R contact)- The resistance from the undepleted epilayer can be approximated by

tepi —Wa(V)

@2.11)

Ry epi(V)) =

where 1,; is the thickness of the epilayer, and o), is the layer conductivity is

given by
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Ocpi = q.un,epiNd (2.12)

where U, ¢ 1s the low-field electron mobility of the epilayer. While this is a
voltage-dependent quantity, the value of Ry when the epilayer is undepleted is typ-
ically considered. The spreading resistance in the buffer layer is intrinsically diode
geometry-dependent [2-19]. Although analytical expressions exist for calculating
this resistance, in this work, a physics-based model is used, as discussed later. Fi-

nally, the series resistance due to the Ohmic contact is given by

Pohm
Rs,contact = A

(2.13)

ohm

where p,un is the specific contact resistivity (typically < 107°Q - ¢m?), and
Aonm 18 the area of the Ohmic contact. Due to the majority carrier nature of the
Schottky diode, the current and capacitance change virtually instantaneously with
an applied voltage (quasistatic assumption) [2-17]. Therefore, the DC expressions
are valid even at several hundred GHz. The cut-off frequency, a commonly used
figure of merit for evaluating the maximum frequency capabilities of the diode, is

defined by

1

- 2.14
f34B 27R,Cro (2.14)

In this sense, the choice of material is crucial for achieving THz operation.
Only materials with high electron mobility are suitable, as they allow for a small
contact area, reducing capacitance while maintaining moderate series resistance.
For this reason, III-V semiconductors like GaAs are employed in THz Schottky
diodes [2-20]-[2-22].

2.1.4 Physics-based modelling

The analytical models described here present two main limitations: (1) they rely on
abrupt approximations with limited accuracy, and (2) they fail to account for im-

portant effects at higher frequencies such as velocity saturation or non-local effects
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such as velocity overshoot [2-23]—[2-25]. To overcome these, different physics-
based models can be applied to Schottky diodes, which are generally based on
solving the Boltzmann transport equation (BTE) [2-25]. The solution to the BTE
consists of the distribution function of carriers f (?,75, t), where ¥ and k are position
and momentum spaces. Obtaining an exact solution of the BTE exactly is highly
complex. To solve this, the equation can be multiplied by weight functions and in-
tegrated over the momentum space, considering a finite number of moments [2-26],
[2-27]. To address limitation (1) and obtain a more accurate I-V and C-V prediction,
a 2D physics-based model is implemented in this work using the commercial drift-
diffusion (DD) solver in the software COMSOL Multiphysics. This model is based
on the Poisson’s equation and the first two moments of the BTE [2-25]. Further

details are provided in Appendix A.

2.1.5 Parasitics and embedding impedance

The models described so far address the intrinsic behaviour of the Schottky diode.
To design Schottky-based THz receivers, paying attention to the parasitics and em-
bedding impedance of the specific diode geometry is crucial for accurate modelling
[2-28], [2-29]. In Figure 2.4, top and cross-section views of simplified planar air-
bridged Schottky diodes are shown. This technology is well established due to
its low parasitics and reliable fabrication when compared to whisker-type contact

diodes [2-30], [2-31].

a b
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Cathode Anode

S.| Substrate

Figure 2.4: Planar air-bridged Schottky diodes. a Top view. b Cross-section with most
relevant parasitics

In Figure 2.4b, the most relevant parasitics for this structure are displayed,
including finger resistance and inductance (Ry and L), finger to epilayer capaci-

tance (C, ), pad-to-pad capacitance (Cpp), and high-frequency spreading resistance
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(Rspr). These parasitics, along with the specific diode chip geometry, determine
the embedding impedance of the diode. To account for this, a typical approach is
to simulate the diode structure in a full-wave 3D EM simulator with appropriate
material parameters (relative permittivity and conductivity) [2-28], [2-29]. In this
work, we use CST Studio Suite for this purpose. By doing this, we can obtain the
S-parameters of the specific designed structure which are then used in the mixer

circuit design step.

2.1.6 Noise in Schottky diodes

Noise in Schottky diodes has been extensively studied [2-5], [2-32]-[2-36], with
Shot and thermal (Johnson-Nyquist) being the two main mechanisms. Shot noise
arises from random fluctuations of the electrons passing through the barrier, and the

mean squared value of the current spectral density is given by [2-37]

<

<i2N—’S =2ql (2.15)
B
where [ is the average current through the junction and B is the bandwidth.
The thermal noise is also known as Johnson-Nyquist noise, and it originates from
thermal agitations of the electric charges [2-38], [2-39]. In Schottky diodes this
is associated to the series resistance, and the noise current spectral density can be

modelled as [2-38]
(iNr)  4kT
B R

(2.16)

These two contributions can be added to the Schottky diode circuit model as
shown in Figure 2.3b. In addition to Shot and thermal noise mechanisms, the sec-
ond most relevant noise contribution is the hot-electron noise, also referred as ex-
cess noise [2-40], [2-41]. This becomes relevant at high current densities or low
temperatures, and will not be considered in the analysis.

This completes the modelling considerations for the Schottky diode part of
the receiver design covering (1) non-linear I-V and C-V characteristics, (2) high-
frequency diode chip parasitics and embedding impedance, and (3) diode noise

contributions.
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2.2 Uni-travelling-carrier photodiodes

2.2.1 Uni-travelling-carrier photodiode physics

The conventional p-i-n photodiode (PIN-PD) is the most commonly used photodi-
ode structure, in which the intrinsic layer provides the function of both absorption
of photons and collection of the generated electrical carriers [2-42], [2-43]. The

basic energy band diagram is depicted in Figure 2.5b.
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Figure 2.5: Energy band structure of a UTC-PDs and b p-i-n PDs.

Under reverse bias, photogenerated electrons and holes travel through the in-
trinsic layer to be collected by n-type and p-type sides respectively. This means
that both carriers contribute to the overall device response. Due to the significantly
lower hole mobility, which is about an order of magnitude lower than electrons,
the hole transit time limits the maximum frequency of PIN-PD operation. More-
over, the band profile is altered under high-excitation conditions, as photogenerated
carriers accumulate in the absorption layer. This reduction in the electric field sig-
nificantly slows the carrier velocity, increases charge storage, and ultimately leads
to saturation of the output current [2-44]. PIN-PD are strongly influenced by this
effect due to the hole-limited carrier mobility.

These challenges can be mitigated by using the structure of a UTC-PD, de-
picted in Figure 2.5a. In contrast to the PIN-PD, the functions of absorption and
carrier collection are separated in two layers [2-45]—-[2-47]. A quasi-neutral p-type
layer is used an as absorber, leading the photogenerated holes to contribute almost

instantaneously to the device response, limited only by the dielectric relaxation time
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[2-48]. Only electrons travel through the intrinsic carrier collection layer, which
means that the UTC-PD can be treated as a majority carrier device. The conse-
quence of this is that transit-time and space-charge effects previously discussed
are now mitigated due to the faster carrier mobility of electrons. This makes the

UTC-PD an excellent option to generate THz radiation, acting as a photomixer.

2.2.2 Photomixing in a photodiode

The concept of THz generation via optical heterodyning or photomixing in a pho-

todiode is depicted in Figure 2.6.
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Figure 2.6: Illustration schematic of the concept of photomixing in a photodiode for THz
generation.

To illustrate this process, we can consider two monochromatic optical waves
at frequencies f] and f. For simplicity, we assume plane waves linearly polarised
and propagating in the +z direction. The complex electrical field vectors Ej, E; can

be written as [2-49]

By = A, elCrfit—kizto) g 2.17)

Ey = Ayel @nfri=kazt) g (2.18)

Where A1, A, are the field amplitudes, k| and k; the wave numbers, ¢ and ¢,
the wave phases, and €| and ¢, the unitary vectors determining the field orientation.
If the waves have the same polarization (€] = é3), the resulting electrical field when

both waves are combined is Ey = E| + E;. The UTC-PD functions as a power
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detector, so the output current is proportional to |Eg|?. If the amplitudes of both
waves are equal (A| = Ay), the output photocurrent /,, for the conditions described

above can be written as [2-49]

Ion = 25pcPopt + 25 fcPoprcos(2mfet +AQ) (2.19)

where f. is the separation given by f> — fi, spc and sy, are the responsivity
of the UTC-PD at DC and high frequency respectively, A¢ is the phase difference
given by ¢ — ¢y, and F,, is the optical wave power (P,,; = P = P).

Beyond the current or power level, phase noise is a key parameter in optically
generated THz signals. It arises from instabilities in the optical source and can
be significant with free-running lasers. However, digital signal processing (DSP)
techniques can mitigate this in THz links [2-50], and frequency-locked sources can
achieve phase noise comparable to leading electronic sources [2-51]. In the context

of this work, phase noise is not included in the modelling of the LO source.

2.2.3 Structure and equivalent circuit

In this work, the UTC-PD serves as the LO signal generator. In the context of the
receiver design, which integrates the photodiode, the focus is on determining the
device’s impedance and assessing the power it can deliver to a specified load under
a given driving photocurrent. For that purpose, a possible approach is to use an

equivalent circuit [2-52] such as the one depicted in Figure 2.7.
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Figure 2.7: UTC-PDs. a Cross-section view of UCL’s UTC-PDs with simplified structure.
b Equivalent circuit to model the UTC-PD impedance at high frequencies.
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To understand the equivalent circuit, the UTC-PD structure must be exam-
ined. UCL’s UTC-PD simplified epitaxial structure is shown in Figure 2.7a [2-53].
The epitaxial structure is based on solid source molecular beam epitaxy (SS-MBE)
growth on a semi-insulating InP substrate. The absorber, made of lattice matched
p-type InGaAs, maximises absorption at 1550 nm. The collector layer, formed from
unintentionally doped n-type InP, is followed by a quaternary (InGaAsP) layer ad-
justed for a wavelength of 1300 nm, which is used to build the optical waveguide
to couple light into the UTC-PD. To mitigate abrupt conduction band transitions at
the InGaAs-InP heterojunction interface, two thin spacer layers of quaternary ma-
terial with bandgaps of 1300 nm and 1100 nm are incorporated. Finally, the top and
bottom contact layers are composed of highly doped p-type InGaAs and n-type InP,

respectively.

Under reverse bias, when the collection layer is depleted, the UTC-PD can
be treated as a capacitor in parallel with high resistance in the order of kQs. In
the equivalent circuit, this refers to C3 and R3. The resistance arising from the p
and n Ohmic contacts and the bulk semiconductor can be modelled as the series
resistance R;. These are the two base contributions considered in any photodiode
circuit model. However, in order to match experimental data to the equivalent circuit
of a UTC-PD, it is necessary to add the contribution from the spacer layers. These
two can be modelled as well as a parallel RC circuit, by including Cy, R, C,, and
R,. Finally, C, and L, represent the parasitic capacitance and inductance from
the contact pads. The model is completed by adding a current source with the

appropriate photocurrent value.

2.2.4 Transit-time frequency response

The equivalent circuit addresses the complex impedance of the photodiode, which
is linked to the RC bandwidth limitation of the PD. To complete the PD modelling
and be able to estimate the power delivered to a load, we need to pay attention to the
transit-time limited response. The photocurrent response as a function of frequency

I (f) can be approximated by[2-54], [2-55]
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21 f7,
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Lon(f) = Lono

where 1, is the reference DC photocurrent, and 7, and T, are the transit
times through the absorber and collector layer respectively. These can be calculated

by [2-55]

W2 Wy
Taps = 7228 4 —2 221
abs 3 De + Vin ( )
Wcoll
Teoll = 2.22
1 Voo (2.22)

where W, is the absorber thickness, D, is the diffusion constant of electrons
in the absorber, v, is the thermionic emission velocity at the absorber-collector
interface, W, is the collector layer thickness, and v.,;; is the carrier saturation
velocity in the collector. The derivation of the UTC-PD photocurrent response is

included in Appendix B.

2.3 THz resistive mixers

2.3.1 Mixer theory

A frequency mixer is a device that translates an input RF signal into a different
frequency, either higher or lower, depending on whether upconversion or downcon-
version is desired. To do this, the mixer uses a local signal often denoted as the
local oscillator. An ideal mixer can be represented by the multiplication operation
as illustrated in Figure 2.8a.

If we consider two sinusoidal voltage signals vy and vgr, with frequencies

fro and fgr, the output mixer signal can be written as

Vout = [(ALocOS(ZTL'fLOZ‘)] . [ARFCOS(ZTL'fRFI)]

(2.23)
_ ALoArr [cos(2n(fro — frr)t) + cos(2R(fLo + frr)t)]

where Arp and Agrp are the amplitudes of the LO and RF signal respectively.
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Figure 2.8: Frequency mixers. a Ideal mixer under local-oscillator excitation producing
only down-converted and up-converted terms. b Practical resistive mixer under
local oscillator excitation producing multiple order idlers.

The output signal has two components with translated frequencies fjr = fro — frF
and fyp = fro + frr. The lower frequency component is commonly referred as
the IF signal v;r, and it is the desired output signal in a receiver. This scenario,
illustrated in Figure 2.8a, is known as SSB conversion. When the RF signal has an
image around the LO signal, this is also down-converted or up-converted and it is

referred to as double-side-band (DSB) conversion.

A practical mixer uses a non-linear device as the mixing element, which gen-
erates not only down-converted and up-converted terms but also a series of mixing
products (idlers) [2-17], [2-56]. In diode-based mixers, this is achieved by modu-
lating the non-linear conductance of the diode. This mixer approach is known as a

resistive mixer [2-57], with the mixing products defined by [2-56]

Vour = VRF i [kycos(n2m(fro — frr)t) + kncos(n2m(fro + frr)t)] (2.24)

n=1
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where n is the order of the idler, and k,, is the coefficient associated to each
idler. This solution is valid if the input RF signal power is significantly lower than
the LO. The resulting frequency spectrum in this scenario is depicted in Figure 2.8b.
To evaluate the mixer’s performance in down-conversion mode, the key figure of
merit is the conversion loss. This refers to the ratio of the input RF power and the

IF power

_ Frr

L. —
" Pr

(2.25)

According to resistive mixer theory, a theoretical limit of 3 dB of conversion
loss for the first order term (fundamental mixing) is achieved [2-56]. This considers
that no power is dissipated in other idlers. In the scenario where idlers are matched
to a load, the theoretical limit increases to 3.92 dB [2-56], [2-58], independent of the
mixer configuration. The second most important figure of merit is the noise figure

of a mixer F,, which can be defined as the SNR degradation [2-59]

_ SNR;
" SNR,

(2.26)

where SNR; and SNR,, are the SNR at the input and output of the device. A
related concept is the noise temperature of the mixer 7;,,, which represents the equiv-

alent thermal noise power from a resistor to produce the same SNR degradation and

is defined by

Ty=—- (2.27)

where P, is the noise power and B is the bandwidth. These two figures of merit

are related by

Ty
Fp=1+2 (2.28)

where 7 is by definition 290 K.
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2.3.2 Subharmonic mixing

The analysis so far has focused on fundamental mixing, i.e. selecting the first order
idler fro — frr in down-conversion mode. However, to generate a down-converted
IF signal at the desired frequency, one can select different mixing products |mfro —
nfrr|, where m+ n defines the order. A common example is the product 2 f o — frF,
referred to as subharmonic mixing. This approach is widely used in THz Schottky
mixers because due to two key advantages: (1) the LO frequency is halved relative
to the RF frequency, making more LO power available at lower frequencies, and (2)
it simplifies the isolation of LO and RF signals, facilitating on-chip integration. In
addition, a subharmonic mixer has only a slight conversion loss penalty of 1.5dB
compared to a fundamental mixer [2-60]. For these reasons, in this work we focus
on developing subharmonic optoelectronic receivers. To achieve this mixing mode
in diode-based mixers, the antiparallel topology is commonly employed [2-17], [2-

60], depicted in Figure 2.9b.

a b

o S P ]
4 Y 4 /
o o

Figure 2.9: Basic diode topologies. a Single-ended. b Antiparallel.

To illustrate how this is achieved in a simplified manner, we first consider
the current of a single-ended diode, as illustrated in Figure 2.9a. The current /
in the diode which is an exponential function (Equation 2.7), can be expanded into

a Taylor series

L=fV)=caV+aV +aV +aVi+aV’.. (2.29)

where ¢, are the n-th order Taylor series coefficients. This configuration pro-

duces every order of mixing products. By placing a second diode in parallel with
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opposite polarity, the current becomes

L=—f(=V)=c|V—cV?+c3V3 =gV +—csVo... (2.30)

The total current flowing through the antiparallel cell will be

I=1+5hL=2c,V+2c3V3+2c5V°... (2.31)

In this configuration, only odd-degree components can escape the diode cell.
This means that only odd order m + n mixing products will be produced by this

configuration, which includes the target mixing product |2f1 0 — frF|.

2.3.3 Harmonic balance simulations

The receiver components can be categorised as either linear or non-linear. Linear
components include passive RF circuitry such as filters, impedance matching net-
works, and waveguide transitions. The non-linear component in this case is the SBD
which produces the mixing products. To accurately predict receiver performance,
it is crucial to simulate both linear and non-linear components together. A widely
used method for integrating these two domains is the harmonic balance (HB) tech-
nique [2-15], [2-17], [2-61]. Figure 2.10 illustrates the basic case of a single-tone

input interacting with a non-linear element.

Linear network Nonlinear network
/ _____________ —— 7T T T T TN
| L0 |
«— | | — |
| Ip(t) | + Inp(t) I
|
| .
L|n.ear‘ |V (2) I XZ |
| subcircuit
| | |
|
| - '
\’/
\ -~ T !

Figure 2.10: Harmonic balance technique for a single tone simulation and single non-linear
component.

The goal is to determine the steady-state solution of V(z) by minimising an
error function, in this example Iy — Iyy = 0. This process involves estimating a

solution and refining it iteratively using numerical methods until the desired con-
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vergence is achieved. The steady-state solution of V(¢) has the form

K
v(t) =R { Z Vkejzm‘f’} (2.32)
k=0

where f is the source frequency, Vi is the k-th complex Fourier series coef-
ficient, and K represents the number of harmonics considered in the calculation,
also known as the order. In case, multiple sources with different frequencies are

considered, the steady-state solution can be written as

K K
{ Z Z Z Vi, Kook eﬂﬂ ki fi+ka fot.. knfu)t } (2.33)

=0ky=0 ky=
where 7 is the number of sources, while f,, and K, represent the frequency and
the number of harmonics for each source, respectively. Consequently, in the case of
a mixer, two frequency sources must be taken into account: the LO and RF. In this
work, we use the software Advanced Design System (ADS) which incorporates a
HB simulator. Different steps are followed to be able to predict the final receiver
performance (conversion loss and noise figure) based on subharmonic mixing. The

circuits used for HB simulations in each step are summarised in Figure 2.11.

* The first step (Figure 2.11a) consists of simulating the ideal mixer by includ-
ing the antiparallel diodes circuit model. Ideal filters are included to sepa-
rate RF, LO, IF, and higher frequency harmonics. The IF impedance Z;r is
set to the standard 50Q2 which is typically required for external connections,
and the higher harmonics are terminated with Zy = 1000Q2. The RF and LO

impedances Zgr,Zy o are optimised to minimise conversion loss.

* Next, the S-parameters of the simulated diode chip are included in the
mixer simulation (Figure 2.11b). This enables determining the embedding

impedance of the diode chip, including the effects of parasitics.

* Using this information, the mixer circuit is designed. This includes replac-
ing ideal filters with real ones, implementing impedance matching sections,

transitions, and other components. The S-parameters of the complete mixer
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Figure 2.11: Harmonic balance circuits used for subharmonic mixer simulations. a Ideal
mixer and filters to separate RF, LO, and IF signals. b Ideal mixer but includ-
ing the S-parameters of the SBD cell implementation. ¢ Practical mixer by
including the S-parameters of the full designed mixer circuit, and the UTC-
PD equivalent circuit.

circuit and the UTC-PD equivalent circuit are included in the final HB simu-

lation (Figure 2.11c¢).

Following this approach, the final mixer performance can be predicted, includ-
ing (1) the non-linear characteristics of the SBD, (2) the impedance and frequency

response of the UTC-PD, and (3) the S-parameters of the mixer circuit.
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Chapter 3

Monolithic integration

The idea of monolithically integrated SBDs and UTC-PDs to implement tera-
hertz receivers was originally conceived by C.C. Renaud, J. Seddon and I. Belio-
Apaolaza. All the content shown in this Chapter was produced by I. Belio-Apaolaza,
including the simulation and design and InP-based Schottky diodes, and the tera-
hertz mixer.

Building on the modelling framework introduced in Chapter 2, this chapter
presents the design and simulation of a monolithically integrated receiver that incor-
porates a UTC-PD and an SBD. The process starts with the design of the InP-based
SBD using the standard UTC-PD epitaxy, followed by the design of a 220-330 GHz

subharmonic integrated receiver in CPW.

3.1 InP THz Schottky diodes

3.1.1 Epitaxial layers and planar structure

In Table 3.1, the epitaxial structure of the UTC-PDs used in this work is presented,
including the doping levels, materials, functions, and thicknesses of each layer. The
goal here is to design an SBD using this structure without any modifications that
could alter the performance of the UTC-PD. First, because the SBD is intended to
be used as a frequency mixer at THz frequencies, it must be implemented in n-type
layers with high electron mobility. Therefore, the first eight layers are excluded,
leaving the collector and waveguide layers for consideration. The remaining layers

resembles the standard structure of a typical THz SBD, with an n-type layer for the
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Schottky contact followed by a highly doped semiconductor. To form the Schot-
tky contact, the collector or waveguide layer can be employed, but the high doping
level of the waveguide layer introduces two issues: (1) it may cause the Schottky
contact to degrade into an Ohmic contact during the fabrication process, and (2)
micron or submicron contact areas would be required to reduce the junction capac-
itance to achieve THz operation. Typical THz SBD epilayers have a doping level
of the order of 1-10'ecm™3 [3-1], which provides an optimum balance between
series resistance (R;) and junction capacitance (C;) for contact areas of few pmz.
While lower doping levels result in an increase of Ry, the collector layer is the most

practical and effective choice for fabricating the SBD.

Doping (1/ cm ™) Material Function  Thickness (nm)
>1-10" Pt —013 p contact 200
2.5-10'8 pt —1Ings3Gag47As  absorber 30

1- 1018 pJr — In0_53Ga0,47As absorber 30
5-10"7 p —1Ings3Gag47As  absorber 30
2.5-10" p—1Ings3Gag47As  absorber 30
u.i.d u—Ing 53Gag 47As absorber 10
u.id u—Q13 spacer 10
u.id u—Q011 spacer 10
1-10'6 n—InP collector 300
2.5-10'8 nt—013 waveguide 300
>1-10" ntt —InP n contact 600

S.I. Substrate Fe-doped InP substrate 300-10°

Table 3.1: UTC-PD epitaxial layers structure [3-2]. u.i.d: unintentionally doped. Q;3 —
Q1.1: quaternary material (InGaAsP) lattice-matched to InP with a centre wave-
length of 1.3-1.1um.

The cross-sectional illustration of the planar InP-based SBD implemented with
these layers is shown in Figure 3.1. The Ohmic contact is assumed to be fabri-
cated in the n*- Q3 layer although it could alternatively be implemented in the
n™T-InP layer. This assumption is based on the typical fabrication approach for
UTC-PDs. For the purposes of SBD design, this distinction is not critical, as the
primary contributors to series resistance and capacitance are the thickness and area
of the Schottky contact at the epilayer (collector layer). Instead of employing an air-

bridged structure, the SBD is embedded in silicon oxynitride (SiON), with Schottky
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and Ohmic contacts accessed using through vias. This approach aligns with the fab-
rication method of the UTC-PD [3-2], as both devices must be fabricated together.
The fabrication process for the SBD and UTC-PD is discussed in section 3.2.6.

<4 —— Vias ——p

Schottky
. -
ONMIC L — < contact
. contact A
SION | A g ‘
. | .
I | |
n++-InP n+-Q1.3 n-InP
contact layer waveguide layer collector layer

S.1InP substrate

Figure 3.1: Cross-section schematic of planar InP-based Schottky diodes based on the
UTC-PD standard epitaxy. S.I: semi insulating.

3.1.2 Contact area and epilayer thickness optimisation

As outlined in Chapter 2, the barrier height is the fundamental parameter of a Schot-
tky contact. Due to Fermi-level pinning, the Schottky-Mott rule does not hold in InP,
and the barrier height is independent of the contact metal. In this sense, InP Schot-
tky contacts exhibit a barrier height in the range of 0.4-0.5 eV [3-3]. For this work,
a value of 0.45 eV was assumed. Using the equations introduced in Chapter 2, the I-
V and C-V characteristics of the diode can be determined analytically. This requires
appropriate semiconductor parameters, which are specific to the layer material, in-
cluding: bandgap, relative permittivity, effective density of states in the conduction
band, effective electron mass, electron affinity, and electron mobility. These pa-
rameters, obtained from literature sources [3-4]—[3-9], are detailed in Appendix C.
Figure 3.2 illustrates the analytically calculated series resistance and zero-bias junc-
tion capacitance as a function of epilayer thickness and contact area. The calculated
depletion width is 218 nm, which reflects in the junction capacitance rate of change
(Equation 2.10).

The optimisation of R; and Cjo was performed by analysing the conversion loss
of an ideal subharmonic mixer using the test bench depicted in Figure 2.11a. The

modelled I-V and C-V characteristics of the InP SBDs were employed in ADS diode
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Figure 3.2: Series resistance (a) and zero-bias junction capacitance (b) of the InP Schottky
diode as a function of contact area and epilayer thickness.

model, with an effective Richardson constant (4**) of 93,735m?K?. The resulting
conversion loss at 300 GHz for optimised RF and LO impedances is depicted in
Figure 3.3 for LO powers of -13, -10, and -7 dBm. At higher LO powers, the impact
of increased capacitance from larger contact areas can be compensated, enabling
lower series resistance if the thickness of the epilayer is reduced. In contrast, for
lower LO powers, minimising the contact area is critical to maintain acceptable

conversion loss.

Based on these considerations, a contact area of 3 um? and an epilayer thick-
ness of 110 nm were selected for the SBD to be used in the monolithically integrated
receiver, resulting in Ry = 52Q, Cjo = 31F, and a cut-off frequency of 1.02 THz.
The selected area represents a compromise between minimising capacitance, sup-
porting low-power operation and preserving the reliability of the fabrication pro-
cess. A contact area of 3 um? corresponds to a contact diameter of approximately
2 um, which remains within the resolution limits of standard photolithography. As
for the epilayer, its thickness was minimised motivated by experimental evidence
showing that thinner epilayers, of the order of 100 nm, are typically necessary to
reach optimal THz Schottky mixer performance. With these diode characteristics,
the simulated conversion losses are 26.47, 15.87, and 13.16dB for LO powers of
-13, -10, and -7 dBm, respectively.
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Figure 3.3: Ideal mixer performance of InP-based SBD at 300 GHz as a function of contact
area and epilayer thickness for an LO power of -13 (a), -10 (a), and -7 (a) dBm.

3.1.3 2D physics-based modelling

The analytical expressions for calculating series resistance and capacitance have
limited accuracy due to simplifications and assumptions, as discussed in Chapter 2.
In addition, only the epilayer’s series resistance is considered in this calculation,
which excludes the spreading resistance from the buffer layer to the Ohmic con-
tact. To achieve more accurate I-V and C-V characteristics of the InP SBD, the 2D
physics-based (DD) model developed in COMSOL was used. Figure 3.4 provides
insights into this model, defining the 2D model region (Figure 3.4a), and the lay-
ers, materials, and contacts (Figure 3.4b). Further details about the fundamentals of
DD semiconductor models are provided in Appendix A, with the employed material

parameters detailed in Appendix C.
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Figure 3.4: 2D physics-based COMSOL SBD model. a Top view of the planar InP SBD
indicating the model region. b Geometry of the model indicating layers, mate-
rials, and contacts.
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The electron concentration for an applied voltage of OV is shown in Fig-
ure 3.5, highlighting the depletion region gradient within the epilayer. The con-
centration in the epilayer varies from 2.88 - 10'® cm™3 at the Schottky contact edge
to 7.89-10'6 cm™3 at the epilayer-waveguide interface. This behaviour differs from
the depletion region approximation used in analytical calculations, influencing the
I-V and C-V characteristics. Figure 3.6 presents the energy band diagram along a
vertical cut of the SBD. At the Schottky contact, the energy barrier is 0.45 eV, grad-
ually decreasing across the epilayer. Notice that the n"- InP layer, as well as the
n"-Qq 3 layer are in degeneracy, evidenced by the Fermi level position with respect

to the conduction band.
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Figure 3.5: Carrier distribution of the InP-based SBD obtained from the 2D COMSOL

model.
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Figure 3.6: Energy bands diagram of the InP-based SBD obtained from the 2D COMSOL
model.

Using this model, the I-V and C-V curves were obtained, depicted in Fig-
ure 3.7. The I-V characteristics (Figure 3.7a) reveal consistent behaviour between

the analytical and physics-based models at low voltages, diverging beyond the built-
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in potential (0.35 V). Interestingly, the 2D model predicts a lower series resistance
than the analytical calculation, despite including spreading resistance, which was
omitted in the analytical model. This discrepancy arises from approximations in the
analytical approach, which assumes a fully depleted region and a uniformly doped
undepleted epilayer with a level of 1-10'cm™3. However, higher electron concen-
trations near the layer interface, due to carrier migration, reduce the overall series
resistance. By adjusting the analytical model’s series resistance to 32, the DD
model matches the analytical calculation. With the adjusted series resistance and

junction capacitance, the new cut-off frequency is 1.61 THz.
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Figure 3.7: I-V (a) and C-V (b) characteristics obtained with analytical model presented in
Chapter 2, and with the 2D COMSOL model.

Figure 3.7b shows the C-V characteristics, including analytically calculated
curves for voltages from -1 to 1 V. At zero bias, the DD model predicts a junction
capacitance of 3.08 fF, while the analytical calculations estimate 3.03 fF. The thinner
epilayer (110 nm) compared to the depletion width (218 nm) causes the next layer
to significantly influence the junction capacitance (Equation 2.10). Ignoring this
effect and applying Equation 2.8 leads to an underestimated capacitance of 1.51 fF
at 0V. The DD model indicates capacitance saturation at about 3 fF for negative
voltages and provides estimates beyond the built-in potential. Analytical equations,
however, are constrained to the built-in potential (flat band), beyond which they
exhibit a singularity.

Therefore, the DD model enables a more precise estimation of the I-V and C-V

curves. These results were employed to refine the ADS diode model, incorporat-
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ing the observed behaviour to evaluate the intrinsic performance of a subharmonic
mixer using the designed InP SBDs in an antiparallel configuration. The achieved
conversion loss, as a function of RF frequency for various LO power levels, is pre-
sented in Figure 3.8a. For an LO power of -13 dBm, a conversion loss below 20 dB
is maintained across the 220-330 GHz band, with fixed RF and LO impedances
optimised at 300 GHz (Z;p = (44 + j160) Q; Zgr = (41 + j64) Q). Near-optimum
conversion loss values of 12.30dB and 10.80dB are achieved for -10dBm and -
7dBm, respectively. Figure 3.8b illustrates the conversion loss at 300 GHz as a
function of LO power, showing an optimum power of approximately -3 dBm, where
a minimum conversion loss of 10.50 dB is achieved. Beyond this point, overpump-

ing the SBDs leads to a deterioration in performance.
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Figure 3.8: Ideal mixer performance using the InP-based SBD. a Conversion loss as a func-
tion of RF frequency for LO powers of -7, -10, and -13 dBm. b Conversion loss
as a function of LO power at a frequency of 300 GHz.

3.2 220-330 GHz CPW monolithic receiver

3.2.1 Co-planar waveguide on InP

Once the basic design of the InP SBD was completed, the monolithically integrated
receiver design was carried out. For this purpose, the first consideration is the high-
frequency waveguide technology to be used. This choice is influenced by several
factors, including fabrication constraints, cost-effectiveness, and ease of implemen-
tation. In this context, CPW represents a logical choice, especially considering that

the fabrication process of the UTC-PDs is designed for CPW devices. Figure 3.9
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illustrates key aspects of the CPW technology employed in the monolithic receiver.
The metallisation layer consists of sputtered gold with a thickness of 0.5 um, de-
posited on top of a 2 um SiON layer, which serves as a passivation layer. This is
supported on a 150 um thick Fe-doped InP substrate. A 50 Q line utilising this struc-
ture is depicted in Figure 3.9b, and the quasi-TEM mode simulated in CST is shown
in Figure 3.9¢, which represents the fundamental mode of a CPW line. Figure 3.9d
presents the equivalent line attenuation in dB/mm across the frequency range of
1 to 500 GHz. The pronounced increase in attenuation with frequency is primar-
ily attributed to the excitation of higher-order modes and, more critically, substrate
modes. These substrate modes are triggered by the significant contrast between the

relative permittivity of air (&, = 1) and InP (g, = 12.5).

a b
Metallization Passivation Substrate [ |
(Gold) (SION) (InP)

I | [

I | I
i : : 21.5 um

| [
50 um

c d
dB(V/m)
L LCLLIITIITLL L IIIIIIIIII o =0
,,,,,,,,,,,,,,,,,,,,,,,,,,, 128 E
..... vt 124 E
...... vt 120 -9
rt 116 m - [
Tt 12 so}
““““ tt 108 =
....... X 104
L e 5 M 20 0 4 ad i 00 8‘4
T FF T s E s AR AR eer PP RS AR FFFF T S
Portl el b - 1 5 =
Frequency 2505 GHz b6 <
Phase 0* i =2 -6}
Mode type Quasi TEM s o
Line Imp. 501873 Q <
Wave Imp. 2217080 6o +
Dindods saorroun [ Z 3 ) ) ) )
Alpha 120941 1/m  [ENSESESEEEEEEE -
Beta 9806.56 1/m 100 200 300 400 500
Accuracy 1.03598e-12
Maximum (Plot) 133.523 dB(V/m Frequency (GHZ)

Figure 3.9: Insights on the CPW waveguide used for the monolithically integrated mixer.
a Cross-section view indicating metallisation, passivation, and substrate layers.
b Dimensions of the CPW line designed for 50 Q. ¢ CPW quasi TEM mode
distribution for a 50 Q line. d CPW line attenuation in dB/mm
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3.2.2 Antiparallel shunt SBD on CPW

After defining the CPW line to be employed in the mixer circuits, the next step con-
sists of implementing the SBD in this waveguide technology. For this purpose, two
possible configuration can be used: (1) series diodes, and (2) shunt diodes. By us-
ing CPW, the diodes can be easily grounded by using a shunt configuration, which
makes this an interesting topology. Following this consideration, the SBD antipar-
allel cell was designed. The EM model of the designed cell is depicted in Fig-
ure 3.10a, highlighting the different SBD layers. The electrical parameters corre-
sponding to the materials used in the model are provided in Appendix C. The struc-
ture comprises four ports to compute S-parameters, including two discrete ports at
each SBD junction, and two waveguide ports at each CPW access line. Using this
model, high-frequency parasitics of the diode cell are accounted for, and the diode
cell’s embedding impedance can be extracted. The geometry was optimised by min-
imising the subharmonic mixer’s conversion loss by including the S-parameters of
the diode cell in ADS simulation. Figure 3.10b presents the simulated E-field dis-
tribution when the structure is excited by the CPW input port, showing effective

coupling of the field into the SBD active area (discrete port).

b

InP collector layer SBD discrete excitation port

InGaAsP/InP waveguide and contact layers

Figure 3.10: Antiparallel InP-based pair of diodes (shunt configuration) in CPW. a EM
model highlighting the SBD layers and discrete excitation port. b E-field
when exciting the diode cell from the input port.

Figure 3.11 compares the conversion loss of the ideal mixer to that of the mixer
including the diode cell, with results shown as functions of RF frequency and LO

power. At an LO power of -7 dBm, the conversion loss increases across the full
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band, with an offset of approximately 2-3 dB. The minimum conversion loss is now
13 dB, achieved at 269 GHz. It should be noted that these values are obtained with
RF and LO impedances optimised for 300 GHz (Zyp = (11 + j58) Q; Zgr = (14 +
719) Q). More detailed behaviour is depicted in Figure 3.11b, where the conversion
loss is plotted as a function of LO power at 300 GHz. The curves show that the diode
cell increases the LO power requirement, due to coupling losses and high-frequency
parasitics introduced by the cell. Despite this, the designed antiparallel shunt diodes
in CPW provide acceptable performance for a THz mixer in this frequency band, as

the deviation from the ideal mixer is moderate.
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Figure 3.11: Mixer performance with and without the influence of the antiparallel shunt
diodes cell in CPW. a Conversion loss as a function of RF frequency for a
fixed LO power of -7dBm. b Conversion loss as a function of LO power for
a fixed RF frequency of 300 GHz.

3.2.3 UTC-PD model for mixer design

To incorporate the UTC-PD into the mixer design process, the equivalent circuit
presented in Chapter 2 must first be fitted to measured impedance data. For this,
previously available CPW ground-signal-ground (GSG) devices with an active area
of 3x10 um? were used, which were fabricated in the London Centre of Nanotech-
nology (LCN). The 3D structure of the UTC-PDs employed in this work is shown
in Fig.3.12a. Note that the devices are fabricated using a SiON layer for passiva-
tion, which is why we used the same approach for the SBD design (Figure 3.1).
The vector network analyser (VNA) measured impedance of a 3x10 um? device

up to 67 GHz was compared to the impedance derived from the fitted equivalent
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circuit. Using Equations 2.20-2.22, the transit-time frequency response was calcu-
lated based on the absorber and collector thickness provided in Table 3.1, and the
parameters in Appendix C. Figure 3.12¢ presents the normalised power response
considering RC, transit-time, and their combined effects, obtained by connecting
the equivalent circuit to a 50 Q load. The resulting 3 dB bandwidth of the device
referring to RC, transit-time, and their combination is approximately 133, 170, and
96 GHz, respectively. To demonstrate the model’s ability to predict absolute output
power, Figure 3.12d shows the model-predicted output power compared to mea-
surements [3-10] at 135-145 GHz, revealing close agreement between the two. We

see that the device can deliver a power of about 0 dBm at these frequencies.
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Figure 3.12: UTC-PDs for terahertz generation. a 3D illustration of a waveguide-integrated
UTC-PD with GSG pads. b Measured impedance of a 3x10 um? device com-
pared to the equivalent circuit with fitted values. ¢ Normalised power response
of RC, transit-time, and combined effects. d Output power at around 140 GHz
predicted by the model with and without transit-time limitation, and measured
power of a real device between 135 and 145 GHZ.
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In the mixer design process, we employed the 3D EM model shown in Fig-
ure 3.13. This simplified model defines the UTC active area and contacts using
a perfect electric conductor (PEC) while embedding a discrete excitation port in
the active area of the device. That port is then linked to the equivalent circuit,
which is reduced to the components representing the active area of the UTC-PD
(Rg,R1,C1,R2,C5,R3,C3). This approach allows us to model the impedance of the
UTC-PD and predict the output power that a device of the same intrinsic character-
istics as the measured 3x10 um? will provide to the SBDs for frequency mixing.

UTC-PD discrete excitation port UTC-PD n-type contact (PEC)

UTC-PD p-type contact (PEC)

Figure 3.13: EM model of the UTC-PD for mixer simulations with discrete excitation port.

3.2.4 Mixer design

Figure 3.14 shows the mixer architecture, depicting the critical components nec-
essary for isolating and handling the DC, RF, LO, and IF signals. Firstly, as the
antiparallel SBDs are arranged in a shunt topology, open circuits at RF, LO, and
IF frequencies are required to provide signal grounding paths. Secondly, a key re-
quirement is to provide a reverse bias voltage to the UTC-PD. Therefore, a bias-T
circuit is required, which comprises a ‘DC block’ and an ‘LO block’ to isolate the
DC path. The down-converted IF signal is extracted via a dedicated T-junction, with
an additional ‘LO block’ to isolate the IF path.

Taking these considerations into account, the mixer circuit was designed and
optimised. This required careful and non-trivial geometric design of the filters, T-

junction, and antenna. Typically, the requirements for the RF, LO, and IF bands
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Figure 3.14: Circuit schematic of the mixer architecture used in the monolithically inte-
grated mixer.

N

are first defined, after which the optimisation process begins. In this work, the goal
is to maximise the operational bandwidth to cover the full 220-330 GHz range. To
achieve this, broadband structures are selected and then optimised to provide the
best possible performance across the entire RF and LO bands. Each component
is first designed and optimised individually by combining S-parameter simulations
in CST with HB simulations in ADS to minimise conversion loss and required LO
power. The complete mixer is then simulated and reoptimised in CST to improve
the accuracy of the overall performance prediction.

The final design, illustrated in Figure 3.15, highlights its key components.
Two main filtering structures were employed to block RF, LO, and DC signals.
A hammerhead-type low-pass filter [3-11] functions as the LO block in the bias T
and simultaneously blocks the LLO and RF signals to enable IF extraction. The sim-
ulated S-parameters, shown in Figure 3.16b, indicate a rejection greater than 15 dB
between 123.5 GHz and 353.2 GHz.

The DC block in the bias T circuit was implemented using an open-ended
series stub [3-12], which also isolates the DC and LO path from the RF and IF
signals. The S-parameters shown in Figure 3.16a indicate an insertion loss below
2 dB within the LO band (110-165 GHz). To ensure the RF reflection coefficient
seen by the SBDs approximates an open circuit, a matching section was included
between the antiparallel diode cell and the first T-junction. This section also pro-
vides additional LO impedance matching. A key feature is the use of cross-track

bridges in the T-junction. Discontinuities in the CPW ground excite the undesired
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Figure 3.16: Simulated S-parameters of open-ended series stub (a) and hammerhead-type

low-pass filter (b).

odd mode, which is mitigated by implementing these bridges [3-12]. The bridges

were placed under the passivation layer, as shown in Figure 3.17, for fabrication

simplicity, connecting them to the top metallisation through vias, in the same way

as in the device fabrication processes. The resulting S-parameters are displayed in
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Figure 3.18a, where the theoretical ideal behaviour is observed at low frequencies:
S11 of -9.5dB and S21 of -3.5 dB. However, this performance deteriorates with in-
creasing frequency, particularly for S31 due to the perpendicular orientation of port
3 to the junction input ports 1 and 2. Figure 3.18b illustrates the energy balance,
demonstrating near lossless performance at 1 GHz when using bridges, compared
to 0.93 without them. The energy loss offset is directly attributed to the excitation
of the odd mode. At higher frequencies, losses increase due to metallic and dielec-
tric losses and, more significantly, the excitation of substrate modes. Within the LO

band, the energy balance ranges between 0.97 and 0.96.
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Figure 3.17: T-junctions with cross-track bridges bellow passivation. a Top view. b Per-
spective view.
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Figure 3.18: T-junction simulations. a S-parameters of the T-junction with cross-track
bridges below the passivation layer. b Energy balance comparison with and
without cross-track bridges.
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The RF antenna implements two functions: coupling the incoming THz radi-
ation and providing grounding for the IF and LO signals. The second function is
achieved by carefully adjusting the distance between the SBDs and the antenna. The
antenna’s S11, simulated from the output of the SBDs, is shown in Figure 3.19a.
The antenna S11 presents high return loss, exceeding 17.2 dB across the RF band
(220-330GHz). At lower frequencies, up to the edge of the LO band, the antenna
acts as a reflective element with an S11 greater than -2.5 dB. Further analysis is pre-
sented in Figure 3.19b, where the S11 is plotted on a Smith chart. At 1 GHz, the
antenna behaves as an open circuit, shifting with increasing frequency and becom-
ing a short circuit at 70 GHz. This results in the main limitation on the mixer’s IF
bandwidth. Within the LO band, the antenna provides near open-circuit conditions
again. However, deviations from an ideal open-circuit result in the requirement for
higher LO power compared to the ideal case.

The intrinsic mixer performance was evaluated using HB simulations in ADS,
based on the complete circuit’s S-parameters using the test bench described in Chap-
ter 2. Figure 3.20a shows the conversion loss versus RF frequency for UTC-PD
photocurrents of 4, 6, 8, and 10mA, at a fixed IF of 1 GHz. Best LO matching
occurs at 246 GHz, achieving 16.55 dB loss with 4 mA. At 6 mA, loss stays below

20 dB over most of the band, with optimal performance at 8 mA.
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Figure 3.19: S11 of the RF antenna shown in dB units (a) and in Smith chart format (b).

A minimum conversion loss of 12.63dB is found at 246 GHz with 8 mA of

photocurrent, and a maximum of 17.33 dB at 330 GHz with 10 mA. In the context
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Figure 3.20: Predicted mixer performance. a-b Conversion loss and DSB noise temper-
ature as a function of RF frequency for different pumping photocurrents. ¢
Conversion loss as a function of pumping photocurrent for different RF fre-
quencies. d IF response.

of wireless communications, the variation of conversion loss across the RF band
would imply a lower SNR for certain channels, reducing the total achievable data

rate compared to an ideal mixer with flat conversion loss.

HB simulations also enable extraction of the DSB noise temperature, consider-
ing the contributions from SBD Shot and thermal noise. Even at a photocurrent of
4 mA, the simulated noise temperature reaches a low value of 2194 K at 246 GHz.
For 6 mA, the minimum noise temperature, 1548 K, is observed at 248 GHz. No-
tably, the optimum noise temperature is achieved at lower photocurrents than the
optimal conversion loss due to the Shot noise contribution, which is directly propor-
tional to the diode current and increases with higher pumping levels. Figure 3.20¢
shows the conversion loss as a function of photocurrent at 240, 270, and 300 GHz.

At 240 GHz, near-optimum performance is achieved at approximately 6 mA, com-
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pared to 8 mA at 270 and 300 GHz. Finally, the IF response, shown in Figure 3.20d,

reveals an IF 3 dB bandwidth of approximately 25 GHz.

3.2.5 Antenna-lens simulations

Planar antennas in CPW emit or receive radiation through the substrate (down-
wards) due to the substrate’s high permittivity compared to air. This also causes
beam trapping within the substrate due to strong reflections at the substrate-air in-
terface, exciting surface-wave modes [3-13]-[3-15]. Moreover, planar antennas at
THz frequencies intrinsically exhibit low directivity. To mitigate these issues, a
common solution consists of mounting the antenna on a hyper-hemispherical lens,
which focuses the beam, enhances directivity, and reduces reflections [3-16]. Ide-
ally, the lens must have the same dielectric constant as the substrate. Typically
high-resistivity silicon is used due to its high dielectric constant and low dielectric
losses at THz frequencies.

In this work, we used this approach by employing a 6 mm diameter silicon
lens with an offset distance (L) of 0.87 mm. The optimum setback thickness was
calculated by using L = rje,s/+/€r, Where 1y, is the radius of the lens, and &, is
the substrate relative permittivity [3-16]. In Figure 3.21a, a cross-sectional illus-
tration of using a hyper-hemispherical lens with a planar antenna is shown. The
antenna and lens were simulated together to analyse their performance in terms
of reflections, radiation pattern, and coupling efficiency. The simulation model,
illustrated in Figure 3.21b, includes the full 6 mm diameter silicon lens and the
antenna on an InP substrate, excited via a discrete port. The optimum offset dis-
tance of 0.87 mm includes the silicon lens and the InP substrate with a thickness of
0.15mm. Since silicon and InP have similar relative permittivity values (12.5 and
11.9, respectively), the offset thickness of the silicon lens from the centre of the
sphere can be determined as the difference, which is 0.72 mm.

The resulting S11 is shown in Figure 3.22a. A key difference compared to the
simulated S-parameters without the lens is the appearance of ripples, caused by re-
flections at the substrate-lens and lens-air interfaces. These reflections also lead to

a deterioration in return loss at the RF band. Nevertheless, the return loss remains
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Figure 3.21: Antenna-lens system. a Cross-sectional illustration of a planar antenna
mounted on a hyper-hemispherical lens to prevent reflected rays and enhance
the radiation pattern. b Model used for simulations, including the ‘stand-
alone’ antenna on InP substrate excited by a discrete port, and a 6 mm hyper-
hemispherical silicon lens.

better than 10dB across the entire RF band. The calculated radiation efficiency,
based on the emitted power directed towards the lens (downwards), is shown in
Figure 3.22b. The coupling loss varies between a maximum of 1.69 dB at 320 GHz
and a minimum of 1.04dB at 270 GHz. This introduces additional loss compared
to the intrinsic mixer performance shown in Figure 3.20. The radiation patterns at
240, 270, and 300 GHz are depicted in Figure 3.23. As expected, the maximum
radiation occurs in the +z-direction, corresponding to the downward direction to-
wards the lens. The calculated directivities are 17.04, 17.07, and 17.54 dBi at 240,
270, and 300 GHz, respectively. The radiation patterns show significant variabil-
ity with frequency, which is an inherent limitation of using a lens. Additionally,

the presence of an undesired sidelobe can be attributed to parasitic radiation aris-
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ing from substrate mode excitation and multiple reflections at the silicon-air and

substrate-silicon interfaces.
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Figure 3.22: Results of antenna-lens simulations. a S11. b Radiation efficiency calculated
considering the hemisphere space towards the lens.
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Figure 3.23: 3D radiation patterns of the antenna-lens system at 240, 270, and 300 GHz.

3.2.6 Fabrication

The fabrication of the monolithically integrated receiver is out of the scope of this
work, being limited to the design and simulation content presented in this chapter.
However, in this section we briefly present a possible fabrication procedure, based
on the UTC-PD process [3-2]. The simplified proposed steps for fabrication are
illustrated in Figure 3.24.

The wafers are first prepared for fabrication, removing the InP capping layer

with HCI:H3POy4 (1:1) (a). Then, the UTC-PD p-contact is deposited by sputtering
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Figure 3.24: Proposed fabrication steps for the monolithically-integrated receiver. a Wafer
preparation. b p-contact deposition. ¢ Etching of p-type layers. d Schottky
contact deposition. e Etching of n-type collector layer. f n-contact deposition,
followed by thermal annealing. g Etching of final device features. h SiON
passivation layer deposition. i Etching of vias. j Deposition of vias and top
metallisation.

a metal stack of Ti/Pt/Au (75/50/400nm) (b). The next step is to remove the p-
type layers and expose the n-type collector layer, which is achieved by employing
reactive ion etching (RIE) (¢). From now on, every etching step is done with RIE.
In comparison to wet-etching processes, RIE etches in a mostly vertical direction
with minimal undercutting, resulting in better aspect-ratio and well-defined features
[3-17]. The etching pattern is defined using ultraviolet (UV) lithography. After
depositing the Schottky contact metal stack, the n-type collector layer is removed (e)

and the same metal stack is deposited to make the ohmic n-contacts for the UTC-PD
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and the SBD. To reduce the contact resistivity, rapid thermal annealing (RTA) must
be performed, which must be carefully adjusted to avoid damaging the Schottky
contact. After this step, the final device features are created (g), removing the rest
of layers down to the substrate and defining the UTC-PD optical waveguide. An
important consideration is to ensure the leakage current is minimised. If the devices
are left exposed to air, a natural oxide layer grows, increasing the leakage current.
To solve this, the oxide layer is removed with a 10 % HCI solution, followed by the
deposition of a SION passivation layer of 2 um using chemical vapour deposition
(CVD) (h). To access the devices, vias are etched exposing the Schottky and ohmic
contacts, and gold is deposited (i). The top metallisation defining the mixer circuit
can be deposited in the same step, or in a separate procedure employing for example

electroplating (j).

3.3 Summary and discussion

This chapter has presented the design of InP SBD using the standard UTC-PD
epitaxial structure and their monolithic integration to realise a subharmonic
220-330 GHz receiver. The designed diodes achieve intrinsic conversion loss
close to the state-of-the-art for SBD-based mixers, demonstrating their suitability
for terahertz operation. However, using the weakly doped InP collector layer for
the Schottky contact introduces high series resistance, which limits performance.
To improve this, the UTC-PD epitaxy could be modified to include an optimally
doped layer for terahertz Schottky contacts, though such changes must be care-
fully evaluated as they also affect the UTC-PD response. Further improvements
could be achieved by using alternative materials to lower the barrier height. While
InP Schottky contacts already reduce LO power requirements compared to GaAs,
making the contact on an InGaAsP layer could further enhance high-frequency
operation. Some design choices, such as embedding the InP diodes in SiON, were
made to align with the existing UTC-PD fabrication process, though alternative

approaches, like air-bridged diodes, could improve parasitics and cut-off frequency.

Regarding the monolithic receiver, we have introduced a novel CPW-based
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design with predicted performance approaching the state-of-the-art for SBD-based
mixers in this frequency band, demonstrating the potential of the proposed opto-
electronic receiver concept. However, the high CPW loss due to substrate mode
excitation and odd-mode propagation at T-junctions suggests that alternative de-
signs should be explored, particularly for higher frequency applications. The use
of InP as a supporting substrate presents challenges due to its poor thermal con-
ductivity, dielectric losses, and fragility, which prevent further thinning to mitigate
dielectric loading and substrate mode excitation. Techniques such as micro-transfer
printing [3-18] offer a promising solution by enabling the transfer of devices onto
more suitable substrates and waveguide platforms for high-frequency operation [3-
19]. The mixer architecture could also be improved, for instance, by increasing the
IF bandwidth beyond the current 25 GHz, which would be particularly beneficial
for high-speed wireless communications. Additionally, narrow-band designs could
be explored to reduce LO power requirements and improve impedance matching,
rather than targeting the full 220-330 GHz range. A key outcome is that the mod-
elling approach presented in Chapter 2 allows accurate prediction of the complete

performance of the optoelectronic receiver.
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Chapter 4
Hybrid integration

The idea of hybrid integration of UTC-PDs and SBDs for terahertz reception was
originally conceived by C.C. Renaud, J. Seddon, and I. Belio-Apaolaza. The In-
GaAs SBDs models used for the mixers presented in this chapter were provided
by the Rutherford Appleton Laboratory (RAL) and Teratech Components. The re-
maining designs and simulations presented in this chapter were carried out by I.
Belio-Apaolaza.

This chapter explores the design of 220-330 GHz optoelectronic receivers en-
abled by hybrid integration, using existing UTC-PDs and SBDs. It begins by intro-
ducing InGaAs antiparallel SBDs, which are then employed to develop two different
300 GHz hybrid integrated mixers. The first mixer is based on CPW with quasi-
optical coupling, while the second employs microstrip and rectangular waveguide.
The CPW-based receiver was designed with a complete packaging solution, incor-
porating DC and IF connections. This receiver was fabricated and tested, with the
results presented in Chapter 5. Some results and figures referring to this receiver
have been adapted from [4-1] and are reproduced here under the terms of a CC-BY

license.

4.1 Air-bridged antiparallel InGaAs SBDs

As discussed in Chapter 1, Schottky contacts on InGaAs have great potential for
use in terahertz mixers with low LO power requirements. Compared to InP, elec-

tron mobility is about twice as high [4-2], resulting in lower series resistance, which
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in turn improves the conversion loss of an SBD-based mixer. In addition, the lower
barrier height further reduces the required LO power. Therefore, using InGaAs
SBDs is optimum for developing the optoelectronic receiver concept targeted in
this work via hybrid integration. To implement a subharmonic mixer, THz InGaAs
antiparallel SBDs provided by RAL and Teratech Components were used. The 3D
structure of the antiparallel diodes is illustrated in Figure 4.1a. These are planar
air-bridged diodes with a Schottky contact diameter of less than 1 um. The chip di-
mensions are 120 um by 75 um, with a substrate thickness of approximately 15 pm,
achieved by chemical thinning [4-3]. This design offers very low parasitics, en-

abling operation at THz frequencies.
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Figure 4.1: Planar air-bridged antiparallel InGaAs SBDs for terahertz mixing. a 3D model
highlighting the different layers. b Forward I-V curve with fitted parameters to
the standard thermionic diode equation. Adapted from [4-1], under a CC-BY
license.

An example of a measured I-V curve is shown in Figure 4.1b, along with the
fitted value from the diode equation. The curve reveals a very low barrier height,
with a turn-on voltage of less than 0.15V, and the fitted series resistance is 17 Q.
The junction capacitance cannot be measured for being in the sub-fF magnitude, but
the theoretically calculated zero-bias capacitance is 0.83 fF. This results in a cut-off
frequency of 11.42 THz, roughly an order of magnitude higher than the InP diodes
presented in the previous chapter. This improvement is caused by a combination

3

of higher electron mobility and optimum epilayer doping in the range of 10'7cm 3.

As a first step, the intrinsic conversion loss with respect to RF frequency and LO
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power is shown in Figure 4.2. The optimum LO power is found to be -7 dBm,
achieving a conversion loss of 10.13 dB. Even with reduced LO power of -20 dBm,
a conversion loss of 24 dB is achieved. The optimum RF and RF impedances to

obtain this performance are Z; o = (140 — j26) Q and Zgr = (77 + j15) Q.
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Figure 4.2: Ideal 220-330 GHz mixer performance by using InGaAs SBDs. a Conversion
loss as function of RF frequency. b Conversion loss as a function of LO power.
Adapted from [4-1], under a CC-BY license.

4.2 220-330 GHz quasi-optical receiver

4.2.1 Co-planar waveguide on quartz

Following the same approach as for the monolithic receiver, we designed a hybrid
integrated receiver in which the RF signal is coupled to the mixer circuit via a pla-
nar antenna mounted on a silicon lens (quasi-optical coupling). Therefore, a CPW
waveguide was used to implement the mixer circuit, including the planar antenna.
The substrate was chosen so that its dielectric properties are optimal at THz frequen-
cies. We selected fused silica, 1.e., quartz, which has a lower dielectric constant than
InP, minimising the excitation of substrate modes, and very low dielectric losses at
THz frequencies. In addition, quartz presents good thermal stability and robustness,
making it a typical material for use in THz circuits [4-4].

Figure 4.3 provides insights into the CPW on a 75 um-thick quartz substrate
with 3 um-thick gold. The signal line width for a 50 Q line is 80 um, with a signal-
to-ground gap of 10 um. While further miniaturisation is possible, the gap is limited

to approximately 10 um due to the optical lithography method used for the mixer
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circuit. Figure 4.3¢ depicts a fundamental CPW mode, with the simulated atten-
uation shown in Figure 4.3d. Compared to CPW on InP technology, this design

exhibits lower attenuation at high frequencies, remaining below 3 dB/mm even at

500 GHz.
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Figure 4.3: Insights on the CPW waveguide used for the hybrid integrated mixer. a Cross-
sectional view. b Dimensions of a 50 Q line. ¢ Quasi-TEM CPW mode distri-
bution for a 50 Q line. d Attenuation in dB/mm.

4.2.2 Flip-chip antiparallel series SBDs on CPW

To integrate the antiparallel InGaAs SBDs into the CPW on quartz, flip-chip bond-
ing was employed, as illustrated in Figure 4.4a. This figure shows the 3D model
used in EM simulations to obtain the S-parameters of the diode cell. Like the mono-
lithic receiver, the model includes four ports: two discrete ports at the SBDs ac-
tive areas and two waveguide ports at the CPW inputs. Unlike wire bonding, the
flip-chip approach avoids introducing additional inductance, making it well suited
for terahertz operation. Figure 4.4b presents the simulated E-field distribution at

300 GHz when excited from a CPW input port.
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Figure 4.4: Flip-chip antiparallel series SBDs on CPW. a 3D model to obtain the S-
parameters of the diode cell. b Simulated E-field distribution when exciting
from a CPW port.

After obtaining the S-parameters of the diode cell, the subharmonic mixer per-
formance can be evaluated, taking into account the cell parasitics and circuit losses.
Figure 4.5 shows the conversion loss as a function of RF frequency and LO power,
incorporating the S-parameters of the diode cell and comparing them to the ideal
mixer case. The performance is very similar in both cases, with only a minimal
degradation in conversion loss of about 1dB. This contrasts with the InP shunt
diodes presented in Chapter 3. The improvement is attributed to the lower parasitics
of these diodes, as they are air-bridged rather than buried in a dielectric material,
and to the use of a series topology, which enhances power coupling to the active
area of the SBD and ensures the diodes are perfectly balanced [4-5]. The optimum
RF and LO embedding impedances Z;p = (29 + j51)Q and Zgr = (36 + j14) Q.
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Figure 4.5: 220-330 GHz mixer performance by using flip-chip InGaAs SBDs compared to
the ideal mixer. a Conversion loss as function of RF frequency. b Conversion
loss as a function of LO power.
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4.2.3 Mixer design

The subharmonic mixer architecture is shown in Figure 4.6. Compared to the mono-
lithically integrated mixer, the key difference is the series topology of the SBDs.
This requires short-circuit conditions for the RF, LO, and IF signals, represented by
the circuit blocks ‘RF short circuit’ and ‘IF/LO short circuit’. The rest of the mixer

architecture remains unchanged, with the IF impedance fixed at 50 Q.

LO block / LO block E] Zip

UTC-PD %
i equivalent DC/IF block j x IF/LO short Zpr
fLO circuil ShOn circuit circuit
lo—F——o—]

Figure 4.6: Circuit schematic of the mixer architecture used in the hybrid integrated mixer.
Adapted from [4-1], under a CC-BY license.

Pgp

The mixer circuit was designed and optimised based on these considerations,
using the same procedure and as described in Chapter 3. The final optimised design
is shown in Figure 4.7. The filtering structures used in this design are the same type
as those in the monolithically integrated mixer, i.e. hammerhead-type low-pass
filters for the ‘L.O block’ and an open-ended series stub for the ‘DC block’.

The S-parameters of these two components are depicted in Figure 4.8a-c. The
‘DC block’ exhibits an insertion loss of less than 2 dB across the entire LO band,
while the ‘LO block’ provides a rejection ratio greater than 15dB. In contrast to
the monolithic receiver, to recirculate the RF signal, an ‘RF block’ component was
incorporated using a hammerhead-type low-pass filter, with a rejection ratio typi-
cally greater than 20dB at the RF band. This addition aims to reduce RF losses
associated with this section of the circuit, as the T-junction introduces additional
losses. The S-parameters of the T-junction excited from port 1 are shown in Fig-
ure 4.8d, from which the power balance at 150 GHz and 300 GHz is calculated as
0.7 and 0.36, respectively. Here, the cross-track bridges were implemented using

50 um wide ribbons. Same ribbons were employed to connect the UTC-PD to the
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quartz circuit, as seen in Figure 4.7.

2.240 mm R

2.825 mm

— — Ribbon bond
UTC-PD ——

Figure 4.7: Top view of the hybrid integrated mixer circuit based on CPW on quartz, high-
lighting the key elements. Adapted from [4-1], under a CC-BY license.

RF signal coupling is achieved using a slot antenna, which also provides DC,
IF, and LO short-circuit conditions. The simulated S11 magnitude is shown in Fig-
ure 4.9a. The return loss across the RF band exceeds 15dB, while a reflection

higher than -1.5 dB is maintained up to the edge of the LO band. The Smith chart
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Figure 4.8: S-parameters of key components of the hybrid integrated mixer. a DC block.
b RF block. ¢ LO block. d T-junction. Adapted from [4-1], under a CC-BY
license.

plot in Figure 4.9b shows that near short-circuit conditions are provided at IF fre-
quencies, transitioning to an open circuit at 53 GHz. Near short-circuit conditions

are then achieved again at the LO band.
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Figure 4.9: S11 of the hybrid integrated mixer antenna. a Magnitude plot in dB. b Smith
chart plot. Adapted from [4-1], under a CC-BY license.
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The completed mixer circuit was simulated together, producing five-port (RF,
IF, LO, and SBDs) S-parameters, which are then incorporated into the HB sim-
ulations to predict the subharmonic mixer performance, following the procedures
described in Chapters 2 and 3. A summary of the results is shown in Figure 4.10,
illustrating the conversion loss and noise temperature as functions of RF frequency
for different pumping photocurrents (Figure 4.10a-b), the conversion loss as a func-
tion of UTC-PD photocurrent at different frequencies (Figure 4.10¢), and the IF

response (Figure 4.10d).
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Figure 4.10: Predicted performance of the hybrid integrated mixer based on CPW on
quartz. a-b Conversion loss and DSB noise temperature as a function of RF
frequency for different pumping photocurrents. ¢ Conversion loss as a func-
tion of pumping photocurrent for different RF frequencies. d IF response.
Adapted from [4-1], under a CC-BY license.

A minimum conversion loss of 11.85dB is achieved at 276 GHz with a pho-
tocurrent of 6 mA. At this photocurrent, the conversion loss remains below 20 dB

across the entire band and below 15dB from 225 GHz to 325 GHz. However, at
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lower frequencies, overpumping causes a degradation of approximately 2 dB as the
photocurrent increases from 6 to 10 mA. Compared to the monolithically integrated
receiver, the LO power requirements are significantly reduced due to the lower bar-
rier height of the InGaAs Schottky contacts relative to InP. Regarding noise tem-
perature, a minimum of 1293 K is achieved at 276 GHz with just 4 mA of pho-
tocurrent. Under optimal pumping conditions, the noise temperature remains below
3000 K across the band and below 2000 K from 234 to 323 GHz. The conversion
loss versus photocurrent analysis confirms the reduced LO power demand at the
better impedance-matched frequencies of 240 and 270 GHz, achieving a conversion
loss below 20 dB with only 2 mA of photocurrent. However, at 300 GHz, an 8 mA
photocurrent is needed for optimal performance. Lastly, the IF response exhibits a

3-dB bandwidth of approximately 30 GHz.

4.2.4 Antenna-lens simulations

Similar to the monolithic receiver, the hybrid integrated receiver was mounted on a
6 mm silicon hyper-hemispherical lens for quasi-optical coupling. To estimate the
coupling efficiency and obtain the radiation patterns, the same approach described
in Chapter 3 was used, simulating the complete antenna-lens system in CST. Fig-
ure 4.11 presents the resulting S11 and radiation efficiency, considering the radiated

power directed towards the lens (downwards).
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Figure 4.11: Antenna-lens system simulation results. a S11. b Radiation efficiency.
Adapted from [4-1], under a CC-BY license.
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Figure 4.12: 3D radiation patterns of the antenna-lens system at 240, 270, and 300 GHz for
the hybrid integrated mixer. Adapted from [4-1], under a CC-BY license.

The S11 exhibits characteristic ripple features arising from reflections at the
quartz-silicon and silicon-air interfaces. A slight deterioration can be observed
compared to the simulation without the lens, although the return loss remains below
10dB from 205 GHz to 432 GHz. This demonstrates that the antenna could be em-
ployed for designs exceeding the 220-330 GHz range. The radiation efficiency has
maximum and minimum values of -1.5dB and -1.15dB at 330 GHz and 230 GHz,
respectively. The 3D radiation patterns are depicted in Figure 4.12 at frequencies
of 240 GHz, 270 GHz, and 300 GHz. In all cases, the maximum radiation occurs in
the +z-direction, corresponding to the downward direction toward the lens. The cal-
culated directivities are 17.44 dBi, 18.80 dBi, and 19.43 dBi at 240 GHz, 270 GHz,
and 300 GHz, respectively.

4.2.5 Quasi-optical receiver package

Among the different mixers developed in this work, the hybrid receiver design based
on quasi-optical coupling was extended because of plans of fabrication and testing.
Consequently, a receiver package is required to accommodate the components, pro-
vide mechanical support, and facilitate IF and DC connections. For this purpose, we
designed a brass package, shown in Figure 4.13. The receiver integrates the quartz
mixer circuit, UTC-PD, silicon lens, and IF and DC printed circuit boards (PCBs)
with connectors. The PCBs use I-TERA MT40 [4-6] (IF) and FR4 [4-7] (DC)
substrates, soldered to IF (K-type) and DC (SMA) connectors. The package also
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includes a cylindrical groove to accommodate a fibre ferrule for fibre packaging. A
closer view (Figure 4.13) shows an optical lensed fibre positioned at the edge of the
UTC-PD’s optical facet. To equalise the heights of the UTC-PD and quartz chips,
an additional unprocessed 75 um quartz substrate was used.

a b

Quartz mixer
circuit

DC
connector

IF

UTC-PD Silicon hyper-
<— Optical hemispherical lens
fibre input P

Figure 4.13: Hybrid integrated quasi-optical receiver package. a Top view. b Bottom view.
¢ Perspective view. Adapted from [4-1], under a CC-BY license.

The IF response in Figure 4.10d does not account for the effects of ribbon
bonds, the IF PCB, or the connector transition. To analyse these effects, we simu-
lated separately: (1) the PCB, (2) the quartz-to-PCB connection using ribbon bonds,
(3) the PCB-to-connector transition, and (4) a full model including all these com-

ponents. The model, shown in Figure 4.14, is a simplified version of the receiver
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125 um ribbons

Figure 4.14: Model used to analyse the frequency response of the IF path including ribbon
bonding, the IF PCB, and the transition to the K-type connector.
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Figure 4.15: S-parameters of the external including the effect of PCB, quartz-to-PCB tran-
sition uing ribbons, PCB-to-connector transition, and the full model. a S21. b
S11.

package, which includes the mentioned components.

The IF PCB is based on a grounded CPW with 0.3 mm diameter vias, tran-
sitioning into a microstrip waveguide. This transition facilitates soldering to the
connector pin, though alternative implementations are possible. The S-parameters
of the PCB up to 50 GHz are shown in Figure 4.15. The return loss exceeds 23 dB,
with a maximum insertion loss of 0.43 dB at 50 GHz, demonstrating the PCB’s ca-
pability to operate at high frequencies. Figure 4.15 also presents the frequency

response for different cases, including the effects of ribbon bonding and the con-
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nector. When considering the quartz-to-PCB transition with ribbons, the return loss
increases, particularly at high frequencies, but remains above 10 dB. This increase
is due to the inductance introduced by the ribbons, resulting in a maximum inser-
tion loss of 1.51 dB. The PCB-to-connector transition exhibits a 3-dB bandwidth of
42 GHz, with a minor resonance at 30 GHz. Simulating all components together, as
represented in Figure 4.14, reveals a strong resonance at 23 GHz. The 3-dB band-
width in this case is 19.9 GHz, which remains acceptable. While this resonance was
not optimised in the initial prototype, future designs should refine the IF path to
extend the IF bandwidth.

4.3 250-320 GHz rectangular-waveguide receiver

A receiver based on CPW with quasi-optical coupling offers the main advantage of
being easier and more cost-effective to fabricate and assemble compared to rect-
angular waveguide-based designs, which require precise micromachining with ex-
tremely low tolerances. However, rectangular waveguide designs with suspended
microstrip lines deliver the best performance for THz mixers [4-8], [4-9]. Rectan-
gular waveguide to microstrip transitions can be fabricated with ultra-low insertion
loss, and suspended microstrip lines on waveguide channels exhibit very low prop-
agation losses. Additionally, a receiver designed in rectangular waveguide can be
connected to standard components, such as horn antennas. These reasons moti-
vated us to design a 300 GHz rectangular waveguide optoelectronic receiver, which

is presented here.

4.3.1 Microstrip and WR3 waveguide

The cross-section of the microstrip waveguide used in this mixer is shown in Fig-
ure 4.16a. As in the CPW-based mixer, a 75 pym-thick and 200 pm-wide quartz
substrate with 3 um gold metallisation was used. For a 50 Q2 line, a signal width
of 87 um is required, which also depends on the channel dimensions, here 153 by
250 um. Notice that the quartz substrate was directly mounted on top of the lower
channel wall, instead of being suspended, which was done for simplicity of as-

sembly. The Quasi-TEM mode of the waveguide is shown in Figure 4.16¢, where
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the channel walls act as a ground. The simulated attenuation is presented in Fig-
ure 4.16d, showing values below 0.64 dB/mm even at 500 GHz, a significant im-
provement over the CPW lines used in the other mixers. The dimensions of the
waveguide channel are important to avoid the excitation of cavity modes at high-

frequencies, relevant for the mixer operation, especially LO harmonics [4-10].
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Figure 4.16: Insights into the microstrip and WR3 waveguide used in the rectangular-
waveguide-based mixer. (a) Cross-section of the microstrip line on a waveg-
uide channel, designed for a 50Q line impedance. (b) Attenuation of the mi-
crostrip waveguide in dB/mm. (c) E-field distribution of the suspended mi-
crostrip quasi-TEM mode. (d) E-field distribution of the WR3 TEo mode.

As the target frequency of the mixer is the 300 GHz band, the RF input waveg-
uide was designed to meet standard WR3 specifications [4-11], with dimensions
of 864 um by 432 um. The simulated TE;o E-field distribution is shown in Fig-

ure 4.16d, exhibiting a wave impedance of 518 Q.

4.3.2 Mixer design

Following the previous considerations, a WR3 receiver with the same architecture
as shown in Figure 4.7 was designed. The 3D model of the full receiver is presented

in Figure 4.17. In the quasi-optical receiver, ribbon bonding was used to connect the
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UTC-PD and quartz mixer circuit for easier assembly. However, flip-chip bonding
was chosen in this receiver to reduce coupling losses. The primary goal of this
receiver is to assess the optimal performance the optoelectronic receiver can achieve

in terms of down-conversion efficiency and LO power requirements.

RF

Figure 4.17: 3D model of the complete WR3 hybrid integrated receiver.

A more detailed view is shown in Figure 4.18, highlighting the receiver com-
ponents. The S-parameters of the key elements are depicted in Figure 4.19. Since
the mixer circuit uses microstrip lines, a tapered CPW-to-microstrip transition is
required to convert the mode and minimise losses compared to an abrupt transition.
A maximum insertion loss of 2.8 dB is achieved at 165 GHz, accounting for prop-
agation losses in the InP CPW, flip-chip bonding, and the transition itself. For the
RF and LO blocks, hammerhead-type low-pass filters are used, providing rejection
ratios greater than 30 dB and 17 dB at the RF and LO bands, respectively.

Unlike the quasi-optical mixer design, an additional filter was included to sup-
press the third LO harmonic (3f70), which is necessary due to waveguide cavity
modes at high frequencies, as evidenced in the S-parameter resonances beyond
300 GHz. The stopband of the filter is centred at 450 GHz. The DC block was
implemented with quarter-wavelength gap-coupled lines [4-12]. The insertion loss

at the LO band remains below 0.4 dB. An H-plane probe was used to implement the
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Figure 4.18: Top view of the complete hybrid integrated WR3 receiver, highlighting the
key components.

WR3-to-microstrip transition, with LO and IF signals grounded on the right side
of the RF probe. To optimise the return loss and signal coupling, the waveguide
dimensions, position of the probe and backshort distance were carefully adjusted.
From 250 to 325 GHz, the insertion loss remains below 1dB, with a return loss

greater than 10 dB.

The S-parameters of the T-junction used for the Bias T and IF extraction are
shown in Figure 4.20a. Compared to CPW-based T-junctions, this design achieves
S-parameters closer to the ideal case at higher frequencies without requiring cross-
track bridges. The energy balance (Figure 4.20b) indicates that the T-junction re-
mains nearly lossless up to approximately 300 GHz, beyond which cavity modes
are excited in the waveguide channel. To mitigate this effect in the mixer, the RF

block filter prevents RF propagation through the T-junction.

The final predicted performance of the optimised mixer structure, obtained
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Figure 4.19: S-parameters of the WR3 mixer key components. a DC block. b LO block. ¢
RF block. d WR3 to microstrip transition. € CPW to microstrip transition. f
3rd LO harmonic block.

from HB simulations, is summarised in Figure 4.21. A minimum conversion loss of
10.3 dB is achieved at 285 GHz with 6 mA of photocurrent. Even with only 2 mA, a
conversion loss of 14.4 dB is obtained at 280 GHz. For 6 mA, the conversion loss re-
mains below 15 dB from 252 to 310 GHz. Regarding noise temperature, a minimum
of 694K is reached at 6 mA, while at 2 mA, 1300K is achieved at 280 GHz. The

conversion loss versus photocurrent highlights the benefit of suspended microstrip,
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Figure 4.20: T-junction in microstrip waveguide. a S-parameters. b Energy balance.

as 20.3 dB conversion loss is attainable with only 1 mA. The lower LO power re-
quirements are also influenced by the use of a narrow-band design, which improves
impedance matching between the UTC-PD and SBD. Finally, the IF response ex-
hibits a 3 dB bandwidth of 41 GHz.

4.4 Summary and discussion

This chapter has presented the design of both a quasi-optical and a WR3 optoelec-
tronic receiver, employing hybrid integration of UTC-PDs and low-barrier SBDs.
Hybrid integration enables independent design and optimisation of device struc-
tures and fabrication processes, allowing each component to achieve optimal per-
formance while minimising design trade-offs. In this work, this applies to the SBD,
UTC-PD, and mixer circuit. A key advantage is evident when comparing the In-
GaAs SBDs used in the hybrid receivers with the InP diodes of the monolithic
approach. Since the doping and diode structure were optimised independently of
the UTC-PD, the cut-off frequency is approximately an order of magnitude higher.
This not only improves the minimum achievable conversion loss but also enables the
realisation of receivers at higher frequencies. Although the designs here are opti-
mised for 300 GHz, where InP diodes provide reasonable performance, the benefits
of hybrid integration extend beyond this frequency range.

First, a quasi-optical receiver based on CPW-on-quartz was designed for op-
eration across the full 220-330 GHz band, achieving near state-of-the-art simulated

performance. This mixer implementation is particularly attractive for prototyping
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Figure 4.21: Predicted performance of the hybrid integrated mixer based on WR3 waveg-
uide and microstrip line on quartz. a-b Conversion loss and DSB noise tem-
perature as a function of RF frequency for different pumping photocurrents.
¢ Conversion loss as a function of pumping photocurrent for different RF fre-
quencies. d IF response.

due to its ease of assembly and fabrication, which motivated its fabrication and
testing, as discussed in the next chapter. The predicted performance indicates that
optimal conversion loss and noise temperature are achieved at a photocurrent of ap-
proximately 4 mA, well below the saturation regime of the UTC-PD. This key result
demonstrates the feasibility of integrating UTC-PDs and low-barrier SBDs, paving
the way for receiver designs at even higher frequencies. This receiver serves as a
first prototype with room for improvement. For example, increasing the IF band-
width, which is primarily limited by the mixer architecture and IF path, including
the ribbon bonds and PCB-to-connector transition. Additionally, miniaturising the

CPW lines could further reduce propagation losses, particularly at the T-junctions.

To determine the best achievable simulated performance with our proposed ap-
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proach, a WR3 mixer with microstrip lines was designed, demonstrating superior
performance with a minimum noise temperature of 700 K. This highlights the ad-
vantage of rectangular waveguide technology for high-performance terahertz mix-
ers, despite the increased fabrication and assembly complexity and costs. While
this design improves performance, further optimisation is needed to enhance the
RF bandwidth and mitigate issues related to high-order cavity modes. Neverthe-
less, with optimised impedance matching, the WR3 receiver achieves a reasonable
conversion loss of 20 dB with just 1 mA of photocurrent. Comparing the minimum
achievable conversion loss across the three receivers presented, the WR3 design
improves by approximately 4 dB over the monolithic receiver and 3 dB over the

quasi-optical receiver.
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Chapter 5

Experimental work

The UTC-PDs used in the experiments were fabricated by C. Graham, while J.
Seddon packaged the antenna-integrated devices. The WR3.4 low-barrier subhar-
monic mixer for the non-integrated experiments was provided by ACST GmbH. The
InGaAs SBDs used in the hybrid integrated receiver were supplied by Teratech Com-
ponents, and its assembly was conducted by N. Brewster at the Rutherford Appleton
Laboratory (RAL). Mixer characterisation experiments were performed by I. Belio-
Apaolaza. The high-speed multi-channel wireless link was developed in collabo-
ration with the University of Duisburg-Essen, which provided the equipment and
MUTC-PDs. The setup was designed by I. Belio-Apaolaza, and assembled by I.
Belio-Apaolaza, J. Martinez-Gil, and J. Tebart. Multi-channel wireless transmis-

sion measurements were conducted by 1. Belio-Apaolaza.

This chapter presents the experimental work on photonically-pumped SBD-
based mixers. To validate the concept, a non-integrated receiver using discrete
components was first tested. The results presented here are reproduced with per-
mission from [5-1] © Optica Publishing Group. We then detail the fabrication,
assembly, and characterisation of the hybrid integrated quasi-optical receiver in-
troduced in Chapter 4. The receiver characterisation results are reproduced with
permission from [5-2] under a CC-BY license. To demonstrate the applicability
of the optoelectronic receiver concept, we also discuss a multi-channel 300 GHz
link. The wireless link results are reproduced with permission from [5-3], under a

CC-BY license.
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5.1 Receiver characterisation setups

5.1.1 THz power measurements

First, the characterisation methods used for the optoelectronic receivers are dis-
cussed. For the two receivers analysed in this work, three figures of merit are
evaluated: (1) conversion loss as a function of RF frequency, (2) conversion loss
as a function of pumping photocurrent, and (3) IF response. These are determined
through a series of calibrated power measurements, varying the RF and LO frequen-
cies as well as the optical power at the UTC-PD LO signal generator input to adjust
the photocurrent. The first step involves measuring the THz power of the source. In
our experiments, we used an in-house antenna-integrated UTC-PD [5-4], [5-5]. To

calibrate its output power, the setup shown in Figure 5.1 was used.

Reference signal

i TK power ‘
LD pc UTC-PD meter
Optical > < O O E
chopper O frr LI A1 ° Lock-in
amplifier

Figure 5.1: Schematic of the RF power measurement setup using a Thomas Keating power
meter. PC: Polarization controller, LD: Laser diode, OSA: Optical spectrum
analyser, EDFA: Erbium-doped fibre amplifier. Adapted with permission from
[5-1] © Optica Publishing Group.

The power of the radiated wave was detected using a Thomas Keating abso-
lute power meter with a NEP of 5uW /v/Hz. Two 1550 nm CW lasers, one fixed
at 1553.73 nm (RIO Orion Series) and one tuneable (Agilent 81682A or PurePho-
tonics PPCL550), were used generate optical tones separated by the desired THz
frequency (fgr). The tuneable laser signal was chopped at 15 Hz, and the reference
chopping signal was sent to a lock-in amplifier connected to the power detector. To
compensate for optical losses and maximise the input power to the UTC-PD, an
erbium-doped fibre amplifier (EDFA) (Thorlabs EDFA100S) was placed before the
transmitter, with an output power of the order of 20 dBm. A set of three polarization

controllers (PCs) ensured that the laser signals’ polarisations are aligned with each
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other and with the photodiode’s optical waveguide mode. A bias voltage of approx-
imately -3 V was supplied to the UTC-PD transmitter with a programmable voltage
source (Keithley 2400), and the input optical power was adjusted to generate a pho-
tocurrent of approximately 10 mA.

Two different antenna-integrated UTC-PDs were used for characterising the
non-integrated and integrated receivers: a bow-tie antenna for the former and a slot-
antenna for the latter. Both devices were assembled in a brass package similar to
the hybrid integrated receiver, using a 6 mm diameter hyper-hemispherical silicon
lens. Figure 5.2 shows the quasi-optical package, along with microscope images of

the antenna-integrated UTC-PDs.

Figure 5.2: Antenna-integrated UTC-PDs used for mixer characterisation. a Packaged de-
vice. b-¢ Microscope photographs of bow-tie and slot antenna devices, respec-
tively.

-15

——o—— Bow-tie

220 240 260 280 300 320
RF Frequency (GHz)

Figure 5.3: Measured RF power of the antenna-integrated UTC-PDs used as calibrated THz
sources for receiver characterisation. Adapted with permission from [5-1] ©
Optica Publishing Group, with added data from the slot antenna device.
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The radiated THz wave propagates over a short (<50 cm) free-space path. This
path was replicated in the setup with the optoelectronic receiver to ensure that the
power at the receiver input matches the measured value. Two different free-space
paths were used for the non-integrated and integrated receiver characterisations. In
the first case, two 5 cm diameter polytetrafluoroethylene (PTFE) lenses (Thorlabs
PTFE LATO075) were employed, while in the second case, two 90° off-axis parabolic
mirrors (MPD229-M03 and MPD269-M03) were used. These elements collect the
radiated THz power and focus it onto the power meter or optoelectronic receiver
input. An infrared (IR) block (Tydex LPF8.8-35) was also used in both cases to
prevent overestimating the measured power due to the intrinsic IR radiation from the
UTC-PD. The measured power from 220 to 330 GHz of the UTC-PDs transmitters

is shown in Figure 5.3.

5.1.2 Down-converted power measurements

After measuring the RF power, the three figures of merit introduced earlier were
measured using the setup shown in Figure 5.4. In this setup, the emitted THz power
from the calibrated transmitter is down-converted by the optoelectronic receiver
under test, allowing the IF power to be measured. This enables the extraction of the
conversion loss and the IF response.

The optical path for optical heterodyning of the UTC-PD transmitter was repli-
cated from the setup used for the RF power characterisation. Since the same pho-
tomixing principle is used in the optoelectronic receiver, the same components were
employed: two free-running lasers (LD-3 and LD-4 in the schematic) with fre-
quency separation equal to the LO frequency, and an EDFA to boost the optical
power. The power and frequencies of the lasers were monitored with the optical
spectrum analyser (OSA), as shown in Figure 5.4. The down-converted signal was
amplified by a low-noise amplifier (LNA) with a frequency range of 0.01 to 30 GHz
and a typical gain of 40 dB. The down-converted IF power and frequency were mea-
sured using an electrical spectrum analyser (ESA). Table 5.1 provides a list of the
models used for each component and receiver.

To measure conversion loss across the RF band (220-330 GHz), the laser fre-
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frRr=f2-f1

UTC-PD
transmitter OE receiver

SIRIES TGS

Figure 5.4: Schematic of the optoelectronic receiver characterisation setup. LNA: low
noise amplifier, OE: Optelectronic, ESA: Electrical spectrum analyser. PC: Po-
larization controller, LD: Laser diode, OSA: Optical spectrum analyser, EDFA:
Erbium-doped fibre amplifier. Adapted with permission from [5-1] © Optica

Publishing Group.

Model

Component Non-integrated receiver

Integrated receiver

LD-1 RIO Orion Series

LD-2 PurePhotonics PPCL550
LD-3 RIO Orion Series*)

LD-4 Agilent 81640A

EDFA Thorlabs EDFA100S

LNA RF-Lambda RLNAOOG30GA
ESA Rohde&Schwarz FSU-26
OSA Aragon Photonics BOSA

Voltage source  Keithley 2400

RIO Orion Series
PurePhotonics PPCL550
RIO Orion Series
PurePhotonics PPCL550
Thorlabs EDFA100S
RF-Lambda RLNAOOG30GA
Rohde&Schwarz FSW-50
Agilent 86142B

Keithley 2400

) In the non-integrated receiver setup, LD-3 and LD-1 were the same laser, split into two paths.

Table 5.1: Models of components used in the receiver characterisation setups for both the

non-integrated and integrated cases.

quencies were adjusted to sweep the band while maintaining a fixed IF frequency

between 0.5 and 1 GHz, and the down-converted power was recorded. Conversion

loss was also measured as a function of the UTC-PD LO signal generator photocur-

rent to analyse mixer saturation by adjusting the EDFA output power at a fixed RF
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frequency, repeating the process at different frequencies. A maximum photocurrent
of 15mA was used to prevent photodiode damage. The IF response was charac-
terised by sweeping the LO frequency at a fixed RF frequency. Conversion loss
was extracted by normalizing the gain of the full IF chain, including cables and

connectors, using a calibrated VNA.

5.2 Non-integrated WR3.4 receiver

As discussed, the first optoelectronic receiver investigated in this work was imple-
mented in a non-integrated fashion, with the motivation of proving the feasibility of
photonically-pumped Schottky mixers. For this purpose, we used a prototype low-
barrier subharmonic 270-320 GHz mixer, based on InGaAs Schottky contacts. The
SBDs and the mixer were fully designed and fabricated at ACST GmbH, employ-
ing a proprietary Film-Diode (FD) technology process [5-6]. A photograph of the
mixer block is shown in Figure 5.5. The RF, LO and IF ports are based on rectangu-
lar waveguide WR-3.4, WR-6.5, and an SMA connector respectively. A pyramidal
antenna is used to couple the incoming RF signal. The LO power required to drive
the mixer is approximately -7 dBm, which aligns closely to the power requirements

of the InGaAs-based mixers presented in Chapter 4.

WR3.4 mixer ACP probe

Horn _
antenna

UTC-PD

Figure 5.5: Non-integrated 270-320 GHz optoelectronic receiver based on a subharmonic
WR3.4 mixer with InGaAs antiparallel SBDs, and a 3x10um? GSG-probed
UTC-PD. Adapted with permission from [5-1] © Optica Publishing Group.

To pump the mixer, we used our waveguide-integrated UTC-PDs with CPW
pads, as presented in Chapters 2 and 3 [5-7]. The UTC-PD structure was fabricated

using optical lithography in six mask steps, achieving the desired features through
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dry etching. Ohmic contacts to the p-type and n-type sides were formed by sput-
tering a Ti/Pt/Au stack, followed by RTA. A detailed fabrication description can
be found in [5-7]. The UTC-PD used in this work has an active area of 3x10 pmz.
Figure 5.6 shows two images of a fabricated 3x15 um? photodiode. A GSG probe,
shown in Figure 5.5, was used to couple the photodiode’s output power to the Schot-
tky mixer. The probe, a Cascade Microtech air co-planar (ACP) WR-8 model, has
a 90-140 GHz bandwidth and incorporates a bias T, allowing the UTC-PD’s DC
voltage to be set. It is important to note that the rectangular waveguide size does
not match the LO input port, and its cut-off frequency is lower than the maximum
required LO frequency. This results in lower power delivered to the mixer’s diodes.
However, as shown later, the power was sufficient to drive the mixer at optimal

conditions across most of the operating band.

Figure 5.6: Photographs of UTC-PD devices with CPW pads used in the non-integrated
and integrated optoelectronic receivers.

In Figure 5.7, a close view of the THz setup used for the mixer characterisa-
tion is depicted, highlighting the antenna-integrated UTC-PD used as the calibrated
transmitter, the two PTFE THz lenses, and the optoelectronic receiver. The THz
path was approximately 20 cm long.

The measured conversion loss as a function of RF frequency is shown in Fig-
ure 5.8a. The bias voltage was set to -3 V, and the optical power was adjusted to pro-
duce a photocurrent of 15 mA. The minimum measured conversion loss is 14.4 dB
at 270 GHz, remaining typically below 20dB. Two key features are observed in
the response. First, at 293.5 GHz, a peak in the conversion loss reaches 30.6 dB,
attributed to insufficient LO power, which will be discussed later. Second, at the

band edge, the conversion loss increases due to the cut-off behaviour inherent to the
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mixer’s narrowband design. The IF response is shown in Figure 5.8b, revealing a

3-dB bandwidth of 19.5 GHz, primarily limited by the use of an SMA connector.

UTC-PD 300 GHz transmitter PTFE lenses  OE receiver

Figure 5.7: Non-integrated receiver characterisation setup. Adapted with permission from
[5-1] © Optica Publishing Group.
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Figure 5.8: Non-integrated receiver characterisation results. a Conversion loss as a func-
tion of RF frequency. b IF power response. Adapted with permission from
[5-1] © Optica Publishing Group.

The second set of measured results is shown in Figure 5.9, depicting the con-
version loss as a function of pumping photocurrent for different frequencies. We
measured the conversion loss for various bias voltages to further investigate the LO
pumping conditions. Three main effects influence the measured response: (1) the
power response of the UTC-PD, (2) saturation of the SBD mixer diodes, and (3) the
effective LO power coupled to the mixer. A key insight is provided by the response
at 293.5 GHz, corresponding to an LO frequency of 146.25 GHz. As previously
discussed, the ACP probe is rated for up to 140 GHz, leading to an expected power

decay and possible resonances at higher frequencies. This was confirmed by LO
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power measurements [5-1], where we recorded an LO power of -14.23dBm at -3V
and 15 mA, insufficient to pump the mixer.

The curves at 293.5 GHz reveal the point at which the UTC-PD output power
saturates. As expected, the saturation threshold increased with bias voltage, oc-
curring at approximately 8, 10, and 15 mA. Beyond this point, the conversion loss
rises as the delivered LO power decreases. In contrast, at 270 GHz (LO frequency
of 134.5 GHz), the conversion loss saturates at a photocurrent below 5 mA, indicat-
ing sufficient LO power. Beyond this, the conversion loss slightly degrades due to
mixer diode overpumping. A similar trend is observed at other frequencies, with
saturation occurring at moderately higher photocurrents, attributed to the combined

frequency response of the UTC-PD and ACP probe.
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Figure 5.9: Non-integrated receiver characterisation results: Conversion loss as a function
of pumping photocurrent for different RF frequencies and bias voltages (V}).
Adapted with permission from [5-1] © Optica Publishing Group.

5.3 Integrated quasi-optical receiver

Among the integrated optoelectronic receivers designed in this work, the hybrid in-
tegrated quasi-optical receiver was selected for fabrication and testing. As discussed
in Chapter 4, this choice was motivated by the simpler fabrication and assembly
process compared to a monolithic integration approach or a hybrid integration us-
ing costly rectangular waveguide blocks. Photographs of the complete assembled
receiver are shown in Figure 5.10.

First, the brass package was fabricated using CNC machining. The quartz
CPW mixer chip was fabricated by depositing a 3 um gold layer and patterned via

optical lithography using direct laser writing. The silicon lens, quartz chip, and
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Figure 5.10: Photographs of the optoelectronic quasi-optical receiver after assembly com-
pletion. Adapted from [5-2], under a CC-BY license.

UTC-PD were glued to the package, with an additional 75 um unprocessed quartz
substrate to align the heights of the UTC-PD and mixer chip. The SBD chip was
then flip-chip bonded to the mixer circuit. The PCBs were positioned and soldered
to the connectors using silver epoxy. Connections between the PCBs and the quartz
circuit were made with 125 pm wide gold ribbons, while the UTC-PD was bonded
to the quartz circuit using 50 um wide gold ribbons. Cross-track bridges were im-
plemented with 25 pm diameter wire bonds. In the design stage, 50 um ribbons were
considered for cross-track bridges, but wire bonds were found to be easier and more
reproducible during assembly. Simulations confirmed that this modification had a

negligible impact on performance.

The setup used to characterise the hybrid-integrated quasi-optical receiver is
shown in Figure 5.11. As discussed, parabolic mirrors were employed in the THz
path to collect and couple the output THz radiation into the optoelectronic receiver.
The measured conversion loss is presented in Figure 5.12a, with a minimum of
18.1dB at 250 GHz and a maximum of 29.3 dB at 325 GHz. The measured response
exhibits two distinct regions: a relatively flat region between 225 and 260 GHz,
where the conversion loss remains close to or below 20 dB, and a higher-frequency
range where the loss increases. For comparison, the predicted performance, includ-

ing simulated coupling losses, is also shown. At 250 GHz, simulations predict a
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conversion loss of 13.6 dB, indicating a measured offset of 4.5 dB. The IF response
is shown in Figure 5.12b, where a 3-dB bandwidth of approximately 23 GHz was
measured. Simulations estimate a bandwidth of 19.9 GHz, accounting for the IF
PCB, ribbon bonds, and the PCB-to-connector transition. The predicted resonant
behaviour is observed, though it occurs at a slightly higher frequency, likely due to

simulation inaccuracies.

UTC-PD 300 GHz transmitter OE receiver

Parabolic mirrors Lensed optical fibre

Figure 5.11: Hybrid integrated receiver characterisation setup. Adapted from [5-2], under
a CC-BY license.
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Figure 5.12: Hybrid integrated receiver characterisation results. a Conversion loss as a
function of RF frequency. b IF power response, including simulated results.
Adapted from [5-2], under a CC-BY license.

To account for non-idealities contributing to the offset between simulated and
measured conversion loss, a common approach in THz Schottky mixer design is

to perform retro-simulations by increasing the SBD series resistance [5-8]. This
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increase can be partially attributed to the fact that the value extracted from DC mea-
surements (Ry; = 17Q) does not account for high-frequency effects, such as skin
effects, which increase diode resistance [5-9]. Additionally, simulations may un-
derestimate the RF coupling loss of the antenna-lens system, while fabrication and
assembly imperfections are expected to degrade mixer performance. The predicted
conversion loss with a three-fold increase in series resistance (R, = 51 Q) is also
shown, demonstrating that the predicted performance aligns with measurements in
the lower-frequency region (220-330 GHz). However, a larger offset persists at
higher frequencies. Figure 5.13 provides insights into this behaviour, presenting
the normalised conversion loss response as a function of pumping photocurrent at

multiple frequencies.

S
(e}
B)
5

A 230 GHz A 300 GHz
- 270 GHz g 320 GHz
o . ) \
@ 30+ z 30+
5) 5)
2, 2,
n w0
20 20t
= .=l
(@] (@]
N N
= 10+ = 10t
g g
o — o
Q — —— = - o
0 5 10 15 0 ) 10 15
Photocurrent(mA) Photocurrent(mA)

Figure 5.13: Characterisation results of the hybrid integrated receiver, showing the nor-
malised conversion response as a function of pumping photocurrent at dif-
ferent frequencies. Simulated results are indicated by dashed lines. Adapted
from [5-2], under a CC-BY license.

At 230 and 270 GHz, the mixer response approaches saturation at approxi-
mately 5 mA, achieving optimum performance around 8 mA. Beyond this point,
the response slightly degrades due to overpumping of the SBDs. The comparison
with predicted performance shows reasonable agreement, though a moderate offset
shows a higher photocurrent (LO power) is required in practice. In contrast, at 300
and 320 GHz, saturation occurs at higher photocurrents, and overpumping is not
observed. These UTC-PDs, when biased at -3 V and uncooled, saturate at a pho-
tocurrent of 10—15 mA [5-7], which is not accounted for in our simulations. The

measured response reflects a combination of saturation effects in both the UTC-PD
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and SBDs without reaching the optimum LO power, explaining the conversion loss
offset at higher frequencies. This suggests that the LO path exhibits higher insertion

loss than predicted and a lower UTC-PD cut-off frequency.

5.4 Multi-channel link at 300 GHz

As highlighted in Chapter 1, the target application of this work is 300 GHz wire-
less communications. To complete the experimental work and show the applica-
bility of photonically-pumped low-barrier Schottky mixers, a fully optoelectronic
high-speed multi-channel wireless link was demonstrated using the non-integrated
receiver presented in section 5.2. The demonstration was developed in collabora-
tion with the University of Duisburg-Essen (UDE). The following section has been
adapted from [5-3], under a CC-BY license.

5.4.1 Wireless link experimental methods

Transmitter and receiver setups

The transmitter setup schematic of the 300 GHz link is depicted in Figure 5.14. The
data to be transmitted was generated with a field-programmable gate array (FPGA)
board with 88 Gsamples/s digital-to-analogue converters (DACs), designed for use
in optical networks. The data consists of a random sequence of 10000 symbols
encoded in 16-quadrature amplitude modulation (QAM) Gray format which was
sampled at the FPGA rate, and raised-cosine (RC) filtered with a roll-off factor ()
of 0.1. The complex baseband 1Q waveform was then digitally upconverted to a
frequency f., = R;/2+ 1.5 GHz where R; is the baseband data bandwidth in GHz
which is equal to the baud rate. A pre-emphasis digital filter was used to boost the
high frequencies and compensate for the roll-off of RF cables. After the digital-
to-analog conversion, the signal was amplified by 28 dB to drive a Mach-Zehnder
modulator (MZM) with 40 GHz RF bandwidth.

To generate the different frequency channels, up to three free-running tuneable
external cavity lasers (ECLs) with 80 kHz linewidth were modulated by the MZM.
All modulated lasers transport the same data to reduce the complexity of the setup.

The use of optical heterodyning and coherent reception allows the bias of the MZM
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Figure 5.14: Transmitter schematic of the fully-optoelectronic multi-channel 300 GHz
communications experiment. LD: Laser diode, PC: Polarization controller,
FPGA: Field programmable gate array, PA: Power amplifier, EDFA: Erbium-
doped fibre amplifier, VOA: Variable optical attenuator, MUTC-PD: Modi-
fied uni-travelling-carrier photodiode. Adapted from [5-3], under a CC-BY
license.

to be set near the null point, exploiting a greater signal excursion. After modulation,
the optical signals went through an EDFA and then combined with an additional

laser, i.e. the photonic local oscillator, separated by the desired THz frequency.

The power of the combined optical signals was adjusted with a variable optical
attenuator (VOA) and then amplified again by a second EDFA resulting in 20 dBm
of optical power. The VOA also allowed us to monitor and limit the input power of
the second EDFA. This amplifier fed the optical-to-terahertz converter, which was
based on a 5x30 um?> MUTC-PD chip probed with a GSG WR-3.4 probe (Cascade
InfinityProbe). MUTC-PDs differ from normal UTC-PD typically by including ad-
ditional layers for charge compensation, which can enhance carrier transport and
power saturation [5-10]. MUTC-PD device design and fabrication details used in
this work can be found in [5-11]. A WR-3.4 horn antenna was used at the output
of the probe followed by a 5cm diameter PTFE lens (Thorlabs PTFE LAT100).
The bias voltage of the MUTC-PD was fixed at -2 V. The power of the specific
MUTC-PD used was not measured, but measurements on same batch devices re-
veal a power of approximately -18 dBm at 280 GHz and 10 mA of photocurrent
[5-12]. The photocurrent was limited to 10 mA to avoid saturating the low-barrier
mixer, as will be discussed later. Finally, laser frequency separation and power were

monitored in an OSA.

The receiver is based on the non-integrated optelectronic receiver presented in
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section 5.2. Figure 5.15 shows the receiver schematic. In this case, a second probed
MUTC-PD device was used to pump the mixer, driven with a pair of tuneable ECLs
separated by the corresponding LO frequency. The bias of the MUTC-PD is set at
-2 V. The optical power at the input of the lensed fibre after the EDFA was measured
at 23 dBm. In this case, we used a GSG WR6 probe connected to the input LO port
of the low-barrier mixer. The incoming RF signal was coupled to the mixer after
propagating 1.5m with a 5cm PTFE lens and WR3.4 horn antenna. The down-
converted IF signal was amplified with a 40 dB gain LNA and then digitised with
an 80 Gsamples/s digital storage oscilloscope (DSO), capturing sequences of 25 s
length. That results in a minimum measurable bit-error-rate (BER) of 4 - 1076 fora

10 Gbps signal.

Real-time
oscilloscope | NA

OE receiver

PC

PC

Figure 5.15: Receiver schematic of the fully-optoelectronic multi-channel 300 GHz com-
munications experiment. LD: Laser diode, PC: Polarization controller, EDFA:
Erbium-doped fibre amplifier, LNA: Low-noise amplifier, DSP: Digital signal
processing, OE: optoelectronic. Adapted from [5-3], under a CC-BY license.
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Figure 5.16: Photographs of the 300 GHz transmitter based on a GSG probed MUTC-PD
(left) and the photonically-pumped non-integrated receiver (right). Adapted
from [5-3], under a CC-BY license.

In Figure 5.16, photographs of the optoelectronic transmitter and receiver are
shown, based on the GSG-probed MUTC-PD and the photonically-pumped low-
barrier SBD mixer, respectively. Table 5.2 collects the models of the main instru-

ments and equipment used for the transmitter and receiver setups.

Component Model

LD-1, LD-2, LD-3, LD-4 PurePhotonics PPCL200

LD-5, LD-6 IDPhotonics CoBrite DX2-S

EDFA-1 Thorlabs EDFA100P

EDFA-2 IPG Laser GmbH EAD-500-CL

EDFA-3 Keopsys CEFA-CE-BO-HP

MZM FUJITSU FTM 7938 EZ

PA SHF 810

LNA RF-Lambda RLNAOOG30GA

FPGA Fujitsu ROTTA OOLA

DSO Agilent DSO-X 933304Q

OSA Photonetics 3651 HR 12 or Apex Technologies AP2683A

Table 5.2: Models of main instruments and equipment used in the 300 GHz communica-
tions experiment.

Examples of the resulting optical and IF spectra are depicted in Figure 5.17,
The optical spectra corresponds to the case of using three frequency channels (Fig-
ure 5.17a), and the IF spectra corresponds to a down-converted 10 Gbaud signal
(Figure 5.17b). In this sense, the spectra reveals four aspects: the signal-signal-
beating interference (SSBI) [5-13], the out-of-band IF effects, the cut-off of the
scope (33 GHz), and spurious tone from the DAC.
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Figure 5.17: Transmission spectra. a optical spectra for a three channel transmission. b IF
of a down-converted 300 GHz signal of 10 Gbaud. Adapted from [5-3], under
a CC-BY license.

DSP routine

The digitised IF signal went through a coherent DSP routine (offline) to retrieve the
data sequence. The steps are summarised in Figure 5.18. First, the clock of the
signal was recovered by performing a cross-correlation with the digital IQ upcon-
verted waveform used in the transmitter DSP. Then the signal was down-converted
to baseband. In this case frequency-offset corrections are not needed because the
centre frequency is accurately known thanks to the presence of the carrier. This
down-conversion was done considering the lower sideband (LSB) by default, but it
can also be done by adding the upper sideband (USB). The baseband signal was

filtered with an inverse RC filter (& = 0.1) and resampled at 2 samples per symbol.

Blind equalization

G
8 Rl
Clock recovery, . Bit-to-symbol
down-conversion @ fesal:;?]mgbol) RDE CPE I]")]\]A)i:- mapping, BER and
and RC filter samplessym EVM

Figure 5.18: DSP routine with blind equalization to decode the received data signal in the
multi-channel wireless communications link. Adapted from [5-3], under a
CC-BY license.

A set of three blind digital equalisers were used: radius-directed equalizer
(RDE), carrier phase estimation (CPE), and the classic least mean square decision-
directed equalizer (LMS-DDE). The RDE algorithm was used due to its overall bet-
ter performance than other techniques like the constant modulus algorithm (CMA)

in 16-QAM signals [5-14]. The LMS-DDE helps to further reduce the bit error
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rate. For instance, we measured a 150 % BER improvement when including the
LMS-DDE for 100 Gbps transmission. Finally, the CPE algorithm is critical as it
needs to compensate for the combined phase noise of the free-running lasers used in
the transmitter and the receiver. For this purpose, we used the algorithm proposed
in [5-15] which is based on a feed-forward architecture. The algorithm is robust
against laser line widths of several MHz.

After the equalisers, the recovered symbols were mapped to bits and synchro-
nised with the transmitted sequence. In the last step, the BER and error vector

magnitude (EVM) were calculated and the SNR is estimated from the BER result.

Measurements

Using the experimental configuration previously outlined, we performed a set of
measurements as detailed here. The transmitted RF frequencies for each case are
summarised in table 5.3. The minimum frequency channel separation, denoted by
Af, is established as Af = 3 (R;+ 1.5) GHz to prevent image frequency interfer-
ence. In the scenario with two channels, frequency separation of Af =2 (R;+ 1.5)
GHz could suffice to avoid interference. We maintained the additional separation to
utilise the optimal LO range of the low-barrier mixer in the receiver, approximately
ranging from 130 to 150 GHz. Furthermore, in the two-channel scenario, the centre
frequencies were adjusted for faster signals (symbol rate greater than 10 Gbaud) to

accommodate their bandwidth.

Number of RF frequency LO frequency
channels (GHz) (GHz)*
1 270 145
2 250, 300 (R < 10 Gbaud) 135, 140
240, 315 (Ry > 10 Gbaud) 130, 147.5
3 240, 280, 320 130, 140, 150

*The LO frequency corresponds to a down-converted IF frequency of 10-20 GHz.

Table 5.3: Summary of frequencies used in the multi-channel link.

For each multi-channel scenario, we transmitted 16-QAM waveforms of in-
creasing data rates as follows: 10 to 100 Gbps in 10 Gbps steps for one channel,

10 to 90 Gbps in 10 Gbps steps for two channels, and 5, 10, 20, 30, and 35 Gbps
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for three channels. Each channel was received and sampled sequentially by tuning
the photonic LO of the receiver. In addition, the photocurrent at both the MUTC-
PD at the transmitter and receiver was optimised. At the transmitter, the goal is
to achieve a balance between emitted power and non-linearities in the system. On
the receiver side, optimum photocurrent means providing sufficient LO power to
saturate conversion loss, leading to improved receiver sensitivity and overall perfor-
mance. In addition to BER and EVM, which are measured by comparing retrieved
and transmitted sequences, the SNR was estimated from the BER result as follows

for 16-QAM format [5-16]

SNR(dB) = 2010g10<\/10-erfc_1(8/3-BER)) (5.1)
where er fc~! is the inverse error function.

5.4.2 Wireless transmission results

The main results of the experiments are summarised in Figure 5.19. Some retrieved
constellations are plotted in Figure 5.19b, showing two examples for each multi-
channel scenario. In Figure 5.19a the BER results are shown, where the hard de-
cision (HD)-forward error correction (FEC) (3.84 - 1073, 6.7 % overhead) [5-17]
and soft decision (SD)-FEC (1.94 - 1072, 15.3 % overhead) [5-18] thresholds are
highlighted.

For the single channel case, data rates up to 80 Gbps remain below the HD-FEC
limit and we are able to transmit a 100 Gbps signal below SD-FEC. In the two-
channel scenario, up to 180 Gbps under the SD-FEC limit are transmitted, resulting
in a maximum net data rate of 156 Gbps. The performance is better for the lower
frequency channel, up to 100 Gbps, due to the equal power of the two modulated
lasers. This results in the higher THz channel having reduced power due to the
MUTC-PD roll-off. However, beyond 100 Gbps, the power of the modulated lasers
was tuned to compensate for this effect and achieve equal BER. When employing
three channels, up to an aggregate 105 Gbps rate is achieved under the SD-FEC

limit. In this case, the power of the modulated lasers was compensated for all data
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Figure 5.19: Main results of the 300 GHz communications experiment. a BER vs data rates
for the different multi-channel scenarios. b examples of recovered constella-
tions at two data rates for each scenario (single, dual, and triple channel from
left to right). Adapted from [5-3], under a CC-BY license.

rates.

The photocurrent of the MUTC-PD transmitter was set to 10 mA for single
and dual channel scenarios by keeping the same the input optical power. In the
triple channel case, the photocurrent was reduced to 8 mA to mitigate non-linear
effects. The photocurrent was limited due to the saturation of the low-barrier mixer,
which occurs when the RF power is about 10dB lower than the LO power. Since
we were driving the mixer with approximately -7dBm of LO power to achieve
optimal conversion loss, the received RF power is estimated to be around -18 dBm,
as FSPL is compensated with the THz lenses. The 1 dB power compression point
for 5%x30 um> MUTC-PD devices has been measured to be at approximately 15 mA
for 320 GHz [5-19]. Even though the MUTC-PD transmitter is expected be in linear
regime at 10 mA, a certain level of non-linearity in the transmission can be attributed
to it.

In Figure 5.20a and 5.20b the average SNR and EVM are shown for each
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case. A degradation of performance for the same data rate can be observed when
increasing the number of channels, particularly when looking at the SNR at low
baud rates. This is expected as a result of non-linearities, and its effects can be visu-
ally noticed at the compression of higher energy symbols (Figure 5.19b). A better
evaluation of this impairment is extracted from the penalty calculation, shown in
Figure 5.20b based on SNR comparison. A maximum penalty of 1 and 2.5 dB are
obtained for the two-channel and three-channel scenarios respectively. This degra-
dation is less significant for increasing data rate, exhibiting a negative penalty for
rates beyond 80 Gbps. This occurs because, for increasing data rate, the IF signal
approaches or goes beyond the IF bandwidth of the low-barrier mixer, e.g. in the
100 Gbps case, the IF signal occupies frequencies higher than 25 GHz. The perfor-
mance degradation when using three channels is also associated with extending the

maximum operating frequency to 320 GHz, which negatively impacts the mixer’s

performance.
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Figure 5.20: Additional 300 GHz communications experiment results. a SNR comparison
(estimated from the BER measurements). b EVM comparison. ¢ penalties
associated with the transmission of multiple channels. Adapted from [5-3],
under a CC-BY license.

The data rates demonstrated in this work represent a state-of-the-art achieve-
ment for fully-optoelectronic THz communication systems employing heterodyne
detection. Table 5.4 summarises the most relevant prior demonstrations of compa-

rable systems, highlighting the performance gap bridged by this work.
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Reference Centre Modulation  Total rate Wireless Optical THz Real-time Receiver type
frequency (GHz) format (Gbps) distance (m) distance (km) amplification

[5-20] 80 to 320 BPSK 0.1 0.1 - No Yes Photoconductor

[5-21] 90 to 310 QPSK 3.2 1 - No Yes Photoconductor

[5-22] 120 QPSK 10 1 - No No Photoconductor

[5-23] 120/320 QPSK 12/4 1 - No No Photoconductor

[5-24] 306 QPSK 30() 58 - Yes No Photoconductor

[5-25] 300 QPSK 40 52 - Yes No ZBD + photonic LO

[5-26] 262 8/16-QAM 45 1 5 No No GaAs Schottky mixer + photonic LO

[5-27] 355 16-QAM 60 4 25 No No GaAs Schottky mixer + photonic LO
This work 280 16-QAM  100®)/180() 1.5 - No No InGaAs Schottky mixer + photonic LO

(1) Multi-channel transmission with sequentially received channels. @ Single-channel transmission.

Table 5.4: Comparison of fully-optoelectronic terahertz links with a heterodyne receiver.
ZBD: Zero bias detector. Adapted from [5-3], under a CC-BY license.

5.5 Summary and discussion

In this chapter, we have experimentally confirmed the feasibility and potential of
optoelectronic receivers based on photonically pumped Schottky mixers. First, by
demonstrating the receiver concept at 300 GHz with non-integrated components,
we have shown that the conversion loss is typically below 20 dB, with a minimum
measured value of approximately 14dB at 270 GHz. A key outcome is that this
performance is achieved with a moderately low photocurrent of 5 mA, enabling the
design of higher-frequency receivers. This initial demonstration was followed by
the development of an integrated quasi-optical receiver. Its characterisation con-
firms similar performance, with a minimum measured conversion loss of 18.1 dB,
and an IF bandwidth of 23 GHz. A key result is the agreement between measured
and predicted performance, validating the modelling and design process proposed
in this work and allowing accurate receiver performance prediction, despite some
discrepancies discussed. Again, optimal performance is achieved with a low pho-
tocurrent of approximately 5 mA, confirming the feasibility of integrating UTC-PDs
with low-barrier InGaAs SBD.

The results presented here demonstrate the potential of the optoelectronic re-
ceiver concept, achieving a minimum conversion loss at least an order of magnitude
lower than other photonic-based receivers in the 220-330 GHz band, such as pho-
toconductor mixers. Compared to GaAs SBD mixers, performance is reduced by
approximately 5-10dB, partly due to the lower maturity of these designs relative

to state-of-the-art GaAs Schottky mixers. Possible improvements to the receiver
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design and implementation are discussed in the future work section of Chapter 6.
Beyond device characterisation, we demonstrated the optoelectronic receiver in a
300 GHz communications system fully enabled by photonics. We showed that the
receiver supports data rates comparable to electronic-based receivers, achieving an
aggregate rate of up to 180 Gbps.

Compared to receivers based on photoconductors, the main limitation of the
optoelectronic receiver approach is frequency tuneability. However, extreme tune-
ability is arguably unnecessary for communications, as future terahertz links will
likely operate within a defined frequency range, such as 252-325 GHz in IEEE
802.15.3d [5-28]. In this context, the multi-channel link demonstration covers
nearly the full bandwidth of the standard, with the primary limitation arising from
the low-barrier mixer design rather than the technology itself. Additionally, long-
distance links, such as fronthaul or backhaul, will likely require amplification, inher-
ently restricting the operational frequency range. We argue that the key advantages
of photonics-enabled systems in terahertz communications are: (1) the agility of
signal generation, enabling multiple channel signals over a wide bandwidth, and (2)

the distribution of both transmitter and receiver LOs via optical fibre.

References

[5-1] I Belio-Apaolaza, J. Seddon, D. Moro-Melgar, et al., “Photonically-driven schot-

tky diode based 0.3 THz heterodyne receiver,” en, Opt. Express, vol. 30, no. 24,
pp- 4322343236, Nov. 2022.

[5-2] 1. Belio-Apaolaza, J. Seddon, H. Wang, et al., “Integrated 300 GHz optoelectronic
mixer based on photonically-pumped low-barrier Schottky diodes,” J. Lightwave
Technol., pp. 1-10, 2025.

[5-3] 1. Belio-Apaolaza, J. Martinez-Gil, J. Tebart, et al., “Fully-optoelectronic
300 GHz multi-channel wireless link using a photonically-pumped low-barrier

mixer for up to 180 Gbps,” J. Lightwave Technol., vol. 43, pp. 19-28, Jan. 2025.

[5-4] C. C. Renaud, M. Natrella, C. Graham, J. Seddon, F. Van Dijk, and A. J. Seeds,
“Antenna integrated THz uni-traveling carrier photodiodes,” IEEE J. Sel. Top.
Quantum Electron., vol. 24, no. 2, pp. 1-11, Mar. 2018.



[5-5]

[5-6]

[5-7]

[5-8]

[5-9]

[5-10]

[5-11]

[5-12]

[5-13]

[5-14]

References 175

J. P. Seddon, M. Natrella, X. Lin, C. Graham, C. C. Renaud, and A. J. Seeds,
“Photodiodes for terahertz applications,” IEEE J. Sel. Top. Quantum Electron.,
vol. 28, no. 2, pp. 1-12, 2022.

0. Cojocari, I. Oprea, H. Gibson, and A. Walber, “SubMM-wave multipliers by
film-diode technology,” in 2016 46th European Microwave Conference (EuMC),
IEEE, 2016, pp. 337-340.

X. Lin, M. Natrella, J. Seddon, et al., “High performance waveguide uni-
travelling carrier photodiode grown by solid source molecular beam epitaxy,” en,

Opt. Express, vol. 27, no. 25, pp. 37 065-37 086, Dec. 2019.

A. E. Maestrini, J. V. Siles, C. Lee, R. Lin, and I. Mehdi, “A 2 THz room tem-
perature bias-able Schottky mixer,” IEEE Transactions on Terahertz Science and

Technology, vol. 15, no. 2, pp. 169-180, 2025.

S. A. Maas, Nonlinear microwave and RF circuits, en, 2nd ed. Norwood, MA:

Artech House, Jan. 2003.

Z. Li, H. Pan, H. Chen, A. Beling, and J. C. Campbell, “High-saturation-current
modified uni-traveling-carrier photodiode with cliff layer,” IEEE J. Quantum
Electron., vol. 46, no. 5, pp. 626-632, May 2010.

M. Grzeslo, S. Diilme, S. Clochiatti, et al., “High saturation photocurrent
THz waveguide-type MUTC-photodiodes reaching mW output power within the
WR3.4 band,” en, Opt. Express, vol. 31, no. 4, pp. 6484—6498, Feb. 2023.

E. Abacioglu, M. Grzeslo, T. Neerfeld, J. L. F. Estevez, and A. Stoehr, “High
output power broadband 1.55 um waveguide-integrated terahertz MUTC-
photodiodes,” in 2023 23rd International Conference on Transparent Optical

Networks (ICTON), IEEE, Jul. 2023, pp. 1-4.

Z. Li, M. S. Erkiling, S. Pachnicke, et al., “Signal-signal beat interference can-
cellation in spectrally-efficient WDM direct-detection Nyquist-pulse-shaped 16-
QAM subcarrier modulation,” en, Opt. Express, vol. 23, no. 18, pp. 23 694—
23709, Sep. 2015.

L. Fatadin, D. Ives, and S. J. Savory, “Blind equalization and carrier phase recov-
ery in a 16-QAM optical coherent system,” J. Lightwave Technol., vol. 27, no. 15,
pp- 3042-3049, Aug. 2009.



[5-15]

[5-16]

[5-17]

[5-18]

[5-19]

[5-20]

[5-21]

[5-22]

[5-23]

[5-24]

References 176

T. Pfau, S. Hoffmann, and R. Noe, “Hardware-efficient coherent digital receiver
concept with feedforward carrier recovery for M -QAM constellations,” J. Light-

wave Technol., vol. 27, no. 8, pp. 989-999, Apr. 2009.

X. Liu, “High-capacity long-haul optical fibre transmission,” en, in Optical Com-

munications in the 5G Era, Academic Press, Oct. 2021, pp. 185-232.

E. Agrell and M. Secondini, “Information-theoretic tools for optical communica-
tions engineers,” in 2018 IEEE Photonics Conference (IPC), Sep. 2018, pp. 1-
5.

C. Schow, M. Filer, and C. Doerr, “Coherent interconnects for data centers,” in
Integrated Photonics for Data Communication Applications, M. Glick, L. Liao,

and K. Schmidtke, Eds., Elsevier, Jan. 2023, pp. 201-232.

E. Abacioglu, M. Grzeslo, T. Neerfeld, J. L. F. Estevez, and A. Stoehr, “High
output power broadband 1.55 um waveguide-integrated terahertz MUTC-
photodiodes,” in 2023 23rd International Conference on Transparent Optical

Networks (ICTON), IEEE, Jul. 2023, pp. 1-4.

A. Morales, G. Nazarikov, S. Rommel, C. Okonkwo, and I. T. Monroy, “Highly
tunable heterodyne sub-THz wireless link entirely based on optoelectronics,”

IEEE Transactions on Terahertz Science and Technology, vol. 11, no. 3, pp. 261—
268, May 2021.

E. Andrianopoulos, N. K. Lyras, E. Pikasis, et al., “Real-time sub-THz link en-
abled purely by optoelectronics: 90-310 GHz seamless operation,” IEEE Photon-
ics Technol. Lett., vol. 35, no. 5, pp. 237-240, Mar. 2023.

M. Deumer, L. Liebermeister, O. Stiewe, et al., “Purely photonic wireless link at
120 GHz with a photoconductive antenna as heterodyne receiver,” in 2023 48th
International Conference on Infrared, Millimeter, and Terahertz Waves (IRMMW-

THz), IEEE, Sep. 2023, pp. 1-2.

M. Deumer, O. Stiewe, S. Nellen, et al., “Optoelectronic heterodyne THz re-
ceiver for 100300 GHz communication links,” IEEE Access, vol. 12, pp. 27 158—
27166, 2024.

T. Harter, S. Ummethala, M. Blaicher, et al., “Wireless THz link with optoelec-

tronic transmitter and receiver,” en, Optica, vol. 6, no. 8, p. 1063, Aug. 2019.



[5-25]

[5-26]

[5-27]

[5-28]

References 177

J. Dittmer, J. Tebart, C. Fiillner, C. Koos, A. Stohr, and S. Randel, “200 gbit/s
wireless THz transmission over 52m using optoelectronic signal generation,”

pp. 134-137, Sep. 2023.

S. Cho, S.-R. Moon, M. Sung, S.-H. Cho, T. Kawanishi, and H.-J. Song, “A 262-
GHz wireless IFoF uplink with remote down-conversion using optically gener-
ated sub-THz LO,” IEEE Trans. Microw. Theory Tech., vol. 71, no. 5, pp. 2276—
2285, May 2023.

P. T. Dat, I. Morohashi, N. Sekine, A. Kanno, N. Yamamoto, and K. Akahane,
“Fiber-terahertz-fiber bridge system in the 355-GHz band using a simple optical
frequency comb and a photonics-enabled receiver,” en, Opt. Lett., vol. 48, no. 8,

pp. 2190-2193, Apr. 2023.

V. Petrov, T. Kurner, and I. Hosako, “IEEE 802.15.3d: First standardization ef-
forts for sub-terahertz band communications toward 6G,” IEEE Commun. Mag.,

vol. 58, no. 11, pp. 28-33, Nov. 2020.



Chapter 6

Conclusions and future work

6.1 Conclusions

The research goal of this work, defined in Chapter 1, was to advance optoelectronic
terahertz receivers and bridge the performance gap between electronic and opto-
electronic solutions. Through the development, fabrication, and characterisation
of integrated UTC-PD and SBD-based receivers, this goal has been successfully

achieved, demonstrating near state-of-the-art down-conversion efficiency.

A key conclusion is that the modelling and design process presented in Chapter
2 provides a reliable tool for predicting receiver performance with reasonable accu-
racy, a non-trivial task. This methodology was first applied to design a monolithi-
cally integrated receiver, with a predicted minimum conversion loss of 12.46 dB and
a noise temperature of 1548 K at approximately 250 GHz. We have demonstrated
that this performance can be achieved by fabricating an SBD using the standard
UTC-PD epitaxy and employing a compatible fabrication process with minimal

modifications.

The main drawback of monolithic integration is the trade-off between
UTC-PD, SBD, and mixer performance. Optimising the epitaxial structure to
enhance both active devices is challenging and may not always be feasible. In ad-
dition, monolithic integration of the mixer circuit forces the use of an InP substrate
and CPW waveguides, though other materials and waveguide architectures are more

suitable for THz operation, both to minimise circuit losses and to reduce the Schot-
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tky contact barrier height. Despite these challenges, the designed receiver and its
simulated performance validate the concept, achieving remarkable conversion loss

and noise temperature in the 300 GHz band.

In the second part of this work, we have developed hybrid integrated solu-
tions using ready-to-assemble UTC-PDs and low-barrier SBDs. The quasi-optical
receiver design achieves a simulated minimum intrinsic conversion loss and noise
temperature of 11.86dB and 1293 K at 276 GHz, demonstrating an improvement
primarily attributed to the use of optimised air-bridged InGaAs Schottky contacts,
with a cut-off frequency of 11.42 THz, compared to 1.62 THz for the InP mono-
lithically integrated SBDs. The quasi-optical receiver offers advantages in fabri-
cation and assembly over rectangular waveguide receivers, facilitating proof-of-
concept implementation. Additionally, we introduced a WR3 receiver with mi-
crostrip waveguides, achieving a predicted conversion loss and noise temperature
as low as 10.3dB and 694 K at approximately 280 GHz, demonstrating that state-

of-the-art performance is achievable with our approach.

Characterisation of both non-integrated and integrated receivers have exper-
imentally confirmed the feasibility of the proposed concept, with measured con-
version losses at least an order of magnitude lower than existing optoelectronic
receivers, reaching ~15-20 dB under optimal LO pumping. A key finding is that
UTC-PDs can provide sufficient power to saturate the mixer diodes, in some cases
with only ~5-6 mA of photocurrent. The LO power requirement varies with fre-
quency due to impedance mismatch, UTC-PD frequency response, and THz circuit
losses. Integrating the UTC-PD and SBD increases LO path losses, primarily due
to lossy T-junctions in CPW for the bias T and IF signal extraction. To mitigate
these non-idealities, using InGaAs as the Schottky contact material to reduce barrier
height is key. Narrow-band designs with reduced LO power coupling losses could
enable the use of GaAs Schottky contacts for further performance enhancement.
However, for higher-frequency operation where UTC-PD power is more limited,

InGaAs remains the preferred option.

Finally, we have demonstrated a record-breaking 180 Gbps multi-channel link,
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showcasing the potential of this solution compared to other photonics-based THz
receivers. Even though this demonstration was carried out with the non-integrated
receiver, the measured conversion loss and IF bandwidth of the integrated receiver
indicates that similar data rates may be achieved. Unlike power-hungry electronic
multiplier chains, optoelectronic receivers offer an efficient and compact alternative.
This work demonstrates that a fully-optoelectronic link can compete with electronic
LO-based systems, enabling multi-channel 300 GHz communications with reduced
THz front-end power consumption and complexity, while ensuring seamless inte-
gration with fibre networks. These advantages make photonically-pumped Schottky
receivers a strong candidate for wireless fronthaul and backhaul in future 6G and
beyond networks. Beyond communications, the benefits of optoelectronic receivers
extend to other applications, such as radio-astronomy telescope arrays, as discussed

in Chapter 1.

6.2 Future work

Future research directions can be categorised into five main areas: (1) monolithic
integration solutions, (2) hybrid integration solutions, (3) modelling improvements,
(4) FMBD-based receivers, and (5) further experimental characterisation and sys-

tem demonstrations.

6.2.1 Monolithic integration

In this work, the monolithic receiver remained at the design stage despite the
promising simulated results. A natural continuation of this research involves fab-
ricating and testing the receiver, which can be divided into three stages: (1) fabri-
cation and characterisation of the InP SBD, (2) fabrication and characterisation of
both the UTC-PD and SBD, and (3) fabrication and characterisation of the fully
integrated receiver. The first step is essential for optimising InP Schottky contact
fabrication, understanding process limitations, and validating model predictions of
I-V and C-V characteristics. The second step focuses on developing a fabrication
process capable of producing both active devices while ensuring performance is not

degraded compared to their dedicated fabrication. Finally, the complete mixer cir-
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cuit can be fabricated and assembled, potentially using the quasi-optical packaging
employed for the hybrid integrated receiver.

As discussed, the current UTC-PD epitaxy lacks an appropriate n-type layer to
form a high cut-off frequency THz Schottky contact with a reduced barrier height.
Therefore, an interesting research direction, related to monolithic receivers, would
be to redesign the epitaxy to incorporate such a layer. While InGaAs offers high
electron mobility and a low barrier height, it also absorbs 1550 nm light, which
could lead to excess noise. A promising alternative could be InGaAsP, which is
used for the optical waveguide and, with adjusted doping, could provide better
capacitance-resistance trade-off with lower barrier height than InP. However, mod-
ifying the epitaxial structure would impact UTC-PD capacitance and carrier trans-
port. To assess these effects, a semiconductor model, such as a DD model similar
to that used for the SBD, would be necessary for analysing UTC-PD behaviour.
Additionally, the SBD fabrication process could be further improved, for example,
by implementing an air-bridged structure to minimise parasitic effects, or by us-
ing micro transfer printing techniques [6-1] to replace the InP substrate with better

alternatives in terms of heat dissipation and dielectric losses.

6.2.2 Hybrid integration

Despite the satisfactory measured performance of the quasi-optical receiver, fur-
ther improvements could enhance down-conversion efficiency and IF bandwidth.
Ribbon bonding was used to connect the UTC-PD to the mixer circuit for ease of
implementation; however, adopting a flip-chip approach would improve coupling
efficiency and increase LO power delivery to the SBDs, particularly at higher fre-
quencies. Additionally, the laser writing process used for the quartz circuit limited
the ground-to-signal gap to approximately 10 um. Enhancing this resolution would
enable further circuit miniaturisation, reducing propagation losses and minimising
odd-mode excitation at T-junctions. Nevertheless, fabricating and testing the WR3
receiver or other rectangular waveguide designs remains of high interest to demon-
strate state-of-the-art sensitivity with the optoelectronic receiver. Moreover, explor-

ing higher frequency designs would be valuable, targeting bands relevant not only
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for communications but also for radio astronomy. These designs could benefit from
alternative mixer configurations, such as higher order harmonic mixers, to overcome

LO power limitations.

6.2.3 Modelling improvements

The modelling framework proposed in this work can be further refined in several
ways. Regarding the SBD model, tunnelling was not included as it is negligible at
low doping levels and room temperature [6-2]. However, if the Schottky contact
layer doping is increased, this effect would require consideration. Another key as-
sumption in the SBD model is the quasi-static approximation, which remains valid
at lower THz frequencies (below 500 GHz). For higher frequencies, this assumption
may no longer hold, necessitating a revision of the model. In this context, DD mod-
els assume a static relationship between carrier velocity and the electric field [6-3]—
[6-5], meaning carriers are considered to respond instantly to local conditions. As
a result, these models cannot capture nonlocal effects such as velocity overshoot,
which become significant in micron- and submicron-scale Schottky diodes [6-6],
essential for higher-frequency operation. Implementing more complex semicon-
ductor models that consider more moments of the BTE, like hydrodynamic models,
or models based in the Monte Carlo method [6-6] would be of interest. Additionally,
incorporating self-heating effects [6-7] would be an interesting enhancement.

For the UTC-PD model, a primary limitation is its reliance on impedance mea-
surements of fabricated devices. A promising research direction would be the devel-
opment of a semiconductor/electromagnetic model capable of accurately predicting
impedance for a given epitaxial structure. Similarly, the current model assumes
a perfect quadratic relationship between photocurrent and output power, neglect-
ing UTC-PD saturation at high photocurrent levels. A more advanced semicon-
ductor/electromagnetic model could incorporate this effect alongside self-heating
considerations to improve power prediction accuracy.

For mixer non-linear simulations, the main improvement would be in noise
estimation. The current approach considers only shot noise and thermal noise in

harmonic balance simulations. However, hot-electron noise is known to be an im-
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portant contributor when current densities are high [6-8], [6-9], which may occur
when the diodes operate under optimal conditions. Including this effect would en-

hance the accuracy of the noise analysis.

6.2.4 FMBD-based receivers

The receivers presented in this work employ mixer diodes based on InP or InGaAs
Schottky contacts. As discussed in Chapter 1, an alternative approach for resistive
THz mixer diodes involves the use of FMBDs. Due to the all-semiconductor char-
acteristic, they provide key advantages, including precise control over the barrier
height, and enhanced reproducibility, as they are not susceptible to surface states
that may alter the diode’s rectifying characteristics [6-10], [6-11]. Moreover, the
barrier height can be even lower than InGaAs Schottky contacts, leading to reduced
LO power requirements. Given these benefits, the integration of UTC-PDs and
FMBDs, whether through monolithic or hybrid approaches, constitutes a promising
direction for future research. In this sense, existing UTC-PD and FMBD materi-
als are already compatible for epitaxial growth, making monolithic integration a

feasible and compelling solution.

6.2.5 Experimental work

The primary remaining task in mixer characterisation is the measurement of noise
temperature, which was not performed for the receivers discussed in this work. This
can be achieved using standard Y-factor measurements, where, at THz frequencies,
room-temperature and liquid nitrogen-cooled absorbers serve as hot and cold loads
[6-12]. Noise temperature characterisation would enable validation and refinement
of noise estimations in mixer simulations, while also allowing conversion loss to be
extracted from them, providing verification of the conversion loss measurements.
For these experiments, the choice of photonic local oscillator sources is critical, as
LO noise directly impacts the measured noise figure. Employing ultra-low-noise
lasers and avoiding optical amplification would be recommended.

Beyond noise temperature, phase noise of the down-converted signal is an-

other key figure of merit that was not evaluated. In this work, free-running lasers
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were used, which are unsuitable for applications where phase noise is critical. A
fair comparison would require locked optical sources, such as filtered optical fre-
quency combs [6-13], [6-14], to assess and compare the phase noise performance
of optoelectronic down-conversion against electronic solutions.

Regarding system demonstrations, the multi-channel link experiment validated
the applicability of the optoelectronic receiver concept but was conducted with the
non-integrated receiver. Extending this demonstration to the integrated receiver
would be of interest. The demonstrated 1.5 m link was limited by the optical table
size, but longer distances could be achieved using larger lenses and commercially
available 300 GHz amplifiers, potentially extending the range to the kilometre scale
[6-15]. Additionally, optoelectronic receivers could be employed in alternative sys-
tem architectures, such as real-time wireless bridges interconnecting optical fibre
networks [6-16], [6-17]. Although communications was the primary focus of this
work, demonstrating their viability for other applications, such as radio-astronomy,

would further highlight the advantages of photonically-pumped Schottky mixers.
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Appendix A

Physics-based modelling of SBDs

A.1 Drift-diffusion model equations

Modelling the behaviour of any semiconductor device fundamentally requires de-
scribing carrier transport. This is commonly achieved using the semi-classical
Boltzmann Transport Equation (BTE). The solution to the BTE is the carrier distri-
bution function f (?,%,t), where 7 and k represent position and momentum spaces,
respectively, at time ¢ [A-1]. The implicit form of the BTE arises from the fact
that the total derivative of the distribution function vanishes, in accordance with

Liouville’s theorem [A-2].

d -

The implicit form of the BTE can be expanded as

of dk dr
— 4V f—+Vf—=0 A2
ar+kfdr+ fdt &.2)
where V; and V denote the gradient operators with respect to the momentum
and spatial coordinates, respectively. To derive the explicit form of the BTE, we
first consider the forces acting on a particle. The total force can be expressed as
dk

F=h— A3
7 (A.3)

where 7 i1s the Planck constant. These forces can be classified into electro-
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magnetic (ﬁe) and internal lattice collision forces (F}). Since the laws of dynamics
cannot directly determine internal forces [A-2], statistical methods are employed,

leading to the collision integral [A-1]

— (R K1) - (1= f(7 k1)) - S(K, K))dK! (A.4)

_(9f
N (§> col

where S (%, K ) represents the probability per unit time for a carrier to scatter
from state & to k. Substituting Equations A.3-A.4 into Equation A.2, and noting
that the group velocity of carriers is given by Vv = d7/dt, the explicit form of the
BTE can be obtained as [A-3]

of  F _(9f
=% )

Equation A.5 holds under several implicit assumptions: scattering is indepen-
dent of external forces and occurs instantaneously, carrier-carrier interactions are
negligible, and band theory along with the effective mass theorem applies to the
semiconductor [A-1]. Solving for the carrier distribution f allows the derivation of
key parameters such as carrier concentrations, energy densities, current, and diffu-
sion coefficients. However, this is highly challenging, as Equation A.5 represents an
integro-differential equation with seven independent variables and no closed-form
solution [A-1].

A common approach to solving the BTE is the method of moments [A-4]. This
involves multiplying the BTE by a generic scalar function and integrating over the
momentum space. The key is to choose functions that enforce the conservation of
specific physical quantities. Drift-diffusion (DD) models simplify the BTE by re-
taining only the first two moments, corresponding to electron and momentum con-
servation. Based on these principles, the DD model equations can be derived. First,
the continuity equations for electrons and holes, representing electron conservation,

can be expressed as
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- 0

Vuh—qé?:qmn—Gﬂ (A.6)
- 0

Vub—q§§:qmp—Gﬁ (A7)

where g, n, p, J,,, and J,, denote the elementary charge, electron concentration, hole
concentration, electron current density, and hole current density, respectively. The
terms R, , and G, , represent the generation and recombination rates of electrons
and holes. For momentum conservation, the DD model assumes that electrons re-
main in thermal equilibrium, carrier velocity updates instantaneously with respect
to the local electric field, and current remains constant over the momentum relax-
ation time [A-1], [A-4]. Under these approximations, the current flow equations of

the DD model can be expressed as

Jn = —qUnE +qD,V,, (A.8)

Iy = —aipE +4D,V, (A9)

where U, W,, Dy, D), and E denote the electron mobility, hole mobility, elec-
tron diffusion coefficient, hole diffusion coefficient, and electric field, respectively.
To complete the DD model, the Poisson equation describes the effect of an external

electrostatic potential ¢ on charge distribution, given by [A-1]

—V2¢) —

(LRSS

(N —n+p—Ny) (A.10)

where ND+ and N, are the ionised donor and acceptor impurity concentrations,
respectively. Equations A.6 to A.10 can then be solved self-consistently to obtain

the transport characteristics of the semiconductor.
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A.2 Metal and semiconductor interfaces

The equations presented so far describe carrier transport within a semiconductor.
However, to model a Schottky barrier diode (SBD), the boundary conditions at
metal-semiconductor and semiconductor-semiconductor interfaces are also crucial.
In a simplified 1D SBD model (see Figure A.1), three interfaces are relevant: the
Schottky contact interface, the epilayer-buffer layer interface, and the Ohmic con-

tact interface.

12
Schottky —> Epilayer Buffer layer Ohmic
contact contact

Figure A.1: 1D schematic of a physics-based SBD model.

To model the Schottky contact interface, it can be treated as a surface recom-

bination mechanism, expressed as [A-5], [A-6]

Ty it = =qva(n—no) (A.11)

Jy-ii = —qvy(n—po) (A.12)

where v, and v, are the recombination velocities for electrons and holes, re-
spectively, 7 is the outward normal of the semiconductor domain, and ng and p are
the quasi-equilibrium carrier densities. Assuming a non-degenerate semiconductor,

these are given by [A-6], [A-7]

no = N, exp <—Iz—‘;) (A.13)
E,— 03

=N, _ A.14

Po NeXp< kBT> ( )

where ¢p is the barrier height, E, is the bandgap energy, N, and N, are the
effective density of states in the conduction and valence bands, respectively, kp is the

Boltzmann constant, and 7 is the temperature. The recombination velocities v, and
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v, are determined by thermionic emission across the junction (metal-semiconductor

interface), which can be written as [A-5], [A-6]

A*T?

v, = 2 (A.15)
gN
A;;T2

v, = (A.16)
gNy

where A}, and A7, are the effective Richardson constants for electrons and holes,
respectively. Equations A.11 to A.16 specify boundary conditions for the current.

The boundary condition for voltage is expressed as [A-6]

AE
v=—(¢3+x)—7f+vo (A.17)

where y, AEy, and V) are the semiconductor affinity, the difference in Fermi
level energies between the metal and semiconductor, and the applied voltage, re-
spectively. At the boundary between two semiconductor layers, it is typically as-
sumed that the semiconductor junction has negligible resistivity, which is modelled

by the assumption that the quasi-Fermi levels at both sides are equal [A-6]

Efp =Epp (A.18)
Eppr = Efp (A.19)

where Ef,1, Efp1, Efpo, and Eyj,) are the electron and hole quasi-Fermi lev-
els at the left and right sides, respectively. For the Ohmic contact boundary, local
equilibrium is assumed, meaning the hole and electron quasi-Fermi levels are equal,
and charge neutrality implies no band bending. The voltage at the Ohmic contact is

given by

V =V +Vo (A.20)

where V) is the applied voltage and V., is the built-in voltage at equilibrium,

expressed as [A-6]
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kgT N, 1 N, 1 1
V,y=—(In q +—ln(—)——<AE +—E>)— A21
“T g < (Ynni,eff> 2 \N.) g\"7 T2 x A

where n,, is the equilibrium carrier concentration given by

Er—E;
Neg = Yallief f EXP kT (A.22)

where n; . ¢ 7 1s the effective intrinsic carrier concentration and E; is the intrinsic

Fermi level energy. Finally, 7, is a scaling factor related to the carrier statistics of

the semiconductor, and for non-degenerate semiconductors, %, = 1.
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Appendix B

UTC-PD transit-time response

To determine the transit-time limited response of the UTC-PD, a simplified model
consisting of the absorber and collector layers can be employed [B-1], [B-2], as

depicted in Figure B.1.

Absorber Collector
Vv ° —_)t
<—O jwt
Tp@)eit | T (Wabs)e
: : >z
z=0 T = Weps = Waps + Weon

Figure B.1: 1D schematic of the UTC-PD model for transit-time response calculation.
Adapted from [B-1].

By applying the drift-diffusion equations and Poisson’s equation under short
circuit conditions, the total frequency-dependent (@ = 27 f) photocurrent density
Jpn(®) can be expressed as [B-2]

LEqo1]

Jph(w) :Jcoll(w)-l_]W—Vcoll(a)) (B-l)
coll

where J,,;; (@) and V., (@) are the photocurrent density and voltage drop in
the collector, respectively, W,,;; is the collector thickness, and €., its permittivity.
Enforcing current continuity across the absorber and collector layers, the photocur-

rent also satisfies [B-2]
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WEqyps
Wabs

Ion(@) = Japs (@) + j Vaps (@) +Jaaj (@) (B.2)

where J5s(®) and V(@) are the photocurrent density and voltage drop in
the absorber, W, is the absorber thickness, €, is the permittivity of the absorber
layer, and J,4; is an additional current component to ensure current continuity is

satisfied [B-2]. The current densities J,, (@) and J,,;;(®) can be expanded to [B-3]

1
Jups (@) = —qgG(@W) ——— B.3
(@) = ~0(@) g ®3)
in (Ll ot
1 sin(=5L) LT (B.4)

Jeoll(®) = —qG(®) 1T wr,, D
abs 2

where G() is the electron-hole pair generation rate. T,qj, Taps, and T, are
the adjustment current, absorber and collector time constant, respectively. The ad-

justment current can be approximated by

WEqypg
Wabs

Jadj(w) = _j2 Vabs((o) (B.5)

Assuming that the absorber current term is considerably greater than the ad-

justment current, it can be rewritten as [B-2]

WEqyps
Wabs

Jaa () = 257 L ()2 = — JOCupRapas(©0) = — 0Tl (0)
(B.6)
where R, and C, are the resistance and capacitance of the absorber layer, re-
spectively. Now, since a short-circuit condition is assumed, the following condition

must hold

.DEqps

W&o
Veor1(@) = —
J coll( ) J Wabs

Wcol [

Vaps(®) (B.7)

The total photocurrent can be rewritten as
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Jph(w) = Jcoll<a)) - 2jwﬂcadj']abs (B.8)

Considering a p-InGaAs absorber, the adjustment current time constant is of
the order of femtoseconds, which means the product @7,;; << 1 even at several
hundred GHz. Therefore, the second term in Equation B.8 can be neglected, and
the total photocurrent density J,,(®) is approximated by J.,;;(®). Then, assuming
a constant generation rate, the photocurrent frequency as a function of frequency
I, can be expressed as

27 f 7ol

znfrcoll ) .
2 e iT2 (B.9)

1 sin(

I
1 + jZﬂfTabs 2TEJ;TC()II

on(f) = Lpno

where 1, is the reference DC photocurrent. The time constants 7, and 7. can

be calculated by [B-3]

Wi, Wa
Taps = 7228 4 —= B.10
abs 3D, + Vin ( )
W,
Teoll = vcollll (B.11)
Cco

where D, is the diffusion constant of electrons in the absorber, v, is the
thermionic emission velocity at the absorber-collector interface, and v, is the car-

rier saturation velocity in the collector.
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Appendix C

Material parameters

This appendix presents the material parameters and physical constants used in the

simulations conducted in this thesis.

C.1 Semiconductor parameters

Table C.1 lists the semiconductor parameters required for the physics-based InP
Schottky diode model, corresponding to each relevant layer of the UTC-PD epitaxy.
These include the energy bandgap (E,), electron affinity (x), effective density of
states in the conduction band (N,), electron mobility (u,), effective electron mass
ratio (m /mg), and relative permittivity (&,). These parameters are obtained from

references [C-1]-[C-7].

Layer Material ~ Np (1/ecm®)  E, (eV) x (eV) N, (l/em?) p, (cm?/Vs) mi/my &

Collector  n—InP 1-10' 1344 438  3.7-10"7 4,392 0.078 12.50
Waveguide nt—Q;3 25-10" 0925 453  3.4.10"7 2,500 0.060 13.36
Contact ntt—ImP >1-10"° 1295 438 5.7-10"7 1,174 0.078 1250

Table C.1: Semiconductor material parameters used of the InP SBD COMSOL model.

The energy bandgap is obtained considering bandgap narrowing effects from
high doping, using a Jain-Roulston model [C-8]
1/3 1/4 1/2
AE, :ABGN'ND/ +BBGN'ND/ +CBGN'ND/ ; (C.1)

where Ay, Bpgn, and Cpgy are model coefficients, and Np is the doping concen-

tration in cm 2. The coefficients used in this work, listed in Table C.2, are taken
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from previous studies [C-4], [C-5]. A 50:50 distribution between conduction and
valence bands (apgy = 0.5) is assumed, as it has demonstrated reasonable agree-

ment with experimental results [C-9].

Material ABGN Bgon Cgon

InP 2251008 0 0
InGaAsP  2-10°8 0 0

Table C.2: Jain-Roulston model parameters for bandgap narrowing in n-type InP and In-
GaAsP.

The electron affinity of Q1.3 is derived from the conduction band discontinu-
ity at the InP-InGaAsP heterojunction. For lattice-matched InGaAsP, this can be

approximated by [C-1].

AE. = 0.39AE, (C.2)

For the electron mobility of the InP layers, a doping-dependent model was used

[C-7]. The low-field electron mobility can be calculated as

01
nu“nmax B nu’nmin

l )
6,
1+ (No/N)

M = Hn,, + (C3)

where Uy min and Uy me, are the mobilities at low and high doping concen-
trations, respectively, N,.r is the doping concentration at which the mobility is
Unmax/2, and Oy, 6, and A are additional fitting parameters. The values used in
this study [C-7] are listed in Table C.3. For the Q1.3 layer, mobility data are ob-
tained from experimental results in [C-6]. Finally, the effective electron mass ratio

for the Q1.3 layer is calculated from [C-2].

m’ /mo = 0.080 — 0.049y (C.4)

where y represents the arsenic mole fraction, which is 0.57 for lattice-matched

013.
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lunmax (sz/VS) lu’nmin (sz/VS) Nref(cm_S) )' 61 62
5200 400 1.3-10'7 047 2 325

Table C.3: InP doping-dependent electron mobility model parameters.

C.2 Electromagnetic parameters

The parameters used in CST EM simulations to obtain the S-parameters of the mixer

components are listed in Table C.4.

Material & tand o
n - InP (collector layer) 12.5[C-3] - 704
n"-Q; 3 (waveguide layer) 13.36[C-2] - 100,125
n™-InP (contact layer) 12.5[C-3] - 188,070
S.I InP (substrate) 12.5[C-3]  0.0013[C-10] -
SiON (passivation) 27 0.004[C-111?) -
InGaAs (epilayer) 13.9[C-1] 0 -
Si02 (passivation) 39[C-12] 0.0012[C-13] -
Quartz (substrate) 3.750) 0.00043) -
High-resistivity silicon (lens) ~ 11.9¢) 0.00025(3) -
Gold (metallization) - - 4.561-1073)

(1) Value found empirically to provide consistency between UTC-PD simulations and experimental measurements.
(2) Value from SiN due to the lack of available data.
() From CST material library.

Table C.4: Electromagnetic used in CST simulations for mixer design.

The parameters are the relative permittivity (€,), the dielectric loss tangent
(tan ), and the conductivity (o). In a dielectric material, zand and o are related
through the complex dielectric constant. While tan d is typically specified, for the
materials in the UTC-PD layers used in the InP diode cell simulation, conductivity

is employed instead, calculated as

G = qlnNa (C.5)

where ¢ is the electron charge, u, is the electron mobility, and N, is the doping
concentration. This approach is used since these layers are used to electrically con-
nect the diode finger to the Ohmic contact, allowing us to take into consideration

the high-frequency spreading resistance in the simulations. The mobility and doping
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concentrations specified in Table C.1 are used. Other parameters are sourced from
various studies, with preference given to those within the 100-300 GHz frequency

range [C-1]-[C-3], [C-10]-[C-13].

C.3 UTC-PD transit-time response parameters

The parameters used for calculating the UTC-PD photocurrent frequency response
(Equation B.9) are listed in Table C.5. These include the absorber thickness (W),
the collector thickness (W,,;;), the electron diffusion constant in the absorber (D,)
[C-14], [C-15], the thermionic emission velocity at the absorber-collector interface
(vin) [C-14], [C-15], and the carrier saturation velocity in the collector (v.y;), as-

sumed to be equal to the overshoot velocity [C-16], [C-17].

Wabs(nm) Wcoll(nm) De(cmz/s) Vth(cm/s) Vcoll(cm/s)
120 300 103 2.5-107 4107

Table C.5: Parameters used in Equation B.9 to calculate the UTC-PD photocurrent
frequency-dependent response.
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