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Development of the first compact model for ultra-fast UTC (Uni-travelling

Résumé -FR

À l'ère des technologies de l'information, nous assistons à une augmentation spectaculaire du trafic Internet et mobile mondial. L'innovation dans les technologies de communication optique a contribué de manière significative à la transmission de données à haut débit. Cependant, la demande continue de bande passante nécessite la conception et la réalisation de nouveaux circuits et systèmes capables de supporter la demande croissante de trafic de données. En ce qui concerne les communications sans fil, les technologies traditionnelles de communication par radiofréquence sont confrontées à des défis importants pour répondre à l'augmentation des besoins en bande passante. Les bandes RF supérieures, notamment les ondes millimétriques (0,3-100 GHz) et les Térahertz (0,1-10 THz) offrent des largeurs de bande plus importantes et doivent être exploitées pour prendre en charge les communications sans fil ultrarapides. Les futurs systèmes de communication devront supporter le trafic de données attendu. Des récepteurs à large bande passante et à l'architecture moins complexe sont donc essentiels dans les communications optiques. Des émetteurs et des récepteurs efficaces, compacts et de faible consommation seront un élément clé de la mise en oeuvre de systèmes de communication sans fil à haute performance. Les circuits optoélectroniques intégrés (COEIs) de façon monolithiques constituent une solution viable et efficace à ce défi. Dans les COEIs, les photodiodes à porteur unique (UTC-PD) représentent des composants clés qui ont été largement étudiés pour les applications optoélectroniques ultrarapides. Des performances élevées ont été rapportées, démontrant des bandes passantes de plus de 600 GHz. Comme première étape vers le développement de circuits et de systèmes OEIC, une solution unifiée de modélisation et de co-conception doit être mise en oeuvre. Dans cette perspective, nous proposons un modèle évolutif, compact et multi-physique pour l'UTC-PD. Le modèle est écrit en Verilog-A et est compatible avec la méthodologie/outil/flux de conception de circuits électroniques existants. Le modèle est développé sur la base des équations de transport des porteurs de charges dans l'UTC-PD. Afin de valider le modèle, nous avons effectué des caractérisations électro-optiques sur les UTC-PDs. La caractérisation optoélectronique onwafer a été réalisée pour la première fois dans le laboratoire IMS, grâce à la mise en oeuvre d'un banc de mesure que nous avons développé durant cette thèse. La validation complète du modèle compact par rapport aux mesures effectuées sur technologies UTC-PD de trois fondeurs différents dans une large gamme de conditions de fonctionnement (polarisation et fréquence) a été réalisée. Des méthodes de de-embedding adaptées et un flux d'extraction des paramètres du modèle compact UTC-PD proposé ont été étudiés. Les comportements DC et RF, sans illumination, de ce modèle compact ont été validés par des mesures sur plaquette jusqu'à 67 GHz et 110 GHz sur trois technologies UTC-PD développées sur des substrats InP. De même, des mesures de largeur de bande, jusqu'à 67 GHz, ont été effectuées et ont également été validées par rapport à la simulation du modèle compact. Ce modèle a démontré une excellente polyvalence et une évolutivité pour les trois types d'UTC-PDs étudiées, pour plusieurs géométries et sur une large gamme de conditions de polarisation. Le cadre de modélisation proposé est complet, précis et basé sur la physique, tout en étant compatible avec l'infrastructure de conception de circuits électroniques existante. 
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Introduction Motivation

In the era of Internet of Everything (IoE), we are experiencing rapid global surge in internet and mobile traffic. In the internet world, the continual emergence of new applications such as multiple video streaming platforms, online cloud storage, and even the predicted Metaverse, where the physical, virtual, and augmented realities merge, are extremely data-intensive.

The optical fiber technology has been in use since the 1980s for long distance and very high speed data transmissions [1], and is now widely used in short-distance communication networks as well. Over the past three decades, this technology has immensely contributed to the development of optoelectronic systems (photonic and electronic components assembled together), paving the way for integrated optical transceivers and high-speed optical modulators capable of meeting the growing demand in data rate and bandwidth. Communication standards in optical networks have evolved from 10 to 100 Gigabit Ethernet (GbE) over the past 30 years [2]. In 2017, the 400 GbE standard was approved by the IEEE P802.3bs committee and is expected to be adopted rapidly in the next few years [START_REF]Gb/s Ethernet Task Force[END_REF].

However, the increasing demand for bandwidth requires the design and fabrication of new circuits and systems capable of supporting such a large flow of information. Monolithically integrated optoelectronic circuits (OEIC) are considered as one of the promising solutions to address the upcoming challenges related to the evolution of information technologies. Indeed, monolithic integration of electronic and photonic devices allows for the shortest possible interconnections, thus minimizing the distance and electronic propagation losses within the device, especially at very high operating frequencies, and achieves better performances over hybrid circuits [START_REF] Mukherjee | Efficient compact modelling of UTC-photodiode towards terahertz communication system design[END_REF]. Co-integration also reduces the circuit sizes and manufacturing costs [START_REF] Koch | A monolithic bipolar CMOS electronic-plasmonic high-speed transmitter[END_REF].

In the world of wireless communication, radio communication is predominant. Due to the growth of data traffic, radio and optical communications have converged although they remain two distinct means of communication, mainly due to their relative positions on the electromagnetic spectrum [START_REF] Pang | Bridging the Terahertz Gap: Photonics-Assisted Free-Space Communications From the Submillimeter-Wave to the Mid-Infrared[END_REF]. Currently, there is an observable transition in radio technologies from millimeter (mm-Waves) to Terahertz (THz) waves, as they offer very high data rate traffic at large available bandwidths (tens to hundreds of GHz). Depending on the application, the appropriate carrier frequency or the frequency band is chosen [START_REF] Nagatsuma | Advances in terahertz communications accelerated by photonics[END_REF].

The expected data rate for wireless communications in mainstream market is expected to reach 100 Gbps and higher in the coming years (see Figure 0.1) [START_REF] Lee | Orbital Angular Momentum (OAM) multiplexing: An enabler of a new era of wireless communications[END_REF], which requires larger bandwidths. Obviously, the use of a carrier frequency in the THz range (0.1-10 THz) will be mandatory when the minimum bandwidth reaches several tens of GHz. Moreover, a large number of discrete terminals and a dense mesh of small radio cells are required to provide ubiquitous, broadband wireless access. All of these requirements can be met on one hand by using of fiber-optic radio (RoF) techniques, which involve the use of optical devices and techniques to generate, modulate, and transmit mm-Waves and THz signals, and on the other hand by monolithic OEICs that achieve optimal performances compared to hybrid circuits/systems. Monolithic OEICs are, therefore, a key element for future communication technologies, either for optical fiber communication or for very high speed wireless communication. The design and simulation of monolithic OEICs and systems heavily rely on the accuracy of compact models for the components of these circuits [START_REF] Mukherjee | Towards Monolithic Indium Phosphide (InP)-Based Electronic Photonic Technologies for beyond 5G Communication Systems[END_REF]. Therefore, it is essential to have computationally efficient and physics-based compact models that are compatible with existing software tools and SPICE design flow. With that in mind, we have started developing a compact modeling framework for photonic devices complementary to electronic device compact models. In this context, one of the major and timely contributions this thesis makes to the field of integrated optoelectronic circuit design is to propose a comprehensive compact model for the uni-traveling carrier photodiodes (UTC-PD), a key component in OEICs.

Overview of the thesis

This thesis is organized in four chapters; as a context, we first review the challenges and design perspectives for advanced communication technologies, then we describe the design concept of monolithic OEICs and their potential to meet the challenges of future communication technologies. Next, we investigate different UTC-PD technologies and present the associated multi-scale compact modelling framework and finally we discuss the performances achieved by these devices along with experimental results and model validation.

The first chapter of this thesis starts with a general discussion on the progresses made in optical and wireless communication. Next, the principal challenges are discussed and the notable demonstrations of new concepts and technologies for photonics and OEICs are presented. Finally, potential technologies such as monolithic OEICs are detailed and discussed. The second chapter starts with a brief history of the development of UTC-PDs, followed by a discussion on the performances of this technology compared to other photodiodes used in communication and the main advancements achieved for this device. Next, we discuss the fundamental modelling techniques for this photonic component and the importance of SPICE compact modelling for the design of OEICs. Finally, the theoretical basis of our compact model and its representation by an electrical equivalent circuit and formulation of model equations are detailed.

The third chapter is devoted to the description of the electro-optical measurement setup that has been developed during the course of this work. An overview of the equipment used are provided. Finally, a summary of the characterization and extraction protocols for the device parameters is presented.

The fourth chapter presents the results obtained to validate the compact model against experimental data from different UTC-PD technologies under test. A parameter extraction protocol has been proposed and followed in order to ensure an accurate extraction of the intrinsic parameters of the device. The first step is focused on applying de-embedding methods that we have proposed and that are better adapted in our case compared to the techniques reported in the literature. The intrinsic device data are then used to extract the compact model parameters. Finally, the chapter concludes with the presentation of extensive validation of the developed compact model, particularly for the principal figures of merit, the dark current and the bandwidth, of the studied UTC-PDs.

Finally the manuscript is concluded by a summary of the overall efforts of this thesis. Prospects for future work are also discussed.

Chapter 1: Photodiodes in communication systems

This chapter is divided into two main parts that categorize modern photonic systems, communication networks using optical link and wireless networks. In the section detailing the optical link, we focus on the configuration of an optical link and more specifically on the front end of the receiver module that include the photodiode (PD) and the Transimpedance amplifier (TIA). We also discuss the potential for monolithic integration of these devices to take advantage of the maximum potential of the optical fiber technology. We conclude this part by discussing prospects of OEICs based on InP substrate.

The second part is dedicated to wireless communication systems and specifically to the future vision of deploying very high speed communication in the mm-Wave and THz range. In this section we present the state-of-the-art on wireless links in the mm-Wave and THz range. We conclude this section by presenting a few notable demonstrations of integrated optoelectronic circuits for wireless communication along with their prospects for potential monolithic integration.

High speed optical communication

The number of applications and services is constantly increasing in today's ever evolving domain of information technology. Big Data, multiple video streaming platforms and online cloud storage are just a few of the many applications that require high data rates while ensuring low power consumption. To keep up with the ever-growing need in global data traffic, communication standards have evolved from 10 Gbps data transfer systems to 400 Gbps and are looking to go even higher in the coming years. Supporting and managing such dense data traffic have been made possible by the fiber-based interconnection and transmission systems developed over the years. In this section, we first present the basics of optical data transmission. Then, we focus on the data reception module i.e. the receiver, and particularly on its front end which is composed of the PD and TIA. Finally, we discuss on pertinent demonstrations of monolithic OEIC receivers and present the perspectives.

Optical transmission

Generic system

Optical links using fiber optics have dominated short-and long-distance interconnections because of their high bandwidth, immunity to electromagnetic interference and low attenuation over long distances. Figure 1.1 shows a basic optical communication link for the transmission and reception of information. In the transmission part, electrical data is converted into data stream by a Mach-Zehnder Modulator (MZM), carried on an optical carrier generated by a laser. The optical information is then transported through a fiber in the case of long-distance communications and for data centers, or through waveguides in the case of very short-range interconnections, e.g. from chip to chip or intra-chip communications.

In the receiver part, a photodetector (photodiode, for example) detects and converts the optical data into an equivalent electrical current. A trans-impedance amplifier (TIA) amplifies and converts this current into a voltage signal to be processed next.

The sensitivity of an optical receiver is the minimum incident optical power required at the receiver for the decision circuits to recover data at a reference bit error rate (BER) and it is one of the most important figures of merit. The bit error rate is a fraction of the number of bits that were incorrectly decoded. In general, a BER of 10 -12 is desired in optical receivers [START_REF] Caillaud | Photorecepteur intégré SOA-pin pour les applications à 100 gbit/s[END_REF].

In the example shown in Figure 1.1, the transmitting and receiving operations process serial data in a single flow, for example at 10 Gbps. To transmit higher data rates in the C-band range (1530-1565 nm), which has a bandwidth of 4 THz, wavelength division multiplexing technology has been developed (Figure 1.2). This technological feature is used possibly partly due to the very low attenuation (≈0.2 dB/km) of optical fibers over a very wide bandwidth, and partly due to the fact that the bandwidth of an optical fiber is much higher than that of an optoelectronic devices [START_REF] Caillaud | Photorecepteur intégré SOA-pin pour les applications à 100 gbit/s[END_REF].

Wavelength division multiplexing (WDM) technology allows the transmission of many signals (up to a hundred [START_REF] Charlet | Progress in optical modulation formats for high-bit rate WDM transmissions[END_REF]) in the same fiber by assigning a specific wavelength (a channel) to each signal. Very high data rates (several Tbit/s) can thus be transmitted over distances of more than a thousand kilometers in a single fiber.

Modulation Formats

In digital telecommunication systems, information is coded in the form of symbols. Depending on the modulation format used, a symbol will encode one or more bits. The rate which devices or circuits can support is expressed in bauds (or symbols/s), and can thus be different from the rate of transported information which is expressed in bit/s [START_REF] Caillaud | Photorecepteur intégré SOA-pin pour les applications à 100 gbit/s[END_REF].

Binary On-Off Keying (OOK) modulation is the simplest and most widely used format in short-haul fiber optic data communication systems. It imposes less stringent signal-to-noise ratio requirements than other higher modulation format orders, and thus lower noise requirements. OOK is simply a binary method of signaling, with "0" generally corresponding to no signal or low optical power, and "1" corresponding to a high signal power or a signal pulse. However, this means that the bit rate is the same as the baud rate. Therefore, for data rates of 100 Gbps, a bandwidth of about 50 GHz is required, which can be very difficult to achieve due to bandwidth limitations. In order to transmit more data in a limited bandwidth canal, digital M-ary modulation schemes are thereby used, and the most common of these schemes is 4-levels pulse amplitude modulation (PAM-4). Compared to OOK modulation (which can be considered as PAM-2 modulation), PAM-4 modulation transmits twice the information for the same bandwidth, however, sacrificing the signal-to-noise ratio (SNR) and at the cost of increased complexity of the coding and decoding blocks in the transceivers.

The variation in the phase of the signal can also be used to achieve the same data rate as OOK modulation, by coding the information on two opposite phase states of the light (0/π).

Figure 1.3. Illustration of the main modulation formats with the associated constellation.

This technique is called Binary Phase Shift Keying (BPSK) modulation. It is possible to transmit double the information per symbol of a light pulse, by combining two orthogonal BPSK signals in phase. It is then possible to code binary states using four states composed of phases (for example 45°, 135°, -45° and -135°). This is called Quadrature Phase Shift Keying (QPSK), where each state carries the information of 2 bits (1 per BPSK signal). The various states can be visualized as complex numbers on a constellation diagram, in which the x-axis represents the real component (I, "In Phase"), and y-axis stands for the imaginary component (Q, "Quadrature") [START_REF] Levaufre | Circuits photoniques intégrés incluant des lasers hybrides iii-v sur silicium pour applications en télécommunication très haut débit[END_REF]. This constellation is then representative of the modulation of a signal as illustrated in Figure 1.3.

One of the evolved versions of this format is the modulation in phase multiplexed quadrature or Polarization-Division Multiplexing Quadrature Phase-Shift Keying (PDM-QPSK), formed by the recombination of two QPSK signals, depending on perpendicular polarizations of the modes TE or TM (Transverse Electric or Transverse Magnetic). In the output of such a modulator, one obtains a symbol constellation (Baud) containing 4 bits of information (2 for each QPSK signal). Thus, for a speed of modulation of 25 Gbaud, one obtains an effective flow of 100 Gbps.

By combining two orthogonal 4-levels modulations, it is possible to generate even more binary states. The constellation obtained then comprises 2 4 =16 states, which makes it possible to code 4 bits per symbol. This modulation format is thus called 16-QAM, for Quadrature Amplitude Modulation. Additionally, the number of states can be increased to 32, or even 64, by multiplying the modulation levels.

Toward monolithic OEIC: receivers

The continuous increase in data traffic has created an increasing demand for bandwidth. Ethernet throughput has evolved at a very rapid rate, from 10 to 100 gigabits Ethernet (100 GbE), over the past 30 years [START_REF]40 Gb/s and 100 Gb/s Fiber Optic Task Force[END_REF]. In 2017, the 400 GbE standard was approved by the IEEE P802.3bs committee and is expected to be rapidly adopted in the next few years [START_REF]Gb/s Ethernet Task Force[END_REF]. Depending on the interface link (client and or data center interface), the adopted architecture of the transmitters and receivers and modulation formats can be more or less complex.

Since this PhD thesis focuses mainly on the compact modelling and characterization of photodiodes and more precisely of UTC-PDs, we have chosen to emphasize on their implementation for designing OEICs such as optical receivers. With that in mind, in what follows, we present and discuss a few demonstrations of the hybrid integration of PD and TIA (receiver front end) and then we illustrate their potential for monolithic integration.

Hybrid integrated receivers

The receivers can be fabricated using a III-V technology platform based on an InP substrate, the CMOS or BiCMOS platform on a silicon substrate or through hybrid integration, involving PDs on III-V substrate along with TIA and other electronic devices built on CMOS or BiCMOS platform. These basic modules can be integrated together in several ways. Historically, these devices are designed and optimized independently before being assembled into the final circuit. For example, in the optical receiver, the PD and TIA can be fabricated individually and then assembled by wire bonding (Figure 1.4) or flip chips. Thus, the photonic and electronic devices are connected electrically by wire bonds or flip chips [START_REF] Mukherjee | Towards Monolithic Indium Phosphide (InP)-Based Electronic Photonic Technologies for beyond 5G Communication Systems[END_REF], [START_REF] Xuan | A Low-Power Hybrid-Integrated 40-Gb/s Optical Receiver in Silicon[END_REF].

Hybrid assembly has the advantage of optimizing the performance of each component through the selection of appropriate semiconductor platforms for manufacturing. However, their limitations become apparent when bit rate exceeds 50 Gbps, caused by parasitic interconnections [START_REF] Lunardi | Integrated p-i-n/HBT Photoreceivers for Optical Communications[END_REF]. At higher data rates, monolithic integration, where the photonic, analog electronic, and the digital receiver components are fabricated on a single substrate in the same process flow, appears to be the most promising approach. We discuss it in more details in the next section with demonstrations reported in the literature.

Monolithic integrated receiver

Monolithic integration of electronic and photonic devices provides the shortest possible interconnects, resulting in better signal quality and better performance over hybrid circuits. Cointegration also reduces circuit size and manufacturing cost. Monolithic integration eliminates capacitive, resistive, and inductive parasitic interconnects that impair performance and add complexity in the final stages of IC design where careful parasitic modelling must be considered [START_REF] Carusone | CMOS technology scaling considerations for multi-gbps optical receivers with integrated photodetectors[END_REF].

The intrinsic drawback of monolithic integration is its poor ability to optimize the performance of each device independently. For example, the fabrication process used for electronics may not be optimal for photonic devices. 

a. InP platform

Photonic integrated circuits (PICs) are mainly based on III-V semiconductor materials on InP substrate platform, used especially because of the direct bandgap material that are essential to achieve laser sources and high efficiency optical amplifiers. For photodetectors, InxGa1-xAs alloy demonstrates strong optical absorption at telecommunication wavelengths. Moreover, the high electron velocity in InP enables high sensitivity and wide bandwidth photodetectors (PD). InGaAsP and InGaAlAs quaternary alloys, epitaxially grown on InP substrates, permit flexible bandgap engineering for telecommunication wavelengths, allowing active/passive integration on a single chip. They also provide efficient modulation of optical signals based on electrooptical and free carrier effects [START_REF] Shen | Ultrafast photodetector on the InP-membrane-on-silicon platform[END_REF].

Generic integration platforms based on InP have been proposed and developed over the last decade to reduce the cost and throughput time for developing PICs. Also, generic InP-based foundries based on industrial series of multi-project wafers have been established in Europe, offering low-cost access to the fabrication of application-specific PICs [START_REF] Shen | Ultrafast photodetector on the InP-membrane-on-silicon platform[END_REF].

The monolithic integration of p-i-n PDs and transistors (HEMT, HBT) in III-V on InP substrates dates back to the mid 1990's [START_REF] Kuebart | Monolithically integrated InP-based PIN-HEMT receiver OEIC with a receiver-sensitivity of -19.2dBm at 10 Gbit/s[END_REF]- [START_REF] Gutierrez-Aitken | 16-GHz Bandwidth InAlAs-InGaAs Monolithically Integrated p-i-n/HBT Photoreceiver[END_REF]. For instance, in 1996 Bell labs reported a monolithic integrated receiver on an Fe:InP substrate [START_REF] Lunardi | Integrated p-i-n/HBT Photoreceivers for Optical Communications[END_REF]. Figure 1.5 shows the schematic of the cross section of that receiver. It consists of a p-i-n PD connected to an n-p-n HBT which operates as a TIA. In this configuration, light is injected from beneath through the substrate. As shown in Figure 1.5, the p-i-n PD and the HBT share the first three layers above the substrate. Specifically, they share the base-collector junction. The Bell Labs group reported a 3 dB bandwidth of 10.4 GHz with a total power dissipation of 92 mW.

Works on monolithic integration of InP-based receivers thus continued until the early 2000s. A fully packaged optical receiver module based on monolithic integration of single p-in photodiodes and heterojunction bipolar transistors (HBTs) was also reported [START_REF] Bitter | Monolithic InGaAs-InP p-in/HBT 40-Gb/s optical receiver module[END_REF]. In 2000, the optical receiver module demonstrated a clear eye diagram for data rates of 40 Gbps at a wavelength of 1550 nm [START_REF] Bitter | Monolithic InGaAs-InP p-in/HBT 40-Gb/s optical receiver module[END_REF]. 

. Cross sectional view of a monolithic OEIC composed of p-i-n PD and HBT [15].

Since these achievements, however, research in monolithic integration on InP platform has somewhat considerably slowed down. This could be due to several possible reasons: (i) the existing need for data throughput is already met by the more mature CMOS and BiCMOS technologies, which offer high efficiency and higher integration densities, hence the growing academic and industrial interest in silicon photonics, a competing electro-photonic integration technology that will be discussed in the next section; (ii) The performances of devices, such as a photodetector or a TIA, are often sacrificed when implemented using a single and common fabrication process. Therefore, a hybrid assembly by wire or flip chip interconnections is preferred, which is currently being used in the industry operating at 25 Gbps [START_REF] Vernon | Electro-Photonic Integration and Technology Selection for Next Generation Optical Receivers[END_REF].

With the tremendous increase in data traffic, it has thus become imperative to re-evaluate the possibility of reviving monolithic integration of electronics and photonics based on III-V materials.

b. Silicon platform

Due to the indirect band gap of group IV semiconductors (silicon and germanium), it is challenging to build true monolithic electro-photonic circuits, especially when it comes to active devices (lasers and amplifiers). However, when it comes to passive photonic devices, the integration of Germanium (Ge) in the CMOS process enables photodiodes with responsivities as attractive as those of III-V-based photodetectors. This is because Ge has excellent absorption for the visible to near infrared wavelengths. Additionally, it exhibits higher electron and hole mobilities compared to silicon.

The advancements in the field of Ge on Si integration have been driven by the development of processes that allow epitaxial growth of Ge on Si, despite the 4.2% lattice mismatch between the two materials. SiGe buffer layers and annealing processes are some of the ways in which dislocation densities can be reduced [START_REF] Michel | High-performance Ge-on-Si photodetectors[END_REF]. Despite this, there are still a few drawbacks of integrating Ge photodetectors into a CMOS process, such as thermionic emission, which contributes to a relatively high dark current density resulting in high noise level of the photodetectors [START_REF] Masini | High-performance p-i-n Ge on Si photodetectors for the near infrared: From model to demonstration[END_REF].

Monolithic integration of photonics with silicon has been sought for some time, and most of the related works have been done based on CMOS technologies [START_REF] Assefa | A 90nm CMOS integrated Nano-Photonics technology for 25Gbps WDM optical communications applications[END_REF], [START_REF] Meade | Integration of silicon photonics in bulk CMOS[END_REF]. However, CMOS technologies do not seem to be the best choice when it comes to the base electronics that can ideally meet the requirements of future communication systems in terms of throughput and RF power. Beyond 100 Gbps systems, data rates in excess of 50 GBd are required for 400 Gbps transceivers. High-speed transistors are therefore a prerequisite for high-performance ePIC technologies [START_REF] Lischke | Monolithic photonic BiCMOS technology for high-speed receiver applications[END_REF].

Advanced SiGe heterojunction bipolar transistors (HBTs) outperform CMOS transistors in terms of RF performances and hence, SiGe HBTs are often preferred over CMOS technologies in high-speed analog circuits. Consequently, for an optical receiver built on SiGe BiCMOS platform, the analog part will exploit the high-speed capabilities of SiGe HBTs, while the digital part will make use of the high-density, low-power characteristics of MOSFET technologies.

In [START_REF] Lischke | Monolithic photonic BiCMOS technology for high-speed receiver applications[END_REF], a monolithically integrated optical receiver has been fabricated and successfully characterized on SiGe BiCMOS technologies (see Figure 1.6). The receiver includes a Ge integrated waveguide PD on which light is cast with a brag grating, a TIA, a Single-todifferential buffer (SDB) to convert the TIA outputs into fully differential signals, a post amplifier (PA) which enhances the gain bandwidth signal, and an output buffer providing 50 Ω matching impedance for measurements. The design and optimization of the optical receiver was done in the standard silicon integrated circuit design environment using an equivalent circuit model for the PD. Also, in 2017, higher data rates of 56 Gbps have been reported for monolithically integrated optical receiver [START_REF] Lischke | Monolithic photonic BiCMOS technology for high-speed receiver applications[END_REF], [START_REF] Jung | A monolithically integrated 25-gb/s optical receiver based on photonic bicmos technology[END_REF].

Conclusion and Perspective on OEICs

In this section, different approaches to photonic-electronic co-integration have been discussed. Although electronic and photonic devices based on III-V materials have superior performances compared to Silicon devices, the dominance of the latter in modern electronics remains the driving force behind the development of high-performance Silicon photonics. However, with the exponential growth in data traffic that we are experiencing today, monolithic silicon electro-photonic integration does not seem to be able to keep up with this evolution and will most likely give way to monolithic InP platform integration.

Wireless communication

Today, existing conventional radio frequency (RF) wireless communication faces significant challenges in meeting growing bandwidth demands. Upper RF bands, including millimeter-wave and terahertz, offer greater bandwidth and must be exploited to support ultrafast wireless communications. In this section, we briefly discuss millimeter wave (mm-Waves) and terahertz (THz) generation and detection techniques. We also discuss the benefits of OEICs (convergence of electronics and photonics) in the mm-Waves and THz domains. Also, we address their potential to bridge the gap in data rate between fiber-optic and wireless networks. We conclude this section by presenting a few demonstrations of mm-Wave and THz links applied in wireless communication, based on Radio over fiber (RoF) techniques and photonic devices, in particular, the UTC-PDs.

Millimeter and Terahertz waves: sources and detectors

Sandwiched between microwave and infrared, mm-Wave (3-100 GHz) and Terahertz (0.1-10 THz) frequencies (see Figure 1.7) have been traditionally used in niche applications such as security imaging and spectroscopy, or high-resolution radar. Due to the large bandwidth available and the fact that large portions of these bands are still not regulated for use, they offer greater potential applications than the conventional microwave spectrum for the development of high-capacity wireless systems [START_REF] Sengupta | Terahertz integrated electronic and hybrid electronic-photonic systems[END_REF].

Until the late 1980s, the lack of sources for the generation and detection of terahertz radiation created a frequency gap in the spectrum between 0.1 and 3 THz, known as the THz gap. Over the past few decades, the development of THz sources has progressed considerably. It started with the development of femtosecond-based technologies combined with photoconductive antennas used for both transmission and detection. The emergence of this technology in the 1980s thus greatly motivated researchers to invest in this frequency range, even though these optical systems were still bulky and expensive [START_REF] Nagatsuma | Advances in terahertz communications accelerated by photonics[END_REF]. Since then, significant efforts have been made to develop low-cost, efficient and eventually integrated systems for this frequency band. The fruits of this labor found applications in several fields, particularly in the domain of semiconductor and photonic devices. In the following, we discuss some of the photonic and electronic sources and detectors that work in the mm-Wave and THz range.

mm-and THz Waves generation

In electronics, the generation of mm-Wave and THz frequencies are done by techniques that rely on diodes, transistors or on frequency multiplication in low frequency oscillators.

Among the several examples of mm-and THz Wave generation by diode-based sources, one can cite Gunn diodes, resonant tunneling diodes (RTDs), IMPATT diodes, and tunnel injection transit time (TUNNETT) diodes [START_REF] Nakamura | High-efficiency lowphase-noise 79-GHz Gunn oscillator module[END_REF]- [START_REF] Eisele | 355 GHz oscillator with GaAs TUNNETT diode[END_REF]. The mm-Wave and THz generation relies on the negative differential resistance (NDR) of these diodes to generate high frequency oscillations. The difference between these diodes lies with the method used to produce the NDR, which results in variations of their performance parameters (oscillation frequency, output power, and phase noise) [START_REF] Rieh | An overview of solid-state electronic sources and detectors for Terahertz imaging[END_REF]. The IMPATT and Gunn diodes can generate high power at high frequencies (20 dBm at 100-200 GHz) [START_REF] Rieh | An overview of solid-state electronic sources and detectors for Terahertz imaging[END_REF], but they exhibit high phase noise levels. The TUNNETT diode is a variant of the IMPATT diode that can oscillate at higher frequencies with low phase noise, but with less output power. As for the RTD diode, it can generate the highest frequencies among these diode-based technologies (up to 1.92 THz) [START_REF] Maekawa | Oscillation up to 1.92 THz in resonant tunneling diode by reduced conduction loss[END_REF]. However, its output power is the lowest (below 1 µW). Table 1.1 summarizes some of the key figures of these diodebased sources. To achieve the NDR, transistor-based mm-Wave sources, such as CMOS transistors, Heterojunction Bipolar Transistors (HBT), Double Heterojunction Bipolar Transistors (DHBT), and High Electron Mobility Transistors (HEMT), use circuit-level topologies [START_REF] Rieh | An overview of solid-state electronic sources and detectors for Terahertz imaging[END_REF]. These transistor-based technologies can also offer higher power gain, making them more attractive over diode-based sources. Due to their advantageous electron transport characteristics, HBTs and HEMTs based on III-V materials can oscillate beyond THz frequencies. The record for the highest ft/fMAX of 475 GHz/1.2 THz has been reported for InP/GaAsSb DHBTs [START_REF] Arabhavi | InP/GaAsSb Double Heterojunction Bipolar Transistor Emitter-Fin Technology with fMAX= 1.2 THz[END_REF]. Despite the relatively inferior electronic transport properties of Silicon, recent advances in CMOS transistors and SiGe BiCMOS HBTs have brought them back in competition with HBTs and HEMTs based on III-V materials. Maximum cut-off/ oscillation frequencies up to 505/720 GHz (ft/fMAX) have been achieved with these Si-based technologies [START_REF] Heinemann | SiGe HBT with fx/fmax of 505 GHz/720 GHz[END_REF].

The mm-Waves and THz generation through frequency multiplication, several stages of frequency multipliers are implemented to generate high frequency signals from a low frequency source. Frequency multiplication introduces high losses (theoretically: 7.4 dB, typically: 10 dB) [START_REF] Mahmoud | Integrated photonics for millimetre wave transmitters and receivers[END_REF], so an amplifier needs to be added to each frequency multiplication stage, which is often complex and expensive [START_REF] Rieh | An overview of solid-state electronic sources and detectors for Terahertz imaging[END_REF]. Additionally, each multiplication stage further degrades the noise characteristics. However, advances in CMOS technology have demonstrated the possibility of the generation of high power signals at hundreds of GHz [START_REF] Liu | Frequency doublers with 10.2/5.2 dBm peak power at 100/202 GHz in 45nm SOI CMOS[END_REF].

The techniques discussed so far introduce unwanted phase noise, which may be intrinsic to the component or created and amplified post-amplification. This limits the data rate in communications systems especially when a higher order modulation format is used. There also exist techniques that produce low phase noise, but at the cost of low power generation. In these cases, the use of power combiners would become necessary.

There are also several photonic techniques for millimeter wave generation, including: optical heterodyne photomixing, mode-locked laser diodes (MLLDs) [START_REF] Kuri | Long-term stabilized millimeter-wave generation using a high-power mode-locked laser diode module[END_REF], nonlinear effects in waveguides and fibers such as four-wave mixing (FWM) [START_REF] Wang | Millimeter-wave signal generation using fourwave mixing effect in SOA[END_REF], and the Brillouin fiber laser [START_REF] Mohamad | Millimeter wave carrier generation based on Brillouin fiber laser with improved tuning capability[END_REF]. Each of these techniques has its unique advantages and disadvantages. MLLDs, for example, can generate high frequencies with low phase noise, but they are not tunable. The FWM technique can generate frequencies with low phase noise, but this technique requires high pump power and low conversion efficiency [START_REF] Mahmoud | Integrated photonics for millimetre wave transmitters and receivers[END_REF].

In what follows, we will focus on photomixing. Despite the fact that this technique produces a higher phase noise compared to other photonic techniques, it has several advantages such as simplicity of implementation, high tunability, full modulation depth and other characteristics [START_REF] Mohammad | 60-GHz transmission link using uni-traveling carrier photodiodes at the transmitter and the receiver[END_REF].

Photomixing is an optoelectronic technique for generating terahertz waves, using two lasers and a photoconductor or a photodiode that converts the two laser beams into a Terahertz wave. The illumination of the photosensitive surface by the two lasers induces a modulation of the beat frequency between these two lasers, which corresponds to the modulation of the generation of electron-hole pairs in the photosensitive material (photo-current). The photomixer is then connected through a waveguide or a propagation line to an antenna to transmit the THz wave into the air (Figure 1.8). With tunable lasers, photo-mixing offers a tunable terahertz source, since the beat frequency, 𝜈 𝐵 , depends directly on the frequency of the two lasers 𝜈 1 and 𝜈 2 . However, the bandwidth of the photo-mixers is limited by the materials which they are made of as well as their design [START_REF] Froberger | Caractérisation et modélisation de composants terahertz[END_REF].

From a mathematical point of view, let's consider two spatially superimposed laser beams, with the same polarization, that propagate along the 𝑧 direction. Their frequencies are defined by 𝜈 𝑖 with 𝑖 = {1,2}. Their electric and magnetic fields can be written as follows: To determine the energy associated with the photo-mixing of these two laser beams, we calculate the Poynting vector:

𝑃 ⃗ (𝑧, 𝑡) = (𝐸 1 ⃗⃗⃗⃗ (𝑧, 𝑡) + 𝐸 2 ⃗⃗⃗⃗ (𝑧, 𝑡)) × (𝐻 1 ⃗⃗⃗⃗ (𝑧, 𝑡) + 𝐻 2 ⃗⃗⃗⃗ (𝑧, 𝑡)) (1.
3)

The electric and magnetic fields are related to each other by [START_REF] Born | Principles of optics: electromagnetic theory of propagation, interference and Diffraction of Light[END_REF]:

√𝜀 • |𝐸| = √µ • |𝐻| (1.4)
Where 𝜀 and µ are the dielectric constant and magnetic permeability, respectively.

The magnitude of the Poynting vector is thus simplified as follows: Assuming that the two lasers have the same magnitude (𝐸 1 = 𝐸 2 = 𝐸) and the same phase (𝜑 1 = 𝜑 2 ). The magnitude of Poynting vector at 𝑧 = 0 (at photodetector surface) can be written as:

|𝑃 ⃗ (𝑧, 𝑡)| = √ 𝜀 µ |𝐸 1 (𝑧, 𝑡) + 𝐸 2 (𝑧, 𝑡)| 2 (1.5)
|𝑃 ⃗ (0, 𝑡)| = √ 𝜀 µ (𝐸 2 𝑐𝑜𝑠 2 (2𝜋𝜈 1 𝑡) + 𝐸 2 𝑐𝑜𝑠 2 (2𝜋𝜈 2 𝑡) +𝐸 2 cos(2𝜋(𝜈 1 + 𝜈 2 ) 𝑡 +𝐸 2 cos (2𝜋(𝜈 1 -𝜈 2 )𝑡)) (1.6)
The beating frequency of the lasers can be recovered by a photodetector. The contributions 𝜈 1 , 𝜈 2 and 𝜈 1 + 𝜈 2 are in the optical domain and are higher than the cut-off frequency of the photodetector and their values are therefore averaged. The magnitude of Poynting vector perceived by the photodetector thus becomes:

|𝑃 ⃗ (0, 𝑡)| = 1 2 √ 𝜀 µ (2𝐸 2 + 𝐸 2 cos (2𝜋(𝜈 1 -𝜈 2 )𝑡))) (1.7)
This gives a static component as well as a beat component, 𝜈 𝐵 = (𝜈 1 -𝜈 2 ), which can be solved in the RF domain.

There are three widely used photomixing devices: low temperature growth (LTG) GaAs photoconductors (LTG-GaAs), p-i-n PDs and the UTC-PDs. Among these, the photoconductor is the most basic photomixer, consisting of a semiconductor material sandwiched between two electrodes. When the semiconductor is illuminated by a laser beam whose energy is equal to or is higher than the band gap of the semiconductor, electron-hole pairs are generated. By applying an electric field to these charges, a closed circuit is formed which generates a current proportional to the power of the laser. The superposition of two laser beams very close in wavelength generates a current at the beat frequency of the two lasers. To ensure high performance of the photoconductors, it is important to have semiconductor materials with short carrier lifetimes and high carrier drift rates. As LT-GaAs photomixers are optimized for operation at a wavelength of 800 nm, they are less suitable for optical communications at 1550 nm wavelength. Efforts have been made to design photoconductors based on InGaAs [START_REF] Martin | Critical comparison of GaAs and InGaAs THz photoconductors[END_REF]. However, they still offer lower performances compared to GaAs photoconductors or p-i-n and UTC-PD photodiodes (Figure 1.9) [START_REF] Nagatsuma | Photonic generation of millimeter waves and its applications[END_REF]. Moreover, the design process of InGaAs photoconductors is very challenging due to sometimes conflicting requirements, such as high absorption, high resistance, short carrier lifetime, high mobility and high breakdown field [START_REF] Martin | Critical comparison of GaAs and InGaAs THz photoconductors[END_REF].

Conventional p-i-n PDs have an intrinsic semiconductor layer that absorbs the targeted wavelength, sandwiched between p-and n-doped semiconductors. In p-i-n PDs, photo generation of electron-hole pairs occurs in the depletion region, where they drift in the presence of an electric field created by the semiconductor junction. The electron-hole drift dynamics and the intrinsic resistance and capacitance (RC) of the photodiode define the bandwidth of the photodiode. The thinner the depletion region, the shorter the transit time. However, this causes the capacitance to become larger, which limits the bandwidth and the responsivity of the photodiode. Furthermore, the trade-off between the width of the intrinsic region and the RC component is further limited by the hole velocity, which is lower than the electron velocity.

In contrast with the responsivity of p-i-n PDs which is limited predominantly by hole transit time through the intrinsic region, in UTC-PDs, the response is dominated by the electron drift velocity. In UTC-PDs, absorption and carrier collection are separate processes. Absorption occurs in the p-doped region, where holes are the majority carriers that recombine due to dielectric relaxation. Therefore, only electrons drift through the depletion region, resulting in a higher 3-dB bandwidth. Additionally, UTC-PDs feature better saturation characteristics compared to p-i-n PDs since there is no hole accumulation in the depletion region.

mm-and THz waves detection

Till date electronic-only circuits have proven to be the most efficient for the detection of mm-and THz waves. However, given the exponential growth of data traffic in wireless communication, OEICs appear to be the best candidate to support these demands.

Figure 1.9. Comparison of photomixing devices in terms of output power [51].

There are two common methods used for electronic detection [START_REF] Nagatsuma | Terahertz wireless communications based on photonics technologies[END_REF]: (i) direct detection, which can be achieved with either a diode detectors such as a Schottky Barrier Diode (SBD) or transistors such as HEMT (see Figure 1.10); (ii) Heterodyne detection which consists of mixing the received signal with a local oscillator (LO) to convert it into an intermediate frequency (IF) or baseband frequency. SBD and HEMT can be used in the direct detectors and heterodyne mixing receivers. To increase the sensitivity of the receivers, low noise factor (LNF) preamplifiers are used.

Deployment of mm-Wave and THz technologies in wireless communications

With the exponential growth in mobile traffic we are currently experiencing, the expected data rate for wireless communications in the market will reach 100 Gbps and higher in the coming years [START_REF] Kürner | Towards THz communications -Status in research, standardization and regulation[END_REF]. In the spectrum currently allocated for mobile services, the largest connected band is located around 60 GHz and ~70-95 GHz, where only a bandwidth of 7-9 GHz is available. This limits the total channel throughput even with QAMs of high spectral efficiency. Efficient communication requires larger bandwidths. Clearly, the use of an even higher carrier frequency in the THz range (0.1-10 THz) is mandatory when the minimum required bandwidth reaches several tens of GHz [START_REF] Nagatsuma | Advances in terahertz communications accelerated by photonics[END_REF], [START_REF] Koenig | Wireless sub-THz communication system with high data rate[END_REF], [START_REF] Niu | A survey of millimeter wave communications (mmWave) for 5G: opportunities and challenges[END_REF].

A vision of future wireless network architectures based on RoF is illustrated in Figure 1.11, where the central idea is that wireless backhauling infrastructures are provided by high-speed wireless point-to-point links that operate at THz frequencies and can be efficiently interfaced with fiber optic networks. Moreover, a large number of transparent terminals and a dense mesh of small radio cells are required to provide ubiquitous, broadband wireless access [START_REF] Rappaport | Millimeter wave mobile communications for 5G cellular: It will work![END_REF]- [START_REF] Kanno | Millimeter-Wave Radio-Over-Fiber Network for Linear Cell Systems[END_REF]. For optimal flexibility and performance, signal transmitters and receivers in wireless communications must be capable of switching between windows depending on channel occupancy. As shown in Figure 1.12, at the level of the transmitter, Tx, the generation of a THz carrier is based on heterodyning two lasers of frequencies 𝜈 1 and 𝜈 2 on a high-speed photodiode connected to a broadband antenna. The generated THz signal can be tuned by changing the frequency of the unmodulated laser. This THz signal, on the receiving end, Rx, can be extended by an electronic module. The module consists of an antenna to detect the radiation, a low noise preamplifier to boost the signal power and sensitivity of the receiver, and finally a millimeter wave detector or mixer based on Schottky barrier diodes (SBD).

Electronic receiver modules, however, cannot match the wide bandwidth of the transmitter module. To overcome this limitation, some optoelectronic receiver modules, Rx, have also been proposed (see Figure 1.13). These modules are based on a photoconductor (or photodiode), driven by an LO generated by superimposing two optical tones on a photoconductor [START_REF] Harter | Wireless THz link with optoelectronic transmitter and receiver[END_REF], [START_REF] Mohammad | Optically Pumped Mixing in Photonically Integrated Uni-Travelling Carrier Photodiode[END_REF].

UTC-PD based mm-Waves and THz wireless communication

UTC-PDs have been widely studied for ultrafast optoelectronic applications, including

THz signal generation and as local oscillators. High performances have been reported, reaching bandwidths of more than 600 GHz and power levels of the order of milliwatt around 300 GHz [START_REF] Song | Handbook of terahertz technologies: Devices and applications[END_REF], [START_REF] Song | Unitravelling-carrier photodiode module generating 300 GHz power greater than 1 mW[END_REF]. These performances allowed the realization of the first indoor THz radio links with "optical" data rates [START_REF] Nagatsuma | Advances in terahertz communications accelerated by photonics[END_REF]. The integration of UTC-PD in wireless communication transceivers offer high speed fiber links, achieved using RoF techniques. Table 1.2 summarizes the state of the art for the wireless links in mm-Wave and THz frequency ranges, particularly using UTC-PD and RoF techniques. The table also includes information on demonstrations using p-i-n PDs and fully electronic transceiver modules, for comparison. From the comparison we can conclude that: (i) The highest carrier frequency and the highest data rates that have been achieved in the THz frequency range for photonic technologies developed with UTC-PD as the source on the transmitter side; (ii) On the receiver side, electronic based detectors (direct detectors and mixers) have been used exclusively, indicating that photonic-based receivers are not yet competitive; (iii) To enhance the data rate, the combination of spatial multiplexing and polarization techniques have been explored. 

OEICs for mm-Waves and THz transceiver

As we have shown in the previous section, photonic devices play a key role for future wireless communication systems in the mm-Wave and THz frequency domain, especially for the generation of high carrier frequency and bandwidth by heterodyne mixing using a photodiode. In all these demonstrations, signal reception was based on electronic circuits. The implementation of optoelectronic receivers has now begun to generate an increasing interest because of their manyfold advantages. Beyond the wide bandwidth that optoelectronic receivers can offer, they have several other interesting features: (i) optoelectronic receivers can operate at very high frequencies and wide-band systems, especially when UTC-PDs are used as mixers, e.g., from 90 to 580 GHz with frequency-independent phase noise [START_REF] Renaud | Uni-travelling carrier photodetectors as THz detectors and emitters[END_REF], (ii) (ii) optoelectronic receivers can be monolithically integrated, resulting in more compact, efficient, and less expensive systems; (iii) Unlike Schottky diode mixers, a photodiode mixer does not require an electronically generated LO, as it can be generated by the UTC-PD itself, by heterodyning two optical signals [START_REF] Rouvalis | Millimeter-wave optoelectronic mixers based on uni-traveling carrier photodiodes[END_REF].

Till date, most experimental demonstrations of high-speed optoelectronic THz communications are still performed in the laboratory. In 2014, a fully integrated monolithic chip on InP substrate was demonstrated (see Figure 1.14) for the mm-Wave applications. This chip demonstrated the ability to act as both transmitter and receiver [START_REF] Van Dijk | Integrated InP heterodyne millimeter wave transmitter[END_REF]. The chip included two tunable DFB lasers that allowed for heterodyne mixing. It also included SOA optical amplifiers, electro-optical modulators (whose modulation can be directly applied to the chip) and finally UTC-PDs. Demonstration of a communication link in the mm-Wave range using this chip has been reported in [START_REF] Mohammad | 60-GHz transmission link using uni-traveling carrier photodiodes at the transmitter and the receiver[END_REF], where a UTC-PD was used at the transmitter to generate a 1 Gbps OOK data signal at a carrier frequency of 61.3 GHz. This was done by heterodyning two modulated optical tones from an optical frequency comb system. The generated electrical heterodyne signal was then transmitted using a parabolic antenna with a 25 dBi gain. The signal was transmitted wirelessly over a distance of 0.55 m and was received on a different antenna with identical characteristics, connected to an optically pumped UTC-PD mixer. This mixer converted the received RF signal to an intermediate frequency of 6.3 GHz, which was then amplified and acquired by a real-time oscilloscope for offline processing. The recovered data exhibited an open-eye pattern and a bit error rate of the order of 10 -5 was measured. Figure 1.15 shows the first successful demonstration of a wireless THz communication link that exploits OECs at both the transmitter and receiver operating in the THz range [START_REF] Harter | Wireless THz link with optoelectronic transmitter and receiver[END_REF]. Their approach relied on a high-speed photoconductor and a photonic local oscillator for optoelectronic down conversion of THz data signals to an IF band. Also, they demonstrated that tuning the frequency of the photonic LO allows a wide range of carrier frequencies to be covered between 0.03 and 0.34 THz. Furthermore, data rates of up to 10 Gbps on a single channel and up to 30 Gbps on multiple channels transmitted over a distance of 58 m were also demonstrated.

Conclusion and Perspectives on monolithic OEICs for wireless communication

Despite the advantages that photonic technologies offer in terms of link efficiency and generating high data rates, the deployment of a complete wireless communication technology in mm-Waves and THz is still faced with multiple challenges. These systems still need more output power at the transmitter level, especially for applications such as backhaul, where a distance of 1 km needs to be reached [START_REF] Nagatsuma | Advances in terahertz communications accelerated by photonics[END_REF]. To deal with the power limitation of photonic devices, future THz OEICs and systems could rely on combining power amplifiers with photomixers. However, maximum performance requires monolithic integration of both photonic and electronic devices to obtain minimal losses , which has not yet been achieved in the THz range [START_REF] Nagatsuma | Advances in terahertz communications accelerated by photonics[END_REF].

Figure 1.15. Schematic of the optoelectronic receiver: (a) concept and principle, (b) the optical coupling and the interconnections between the photoconductor, the TIA and the antenna, (c) the optoelectronic receiver assembled on a printed circuit board and bonded to a silicon lens to receive the THz signal [59].

Conclusion

Future communication systems will have to support the expected increase in data traffic. Monolithic OEICs appear to be a viable and efficient solution. Receivers based on monolithic OEICs with high bandwidths for optical communications are hence essential. UTC-PDs are a key component in OEICs. They have been widely studied for ultrafast optoelectronic applications, including THz signal generation, and high performances have been reported, demonstrating bandwidths of more than 600 GHz obtained with good power levels [START_REF] Nagatsuma | 600-GHz-band Waveguide-output Uni-traveling-carrier Photodiodes and Their Applications to Wireless Communication[END_REF].

For wireless communications, the availability of efficient, low-power, and compact transmitters and receivers will be a key element for the implementation of high-performance systems. This can be realized by mm-Wave and THz wireless technology based on monolithic OEICs in which UTC-PD takes the center stage.

The recent trend of research in OEICs indicates that the electronics and photonics communities are looking for an efficient and most crucially a common way of modelling elementary components for their systems. As a first step towards the development of a unified modelling solution, we propose a scalable, compact and multi-physics model for the UTC-PDs. The model is written in Verilog-A and is compatible with the existing electronic circuit design methodology/tool/flow. The model is developed based on the charge carrier transport equations in the UTC-PDs and will be discussed in the next chapter.

Chapter 2: UTC-PD fundamentals and compact modelling

In this chapter, we first introduce the concept and the fundamental physics of the UTC-PDs. We then present a brief literature review of the technological progresses that have been made to improve the performances of the UTC-PDs in term of responsivity and bandwidth. As the UTC-PDs are mainly used in very high data rate communication systems, the development of a reliable, computationally efficient model, compatible with existing circuit design tools (Cadence, Siemens EDA, etc.) is crucial for the design and simulation of such communication systems. For that, we highlight the importance of small-signal and compact modelling approaches and we describe the main models developed based on early theoretical efforts on UTC-PD modelling. Although small signal models are easy to implement and fast to simulate, they still have several limitations that we will also address. Finally, within the scope of our study and in order to overcome small signal modelling limitations, we propose a compact model which offers more versatility higher accuracy since it physics based.

Overview of the UTC-PD

The Uni-Traveling Carrier Photodiode (UTC-PD) was invented by T. Ishibasi of Nippon Telegraph and Telephone (NTT) corporation, Kanagawa, Japan in 1997 [START_REF] Ishibashi | Uni-Traveling-Carrier Photodiodes[END_REF]. As the name implies, the UTC photodiodes rely only on electron transport, which mainly distinguishes the performances of this type of photodiodes from other types, e.g., the conventional p-i-n photodiodes (p-i-n PD). [START_REF] Ishibashi | Uni-traveling-carrier photodiodes[END_REF]. In p-i-n PD, the absorption occurs in the depletion region (not intentionally doped n-i-d) where electron-hole pairs are photo-generated and then driven out by the electric field present in this region. As the velocity of the holes is lower than the one of the electrons the response of the device will be mainly limited by the hole velocity. This is illustrated in the impulse response in Figure 2.1 (c) observed using the electro-optical sampling (EOS) technique. The p-i-n PD waveform consists of two current components: the initial fast component is attributed to electron transport, and the slow tail is due to hole transport.

In the UTC-PD, the p-doped absorption region is separated from the collection region (or depletion region), which is slightly n-doped. For the photo-generated electron-hole pairs, the minority electrons systematically diffuse from the absorption layer to the collection layer due to the presence of a wider energy band gap material on the absorption layer side. Indeed, the discontinuity of the conduction band forms the barrier that prevents electrons from reaching the anode. Following diffusion, the electrons then drift into the collector layer driven by the electric field present in this region. At the same time, the majority of holes diffuse via the dielectric relaxation mechanism, which is essentially the tendency of a material to regain its neutrality almost instantaneously in the presence of a small perturbation. This reduces the dependence of the UTC-PD photoresponse to only electron transport. 

UTC-PD Development

The first UTC-PD structures consisted of a simple mesa structure with a top illumination. The absorber constitutes a 2.5⋅10 18 cm -3 p-doped In0.53Ga0.47As layer with a thickness of 220 nm. The collector was formed of an n-i-d InP layer with a thickness of 200 nm [START_REF] Ishibashi | Uni-Traveling-Carrier Photodiodes[END_REF]. The InGaAs was chosen for its high absorption efficiency at 1.55 µm of wavelength, which is the wavelength typically used for optical fiber communication. The InP was chosen for its electron mobility 

Band diagrams of (a) p-i-n PD (b) UTC-PD; Output signals observed by EOS measurement under various input optical power for (c) p-i-n PD (d) UTC-PD [74].

and its transparency at this wavelength. The reported bandwidth for this illuminated UTC-PD is 80 GHz [START_REF] Ishibashi | Uni-Traveling-Carrier Photodiodes[END_REF]. This initial structure was improved by introducing a grading of the energy band at the heterostructure interface, formed by the absorption and the collection layers, in order to reduce the blocking of photo-generated electrons at this interface. Thus, in the initial structure, intermediate layers of i-InGaAs/i-InGaAsP/i-InP/n-InP were inserted between the p-InGaAs absorption layer and the InP collection layer. A bandwidth of 94 GHz was reported despite the fact that the absorption layer (220 nm) and the collection layer (300 nm) are thicker than the first proposed structure [START_REF] Ishibashi | InP/InGaAs Uni-Traveling-Carrier Photodiodes[END_REF]. This result was attributed to the reduction in electron transit time [START_REF] Ishibashi | InP/InGaAs Uni-Traveling-Carrier Photodiodes[END_REF]. The work on bandwidth enhancement was continued by the same team by reducing the thickness of the UTC-PD and especially the thickness of the absorber. Bandwidths of 220 GHz and 310 GHz for absorber thicknesses of 86 nm and 30 nm, respectively, have been reported. However, these performances were obtained at the expense of the responsivity which was considerably reduced from 0.2 A/W in [START_REF] Ishibashi | InP/InGaAs Uni-Traveling-Carrier Photodiodes[END_REF] to 0.12 A/W and then to 0.07 A/W in [START_REF] Ito | InP/InGaAs unitravelling-carrier photodiode with 220 GHz bandwidth[END_REF], [START_REF] Ito | InP/InGaAs uni-travelling-carrier photodiode with 310 GHz bandwidth[END_REF].

For more details on the numerous efforts to improve the design and energy band diagram of the UTC-PD, a comprehensive and chronological study of the development of UTC-PDs can be found in [START_REF] Khanra | Modeling of uni traveling carrier photodiode for wireless photonic transmitter[END_REF].

UTC-PD topology

A thin absorber increases the bandwidth but at the detriment of the responsivity value. A compromise is therefore sought to find the optimal performance. The goal is to improve the responsivity for low thicknesses without compromising the thickness of the absorber which will affect the bandwidth of the UTC-PD. Several efforts leading to the proposal of new UTC-PD designs have been reported in the literature [START_REF] Caillaud | Photorecepteur intégré SOA-pin pour les applications à 100 gbit/s[END_REF].

The responsivity corresponds the ratio of the output photocurrent over the incident optical power (in A/W). It can be expressed as a function of the internal quantum efficiency, 𝜼 𝒊𝒏𝒕 , as follows:

𝑹 = 𝜼 𝒊𝒏𝒕 𝒒𝝀 𝒉𝒄 (𝟐. 𝟏)
Where, 𝑞, ℎ and 𝑐 are the elementary charge, the Planck constant and the speed of light respectively.

The quantum efficiency for top-illuminated photodiodes (Figure 2.2) is determined by the absorption coefficient, 𝛼, and the absorbing layer thickness, 𝑑, as follow:

𝜼 𝒊𝒏𝒕 = 𝟏 -𝒆 -𝜶.𝒅 (𝟐. 𝟐)
As mentioned above, a thick absorber increases responsivity but at the cost of reduced bandwidth. To overcome this, other structures have been proposed, including UTC-PDs with refracting facet [START_REF] Fukano | High efficiency edgeilluminated uni-travelling-carrier-structure refracting-facet photodiode[END_REF] and integrated waveguide UTC-PDs [START_REF] Takeuchi | A high-power and high-efficiency photodiode with an evanescently coupled graded-index waveguide for 40 Gb/s applications[END_REF].

Refracting facet UTC photodiode

A UTC-PD structure with refractive facet has been developed by H. Fukano at NTT [START_REF] Fukano | High efficiency edgeilluminated uni-travelling-carrier-structure refracting-facet photodiode[END_REF]. The optical coupling in the UTC-PD is a mix of both vertical and waveguide couplings. Here, the light arrives parallel to the absorber and is then refracted into the cleaved input facet as illustrated in Figure 2.3. As a result, the light transits at an angle through the absorber layer, which increases the effective thickness and thus improves the quantum efficiency of the photodiode. A responsivity of 1 A/W was achieved with the UTC-PD refractive facet for a bandwidth of 40 GHz.

Waveguide integrated UTC-PD

In order to improve responsivity and at the same time ensure a high bandwidth, other approaches have been explored, among which is the lateral illumination configuration (Figure 2.4 (a)). In this case, the light is coupled in parallel with the absorption layer. The quantum efficiency, η, for a single mode photodiode in this case is written as: Where 𝛤 is the confinement factor, 𝐿 is the length of the absorption layer and 𝜂 0 is the coupling efficiency between the optical fiber and the waveguide-integrated photodiode.

𝜼 𝒆 = 𝜼 𝟎 (𝟏 -𝒆 -𝜞.𝜶.𝑳 ) (𝟐. 𝟑)
However, this type of optical coupling requires the use of an optical fiber with a very small mode field diameter. Since commercial optical fibers have a mode field diameter of about 5 µm, the coupling of these fibers with an absorbing layer of some hundred nanometers is not a simple task.

An evanescent illumination can better distribute the light along the absorbing layer, on one hand, while on the other hand improve the tolerances in positioning of the optical fibers. In waveguide integrated photodiode with evanescent coupling, the light is injected first into a waveguide and then transferred to the absorption layer (Figure 2.4 (b)). Two main types of evanescent coupling have been developed, as described next.

The first method uses a single-mode waveguide fabricated with a material of low refractive index, which allows to obtain an optical mode wide enough for effective coupling with the optical fiber. An optical matching layer with a higher optical index is inserted between the single mode waveguide and the absorption layer, allowing the coupling of light between these two parts.

The second type of evanescent coupling uses a multi-mode waveguide. This approach helps to achieve a higher efficiency for a smaller size of the photodiode compared to the case of the single-mode waveguide. However, the graded index structure of these multimode waveguides requires the use of three different quaternary materials, which complicates the device fabrication [START_REF] Takeuchi | A high-power and high-efficiency photodiode with an evanescently coupled graded-index waveguide for 40 Gb/s applications[END_REF].

The IIIV-Lab proposed a diluted multi-mode InGaAs/InP waveguide using a single quaternary layer to simplify the epitaxy. This new design allowed to achieve responsivities of 0.76 A/W and 0.6 A/W for bandwidths above 50 GHz and 110 GHz, respectively [START_REF] Achouche | High Performance Evanescent Edge Coupled Waveguide Unitraveling-Carrier Photodiodes for >40-Gb/s Optical Receivers[END_REF], [START_REF] Caillaud | Ultra Compact High responsivity Photodiodes for >100 Gbaud Applications[END_REF].

The given expressions for responsivity and quantum efficiency are further simplified, and are valid in a homogeneous absorption scenario in the absorber. This absorption scenario ensures a homogeneous optical generation rate. It is important to note that a homogeneous generation rate results in maximum responsivity and thus RF power, in comparison to the case of inhomogeneous distribution.

As micro/nano-manufacturing technology progresses, improvements are made on topilluminated UTC-PDs. Anti-reflective coatings and nanostructured metal contacts are currently used. However, the shrinking size of the devices required for higher bandwidths leads to the metal contacts covering a large portion of the illumination area. This results in a higher reflection and thus a reduction of the responsivity. Consequently, the design and configuration of the absorbing and anti-reflective layers, as well as the metal contacts, must be carefully analyzed. A simple approach to calculate the generation rate is thus not sufficient. A full 2D or 3D physical simulation is required to design and optimize the individual photodiodes, which is beyond the scope of our compact modelling approach. For example Figure 2.5 (a) shows the optical power distribution inside a top-illuminated Si/Ge UTC-PD grown on a the SOI substrate with an anti-reflective coating on the Ge absorption layer [START_REF] Li | High-responsivity vertical-illumination Si/Ge uni-traveling-carrier photodiodes based on silicon-on-insulator substrate[END_REF]. Due to the interference effect between the incident and reflected light from the different layers, the optical power inside the UTC-PD shows a periodic distribution. An analysis of the different configurations and thicknesses of the layers constituting the device is thus required to design more advantageous structures for higher absorption. This work should be conducted prior to the compact modelling of the photodiode.

For the integrated waveguide UTC-PDs, achieving optimal coupling between the waveguide and the absorber layer is a priority. Therefore, analyses are necessary to maximize the optical coupling. The homogeneous generation rate can be achieved by ensuring the most uniform optical absorption profile in the absorber, which again can only be achieved with full physical simulations in 2D or 3D. Figure 2.5 (b) shows an optical simulation study of realistic scenarios in integrated waveguide UTC-PDs [START_REF] Lin | High performance waveguide uni-travelling carrier photodiode grown by solid source molecular beam epitaxy[END_REF]. Here, the light source is a Gaussian beam, which is a good approximation of the light coupled from a lensed optical fiber, into the waveguide. In this type of simulation, it is possible to study: the effect of the misalignment between the Gaussian beam and the waveguide, the type of optical propagation mode in the waveguide (single mode or multimode), the profile and the optical generation rate in the absorption layer of the UTC-PD.

The calculation of the absorption coefficient and the optical carrier generation rate can be studied considering either the particle or the wave representation of light. The wave representation of light approach, is widely used in the context of integrated photodiodes in order to identify the predominant absorption regions.

Considering that a plane wave of frequency, 𝜔, is propagating through a semiconductor with a velocity, 𝑣, and moving in the 𝑥 direction, the electric field can be defined by the following equation:

𝑬 = 𝑬 𝟎 𝒆 𝒋⋅𝝎⋅( 𝒙 𝒗 -𝒕) (𝟐. 𝟒)
Here, 𝐸 0 signifies the incident field and the term 𝜔 ⋅ ( 𝑥 𝑣 -𝑡) is the displacement at time t.

The relation of the speed of light in the semiconductor is given by:

𝒗 = 𝒄 𝑵 (𝟐. 𝟓)
Where, 𝑁 is the complex refractive index of the semiconductor, which also represents the dielectric constant √𝜀(𝜆) as:

𝑵 = √𝜺(𝝀) = 𝒏(𝝀) -𝒋 ⋅ 𝑲(𝝀) (𝟐. 𝟔)
Where, 𝑛 is the refractive index and 𝐾 the extinction coefficient and 𝜆 is the wavelength.

Replacing 𝑁 by its expression in equation (2.5) and replacing the new expression of 𝑣 in equation (2.4), we obtain:

𝑬 = 𝑬 𝟎 𝒆 𝒋⋅𝝎⋅(𝒏 𝒙 𝒄 -𝒕) 𝒆 -⋅𝝎⋅𝑲(𝝀) 𝒙 𝒄 (𝟐. 𝟕)
The first exponential denotes harmonic oscillation, while the second one describes the decay of the electric field along the 𝑥 direction due to extinction. The absorption coefficient is defined by:

𝜶(𝝀) = 𝟐 ⋅ 𝝎 ⋅ 𝑲(𝝀) 𝒄 (𝟐. 𝟖)
The optical carrier generation rate associated to the optical absorption in photodiodes, can be calculated by several techniques, such as the Beam Propagation Method (BPM), the Eigenmode Expansion Method (EEM) or the Finite Difference Time Domain (FDTD) method. The FDTD method is the most widely used and is an advanced method to: solve Maxwell's equations, calculate the absorbed optical power and then the optical generation rate at each point in space. Starting from Poynting's theorem, we have [START_REF] Hermann | Electromagnetic fields and energy[END_REF]:

𝝏𝑼 𝝏𝒕 + 𝛁 • 𝑷 ⃗⃗ = 𝑱 • 𝑬 ⃗ ⃗ (𝟐. 𝟗) Where, 𝑈 = 1 2 (𝜀 • |𝐸| 2 + µ • |𝐻| 2 )
is the total energy density, 𝑃 ⃗ = 𝐸 ⃗ 𝘹𝐻 ⃗ ⃗ is the Poynting vector and 𝐽 is the current density of free charges.

The expression (2.9) can be further simplified if there is no electric current, i.e., 𝐽 = 0:

𝛁 • 𝑷 ⃗⃗ = - 𝝏𝑼 𝝏𝒕 (𝟐. 𝟏𝟎)
Converting into the frequency domain by using: The absorbed power per unit volume (Pabs) is calculated from the divergence of the Poynting vector as follows [START_REF] Ansys | Calculating absorbed optical power[END_REF]:

𝑷 𝒂𝒃𝒔 = - 𝟏 𝟐 𝑹𝒆[𝛁 • 𝑷 ⃗⃗ ] (𝟐. 𝟏𝟓) 𝑷 𝒂𝒃𝒔 = - 𝟏 𝟐 𝑹𝒆 [ 𝟏 𝟐 𝒋𝝎(𝜺 • |𝑬| 𝟐 + µ • |𝑯| 𝟐 )] (𝟐. 𝟏𝟔)
The electric and magnetic fields are related to each other through [START_REF] Born | Principles of optics: electromagnetic theory of propagation, interference and Diffraction of Light[END_REF]:

𝜺 • |𝑬| 𝟐 = µ • |𝑯| 𝟐 (𝟐. 𝟏𝟕)
Replacing equation (2.17) in equation (2.16), the absorbed optical power becomes:

𝑷 𝒂𝒃𝒔 = - 𝟏 𝟐 𝝎 • |𝑬| 𝟐 𝑰𝒎[𝜺] (𝟐. 𝟏𝟖)
In 3D structures and for various wavelengths of incident optical beam, the expression in (2.18) can be generalized as follows:

𝑷 𝒂𝒃𝒔 (𝒓, 𝝀) = - 𝟏 𝟐 𝝎 • |𝑬(𝒓, 𝝀)| 𝟐 𝑰𝒎[𝜺(𝒓, 𝝀)] (𝟐. 𝟏𝟗)
Assuming that each absorbed photon generates an electron-hole pair, the number of photogenerated carriers per unit volume, 𝐺(𝑟, 𝜆), can be calculated by dividing 𝑃 𝑎𝑏𝑠 (𝑟, 𝜆) by the photon energy, as shown in the equation (from [START_REF] Ansys | Calculating absorbed optical power[END_REF]):

𝑮(𝒓, 𝝀) = 𝑷 𝒂𝒃𝒔 ħ𝝎 = - 𝝅 𝒉 • |𝑬(𝒓, 𝝀)| 𝟐 𝑰𝒎[𝜺(𝒓, 𝝀)] (𝟐. 𝟐𝟎)
The generation rate 𝐺(𝑟, 𝜆) can then be used as input to another solver that can solve the drift-diffusion equations, in order to calculate the responsivity and other figure of merits of the photodiode such as the bandwidth. The general workflow for simulating a photodetector with the FDTD and Drift-Diffusion solvers is summarized in Figure 2.6.

UTC-PD modelling

The ability to provide large bandwidth at a high power level makes a UTC-PD quite attractive for various applications, especially in the high data rate communication systems where the development of OEICs seems very promising. The architecture of OEI circuits and systems varies according to the application type and can quickly become quite complex. The need for a co-design and verification infrastructure for such systems, capable of supporting billions of devices, is therefore mandatory.

There exist software such as Lumerical and Sentaurus that can be used to perform coupled physical simulations of photonic devices. The workflow consists of constructing the device geometry, defining the materials and boundary conditions and finally performing the simulations. Typically, two different solvers are used to obtain the final results. A first solver, based on the FDTD method, computes the generation rate according to an incident optical signal. Then, a second solver calculates the responsivity and the bandwidth from the driftdiffusion equations, or the hydrodynamic equations, if a more complex model is considered. Even though these software offer detailed and quite precise results, the calculation time is too intensive and requires too much computing resources to simulate thousands of components. In the RF domain, physical models of the devices are easier to simulate when they are implemented as electrical equivalent circuits. Using this approach, called small signal modelling, the intrinsic parameters of the UTC-PD can be translated into equivalent electrical circuit elements.

The complexity of device modelling for circuit/system requires models to be more versatile, both in terms of UTC-PD technology and under different operating conditions, compatible with various standard simulation platforms, and flexible enough to analyze UTC-PD performance along with other RF devices within the integrated circuits. The compact modelling approach has these advantages.

The compact models are, in fact, physical models translated into simpler and easy-to-solve analytical equations through reasonable assumptions and approximations. These models are commonly written using programming languages such as Verilog-A, that are compatible with SPICE circuit design tools and software (Cadence, Siemens EDA, etc.). In electronics, compact models have already reached a significant degree of maturity and computational efficiency over the last few decades. To enable the design of high-speed integrated communication technologies, the photonics community has also started looking for accurate and physics-based compact models for optoelectronic devices, in order to unify electrical, photonic and electromagnetic modelling using the same existing software design tools [START_REF] Sorace-Agaskar | Electro-optical cosimulation for integrated CMOS photonic circuits with VerilogA[END_REF]. It is important to note that a scalable compact model offers a two-fold benefit. At the device level, a scalable compact model is a powerful tool for predicting performances across varying device geometries and operating conditions, it also provides a quick feedback on the impact of each technological and physical parameter. At the circuit/system level, compact models enable optimization of bias points and interconnections between photonic and electronic components, providing guidelines for OEIC design as well as prediction of its performances. 

UTC-PD small signal modelling

UTC-PDs have great potential to be included in an integrated circuit with other photonic and RF devices. Therefore, the electrical equivalent circuit representation of UTC-PDs along with that of the other devices allows to predict the performance of circuits and systems developed based on those devices.

Several efforts for small signal modelling of UTC-PDs have been reported in the literature. These works have been based essentially on the representation of the electrical equivalent circuit describing the properties of the different material layers constituting the UTC-PD and on the description of the photo-response derived from the first analytical modelling work [START_REF] Ishibashi | Uni-Traveling-Carrier Photodiodes[END_REF].

Since the first work on UTC-PD small signal modelling reported by H. Ito et al [START_REF] Ito | High-power photonic millimetre wave generation at 100GHz using matching-circuit-integrated uni-travelling-carrier photodiodes[END_REF], numerous works have continued to propose electrical equivalent circuit models based on the UTC-PD design [START_REF] Kuo | Strong bandwidth-enhancement effect in highspeed GaAs/AlGaAs based uni-traveling carrier photodiode under small photocurrent and zero-bias operation[END_REF], [START_REF] Wun | Type-II GaAs0.5Sb0.5/InP Uni-Traveling Carrier Photodiodes with Sub-Terahertz Bandwidth and High-Power Performance under Zero-Bias Operation[END_REF]. Most of the proposed equivalent circuit models consist of a twoport network as depicted in Figure 2.8. The first port includes the electrical elements such as the series resistance, which represents the resistance of the UTC-PD metal contacts, and a junction capacitance in parallel with a resistance, which models the active region of the UTC-PD. The second port is formed by an R-C network that models the transit time of the photogenerated carriers. The two ports are coupled together through a voltage controlled current source (VCCS) where the current is calculated from the product of the responsivity and the input optical power. In addition, parasitic elements are added to model pads and access lines that are designed with a characteristic impedance of 50 Ω matched to the measurement instruments.

For these models, the electrical lumped elements equivalent to the UTC-PD model can be extracted from the one-port S-parameter measurements without illumination (S11 or S22), provided that the second port is kept disabled. As for the electrical elements that model the transit time of the photo-generated carriers and the responsivity, they can be extracted from the bandwidth (S21 or S12) and the photocurrent measurements, respectively. 

Top and cross sectional view of a UTC-PD showing its electrical equivalent circuit [88].

In the absence of dedicated test-structures for device de-embedding, the electrical elements equivalent to pads and access lines are included in the overall model simulation, which makes the extraction of intrinsic parameters far less reliable. To overcome these shortcomings, deembedding based on electromagnetic simulations of passive test structures can improve the extraction of intrinsic parameters [START_REF] Wun | Flip-chip bonding packaged THz photodiode with broadband high-power performance[END_REF], [START_REF] Han | Distributed parameter circuit model for wideband photodiodes with inductive coplanar waveguide electrodes[END_REF]. However, the imperfections in the fabrication process, on one hand, and the approximations and assumptions made during the simulation, on the other hand, can induce significant deviations in the results. The most realistic approach is therefore to fabricate and measure these de-embedding structures along with the photodiode.

Attempts to model the small signal equivalent electrical circuit including a more complex active region, were proposed by Natrella et al [START_REF] Natrella | Accurate equivalent circuit model for millimetre-wave UTC photodiodes[END_REF]. This was done because the simplified R-C model did not allow a correct interpretation of the measurement results. In the work of Natrella et al., the measurements show the appearances of poles and zeros at different frequencies. Two additional RC networks (Figure 2.9) have therefore been added to capture the behavior observed in the measurements. This modelling approach is justified by the fact that the presence of discontinuities in the conduction band leads to a charge accumulation. The first RC circuit represents the main active region (collector). The two other RC circuits represent the spacer layers, mainly inserted between the absorber and the collector layer, which are used to smooth the conduction band discontinuity at the InGaAs/InP heterojunction interface.

Limitations of small signal modelling

The UTC-PD small signal models discussed before are simple to implement and easy/quick to simulate, but they have several limitations. The models are developed for a single operating bias point, typically for the optimal bias point. As a result, the models are not capable of handling bias changes. In addition, the material parameters are not correlated with the lumped elements of the electrical equivalent circuit. Moreover, the photo-generated carrier transit time calculation is not based on charge transport, but is rather modeled after the frequency-response of a first order low pass filter. Finally, the models are not scalable, i.e., for devices of different sizes, an optimization process is required to re-extract the values of the electrical equivalent circuit lumped elements from the model. 

UTC-PD compact modelling

In 2020, Mukherjee et al. published the first UTC-PD compact model which was developed on the physical basis of UTC-PD charge transport [START_REF] Mukherjee | Efficient compact modelling of UTC-photodiode towards terahertz communication system design[END_REF]. The multi-physics model is versatile and is written in verilog-A, which makes it compatible with existing electronic circuit design tools. The analytical model equations capture the electronic transport and the frequency response of the photodiode without illumination as well as the photocurrent behavior as a function of different applied optical powers. To describe the temperature dependence, an additional thermal node consisting of an RC network to recalculate the device internal temperature has been added whose values have been determined by thermal simulations. This implementation describes the effect of self-heating at a given optical power and bias voltage. The model was validated on three UTC-PD geometries based on a technology developed by the University College London. These were InGaAs/InP waveguide integrated UTC-PDs in which the light is guided to the absorber by evanescent coupling.

In continuation of this previous work, this PhD thesis presents many improvements to the first compact model of the UTC-PD. Here we have introduced several new physical equations describing, in particular, the dark current, the intrinsic series resistance and the junction capacitance as well as their dependence on the applied bias. As a result, the new model now takes into account more material parameters such as doping, mobility and permittivity. Scaling laws have also been implemented by analyzing the UTC-PD geometry. Furthermore, we have developed the first accurate and physics-based Verilog-A SPICE compact model implementation for the complete analytic form of the photocurrent in UTC-PD.

Model formulation

Till now, several groups have made significant advances in UTC-PD design and modelling. However, until now, very few accurate and physics based compact or small signal models for UTC-PD devices have been reported.

Our UTC-PD compact model can be represented by an equivalent circuit with three terminals [START_REF] Guendouz | Multiscale Compact Modelling of UTC-Photodiodes Enabling Monolithic Terahertz Communication Systems Design[END_REF]. Among these terminals, two are for the electrical part and one for coupling the optical input signal. The model translates the analytical equations based on the physics of UTC-PDs into an equivalent electrical circuit representation. Figure 2.10 (a) shows the top view of the SEM micrograph of a GaInAsSb/InP UTC-PD connected to the Ground Signal Ground pads. Figure 2.10 (b) shows an SEM micrograph taken after the UTC-PD mesa formation. Figure 2.10 (c) illustrates the schematic of an intrinsic UTC-PD mesa structure, showing the schematic cross-section of the different epitaxial layers. On this schematic, the electrical equivalent circuit is superimposed depicting different electrical elements of the equivalent circuit representation. The active region consists principally of the epitaxial p-doped absorption layer and a lightly n-doped collection layer. The electrical representation of this region consists of a junction capacitance, 𝐶𝑗, which describes the absorber-collector junction. In parallel to this capacitance, three current sources model the forward current, the reverse current and the photocurrent, respectively. Note that, here the photocurrent implementation in Verilog-A is more complex than simple current source representations since it includes transfer functions. In series with the active region, there are resistances representing the resistive contribution of the non-depleted part of the collector, the spreading resistances and the resistances of the metal 

(a) Top-view of the SEM micrograph of a GaInAsSb/InP UTC-PD connected to the GSG RF pads (b) SEM micrograph of a GaInAsSb/InP UTC-PD (c) Schematic of the intrinsic mesa UTC-PD showing the location of the equivalent circuit elements.

contacts. The device can be biased via the doped P+ and N+ contacts at the top and the bottom, respectively. On both sides of the mesa, the access lines are connected to the GSG pads.

In the following section, we will detail the formulation of each electrical element of the UTC-PD compact model.

Junction capacitance

Modelling the junction capacitance is crucial for the compact modelling of UTC-PDs as it directly affects the dynamic response of the UTC-PD through the R-C delay.

After further investigation, the classical model of the bias-dependence of the junction capacitance (equation (2.21)) has evolved into a more mature form as described in the HiCuM/L2 model. We refer here mainly to the formulation for the base-collector junction since the UTC-PD is mainly operated under reverse bias.

𝑪 𝒋 (𝑽 𝒅 ) = 𝑨𝒓𝒆𝒂 ⋅ 𝑪 𝒋𝟎 (𝟏 - 𝑽 𝒅 𝑽 𝒋 ) -𝑴 (𝟐. 𝟐𝟏)
Where, 𝐶 𝑗0 is junction capacitance at zero bias per unit area, V d is the applied bias, 𝑉 𝑗 is the built-in voltage of the junction and 𝑀 is the grading coefficient which is associated to the grading doping profile (well-known example is 𝑀 = 1/2 for step junction).

The classical theory is valid for p-n junction with a grading doping profile. In the case of a UTC-PD formed by a P + N -N + junction, the doping profile is not uniform in the whole structure. The n-doping, for example, increases from a low level in the collector to a high level in the ncontact. Similarly, the p-doping of the absorber may not be uniform. Consequently, the junction capacitance, which is related to the depleted space charge region, does not vary uniformly for all bias conditions. At low reverse bias, the junction capacitance follows the conventional model [START_REF] Brinson | Qucs: A GPL software package for circuit simulation, compact device modelling and circuit macromodelling from DC to RF and beyond[END_REF] until the doping profile changes and reaches its peak value, especially near the n-contact. As a result, depletion continues but with a weaker voltage dependence. Under reverse bias, the model of the junction capacitance, thus consists of two contributions as shown in the expression depicted by equation (2.22) [START_REF] Schroter | HICUM/L2 A geometry scalable physicsbased compact bipolar transistor model[END_REF], [START_REF] Nardmann | A Multiregion Approach to Modeling the Base-Collector Junction Capacitance[END_REF]. Here the first term, 𝐶 𝑗𝑚 (𝑉 𝑑 ), represents the contribution at medium reverse bias. The second part, 𝐶 𝑗𝑙 (𝑉 𝑑 ), represents the contribution that models the weaker dependence on the reverse bias around and beyond the condition of complete depletion of the collector.

𝑪 𝒋𝑻 (𝑽 𝒅 ) = 𝑨𝒓𝒆𝒂 ⋅ [𝑪 𝒋𝟎𝒎 (𝟏 - 𝑽 𝒅 𝑽 𝒋 ) -𝑴 𝒎𝒓 + 𝑪 𝒋𝟎𝒍 (𝟏 - 𝑽 𝒅 𝑽 𝒋 ) -𝑴 𝒍𝒓 ] (𝟐. 𝟐𝟐)
Where 𝑀 𝑙𝑟 and 𝐶 𝑗0𝑙 can be calculated internally from the punch-through bias, 𝑉 𝑃𝑇 , and 𝑀 𝑚𝑟 using the following set of equations [START_REF] Schroter | HICUM/L2 A geometry scalable physicsbased compact bipolar transistor model[END_REF]: It should be noticed that in HiCuM/L2 formulation: (i) a correction term is added to the expression (2.22) (ii) the two contributing charges of the capacitance model are multiplied by smoothing functions (or weights) that result in a continuously differentiable function to ensure a smooth transition across the two adjacent bias regions.

𝑽 𝑷𝑻 = 𝒒𝑵 - 𝟐𝜺 𝑪𝒐𝒍𝒍 ⋅
To the best of our knowledge, there are currently no studies available in the literature on the dependence of the junction capacitance of UTC-PDs under bias voltage. Hence, we have validated equation (2.22) on a similar structure, the base-collector (BC) junction of an InGaAs/InP DHBT. Figure 2.11 shows the dependence of the BC junction capacitance on the reverse bias (𝐶 𝐵𝐶 = 𝑓(𝑉 𝐵𝐶 )) for an InGaAs/InP DHBT comparing the classical and the proposed models [START_REF] Mukherjee | Scalable Compact Modeling of III-V DHBTs: Prospective Figures of Merit Toward Terahertz Operation[END_REF]. From the figure, we note that at low reverse bias voltages, the two 

Figure 2.11. Base-Collector capacitance (CBC) for InGaAs/InP DHBT as function of reverse bias (VBC).

models give the same result. Above -1 V, the classical model does not follow the behavior of the device while the new implementation fits well due to the additional contribution taken into account.

Series resistances

The analysis of the total series resistance, 𝑅 𝑠 , of the UTC-PD is crucial, since it directly influences the dynamic response of UTC-PD, both on its bandwidth and on the output RF power. This can be understood by analyzing I L (ω) which is the photocurrent, I ph (ω), across the load resistance, 𝑅 𝐿 , as a function of the intrinsic electrical elements of UTC-PD as shown in the equation below:

𝑰 𝑳 (𝝎) = 𝑰 𝒑𝒉 (𝝎) ⋅ 𝟏 𝟏 + 𝒋 ⋅ 𝝎 ⋅ 𝑪 𝒋 (𝑽) ⋅ (𝑹 𝒔 + 𝑹 𝑳 ) (𝟐. 𝟐𝟖)
Moreover, at high optical power, when the photocurrent becomes important, the applied voltage, 𝑉 𝐴𝐾 , at the terminals of the UTC-PD appears across the series resistance. This voltage drop, proportional to the photocurrent, 𝐼 𝑝ℎ , becomes more significant as the series resistance becomes higher:

𝑽 𝒅 = 𝑽 𝑨𝑲 -𝑰 𝒑𝒉 ⋅ 𝑹 𝒔 (𝟐. 𝟐𝟗)
Therefore, a scalable analysis of the total series resistance, 𝑅 𝑠 , is the subject of the following section. The schematic in Figure 2.10 (c) illustrates the location of the individual series resistances.

One of the improvements made to the first model regarding the series resistance is the incorporation of a more detailed description of the series resistances by splitting the resistive contributions as a function of the applied bias and the device geometry. It is important to note that in the first version of the model, only one lumped series resistance, independent of the bias, was considered. This resistance took into account the contact resistance and the spreading resistance together.

As presented in Figure 2.10 (c), 𝑅 𝑠 is the sum of the resistances of the metal/semiconductor contact on the p-side, 𝑅 𝑝𝐶 , the collector resistance due to the low doping of the collector, 𝑅 𝑁 -, the n-side metal/semiconductor contact resistance, 𝑅 𝑛𝐶 , and the spreading resistance of the ncontact semiconductor, 𝑅 𝑆𝑝𝑟𝑒𝑎𝑑𝑖𝑛𝑔 . The total series resistance, 𝑅 𝑠 , of the UTC-PD can therefore be written as:

𝑹 𝒔 = 𝑹 𝒑𝑪 + 𝑹 𝑵 -+ 𝟏 𝟐 (𝑹 𝒏𝑪 + 𝑹 𝑺𝒑𝒓𝒆𝒂𝒅𝒊𝒏𝒈 ) (𝟐. 𝟑𝟎)
In the following analyses, we will focus on the bias dependence and scalability laws for the total series resistance. For this purpose, we consider the case of a rectangular waveguide integrated UTC-PD. For circular geometry (circular mesa), the radius can be used in an equivalent analytical model development.

Assuming a uniform current density over the metal/semiconductor contact surface, the pside contact resistance 𝑅 𝑝𝐶 can be defined as follows:

𝑹 𝒑𝑪 = 𝝆 𝒑𝑪 𝒍 𝒎𝒆𝒔𝒂 ⋅ 𝒘 𝒎𝒆𝒔𝒂 (𝟐. 𝟑𝟏)
Where 𝜌 𝑝𝐶 is the specific contact resistance (in Ω.cm 2 ), 𝑙 𝑚𝑒𝑠𝑎 and 𝑤 𝑚𝑒𝑠𝑎 are the length and the width of the contact, respectively.

The thickness and the doping level of the collector varies from one technology to another (usually 𝑁 -doped). When the collector is not fully depleted, an additional bias-dependent resistance, 𝑅 𝑁 -, appears, which, when the collector is fully depleted, becomes negligible. The dependence of the 𝑅 𝑁 -resistance on the applied voltage, 𝑉 𝑑 , can be expressed as follows [START_REF] Rosenbaum | u shaped junction capacitance and poposal for diode CMC model enhancemnts[END_REF]:

𝐑 𝐍 -(𝐕 𝐝 ) = ∫ 𝟏 𝐪 ⋅ µ 𝐂𝐨𝐥𝐥 ⋅ 𝐍 - 𝒘 𝑪𝒐𝒍𝒍 𝐰 𝐬𝐜𝐫 (𝐕 𝐝 ) 𝒅𝒙 (𝟐. 𝟑𝟐) 𝐑 𝐍 -(𝐕 𝐝 ) = 𝐰 𝐂𝐨𝐥𝐥 -𝐰 𝐒𝐂𝐑 (𝐕 𝐝 ) 𝐪 ⋅ µ 𝐂𝐨𝐥𝐥 ⋅ 𝐍 -⋅ 𝐀 (𝟐. 𝟑𝟑) 𝐑 𝐍 -(𝟎) = 𝐰 𝐂𝐨𝐥𝐥 -𝐰 𝐒𝐂𝐑𝟎 𝐪 ⋅ µ 𝐂𝐨𝐥𝐥 ⋅ 𝐍 -⋅ 𝐀 (𝟐. 𝟑𝟒) 𝑹 𝑵 -(𝑽 𝒅 ) = 𝑹 𝑵 -(𝟎) ⋅ 𝒘 𝑪𝒐𝒍𝒍 -𝒘 𝑺𝑪𝑹 (𝑽 𝒅 ) 𝒘 𝑪𝒐𝒍𝒍 -𝒘 𝑺𝑪𝑹𝟎 (𝟐. 𝟑𝟓)
Where, 𝑅 𝑁 -(0) is the resistance of the undepleted collector at zero bias, 𝑤 𝐶𝑜𝑙𝑙 and µ Coll are the width and the electron carrier mobility of the collector respectively, 𝑤 𝑆𝐶𝑅0 is the width of the space charge region (SCR) at zero bias. 𝑤 𝑠𝑐𝑟 (𝑉 𝑑 ) can be expressed with the following set of equations:

𝒘 𝒔𝒄𝒓 (𝑽 𝒅 ) = 𝒘 𝑺𝑪𝑹𝟎 (𝟏 - 𝑽 𝒅 𝑽 𝒋 ) 𝑴𝒎𝒓 (𝟐. 𝟑𝟔)
Where 𝑉 𝑗 is the junction potential, and 𝑀 𝑚𝑟 is the grading coefficient at medium reverse bias of the 𝑃-𝑁 -junction, 𝑁 -is the doping concentration in the collector and 𝐴 is the UTC-PD active area.

The resistances 𝑅 𝑛𝐶 and 𝑅 𝑆𝑝𝑟𝑒𝑎𝑑𝑖𝑛𝑔 (equation 2.30) can be evaluated using the Linear Transfer Length Method (LTLM). For a three-dimensional semiconductor, the resistance can be expressed as a function of its geometry as follows:

𝑹 = 𝝆 𝒔𝒄 𝒍 𝒘 ⋅ 𝒕 (𝟐. 𝟑𝟕)
Where 𝜌 𝑠𝑐 is the resistivity, 𝑙 is the length, 𝑤 is the width and 𝑡 is the thickness.

In the case of thin film semiconductors, a so-called sheet resistance is defined as follows:

𝑹 = 𝑹 𝒔𝒉𝒆𝒆𝒕 ⋅ 𝒍 𝒘 (𝟐. 𝟑𝟖)
Where 𝑅 𝑠ℎ𝑒𝑒𝑡 is the sheet resistance in Ω/sq, which is normalized to a square geometry (𝑙 = 𝑤). Therefore, the 𝑅 𝑠ℎ𝑒𝑒𝑡 value that will be determined during extraction will need to be multiplied by the geometric factor (𝑙 ⁄ 𝑤) to find the exact value of the total resistance. In a planar electrode, the distribution of the current density is not uniform across the metal/semiconductor contact surface (Figure 2.12 (a) and (b)), which is due to the lateral voltage drop. The current distribution can be calculated following the method described in [START_REF]Fabrication and characterization of metal-semiconductor contacts for application in AlxGa1-xN/GaN HEMTs[END_REF], where the notion of transfer length, 𝑙 𝑇 , has been introduced (as illustrated in Figure 2.12 (b)) as function of the n-side contact resistivity,ρ nC :

𝒍 𝑻 = √ 𝝆 𝒏𝑪 𝑹 𝒔𝒉𝒆𝒆𝒕 (𝟐. 𝟑𝟗)
The transfer length represents the lateral distance over which the current density drops by a factor of 1 ⁄ 𝑒 under the contact.

The n-side contact resistance depends, therefore, on the transfer length and can be expressed as follows:

𝑹 𝒏𝑪 = 𝝆 𝒏𝑪 𝒍 𝑻 . 𝒍 𝒄𝒐𝒕𝒉 ( 𝒘 𝒍 𝑻 ) (𝟐. 𝟒𝟎)
For a metal contact of width greater than the transfer length, 𝑤 ≫ 𝑙 𝑇 , and by replacing 𝑙 𝑇 with its expression (equation 2.39), 𝑅 𝑛𝐶 can be simplified to:

𝑹 𝒏𝑪 =
√𝝆 𝒏𝑪 𝑹 𝒔𝒉𝒆𝒆𝒕 𝒍 (𝟐. 𝟒𝟏) Assuming that 𝑅 𝑠ℎ𝑒𝑒𝑡 is uniform along the semiconductor layer, the total resistance, R T , between two contacts separated by a distance 𝐿 can be written as follows:

𝑹 𝑻 = 𝟐𝑹 𝒏𝑪 + 𝑹 𝑺𝒑𝒓𝒆𝒂𝒅𝒊𝒏𝒈 = 𝟐. √𝝆 𝒏𝑪 𝑹 𝒔𝒉𝒆𝒆𝒕 𝒍 + 𝑹 𝒔𝒉𝒆𝒆𝒕 𝒍 . 𝑳 (𝟐. 𝟒𝟐)
Measurement of the total resistance as function of different distances, 𝐿 𝑖 , can be used to plot the curve 𝑅 𝑇 = 𝑓(𝐿 𝑖 ). Linear regression on this curve allows one to extract the different parameters as illustrated in Figure 2.13 (a) and (b). The sheet resistance, 𝑅 𝑠ℎ𝑒𝑒𝑡 , can be determined from the slope of the curve 𝑅 𝑇 = 𝑓(𝐿 𝑖 ). The specific n-contact resistance can be determined from the extrapolation of the curve at 𝐿 = 0. The transfer length, 𝑙 𝑇 , can be extracted from the extrapolation of the curve at 𝑅 𝑇 = 0.

By replacing the resistances with their respective expressions and including the geometrical parameters of the UTC-PD in equation 2.30, the total resistance for a rectangular device geometry can be expressed as follows:

𝑹 𝒔 = 𝝆 𝒑𝑪 𝒍 𝒎𝒆𝒔𝒂 ⋅ 𝒘 𝒎𝒆𝒔𝒂 + 𝑹 𝑵 -(𝟎) ⋅ 𝒘 𝑪𝒐𝒍𝒍 -𝒘 𝑺𝑪𝑹 (𝑽 𝒅 ) 𝒘 𝑪𝒐𝒍𝒍 -𝒘 𝑺𝑪𝑹𝟎 + 𝟏 𝟐 ( √𝝆 𝒏𝑪 𝑹 𝒔𝒉𝒆𝒆𝒕 𝒍 𝒎𝒆𝒔𝒂 + 𝑳 𝒍 𝒎𝒆𝒔𝒂 ⋅ 𝑹 𝑺𝒉𝒆𝒆𝒕 ) (𝟐. 𝟒𝟑)
The resistance, R s , determines the UTC-PD frequency response through equation (2.28). So minimizing its value can increase the bandwidth. Equation (2.43) indicates the parameters that we can control in order to minimize R s . The geometrical parameters (l mesa and w mesa ) cannot be adjusted freely, since they are optimized to maximize the absorption in the UTC-PD. So, the other parameters to investigate are the resistivity of the Ohmic contacts (ρ pC and ρ nC ).

In equation (2.43), the first term depends linearly on the resistivity of the contact, 𝛒 𝐩𝐂 . The second term, for a fixed geometry and given material, depends mainly on the term w Coll -w SCR (V d ). Finally, the third term features a square root dependence on the variations of the resistivity 𝛒 𝐧𝐂 . To plot 𝐑 𝐬 = 𝒇(𝛒 𝐩𝐂 , 𝛒 𝐧𝐂 ), we took the structure and materials of the UTC-PD reported in [START_REF] Natrella | Accurate equivalent circuit model for millimetre-wave UTC photodiodes[END_REF], [START_REF] Natrella | Modelling and measurement of the absolute level of power radiated by antenna integrated THz UTC photodiodes[END_REF], as an example, whose length of the active region has been fixed at 15 µm with widths of 3 and 4 µm. The resistivity values found in the literature for n-InP and p-InGaAs Ohmic contacts are summarized in Table 2.1. In the second term of equation (2.43), the collector thickness, w Coll , and doping level, N - were set to 300 nm [START_REF] Natrella | Modelling and measurement of the absolute level of power radiated by antenna integrated THz UTC photodiodes[END_REF] and 1 x 10 16 .cm -3 respectively. The mobility, µ Coll , was set to 4500 cm 2 .V -1 .s -1 [START_REF] Kopf | Influence of dopant species on electron mobility in InP[END_REF]. As the amount of depletion of the SCR was unknown, we considered that the SCR is depleted by half at equilibrium (at 0 Volt), and then we analyzed all possible values until the quantity w Coll -w SCR (V d ) becomes zero, i.e., the SCR becomes completely depleted. Also, it should be noted that for the evaluation of the third term in equation (2.43), 𝑹 𝒔𝒉𝒆𝒆𝒕 values are required. Since all 𝑹 𝒔𝒉𝒆𝒆𝒕 values were not found in the literature for every material's resistivity, we considered the only value reported, for the n-InP contact resistivity. (d) we report theoretically calculated 𝑅 𝑠 for widths of 3 and 4 µm respectively. On the same plots we show in red 𝑅 𝑠 values the UTC-PDs reported in [START_REF] Natrella | Accurate equivalent circuit model for millimetre-wave UTC photodiodes[END_REF]. We notice that there is no unique solution for the parameters couple 𝑓 (𝜌 𝑝𝐶 , 𝑤 𝐶𝑜𝑙𝑙 -𝑤 𝑆𝐶𝑅 (𝑉 𝑑 )) for both geometries. Possible reasons for this deviation are the differences between the drawn contact and the real contact, as well as the possible technological dispersion.

Dark current

The dark current in the previous work was developed based on a SPICE model for the P-N diode [START_REF] Brinson | Qucs: A GPL software package for circuit simulation, compact device modelling and circuit macromodelling from DC to RF and beyond[END_REF]. In this section, we will discuss the first proposed model and then present the improvements and arguments that were used to justify our choices.

a. Direct current

The forward current, 𝐼 𝐷 , of a photodiode can be described macroscopically by the classical intrinsic diode equation given by: Where 𝑁 is the emission coefficient, 𝐽 𝑆 (𝑇) is the reverse saturation current density (reverse dark current), 𝑉 𝑑 is the forward bias applied across the photodiode and 𝑉 𝑡 is the thermal voltage. The temperature dependence of the 𝐽 𝑆 (𝑇) has been taken into account, as follows [START_REF] Brinson | Qucs: A GPL software package for circuit simulation, compact device modelling and circuit macromodelling from DC to RF and beyond[END_REF]:

𝑰 𝑫 = 𝑨𝒓𝒆𝒂 ⋅ 𝑱 𝑺 (𝑻) ⋅ (𝒆 𝑽 𝒅 𝑵𝑽 𝒕 (𝑻) ⁄ -𝟏) (𝟐. 𝟒𝟒)
𝑱 𝑺 (𝑻) = 𝑱 𝑺 ( 𝑻 𝑻 𝟎 ) 𝑿 𝒊 𝑵 ⋅ 𝒆 [- 𝑬 𝒈 (𝑻 𝟎 ) 𝑽 𝒕 (𝑻) (𝟏- 𝑻 𝑻 𝟎 )]
(𝟐. 𝟒𝟓)

Where, 𝐸 𝑔 (𝑇 0 ) is the temperature dependence of the energy band gap, 𝑇 0 is the nominal temperature, usually considered as the ambient temperature and 𝑋 𝑖 is a fitting parameter.

Indeed, this description of the diode DC current is valid for a single operating regime, such as low injection. For high forward bias voltage, the model is not adequate to fit the I-V characteristics. Therefore, overestimated values of the series resistance were employed. To overcome this difficulty, the forward current contribution, 𝐼 𝐷 , has been slightly modified by coupling the two operating regimes: low/medium and high injections . Thus, the forward current equation becomes the following [START_REF] Kraus | A precise model for the transient characteristics of power diodes[END_REF]:

𝑰 𝑭 = 𝑰 𝑫 𝟏 + √ 𝑰 𝑫 𝑰 𝑲 (𝟐. 𝟒𝟔)
Here 𝐼 𝐷 is the classic diode current under forward bias and 𝐼 𝐾 is the knee current parameter that signifies the transition between the medium and high injection regimes.

b. Reverse current

The dark current is the current in the photodiode when there is no incident light. In practice, it corresponds to the current generated when the photodiode is reverse biased in the absence of an optical input signal. Dark current is one of the contributing factors in the shot noise of a photodetector (equation (2.47)) [START_REF] Sze | [END_REF], which can be one of the main sources of noise in the photodiode systems. Since the photo-current generated in the photodiode can be quite low under certain conditions, high dark current levels can mask the current produced by incident light at low optical powers, which can result in poor signal-to-noise ratio (SNR). Dark current is also a source of device power consumption when there is no signal to detect.

< 𝒊 𝒔 𝟐 >= 𝟐 ⋅ 𝐪. (𝑰 𝒅𝒂𝒓𝒌 + 𝑰 𝒑𝒉 ) (𝟐. 𝟒𝟕)
Where 𝐼 𝑑𝑎𝑟𝑘 is the dark current and 𝐼 𝑝ℎ is the photocurrent.

In the previous work, the reverse bias current had four components, including the reverse saturation current 𝐼 𝑅𝑆 , the reverse breakdown currents 𝐼 𝑅𝐵 and 𝐼 𝐵𝑉 , and the reverse leakage current 𝐼 𝑅𝐿 , which used an expression similar to the interface state generation leakage current in p-i-n SOI diodes [START_REF] Schmidt | Analytical model for thin-film SOI PIN-diode leakage current[END_REF]. The individual expressions for the reverse current components are as follows [START_REF] Brinson | Qucs: A GPL software package for circuit simulation, compact device modelling and circuit macromodelling from DC to RF and beyond[END_REF]: Here, 𝐵𝑉 is the reverse breakdown voltage, and 𝐸 𝑔 is the band gap of the absorption layer, 𝑉 𝑏𝑖 is the junction built-in potential and 𝑉 𝑟𝑒𝑓 is a threshold value of the reverse bias associated with the component 𝐼 𝑅𝐿 .

𝑰 𝑹𝑺 = -𝑨𝒓𝒆𝒂 ⋅ 𝑱 𝑺 (𝑻),
In [START_REF] Schmidt | Analytical model for thin-film SOI PIN-diode leakage current[END_REF], the main contribution to the leakage current of a p-i-n diode under reverse bias is attributed to the thermal generation in the depleted space charge region (SCR). This leakage current expression was developed considering an applied potential on the back gate of the diode, which is not the case in majority of the UTC-PD structures. Therefore, we focused on a more general description of the dark current.

Due to the absence of dedicated test structures and the limited number of samples, i.e. one UTC-PD per geometry, determining the surface current contributions was not a straightforward task. Therefore, we considered that only the bulk current flows through the heterojunction stack of the epitaxial layers. The principal mechanisms at low reverse bias are diffusion and generation-recombination. While, contrastingly, at high reverse bias the tunneling processes are dominant.

In semiconductor materials, the crystalline quality of the junctions is very important for determining current conduction. Defects in the lattice structure and at the interfaces act as carrier generation/recombination states. These states act as active traps and contribute to the Shockley-Read-Hall current, 𝐼 𝐺𝑅 , which is proportional to the intrinsic carrier concentration (𝐼 𝐺𝑅 𝛼𝑛 𝑖 ). The expression of 𝐼 𝐺𝑅 is given by:

𝑰 𝑮𝑹 = 𝒒𝒏 𝒊 𝑾 𝑺𝑪𝑹 𝑨 𝝉 𝒆𝒇𝒇 (𝒆 𝒒𝑽 𝒅 𝟐𝒌𝑻 ⁄ -𝟏) (𝟐. 𝟓𝟏)
Where 𝜏 𝑒𝑓𝑓 is the effective carrier life time and 𝑊 𝑆𝐶𝑅 is the space charge region width that can be estimated from a good approximation of the collector width, 𝑊 𝐶𝑜𝑙𝑙 . that has been used is 1 ns for the InP layer, as cited in reference [START_REF] Xu | Extracting dark current components and characteristics parameters for InGaAs/InP avalanche photodiodes[END_REF]. 𝑾 𝑪𝒐𝒍𝒍 was then varied from 100 to 450 nm to cover the available collector widths of most of the UTC-PDs reported in the literature.

In addition to the generation-recombination current, there is also a diffusion current, 𝐼 𝐷𝑖𝑓𝑓 , originating from the thermally generated minority carriers that tend to diffuse to the SCR. 𝐼 𝐷𝑖𝑓𝑓 is proportional to the square of the intrinsic carrier concentration (𝐼 𝐷𝑖𝑓𝑓 𝛼𝑛 𝑖 2 ) under low reverse bias.

In order to evaluate the contributions of the 𝑰 𝑫𝒊𝒇𝒇 currents in the UTC-PD, we take a simple 𝑃 + 𝑁 -𝑁 + structure formed by p-InGaAs/n --InP/n-InP where the 𝑃 + 𝑁 -junction is dominant. In the case of UTC-PDs, the contribution of carriers generated on the N type side of the InP layer is neglected. This is because the intrinsic carriers concentration of the InP is negligible compared to that of InGaAs (𝑛 𝑖 (𝐼𝑛𝑃) ≈ 10 -4 ⋅ 𝑛 𝑖 (𝐼𝑛𝐺𝑎𝐴𝑠)) [112]. Henceforth, we only consider the diffusion of minority electrons on the P side. The expression of 𝐼 𝐷𝑖𝑓𝑓 can therefore be reduced to:

𝑰 𝑫𝒊𝒇𝒇 ≈ 𝒒𝒏 𝒊_𝑰𝒏𝑮𝒂𝑨𝒔 𝟐 (√ 𝑫 𝒏 𝝉 𝒏 𝑨 𝑵 𝑨 ) (𝒆 𝒒𝑽 𝒅 𝒌𝑻 ⁄ -𝟏) (𝟐. 𝟓𝟐)
Where, 𝜏 𝑛 is the minority carrier life time of electrons, 𝐷 𝑛 is the minority carrier diffusion constant, 𝐴 is the area of the SCR, 𝑁 𝐴 is the doping density.

For the calculation of 𝐼 𝐷𝑖𝑓𝑓 , physical parameters of the doped InGaAs layer from the literature were used (see Table 2.2). 

Generation-recombination current component as function of UTC-PD active area and reverse bias. Table 2.2. InGaAs material parameters used to calculate the diffusion current.

Physical parameter @ T = 300 K In0.53Ga0.47As References

𝑛 𝑖 (𝑐𝑚 -3 )

x 10 11

[113]

𝐷 𝑛 (𝑐𝑚 2 /𝑠) 67.6

[74] 𝑁 𝐴 (𝑐𝑚 -3 )

1 x 10 18 𝜏 𝑛 (𝑛𝑠) 2 [114]
Figure 2. [START_REF] Carusone | CMOS technology scaling considerations for multi-gbps optical receivers with integrated photodetectors[END_REF] shows 𝐼 𝐷𝑖𝑓𝑓 values for different device active areas. These active areas have been chosen for UTC-PDs of high bandwidths, as reported in the literature. Figure 2.17 shows the ratio 𝐼 𝐺𝑅 𝐼 𝐷𝑖𝑓𝑓 ⁄ for three values of 𝑊 𝐶𝑜𝑙𝑙 and at saturation applied bias (-3 V). Clearly, the 𝐼 𝐺𝑅 component is dominant. However, these quantities are difficult to extract from measurements since the sensitivity of our equipment is limited to pico-Ampere (~pA) currents. Moreover, both currents can be masked by surface currents, which makes an extraction even more complicated given the limited number of samples available (one sample per geometry). Therefore, the total contributions of the currents, 𝐼 𝐺𝑅 , 𝐼 𝐷𝑖𝑓𝑓 and the surface, are all taken into account by the quantity 𝐼 𝑅𝑆 . V bias = -0.1 V -0.2 V -3 V

Figure 2.16. Diffusion current component as function of UTC-PD active area.

In small-gap semiconductor junctions, when the applied electric field is strong enough, the conduction and valence bands start to deform, and carriers can then tunnel through the barrier from the valence to the conduction band thus creating a current as illustrated in Figure 2.18.

The band-to-band tunneling current, 𝐼 𝐵𝑇𝐵 , is calculated by considering a particle of given effective mass incident on a potential barrier. The complicated theoretical calculation is omitted to avoid the tedious extraction process of its numerous associated parameters, which include the effective mass of the charge carriers, the parameters related to the shape of the potential barrier, etc. Therefore, a simpler form of this tunneling current is used, which has been validated in many studies, especially at high reverse bias, and which can be expressed as follows [START_REF] Scholten | The physical background of JUNGAP2[END_REF]:

𝑰 𝑩𝑻𝑩 (𝑻) = 𝑨𝒓𝒆𝒂 ⋅ 𝑨 𝑩𝑻𝑩 ⋅ 𝑽 𝒅 ⋅ 𝑬 𝒎𝒂𝒙 𝟐 (𝑻) ⋅ 𝒆 (- 𝑩 𝑩𝑻𝑩 𝑬 𝒎𝒂𝒙 (𝑻) ) (𝟐. 𝟓𝟑)
Where 𝐴 𝐵𝑇𝐵 (in A/V 3 ) and 𝐵 𝐵𝑇𝐵 (in V/m) are parameters to be determined from model optimization, V 𝑑 is the UTC-PD applied bias in 𝑉 and 𝐸 𝑚𝑎𝑥 is the maximum electric field (in V/m) at the collector input. 𝐸 𝑚𝑎𝑥 can be expressed as: Where 𝐶 𝑗0T (in F) is the zero bias junction capacitance, 𝜀 𝐶𝑜𝑙𝑙 is the collector's permittivity, 𝑉 𝑗 is the junction potential (in V) and 𝑀 𝑚𝑟 is the grading coefficient of the junction at medium reverse bias.

At low reverse bias, the trap-assisted tunneling current is dominant. Typically, it is a Shockley-Read-Hall (SRH) generation current enhanced by tunneling effects. It can be expressed as follows [START_REF] Verdun | Dark current investigation in thin P-i-N InGaAs photodiodes for nanoresonators[END_REF]:

𝑰 𝑻𝑨𝑻 (𝑻) = 𝑨𝒓𝒆𝒂 ⋅ 𝑨 𝑻𝑨𝑻 ⋅ 𝑽 𝒅 ⋅ 𝑬 𝒎𝒂𝒙 (𝑻) ⋅ 𝒆 (- 𝑩 𝑻𝑨𝑻 𝑬 𝒎𝒂𝒙 (𝑻) ) (𝟐. 𝟓𝟓)
Where 𝐴 𝑇𝐴𝑇 (in A⋅V -2 ⋅m -1 ) and 𝐵 𝑇𝐴𝑇 (V/m) are trap assisted tunneling current parameters. These parameters can be extracted from model optimization at low reverse bias.

Photocurrent

The photocurrent model that will be discussed next was originally developed by Ishibashi et al [START_REF] Ishibashi | Uni-Traveling-Carrier Photodiodes[END_REF], [START_REF] Ishibashi | Uni-traveling-carrier photodiodes[END_REF]. It was developed with the drift-diffusion approach using the current continuity and Poisson's equation under short circuit condition. The model was developed for a simple UTC-PD structure with an absorption layer of thickness 𝑊 𝐴𝑏𝑠 and a collection layer of thickness 𝑊 𝐶𝑜𝑙𝑙 as illustrated in Figure 2. [START_REF] Walden | Broadband optoelectronic integrated receiver front-ends comprising InP-based heterojunction bipolar transistors and base-collector photodiodes[END_REF].

In [START_REF] Ishibashi | Uni-traveling-carrier photodiodes[END_REF], Ishibashi et al. developed an improved formulation of the total photocurrent density,𝐽 𝑝ℎ (𝜔), obtained by following current continuity across the absorber and the collector regions: Where 𝐽 𝐴𝑏𝑠 (𝜔) and 𝑉 𝐴𝑏𝑠 (𝜔) are the photocurrent and voltage drop in the absorber, respectively. 𝐽 𝐶𝑜𝑙𝑙 (𝜔) and 𝑉 𝐶𝑜𝑙𝑙 (𝜔) are the photocurrent and voltage drop in the collector layer, respectively. 𝐽 𝐴𝑏𝑠 (𝜔) and 𝐽 𝐶𝑜𝑙𝑙 (𝜔) are given as functions of their transfer functions as follows: Here, 𝐺(𝜔), is electron-hole pair generation rate uniformly distributed over the absorber of thickness 𝑊 𝐴𝑏𝑠 , 𝑣 𝑡ℎ and 𝑣 𝑐 are thermionic and carrier saturation velocities in the absorber and collector, respectively, and De is the electron diffusion coefficient in the absorber.

𝑱 𝑨𝒃𝒔 (𝝎) = -
As 𝐽 𝐴𝑏𝑠 (𝜔) and 𝐽 𝐶𝑜𝑙𝑙 (𝜔) differ in amplitude and phase, an additional current term 𝐽 𝑎𝑑𝑗 (𝜔) was added to satisfy the current continuity.

For the terminal voltage of the photodiode to be zero in the case of a short circuit, it must maintain the balance: Where 𝐶 𝐴𝑏𝑠 and 𝑅 𝐴𝑏𝑠 are absorber capacitance and resistance respectively. The product 𝐶 𝐴𝑏𝑠 𝑅 𝐴𝑏𝑠 is the adjusment time 𝜏 𝑎𝑑𝑗 and it is estimated to be serval tens of femtoseconds for a p-InGaAs absorber with low resistivity and small thickness (𝑊 𝐴𝑏𝑠 = 100 nm). At low frequency (< 500 GHz) 𝜔𝜏 𝑎𝑑𝑗 ≪ 1. Therefore, the collector displacement current -𝑗 This expression can be also found in [START_REF] Pavanello | Uni-travelling carrier photodiodes and metal mesh filters based on subwavelength apertures for THz applications[END_REF].

In the following section, a comprehensive analysis of equivalent circuit implementations of the frequency-domain photocurrent model for UTC-PDs is developed based on the analytical equations discussed previously by incorporating charge carrier transit times, UTC-PD geometry and material parameters. 

UTC-PD electrical equivalent circuit showing photocurrent implementation using low pass filter approximation.

Considering absorber and collector thicknesses of 100 to 225 nm, respectively, a 𝑣 𝑡ℎ of 2.5×10 7 cm/s as well as a 𝑣 𝐶 of 10 7 cm/s and a De of 5000 cm 2 .V -1 .s -1 for an InGaAs/InP UTC-PD, the magnitude and the phase of the normalized frequency response 𝐼 𝑝ℎ (𝜔) 𝐼 𝑝ℎ0 ⁄ are plotted in Figure 2.21 for both the analytical equation and the single pole LPF approximation.

Clearly, the approximation starts to deviate from the analytical solution at frequencies around its 3-dB cut-off frequency. This implementation, thus, does not meet the criteria for design of high-speed optoelectronic circuits using SPICE. Interestingly, only the phase of the photocurrent is governed by the 𝑒 -𝑗 𝜔𝜏 𝑐 2 term in expression (2.63.a) and without this term, the phase of the photocurrent in (2.63.a) reduces to that of the single pole LPF implementation (Figure 2.21 (b)) even though its magnitude remains the same as that of analytical expression (2.63.a). Even though 3-dB bandwidth and RF output power are both calculated from simply the magnitude of the photoresponse, the phase is important from the system perspective as it is dependent on the optical energy. Phase variations often come with excess phase noise and can thus impede demodulation [START_REF] Ivanov | Study of the excess noise associated with demodulation of ultra-short infrared pulses[END_REF]. Hence, it is important that the SPICE implementations also capture the phase of the photo-response accurately along with the magnitude of the photocurrent.

In this PhD work, we present the first SPICE implementation of an accurate and computationally efficient Verilog-A model for the complete analytical expression of photocurrent in UTC-PDs. Our proposed implementation methodology is not technologyspecific and can be extended for other photonic devices such as high-bandwidth (>200 GHz) pi-n PDs [START_REF] Lischke | Ultra-fast germanium photodiode with 3-dB bandwidth of 265 GHz[END_REF].

The main idea behind this work was to develop an analytical model that captures the dynamic photocurrent behavior of UTC-PDs by approximating equation (2.63.a) as closely and accurately as possible. This model should also be easily implementable in Verilog-A for the existing SPICE simulation framework. To overcome the limitations of the single pole LPF approximation and to preserve the accuracy of equation ( 2 As a first approach, the exponential can be substituted by its Taylor series representation. Considering a fourth-order expansion, and substituting the Laplace variable 𝑠 = 𝑗𝜔 in (2.63.c), the representation in the frequency domain can be written as follows: Equations (2.64.b)-(2.64.d) can be used to construct single-pole equivalent circuits for nodes X 0 through X 5 using Kirchoff's current law at each of these nodes in terms of lumped 𝑅, 𝐿, or 𝐶 elements, as shown in Figure 2.22. Note that while equation (2.64.a) is still feasible for a Verilog-A implementation, it is quite computationally exhausting and requires 6 additional nodes in the equivalent electrical circuit of the photodiode, as shown in Figure 2.22.

𝑰 𝒑𝒉 (𝒔) =
Considering absorber and collector thicknesses ranging from of 80 to 200 nm and collector thicknesses ranging from 100 to 450 nm, a 𝑣 𝑡ℎ of 2.5×10 7 cm/s as well as a 𝑣 𝐶 of 10 7 cm/s and a µe of 5000 cm 2 .V -1 .s -1 for an InGaAs/InP UTC-PD, the normalized magnitude photoresponse ( 𝐼 𝑝ℎ (𝜔) 𝐼 𝑝ℎ0 ⁄ ), at -3dB, for the analytical expression is calculated and plotted in Figure 2.23 (a). The dimensions were chosen based on the most commonly reported UTC-PD geometries in the literature [START_REF] Caillaud | Ultra Compact High responsivity Photodiodes for >100 Gbaud Applications[END_REF], [START_REF] Natrella | Modelling and measurement of the absolute level of power radiated by antenna integrated THz UTC photodiodes[END_REF], [START_REF] Arabhavi | Type-II GaInAsSb/InP Uniform Absorber High Speed Uni-Traveling Carrier Photodiodes[END_REF], [START_REF] Latzel | Generation of mW Level in the 300-GHz Band Using Resonant-Cavity-Enhanced Unitraveling Carrier Photodiodes[END_REF]. Figure 2.23 (b) and (c) shows the calculation of the RMS (Root Mean Square) for the magnitude and the phase error between the analytical expression and the Taylor series approximation. For the magnitude, the RMS ranges from 3% up to more than 80% depending on the geometry of the UTC-PD. For the smallest geometries and in the frequency range of a few hundreds of GHz, the transit time is small and therefore the term 𝜔𝜏 𝑐 remains close to zero making the approximation valid. Beyond that, the product 𝜔𝜏 𝑐 deviates from zero and the Taylor series approximation no longer remains valid. Regarding the phase, the Taylor approximation is quite tolerable (RMS<10%).

To investigate other approximations in order to reduce computational time and provide better accuracy, we explored the Padé approximation [START_REF] Padé | Sur la représentation approchée d'une fonction par des fractions rationnelles[END_REF] to represent the exponential form in equation (2.63.c). We first started with the Padé ( The implementation of equation (2.66) requires only two nodes and is simpler than equation (2.64.a). Equation (2.66) can be translated into Verilog-A by representing each pole by its equivalent RC network. To do this, the corresponding Kirchoff current equation can be written for each node in terms of node currents and voltages. The capacitive elements are represented by the time derivatives, 𝒅𝒅𝒕, of the node voltages to replace the Laplace variables (see Figure 2.24 (a)). Both equations can now be implemented in Verilog-A and solved simultaneously for 𝑉(𝑋1), which essentially provides the solution for 𝐼 𝑝ℎ (𝑠). However, as shown in Figure 2.24 (b) and (c), the accuracy of equation (2.66) is not sufficient over the entire frequency range, mainly regarding the magnitude. Therefore, we explored other approximations from the Padé table.

Similar to the analysis presented for Padé (1, 1), we approximated (2.63.c) using the Padé (2, 1) and Padé [START_REF]Gb/s Ethernet Task Force[END_REF]1) expansions to obtain the following approximations of the analytical solution in the Laplace domain, respectively:

𝑰 𝒑𝒉 (𝒔) = 𝑰 𝒑𝒉𝟎 𝟏 𝟏 + 𝒔𝝉 𝒂 ⋅ ( 𝟏 - 𝒔𝝉 𝒄 𝟔 𝟏 + 𝒔𝝉 𝒄 𝟑 ) (𝟐. 𝟔𝟖) 𝑰 𝒑𝒉 (𝒔) = 𝑰 𝒑𝒉𝟎 𝟏 𝟏 + 𝒔𝝉 𝒂 ⋅ ( 𝟏 - 𝒔𝝉 𝒄 𝟒 + (𝒔𝝉 𝒄 ) 𝟐 𝟐𝟒 𝟏 + 𝒔𝝉 𝒄 𝟒 ) (𝟐. 𝟔𝟗) Figure 2.

(a) UTC-PD photocurrent electrical equivalent circuit of the Padé (1,1) approximation; RMS error in (b) magnitude and (c) phase compared the analytical solution to Padé (1,1).

Based on the same methodology presented in the previous paragraph, the translation of equations (2.68) into Verilog-A requires 3 nodes (see Figure 2.25). The node current equations in the Verilog-A implementation can be expressed as follows: By calculating the RMS error between the fully analytical model and the approximations of equations (2.68) and (2.69), we note that as observed from Figure 2.27, the RMS error on the magnitude remains small only for a very limited range of device geometries and may be greater than 20% for some device geometries for both cases. Thus, the accuracies of these approximations are still not sufficient to obtain reliable simulation results. Note that, considering a trade-off between computational load and model accuracy, Padé (2, 1) should be preferred to Padé [START_REF]Gb/s Ethernet Task Force[END_REF]1).

In order to reduce the number of nodes and the RMS error, we propose a new implementation leveraging the Taylor series for the exponential term in equation (2.63.c). This new implementation not only ensures a very high accuracy of the model over a wide range of frequencies (up to 300 GHz) but also optimizes the computational load by limiting the polynomial expansion to its third order, thus limiting the number of required additional nodes to 3 in its Verilog-A implementation . First, equation (2.63.c) in the Laplace domain is rewritten as follows: By considering that𝑠𝜏 𝑐 /(1 -𝑒 -𝑠𝜏 𝑐 ) has a polynomial expansion of the form [𝐶 0 + 𝐶 1 (𝑠𝜏 𝑐 ) + 𝐶 2 (𝑠𝜏 𝑐 ) 2 + ⋯ ] and substituting the Taylor series for 𝑒 -𝑠𝜏 𝑐 , we can solve for the values of the coefficients 𝐶 0 , 𝐶 1 and𝐶 2 : Solving on both sides the coefficients of the polynomial, we obtain 𝐶 0 = 1, 𝐶 1 = 1/2 and 𝐶 2 = 1/12. By limiting the expansion to its 3rd order and rewriting (2.72) using these values, we obtain: Solving the equations in (2.75.a)-(2.75.c) simultaneously for 𝑉(𝑋2), we obtain 𝐼 𝑝ℎ (𝜔). As Figure 2.28 (b) and (c) show, we note the lowest RMS error on the magnitude (1-7%) and less than 1.4% RMS error on the phase for our proposed implementation compared to the other explored approximations. To the best of our knowledge, our proposed implementation is the first demonstration of such accurate SPICE implementation of the photocurrent in UTC-PDs offering the best trade-off between computational effort and model accuracy. 

𝑰 𝒑𝒉𝒂 (𝒔) = 𝑰 𝒑𝒉 (𝒔) ⋅ 𝒔𝝉 𝒄 (𝟏 -𝒆 -𝒔𝝉 𝒄 ) (𝟐. 𝟕𝟐) 𝑾𝒊𝒕𝒉𝑰 𝒑𝒉𝒂 (𝒔) = 𝑰 𝒑𝒉𝟎 𝟏 𝟏 + 𝒔𝝉 𝒂
𝒔𝝉 𝒄 ⋅ 𝒆
𝑰 𝒑𝒉𝒂 (𝒔) = 𝑰 𝒑𝒉 (𝒔) [𝟏 + 𝒔𝝉 𝒄 𝟐 + (𝒔𝝉 𝒄 ) 𝟐 𝟏𝟐 ] (𝟐. 𝟕𝟒. 𝒂)

Photo-generated carrier velocity

In order to limit the number of parameters to be extracted when optimizing the bandwidth parameters, we use the electric field, 𝐸 𝑚𝑎𝑥 (𝑣 𝑑 ), at the collector input to calculate the transit time of the electrons in the collector, 𝜏 𝐶 , from their drift velocity, which can be expressed by the following empirical expression [START_REF] Eastman | Design criteria for GaAs MESFETs related to stationary high field domains[END_REF]:

𝒗(𝑬) = 𝒗 𝒔𝒂𝒕 ( 𝟏 + 𝑬 𝒎𝒂𝒙 (𝒗 𝒅 ) 𝑬 𝒔𝒄𝒂𝒍𝒆 -𝟏 𝟏 + 𝑨 ( 𝑬 𝒎𝒂𝒙 (𝒗 𝒅 ) 𝑬 𝒔𝒄𝒂𝒍𝒆 ) 𝒕 ) (𝟐. 𝟕𝟔)
Where 𝑣 𝑠𝑎𝑡 is the saturation velocity, 𝐸 𝑠𝑐𝑎𝑙𝑒 = 𝑣 𝑠𝑎𝑡 µ ⁄ , 𝐴 and 𝑡 are parameters to be determined from the material used. The parameters of equation ( 2.76) can be determined from a fit on the data for each material used.

Conclusion

The UTC-PD technology showcases very promising performances for communication systems in the coming years. With the first structure proposed in 1997, efforts have since continued to propose and explore other structures and materials, in order to improve the performance of the UTC-PDs in terms of their bandwidth and RF output power.

In this chapter, analyses on the notable modelling efforts for developing small signal models of UTC-PDs for RF circuit design have been reported. The limitations of these models have been highlighted and it has been shown that these models are not physics based and therefore cannot be fully exploited for versatility, scalability and for all operating points.

In order to address this topic, it seems thus essential to develop a compact and physicsbased model that describes the operation of the UTC-PD under any operating condition: frequency, applied voltage and optical input power.

Based on the first compact UTC-PD modelling efforts initiated at IMS, this PhD works have introduced new physical equations describing, in particular, the dark current, intrinsic series resistance and junction capacitance, and their dependence on the applied bias. As a result, the new model now takes into account more material parameters such as doping, mobility and permittivity. Scaling laws have also been implemented by analyzing the UTC-PD geometries from different technologies studied in this work.

As it will be demonstrated in chapter 4, this model now shows very good agreement with the experimental results for a wide range of operating conditions (DC, RF and optical illumination) across a wide range of geometries from several advanced UTC-PD technologies studied in this work, thus demonstrating its versatility for future optoelectronic circuit design.

Chapter 3: Measurements setup

This chapter is devoted to the description of the eletro-optical measurement setup that has been developed in the context of this work. An overview of the main equipment used will be provided. Possible improvements in the measurement accuracy and corresponding modifications in the setup will also be discussed. Finally, a summary of the characterization and parameters extraction protocols will be presented.

The electro-optical measurement setup

As the sizes of the integrated UTC-PDs are extremely small, performing measurements on the samples requires working with a probe station. Therefore, one of the probe stations available at the IMS has been set up to perform on-wafer optoelectronic measurements. This probe station

Figure 3.1. A partial view of the probe station (a) Trench light injection configuration with a zoom on the DUT (b) top illumination configuration with a zoom on the DUT, in visible and infrared lights.

is equipped with precision micromanipulators that are used to position and hold the microprobes, a wafer chuck on which the samples are held on firmly by vacuum along with other mechanical adapters that were designed and manufactured at the IMS laboratory to fix optical probes. A microscope with a long working distance was added to the probe station for more flexibility and precision during probe placement. The entire station is elevated on air cushions to ensure mechanical stability during measurements. Figure 3.1 illustrates a part of the station where the optical fiber-probe assembly and RF probe tips are mounted. In addition to the probe station, DC and RF measurement equipment for both illuminated and non-illumination measurement configurations were used. Figure 3.2 shows a schematic representation of the targeted measurements setup and the main equipment used. Except for the Vector Network Analyzer (VNA) and the source meter (SMU), most of the other equipment was purchased during this PhD work, based on bibliographic research and exchanges within the team to identify the appropriate equipment that better suited our need. In the following sections we will further detail the different measurement equipment used and their respective roles in our characterization.

Electrical equipment

Vector Network Analyser

A network analyzer is an instrument that measures network parameters ranging from electronic devices (transistors, diodes, filters, etc.) to more complex circuit modules (amplifiers). Network analyzers most often measure S-parameters because the reflection and transmission in electrical networks are easily measured at high RF frequencies. These S- parameters can be subsequently converted to Y, Z and H-parameters for impedance analyses and parameter extraction.

In vector network analyzers, RF signals are conventionally represented by 𝒂 for the incident wave and 𝒃 for the reflected (or transmitted) wave. The terms 𝒂 and 𝒃 are power waves whose absolute squared values (i.e., |𝑎| 2 and |𝑏| 2 ) represent the true incident and reflected powers that we apply and measure, respectively. They are defined as follows:

𝒂 = 𝑽 + 𝒁 𝟎 ⋅ 𝑰 𝟐√𝑹𝒆(𝒁 𝟎 ) = 𝑽 + √𝑹𝒆(𝒁 𝟎 ) (𝟑. 𝟏) 𝒃 = 𝑽 -𝒁 𝟎 ⋅ 𝑰 𝟐√𝑹𝒆(𝒁 𝟎 ) = 𝑽 - √𝑹𝒆(𝒁 𝟎 ) (𝟑. 𝟐)
where 𝑍 0 is the characteristic impedance of a transmission line, 𝑉 + and 𝑉 -are the incident and reflected voltage wave amplitudes, respectively. We can thus infer that the power waves carry the same information as the voltages for a lossless line (𝑍 0 is positive and real).

In general, for a network with n ports, one can write:

( 𝒃 𝟏 ⋮ 𝒃 𝒏 ) = ( 𝑺 𝟏𝟏 ⋯ 𝑺 𝟏𝒏 ⋮ ⋱ ⋮ 𝑺 𝒏𝟏 ⋯ 𝑺 𝒏𝒏 ) • ( 𝒂 𝟏 ⋮ 𝒂 𝒏 ) (𝟑. 𝟑)
Where 𝑎 𝑖 and 𝑏 𝑖 are the incident and reflected waves respectively, for each port 𝑖, which is terminated by a characteristic impedance 𝑍 0𝑖 . For a 2-port network (Figure 3.3), the above equation can be reduced to the following: Hence, the scattering parameters, 𝑆 𝑖𝑗 , are defined as follows: 

𝑆 11 = 𝑏 1 𝑎 1 | 𝑎 2 =0 𝑆 21 = 𝑏 2 𝑎 1 | 𝑎 2 =0 𝑆 12 = 𝑏 1 𝑎 2 | 𝑎 1 =0 𝑆 22 = 𝑏 2 𝑎 2 | 𝑎 1 =0 (3.6)
In the case of the UTC-PDs, the measurements were performed on one-port setups for the electrical characteristics without illumination and using a two port setup to couple optical input signal into the device for mainly photodiode bandwidth measurements.

For the one-port RF measurements without illumination, the setup comprises a PNA E8361A network analyzer (Agilent), covering the frequency range from 10 MHz to 67 GHz. This analyzer is equipped with a N5260A millimeter head which further extends the measurement frequency range from 67 to 110 GHz (Figure 3.4) [START_REF] Technologies | N5260A Millimeter Head Controller Operation and Service Guide[END_REF].

For RF measurements under illumination, a Rohde & Schwarz ZVA covering the range from 10 MHz to 67 GHz was used.

Radio frequency probes

Currently, radio frequency (RF) probes play a major role in the accurate characterization and, therefore, development of integrated RF technologies, especially for on-wafer measurement and parameter extraction of RF devices and circuits. With RF probes and dedicated test-structures, characterizations can be performed directly on the fabricated wafer containing individual components as well as final circuits and even systems [START_REF] Rumiantsev | RF probe technology: History and selected topics[END_REF]. This has helped reduce the research time and costs associated with the development and testing of new technologies.

Figure 3.4. The IMS probe station used for 110 GHz on-wafer measurements: highlighted in blue is the PNA E8361A, highlighted in red is the mm-head controllers, i.e. the 67-110 GHz frequency extenders.

In general, RF probes consist of a body with a transition to an RF connector on one side allowing connection to the measuring instrument via a coaxial cable or waveguide. The other side of the body is connected to a micro coaxial cable that finally leads up to a planar waveguide (e.g. CPW), which forms the tip head (Figure 3.5). The CPW is tilted to ensure planar contacts simultaneously. The probe tips can be made of different materials such as tungsten, copperberyllium or gold-nickel alloys. Some WG-based probes also incorporate a bias tee, which is used in active device measurements to provide DC bias to the device.

In the frequency range, in which we performed the on-wafer RF measurements (0.5-110 GHz), two different probes from the same manufacture were used. Indeed, the use of two different probes is due to the fact that two of the three studied UTC-PD technologies have pads with two different pitches of 100 µm and 150 µm. These probes are from GGB Industries Inc. Picoprobes®. Figure 3.5 shows an image of these probes; Table 3.1 summarizes the main technical features of these probes. 

. (a) A schematic of an RF probe based on a microcoaxial cable [125] (b) image of the Picoprobe®

probes used in our study.

Dedicated substrate for off-wafer calibration

It is important to note that all contributions of the measurement setup from the VNA ports to the Device Under Test (DUT), such as cables, connectors, adapters and extenders, are to be considered as extensions of the VNA ports. The systematic errors associated with all these contributions can be eliminated, along with those produced internally by the VNA, through a calibration process. A typical calibration process for the S-parameter measurement setup consists of determining the systematic errors through a series of measurements on dedicated calibration structures (Figure 3.6), called standards. The errors thus determined are then subtracted, or 'de-embedded', from the raw S-parameter measurement data from a DUT. For on-wafer measurements, the calibration steps can be performed on an Impedance Standards Substrate (ISS) on alumina (a material of high dielectric quality) and the correction of errors can be made by several methods. In our work, the commercial calibration substrate CS-5 from GGB Industries was used, which is suitable for measurements in the 110 GHz range and the SOLT (for Short Open Load Thru) and the LRRM (Load Reflect Match) error correction methods were used [START_REF] Williams | Calibrations for millimeter-wave silicon transistor characterization[END_REF].

Optical equipment

As already mentioned, the starting point in the installation of the new electro-optical measurement setup was a probe station dedicated to electrical characterizations. Next, we had to acquire additional, especially optical equipment, in order to perform optoelectronic measurements.

CW laser

During this thesis work, two laser sources were used. A first laser was used for the static photocurrent characterizations and a second laser, integrated in an optical module, was used for the measurements of bandwidths of the UTC-PDs, which will be described in more details later in this chapter. The first laser is a single frequency continuous wave laser with a wavelength of 1551 nm, providing a linewidth of less than 2 MHz and a high output power that can be amplified up to 127 mW by an amplifier optimized for low noise operation. 

Polarization controller

As in fiber optic communication networks, lasers used for characterization in the laboratory setups emit mainly TE polarized light. However, commonly used fibers do not maintain the polarization state of the light constant during propagation. Consequently, the polarization state of the light arriving at the photodiodes remains unknown.

Controlling the light polarization was considered a viable option when defining the first configuration of the measurement setup. Initial requirements were set such that it would be possible to control any polarization state, compactness, mechanical stability and minimal optical coupling losses. For this purpose, we decided to use polarization controllers from Thorlabs® designed for fiber optic setups (Figure 3.7) [START_REF]Thorlabs[END_REF]. Indeed, these polarization controllers are capable of transforming an arbitrary input polarization state into a pre-defined output polarization state. These controllers use two fiber ports mounted on either side of a single-axis fiber bench with wall plates. Any input polarization state can be deterministically transformed into a known output polarization state using a quarter-wave, a half-wave, and a quarter-wave plate mounted (in this order) between the two fiber ports. Each plate can be rotated 360° both precisely and continuously.

Other advantageous features of the polarization controller are the wavelength operating range of 1100 to 1620 nm. It supports both types of fiber connectors, FC/PC and FC/APC, which are most commonly used in laboratory optical experiments. The controller also has good mechanical and thermal stability.

Optical fibers and light wave probe

Single mode optical fiber and coupler

Single mode optical fibers were used to connect the laser to other optical components (laser, polarization controller and optical power meter). These optical fibers are FC/APC terminated at both ends, making them ideal for systems sensitive to back reflections (Figure 3.8 (a)). The fiber tips are polished to be tapered at an 8° angle, providing a typical return loss of 60 dB. A one-input, two-output (1×2) coupler optical fiber with a 50:50 coupling ratio (Figure 3.8 (b)) was also used to link the optical components. The input of the coupler is connected to the laser source and the two outputs are connected to the polarization controller and a power meter to read the power delivered by the laser.

Polarization maintaining (PM) lensed fiber

A polarization-maintaining (PM) lensed optical fiber from IDIL® was used [START_REF] Optiques | IDIL FIBER OPTIQUES[END_REF] in our setup. It helps both to maintain the polarization imposed by the polarizer output and to minimize the size of the laser spot during the illumination of the photodiodes. Figure 3.9 shows the core of the fiber on which a micro-lens is fixed. To use the fiber, it must be placed on a micro positioner that can move in all 3 directions. The micro positioner, which has been used in this study, has a resolution of 2 µm in each direction. The lensed fiber has been used for characterization of integrated waveguide UTC-PDs operating under edge illumination.

The main technical specifications/characteristics of the lensed fibers provided by the vendor are summarized in the Table 3.2. 

Light wave probe

In order to build a versatile measurement setup with respect to the illumination strategy of the UTC-PDs, a Light Wave Probe (LWP) was acquired (Figure 3.10). In fact, the LWP can be used for on-wafer optical measurements of various photonics devices. In the LWP, fibers are replaceable by the user, allowing the probe to be optimized for a variety of light injection and light collection applications, including characterization of top-illuminated photodiodes, vertical cavity lasers (VCSELs), hybrid emitters and receivers, and LEDs [129]. The LWP offers an illumination angle that varies from 2° to 18°, which essentially allows the user to optimize the illumination angle for either mesa-structured photodiodes with top illumination or integrated waveguide photodiodes, for which the light is fed through a grating coupler. Since the optical fiber has to be selected according to application requirements, we opted for a single-mode optical fiber that can provide an illumination diameter as small as 5 μm.

Electro optic modulator

There are several methods for measuring the bandwidth of photodiodes. One of the most common methods, based on RF over fiber techniques, is to directly inject RF modulated light into a photodiode and then measure the output RF signal. In our work, we used another widely used method that uses an external modulator via an electro-optical (EO) modulator. This method is relatively simple to implement and allows one to generate a coherent signal. In addition, the EO modulators require a low control bias and allows measurements over a wide bandwidth with a low signal distortion [START_REF] Švarný | Analysis of quadrature bias-point drift of Mach-Zehnder electro-optic modulator[END_REF]. The EO modulator is usually made of indium phosphide (InP), lithium niobate (LiNbO3) or gallium arsenide (GaAs) materials.

To perform our bandwidth measurements, we acquired an intensity EO modulator from iXblue. This modulator is a LiNbO3 waveguide intensity modulator with Mach-Zehnder interferometers (Figure 3.11 (a)). The intensity MZMs generally consist of a two-arm interferometer integrated on a LiNbO3 substrate. The two arms are connected by couplers on both sides (Figure 3.11 (b)). The first coupler is used to split the incoming light in a balanced way (for the ideal modulator) into the two arms. The second coupler merges the two separated laser beams, resulting in an interference. Indeed, the interference can be created and controlled by the phase change in both arms via the modulation of the optical index. The phase change is no more than a stretching or a contraction of the optical path which induces an intensity modulation at the output of the device (Figure 3.11 (b)). This modulation of the optical index can be induced by the application of an electric field in the electro-optical material (LiNbO3). This electric field is in fact the superposition of the supply voltage, 𝑉 𝑏𝑖𝑎𝑠 , and the modulation voltage, 𝑉 𝑚𝑜𝑑 (𝑡), which can be applied between the electrodes of the modulator. MZM modulators generally have two pairs of electrodes: the modulation electrodes (often called RF electrodes) and the DC electrodes (also called polarization electrodes).

For an ideal intensity MZM, the transfer function of the output power driven by time dependent voltage 𝑉(𝑡) = 𝑉 𝑏𝑖𝑎𝑠 + 𝑉 𝑚𝑜𝑑 (𝑡) is given by the following expression:

𝑷 𝒐𝒖𝒕 = |𝑬 𝒐𝒖𝒕 | 𝟐 = 𝟏 𝟐 ⋅ |𝑬 𝒊𝒏 | 𝟐 • (𝟏 + 𝒄𝒐𝒔(𝝋𝟐 -𝝋𝟏)) (𝟑. 𝟕)
As the phase, φ, on the first arm is proportional to the applied voltage, the expression (3.7) becomes:

𝑷 𝒐𝒖𝒕 = 𝟏 𝟐 • 𝑷 𝒊𝒏 • (𝟏 + 𝒄𝒐𝒔 (𝝅 • 𝑽 𝒃𝒊𝒂𝒔 + 𝑽 𝒎𝒐𝒅 (𝒕) 𝑽 𝝅 )) (𝟑. 𝟖)
Where 𝑃 𝑖𝑛 is the input optical power, 𝑉 𝜋 is the voltage needed to induce a 𝜋 phase shift on the optical signal, also called the half-wave voltage. For a non-ideal MZM, a phase term,∅, can be added in case of asymmetric arms, resulting in unbalanced optical paths. Also, the insertion loss can be taken into account through a term, 𝛼.

The operating bias of the modulator is the bias on the transfer curve (Figure 3.12) around which the modulation signal is applied. It must be chosen according to the intended application. In our case, we worked with quadrature polarization to avoid any distortion of the output RF signal. It is worth noting that the modulator transfer function drifts with time. The reasons for this behavior can be explained by a complex combination of pyroelectric, photorefractive and photoconductive phenomena activated in the electro-optical materials of the MZM [START_REF] Švarný | Analysis of quadrature bias-point drift of Mach-Zehnder electro-optic modulator[END_REF]. In fact, this drift leads to a modification of the modulated optical signal if the bias voltage is not adjusted back to the desired state. Figure 3.12 shows a drift of the modulated optical signal which is seriously affected both in amplitude and frequency if the bias voltage is not corrected. For long term operation and especially in all systems that have to operate under changing temperature conditions, an automatic bias control system is needed to always ensure the correct DC voltage and lock the selected operating point. iXBlue offers a solution called ModBox-VNA with two versions suitable for operation in the 40 GHz and 70 GHz ranges. In this solution, there is MZM modulator, a modulator bias controller and an optional DFB laser operating at 1550 nm that can deliver a maximum power of 4 dBm. In the ModBox-VNA, all of these required hardware is assembled and encased in an enclosure integrated with a touchscreen control interface (Figure 3.13). For the UTC-PD bandwidth measurements that will be presented later, we used the 70 GHz version of the ModBox-VNA. 

Visualization system

To clearly visualize the DUT to be measured while maintaining a good working distance, a visualization system adapted to this type of measurements was set up. It is essentially composed of a Moticam 580 camera and a set of lenses proposed by Thorlabs. These zoom lenses are comprised of three modules (Figure 3.14). The first module consists of a modular extension tube which can provide a 7-fold magnification. It offers a fine focus travel of 3 mm for a wide range of working distances (up to 37 mm), as well as a coaxial illumination port, compatible with fiber bundles. The second module consists of a 2× magnification lens. Finally, the third module consists of an additional extension tube with 2× magnification that can be attached to a camera mounted using an adapter. Together, these components offer a net magnification of 0.07 to 28-fold. 

Potential improvement of the measurement setup

In its current state of operation, the measurement setup can still be further improved. There are mainly two aspects to improve.

The first is to substitute the micro-positioner, where the fiber lens is placed, with a more precise version. Note that the micro positioner used has a resolution of 2 µm in each direction. This limited us from illuminating the photodiodes efficiently. These micro positioner can be replaced by commercially available micro positioners that can move in all 3 directions with a resolution of roughly less than one micrometer. Moreover, each axis can be moved precisely with a resolution of a few tens of nanometers owing to a piezoelectric system in these micropositioners.

The second aspect to improve is to adapt the setup to the cut-off frequency of the photodiodes. As the frequency responses of photonic technologies push more and more towards higher frequencies, updating the limits of measurement systems must be ensured. In this work, we have made bandwidth measurements up to 67 GHz with the ModBox-VNA module [START_REF] Dherbecourt | Achieving of an optical very high frequency modulated wave source using heterodyne technique[END_REF]. The optical heterodyne technique is a more suitable method for these types of measurements involving a higher bandwidth of photodiodes. The main advantage of this method is that the modulation frequency can reach several THz [START_REF] Latry | Experimental considerations on bandwidth measurement of ultra-fast photoreceptors by optical heterodyning[END_REF]. The principle of optical heterodyne mixing is shown in Figure 3.15. In this method, beating of two narrow linewidth, single frequency lasers, 𝜈 1 and 𝜈 2 , are coupled in a 2x1 optical fiber coupler. To obtain the maximum beating power, a polarization controller (PC) placed at the output of one of the two lasers is used to ensure that the two laser waves are in the same polarization state, thus ensuring maximum beating power. At the output of the coupler, which ensures the spatial superposition of the two waves, the envelope frequency of the resulting modulated optical wave (and therefore the RF beating frequency) is equal to the difference of the frequencies of the two optical lasers (𝜈 𝑅𝐹 = |𝜈 1 -𝜈 2 |). The optical beating signal is then photo-detected by the DUT and analyzed by an electrical spectrum analyzer or power meter.

Measurement protocol

The procedure used to perform the measurements, the de-embedding and the extraction of the model parameters is illustrated in Figure 3.16. More detail about each step is discussed in the subsequent sections.

In our workflow, we first perform an off-wafer calibration on a standard impedance substrate. This involves calibration of the whole measurement setup, including the VNA, RF cables, and RF probes in a single step. This calibration eliminates errors in the measured Sparameters that originate from the VNA and the RF connectors due to losses and reflections. As already mentioned before, this calibration is performed on a commercial calibration substrate provided by the GSG probe vendor.

After performing the necessary calibrations, on-wafer measurements can now be performed on UTC-PDs and test structures. It should be noted that the role of the test structures is to reproduce the pads and access lines connected to the active region of the UTC-PDs. The measurements performed include DC and RF measurements with and without illumination.

Once we have the measurements data on the UTC-PDs and the test structures, a deembedding operation can be performed. This operation removes the contribution of the pads and access lines from the raw measurement data, and thus moves the reference plane of the measurements at the edge of the intrinsic devices, which can finally be used to access and analyze the intrinsic device.

In the end, using various de-embedded measurements and depending on how the compact model has been formulated, a step-by-step extraction and model validation process (which will be detailed in the next chapter) can be performed.

Conclusion

During this work, we initiated the electro-optical characterization of an optoelectronic component for first time at IMS laboratory, we started by developing a measurement bench to perform on-wafer optoelectronic characterizations.

We used a probe station dedicated to electrical characterizations and adapted as well as equipped it to be able to perform these optoelectronic measurements.

For this, we equipped the station with a visualization system with a larger working distance to be able to probe the components easily. Furthermore, we have also equipped the station with an optical module mainly consisting of a laser, a polarization controller, an optical probe, lensed optical fibers and an MZM modulator.

Moreover, improvements of the measurement setup have also been envisioned, with regard to the bandwidth measurement, in particular, conforming to the increase in UTC-PD bandwidth.

Finally, an overview on the workflow, starting from measurements up to the extraction of model parameters, was presented. We will discuss further details of each step of the workflow in the next chapter.

Chapter 4: Results

The validation of a device compact model implies a good agreement between the predicted simulation of the already calibrated model and the actual performances of the device. This chapter provides comprehensive results obtained with regards to the validation of our developed UTC-PD compact model. In order to ensure accurate extraction of intrinsic device parameters, the first step is to investigate the conventional de-embedding techniques, dedicated to one-port devices, from the literature. Then, we discuss the implementation of these techniques in our case study. We also compare the efficiency of these techniques with the techniques that we have developed that are better adapted to our case study. Once the de-embedding was performed correctly, the results are then used to extract the compact model parameters. Finally, the chapter concludes with the presentation of extensive model validation particularly for the main figures of merit, the dark current and the bandwidth, of the studied UTC-PDs.

De-embedding

Brief review of conventional one-port de-embedding methods

During RF characterization and followed by an off-wafer calibration, the reference plane of the measurement moves to the level of the RF pads. To access the intrinsic parameters of the device, the second step consists in performing on-wafer measurements on dedicated test structures, followed by a matrix subtraction step called de-embedding. This operation also helps to identify the equivalent electrical network for the pads and the access lines. Thus, following the de-embedding step i.e. the subtraction of external parasitic network, we have moved the reference plane of the measurement to the edge of the UTC-PD active region (Figure 4.1).

Compared to two-port devices, extensive studies on the de-embedding of one-port active devices, such as UTC-PDs, are quite scarce and lack in-depth investigations. Moreover, some of the conventional methods reported in the literature are compatible with all types of test structures and are not valid over a very wide frequency range. We will first review the most widely used de-embedding techniques cited in the literature. 

Open-Short and Short-Open de-embedding

In this section, we focus on the most standard de-embedding methods. We can identify two de-embedding methods which are based on Open and Short test structures [START_REF] Koolen | On-wafer high-frequency device characterization[END_REF]. Note that the Open and Short structures are structures identical (dimensions and materials) to the pads and access lines connected to the DUT. These structures are used to determine the series and parallel impedances associated with the presence of pads and access lines.

The Open-Short de-embedding method consists in removing the capacitive, resistive, and inductive elements electrically equivalent to the pads and access lines connected to the UTC-PD (Figure 4.2 (a) and (b)). The extraction of the intrinsic impedance of the DUT, 𝒁 𝑼𝑻𝑪-𝑷𝑫 𝑶𝑺 , can be summarized by the expression:

𝒁 𝑼𝑻𝑪-𝑷𝑫 𝑶𝑺 = (𝒀 𝑴 -𝒀 𝑶𝑪 ) -𝟏 -(𝒀 𝑺𝑪 -𝒀 𝑶𝑪 ) -𝟏 (𝟒. 𝟏)
Here, YM is the total measured admittance, YOC and YSC are the admittances of the open and short structures, respectively. The Open test structure is represented by a capacitance,𝐶 𝑝 , that can be extracted from the imaginary part of the reflection coefficient, 𝛤 𝑂𝐶 , and converted into admittance 𝑌 𝑂𝐶 . The Short test structure is represented by a resistance,𝑅 𝑝 , in series with an inductance, 𝐿 𝑝 . These values can be extracted from the real and imaginary part of 𝛤 𝑆𝐶 , respectively, and then converted to 𝑍 𝑆𝐶 .

The Short-Open de-embedding method is similar to the Open-Short method, except that the inductive and resistive parts are removed prior to the removal of the capacitive component ( 

S-parameter based de-embedding

Another method, known as S-parameter based de-embedding method [START_REF] Xu | A de-embedding procedure for one-port active mm-wave devices[END_REF], relies on determining the four S-parameter matrix for the pads and the access lines (Figure 4.4) associated with a waveguide. This method requires both an Open and a Short test structure. For this method, the property of passivity of the access lines is taken into account in order to reduce the matrix elements (𝑆 12 = 𝑆 21 ). Also, an assumption on the symmetry of the access lines is taken into account (𝑆 11 = 𝑆 22 ). Hence, the four matrix elements can be reduced to two. Equation (4.3) gives the total measured reflection coefficient of the UTC-PD from the theory of S-parameters [START_REF] Xu | A de-embedding procedure for one-port active mm-wave devices[END_REF]:

𝜞 𝑴 = 𝑺 𝟏𝟏 + 𝑺 𝟏𝟐 𝑺 𝟐𝟏 𝜞 𝑼𝑻𝑪-𝑷𝑫 𝑺𝒑 𝟏 -𝑺 𝟐𝟐 𝜞 𝑼𝑻𝑪-𝑷𝑫 𝑺𝒑 (𝟒. 𝟑)
Thereby, the intrinsic reflection coefficient of the UTC-PD can be written as:

𝜞 𝑼𝑻𝑪-𝑷𝑫 𝑺𝒑 = 𝑺 𝟏𝟏 -𝜞 𝑴 𝑺 𝟏𝟏 𝑺 𝟐𝟐 -𝑺 𝟐𝟐 𝜞 𝑴 -𝑺 𝟏𝟐 𝑺 𝟐𝟏 (𝟒. 𝟒)
For the Open test structure, the reflection coefficient of these test structures, 𝛤 𝑂𝐶 , can be replaced in (4.3) by 𝛤 𝑂𝐶 = 1:

𝜞 𝑶𝑪 = 𝑺 𝟏𝟏 + 𝑺 𝟏𝟐 𝑺 𝟐𝟏 𝟏 -𝑺 𝟐𝟐 (𝟒. 𝟓)
For the Short test structure, the reflection coefficient of these test structures, 𝛤 𝑆𝐶 , can be replaced in (4.3) by 𝛤 𝑆𝐶 = -1: Based on the passive and symmetric waveguide approximations discussed above, the intrinsic reflection coefficient of the UTC-PD can thus be simplified as follows:

𝜞 𝑼𝑻𝑪-𝑷𝑫 𝑺𝒑 = 𝜞 𝑶𝑪 + 𝜞 𝑺𝑪 -𝟐𝜞 𝑴 -𝜞 𝑴 (𝜞 𝑶𝑪 -𝜞 𝑺𝑪 ) 𝟐𝜞 𝑶𝑪 𝜞 𝑺𝑪 + 𝜞 𝑺𝑪 -𝜞 𝑶𝑪 -𝜞 𝑴 (𝜞 𝑶𝑪 + 𝜞 𝑺𝑪 ) (𝟒. 𝟕)

UTC-PD high frequency characterization and de-embedding results

To assessing the model's scalability and versatility, both type I and II [START_REF] Milnes | Heterojunctions and Metal Semiconductor Junctions[END_REF] UTC-PDs were characterized. More specifically, two varieties of type I UTC-PDs have been studied: (i) an InGaAs/InGaAsP UTC-PD with rectangular waveguide, through which the light is guided evanescently into the active region [START_REF] Anagnosti | Optimized High Speed UTC Photodiode for 100 Gbit/s Applications[END_REF]; (ii) an InGaAs/InP UTC-PD with a simple topilluminated structure. The type II device consists of a GaInAsSb/InP UTC-PD also with a simple top-illuminated structure [START_REF] Arabhavi | Type-II GaInAsSb/InP Uniform Absorber High Speed Uni-Traveling Carrier Photodiodes[END_REF]. Several geometries of the UTC-PDs were investigated in the current study, with their active areas listed in Table 4.1. Dedicated test structures associated with the UTC-PDs were available for the extraction of their intrinsic parameters. For compact modelling validation, de-embedding is a crucial step since at high frequencies (required for communication using high data rates), the impact of parasitic interconnections becomes even more significant. Hence, accessing the intrinsic physical parameters of the UTC-PD requires careful modelling of the RF pads and access lines. To this purpose, dedicated test structures reproducing the pads and access lines are used, such as Open, Short and Thru test structures.

In the next section, we will implement the de-embedding techniques reported in the literature. We will highlight their limitations and suggest alternatives adapted to our case study.

GaInAsSb/InP UTC-PD de-embedding

In order to apply de-embedding method on the GaInAsSb/InP UTC-PDs, one-port Sparameter measurements were performed at ETH Zurich, up to 67 GHz, on Open and Short test structures (see Figure 4.5) as well as on the three geometries of the UTC-PD under a bias ranging from 0 to -2.5 V. The S-parameter measurements were preceded by an off-wafer LRRM (line/reflection/match) calibration [START_REF] Davidson | LRM and LRRM Calibrations with Automatic Determination of Load Inductance[END_REF] in order to move the measurement reference plane up to the RF probe tips. The results in Figure 4.8 show very similar values of the junction capacitance, extracted using all three de-embedding methods, for frequencies up to 10 GHz. Above that, the extracted values diverge as the frequency increases, indicating uncertainties of the de-embedding methods. Thus, the previously discussed conventional de-embedding methods can only be used to extract the junction capacitance in limited frequency ranges. Hence, they do not provide reliable results for the validation of the compact model nor for any other small signal models over the entire frequency range.

Based on the limitations of the conventional methods, modelling the pads and the access lines using only a single 𝑅𝐿𝐶 network (Open-Short, Short-Open and S-parameter case) is inadequate to capture the actual frequency dependence of the UTC-PDs. To overcome their limitations, other methods have been proposed relying on the same test structures. The main idea behind these methods is to dissociate the electrical networks equivalent to the pads and the access lines into an interconnection of subnetworks as shown in Figure 4.9.

To obtain a rather frequency-independent behaior of the intrinsic UTC-PD junction capacitance, we chose a balanced distribution of the sub-networks constituting the final electrical circuit representing the pads and the access lines. Hence, the pads and the access lines have been generically modeled by a cascaded 𝑅 𝑛 𝐿 𝑛 𝐶 𝑛 network consisting of 𝑁 sections. In our present study, three sets of cascaded 𝑅 𝑛 𝐿 𝑛 𝐶 𝑛 elements were identified from the experimental results. This was achieved by ensuring that the resulting intrinsic junction capacitance of the UTC-PDs did not exhibit a frequency dependence. The 𝑅 value was extracted from the real part of 𝑍 𝑆ℎ𝑜𝑟𝑡 while the 𝐿 and 𝐶 values were determined by optimizing the equivalent circuit model on the imaginary part of the measured 𝑌 𝑂𝑝𝑒𝑛 , as shown in the , converged to 𝑌 𝑂𝑝𝑒𝑛 /𝜔 at low frequencies and the sum of the inductances, ∑ 𝐿/𝑁 𝑁 𝑖=1

, was determined through an optimization at high frequency. The extracted parameter values are listed in Table 4.2.

Once the equivalent network of the extrinsic passive elements is accurately modeled, twoport 𝑆-parameter simulation data of the cascaded network can be used for de-embedding and obtain the intrinsic parameters of the UTC-PD through equation (4.7). Figure 4.11 shows the UTC-PD junction capacitance extracted from S-parameters de-embedded using the cascaded network. The results clearly reflect a significant improvement following the corrections for over de-embedding, as discussed earlier. 

InGaAs/InGaAsP UTC-PD de-embedding

The de-embedding methods used for this technology generally rely on on-wafer 𝑆parameter measurements of different dedicated test structures, which are then subtracted from the global S-parameter measurements of the devices under test. The number of test structures and the complexity of the de-embedding method depend mainly on the geometry of the device as well as the frequency at which it operates. In this section, we show the limitations of conventional de-embedding methods at high frequencies (110 GHz) when using the Open and the Short test structures. We then propose a new de-embedding method that we have developed and that can be adapted to different designs of test structures and the frequency range used.

The InGaAs/InGaAsP UTC-PDs under test have been fabricated by III-V Lab [START_REF] Caillaud | Ultra Compact High responsivity Photodiodes for >100 Gbaud Applications[END_REF]. The UTC-PD structure is formed by a mesa device connected to a waveguide by evanescent coupling. The device can be biased via the P+ and N+ doped contacts, above and below it, respectively. On both sides of the mesa, the access lines are formed, which are connected up to the GSG pads (Figure 4.12 (a) and (b)).

The layout of the pads and the access lines of the UTC-PD is presented in Figure 4.12 (c). The signal pad has a size of 75×80 µm 2 with a probe pitch of 150 µm between the signal and ground pads. The pads are connected to access regions through 50 Ω CPW transmission lines which then end on to a mesa bridge.

To remove the contributions of pads and access lines in order to obtain the intrinsic characteristics of the UTC-PDs, complete (including the mesa bridge accesses) Open and complete Short test structures have been designed and fabricated at III-V Lab and characterized at IMS laboratory. An off-wafer SOLT calibration on CS-5 substrate was used to bring the measurement reference planes at the probe tips. The on-wafer S-parameter measurements were then carried out up to 110 GHz using an Agilent E8361 PNA, with frequency extenders for the 67-110 GHz frequency range, using Picoprobe tips.

The complete Open and complete Short test structures are ideally modelled by a capacitance, resistance and an inductance. The results in Figure 4.13 indicate that this approximation is only valid up to 40 GHz, beyond which there is a frequency dependence of these electrical equivalent elements. The observed behavior can more likely be explained by an equivalent distributed electrical network. The accuracy of the new de-embedding method proposed in this work relies on the complete description of the global S-parameter matrix. All four matrix elements have been taken into account and no simplifications have been made, i.e. without the assumption of symmetry of the access that may introduce errors. In order to determine the matrix elements, construction of electrical equivalent circuits for the pads and the access lines is necessary. Next, a two-port simulation can be performed to determine its four matrix elements. The global equivalent circuit of the pads and the access lines is constructed using three cascaded sections, as shown in Figure 4. 15 (a). The first section represents the electrical equivalent circuit of the pads. The equivalent parasitic elements of the pads can be determined from the Pad-Short and the Pad-Open test structures and their equivalent circuits (Figure 4.15 (b) and (c)). The inductive element is modelled by an inductance, 𝐿 𝑃𝑎𝑑 , which can be extracted from the Pad-Short reflection coefficient, 𝛤 𝑃𝑎𝑑-𝑆ℎ𝑜𝑟𝑡 , converted to an equivalent impedance, 𝑍 𝑃𝑎𝑑-𝑆ℎ𝑜𝑟𝑡 . However, in addition to the pad inductances, 𝐿 𝑃𝑎𝑑 also includes an inductance for the return path to the ground (connection between the pads). So a correction should be made in the extracted value of the pad inductance through 𝑌 𝑃𝑎𝑑-𝑂𝑝𝑒𝑛 as:

𝑌 𝑃𝑎𝑑-𝑂𝑝𝑒𝑛 = 𝑗 𝐶 𝑝𝑎𝑑 ⋅ 𝜔 1 -𝐿 𝑝𝑎𝑑 ⋅ 𝐶 𝑝𝑎𝑑 ⋅ 𝜔 2 (4.9)
At low frequency, the imaginary part of 𝑌 𝑃𝑎𝑑-𝑂𝑝𝑒𝑛 /𝜔 tends to the pad capacitance, 𝐶 𝑃𝑎𝑑 .

At high frequency, an optimization on the value of 𝐿 𝑃𝑎𝑑 corrects the initial value determined from the Pad-Short test structure. The importance of this step can be understood more clearly when we write the first order expansion of 𝐼𝑚(𝑌 𝑃𝑎𝑑-𝑂𝑝𝑒𝑛 )/𝜔:

𝐼𝑚(𝑌 𝑃𝑎𝑑-𝑂𝑝𝑒𝑛 ) 𝜔 ≈ (𝐿 𝑝𝑎𝑑 ⋅ 𝐶 𝑝𝑎𝑑 2 ) ⋅ 𝜔 2 + 𝐶 𝑝𝑎𝑑 (4.10)
Here, the coefficient (𝐿 𝑝𝑎𝑑 ⋅ 𝐶 𝑝𝑎𝑑 2 ) is the driving factor in equation (4.9). Since at this point 𝐶 𝑃𝑎𝑑 has already been determined, the next parameter to be optimized is 𝐿 𝑃𝑎𝑑 . The results obtained are shown in Figure 4.16 (a) and (b). A value of 15 fF was extracted for 𝐶 𝑃𝑎𝑑 and a value of 18 pH was determined for 𝐿 𝑃𝑎𝑑 after correction. The second section of the global equivalent circuit represents the mesa-free access regions. The corresponding parasitic elements can be determined from the mesa-free Short and Open test structures using their respective equivalent circuits (Figure 4.17 (a) and (b)). The parasitic lumped elements, R access , 𝐿 𝑎𝑐𝑐𝑒𝑠𝑠 and 𝐶 𝑎𝑐𝑐𝑒𝑠𝑠 can be determined from the reflection coefficients, 𝛤 𝑚𝑒𝑠𝑎-𝑓𝑟𝑒𝑒-𝑆ℎ𝑜𝑟𝑡 and 𝛤 𝑚𝑒𝑠𝑎-𝑓𝑟𝑒𝑒-𝑆ℎ𝑜𝑟𝑡 , de-embedded from pad parasitic elements.

The same method was performed on the mesa-free access Open and Short test structures. The inductance remains overestimated (Figure 4.18 (a)), hence an optimization step was used for correcting the extracted value of the inductance. The sum of the capacitances equivalent to the pads and the mesa-free access, 𝐶 𝑃𝑎𝑑 + 𝐶 𝑎𝑐𝑐𝑒𝑠𝑠 , can be determined at low frequency from the imaginary part of 𝑌 𝑚𝑒𝑠𝑎-𝑓𝑟𝑒𝑒-𝑂𝑝𝑒𝑛 /𝜔 ( The parasitic elements, extracted for each segment of the whole electrical equivalent network representing the pads and the access line model, are summarized in Table 4.3. As expected, the results obtained with the two conventional de-embedding methods (Open-Short and S-parameter based) show a frequency dependence of the equivalent circuit elements (Figure 4.21 (a)-(d)). Among these two conventional methods, the S-parameter based method shows relatively better results over the whole frequency range, given that only one type of test structures, the complete Open and complete Short, were available. Provided that we have all the test structures necessary to construct the distributed model, our proposed access modellingbased method remains more accurate and reliable up to 110 GHz (Figure 4.21 (e) and (f)), compared to other conventional methods.

InGaAs/InP UTC-PD de-embedding

For the InGaAs/InP UTC-PD technology, the TLM based distributed de-embedding method discussed before was applied. Taking advantage of this methodology, a dedicated InGaAs/InP UTC-PD Open test structure was characterized using the same setup and measurement procedure as the one used for the InGaAs/InGaAsP UTC-PDs test structures.

The Open test structure ( . This was achieved by first converting the measured two-port S-parameters into an 𝐴𝐵𝐶𝐷 transfer matrix, then by determining the complex propagation constant, 𝛾 = 𝛼 + 𝑗𝛽, and the characteristic impedance of the Thru test structure, 𝑍 𝑐 , from the 𝐴𝐵𝐶𝐷 matrix (Figure 4.23 (b)). Finally, the linear series resistance, 𝑅 𝑇ℎ𝑟𝑢 , (Figure 4.23 (c)) was determined from the real part of the product 𝛾 • 𝑍 𝑐 [START_REF] Jung | A monolithically integrated 25-gb/s optical receiver based on photonic bicmos technology[END_REF]. Multiplying 𝑅 𝑇ℎ𝑟𝑢 by the length of the pads and the access lines (278 µm) of the InGaAs/InGaAsP UTC-PDs, we obtain ∑ 𝑅/𝑁 𝑁=9 𝑖=1

. The number of the 𝑅 𝑛 𝐿 𝑛 𝐶 𝑛 cascaded stages is determined to be a bit high in this case since, on one hand, we performed the measurements at higher frequencies (up to 110 GHz) thus necessitating more elements to obtain a flat-frequency response, and, on the other hand, because the access lines of the test structures are relatively longer than the previous case. The extracted values of these elements are reported in Table 4.4. Once the external passive electrical equivalent network is accurately modeled, two-port 𝑆-parameter simulations of the distributed 𝑅𝐿𝐶 network were used to determine the intrinsic parameters of the UTC-PDs by applying equation (4.7). 

Parameter extraction and compact model validation

The parameter extraction method described in this thesis has been developed according to the standard extraction flow used for bipolar transistor technologies. To begin the extraction process, an initialization step for the physical and technological parameters is necessary. Next, a sequence of measurements and parameter extraction steps are followed leading to the determination of the intrinsic and extrinsic parameters for the DUT, as summarized in the flowchart in Figure 4.24. In the subsequent paragraphs, the methodology flow is further detailed.

One-port S-parameters of the test structures are first measured to extract the electrical equivalent circuit elements associated with the RF pads and access lines. It is important to note that the design of the test structures can vary from one technology to another. Therefore, the de-embedding method must be adapted each time to the available test structures. Subsequently, one-port S-parameter measurements at various biases, followed by a de-embedding process, can be performed to access the intrinsic S-parameters of the UTC-PDs. By converting these 𝑆parameters to 𝑌 or 𝑍-parameters, junction capacitance and series resistances of the equivalent electrical circuit for the UTC-PD compact model can be extracted. After determining the junction parameters, forward and reverse current measurements without illumination are used to extract the DC characteristics of the UTC-PD junction, as well as the reverse current parameters (band-to-band tunnel current and trap-assisted tunnel current parameters).

Finally, static photocurrent and bandwidth measurements under illumination are exploited to determine the optical parameters such as responsivity, 𝑅, and the transit times: the transit time in the absorber, 𝜏 𝑎 , and the transit time in the collector,𝜏 𝑐 . It is important to note that unlike conventional one-port 𝑆-parameter measurements that can be de-embedded, the bandwidth measurements still include the contributions from the pads and access lines. The extracted values of these extrinsic parasitic contributions are therefore re-injected into the final model to obtain realistic simulation results.

Intrinsic junction capacitance

As mentioned above, the measurements of the device S-parameters (after de-embedding at different bias points and then converted into equivalent Z-parameters) can be used to extract the junction capacitance and its bias dependency. Based on how the equivalent circuit of the compact model has been defined, the total junction capacitance can be extracted from the imaginary part of 𝑍11: The junction capacitance parameters: 𝐶 𝑗0𝑚 ,𝑉 𝑗 and 𝑀 𝑚𝑟 , described in chapter 2, can be extracted by taking the logarithm on both sides of the first term of equation (2.22), in order to linearize it. However, the best linear regression is achieved by performing an iteration on 𝑉 𝑗 , at low reverse voltages. Once 𝐶 𝑗0𝑚 is determined, the following set of parameters: 𝑊 𝑆𝐶𝑅0 , 𝐸 𝑚𝑎𝑥 (𝑉 𝑑 = 0) and 𝑅 𝑁 -(0), can be calculated. Finally, an optimization on the 𝑉 𝑃𝑇 value at high voltage can be used to determine 𝐶 𝑗0𝑙 .

For InGaAs/InGaAsP UTC-PDs, measurements up to 110 GHz, under a reverse bias ranging from 0 to -2V, were performed and followed by the de-embedding procedure presented previously. Figure 4.25 shows the extracted junction capacitance as a function of the reverse bias for InGaAs/InGaAsP UTC-PD with an active area of 5×25 µm 2 .

The parameter extraction for the junction capacitance and compact model validation are shown in Figure 4.26 (a) and (b). A comparison between the implemented new model and the one using classical theory (Figure 4.26 (b)) shows that at low reverse voltages, both models are comparable. When the reverse voltage exceeds -1.5 V, the classical model does not follow the real device behavior. This is because, when the collector is completely depleted, the bias dependence of the junction capacitance becomes weaker due to the high doping level of the waveguide (or the N-contact). That is, the dependence of the junction capacitance on the bias voltage follows the doping profile.

It is important to note that the reverse voltage in our measurements has not been pushed beyond -2 V, to avoid the risk of degrading the DUT, as we had only one device per geometry available for our measurements. Similarly, S-parameter measurements up to 67 GHz, under a reverse bias ranging from 0 to -2.5 V ,were performed on GaInAsSb/InP UTC-PDs with an active area of 64 µm 2 , followed by the de-embedding procedure presented previously. The same procedure for extracting junction capacitance parameters was applied in this case. The results shown in Figure 4.27 indicate an excellent agreement between the compact model and the measurement, again highlighting the improvement in simulation accuracy for our proposed model.

Finally, for the InGaAs/In UTC-PDs, similar measurements up to 110 GHz under reverse bias ranging from 0 to -2V were performed followed by the de-embedding procedure presented previously. In contrast to the InGaAs/InGaAsP and GaInAsSb/InP UTC-PDs, the junction capacitance of the InGaAs/InP UTC-PD follows the classical model (see Figure 4.28). This can be attributed to the collector being narrower in the InGaAs/InP UTC-PDs, with a collector thickness of 127 nm compared to that of 425 nm for the InGaAs/InGaAsP and 225 nm for the GaInAsSb/InP UTC-PDs. At zero bias, the collector is fully depleted. As the reverse voltage increases, the depletion region extends mainly into the absorber which is gradually doped.

Since the depletion region of the UTC-PD is located exclusively in the mesa region, the junction capacitance scales with the active area. However, to improve scaling accuracy of the model, a dimensional parameter is introduced to account for the mesa etch error, which can be added or subtracted from the active area calculation. SEM micrographs can clarify the error to be taken into account due to the etching. For InGaAs/InGaAsP UTC-PDs, an etching error, ∆𝑤 𝑚𝑒𝑠𝑎 = ∆𝑙 𝑚𝑒𝑠𝑎 , was taken into account for their widths and lengths. For the GaInAsSb/InP UTC-PDs, containing both circular and square geometries, an etching error radius ∆𝑅 𝑚𝑒𝑠𝑎 was considered for the circular geometry and an etching error ∆𝑤 𝑚𝑒𝑠𝑎 was considered for the square geometry.

The extracted intrinsic junction capacitance as a function of applied voltage for different geometries under test shows excellent scalability and very good agreement with the measurement results, as summarized in Figure 4.29. Note that, the junction capacitance extraction procedure is performed at 10 GHz to avoid any inductive contribution.

Series resistance

In the case of the InGaAs/InGaAsP UTC-PDs, the global series resistance, 𝑅 𝑠 , was extracted from the real part of the de-embedded 𝑍11-parameter at high frequencies. Since, the contacts cover the entire mesa, it is easy to determine the associated scaling law by analyzing the effective area of the device geometry. However, due to the absence of LTLM structures, equation (2.43) (linking the global series resistance to the UTC-PD geometry and technology parameters) was reduced to:

𝑅 𝑠 = 𝛼 𝑙 𝑚𝑒𝑠𝑎 + 𝑅 𝑁 -(0) ⋅ 𝑤 𝐶𝑜𝑙𝑙 -𝑤 𝑆𝐶𝑅 (𝑉 𝑑 ) 𝑤 𝐶𝑜𝑙𝑙 -𝑤 𝑆𝐶𝑅 (0) (4.12)
Where, 𝜶 (in Ω⋅m) is new fitting parameter.

The first term of the above equation reflects the dependence of the contact and spreading resistances on the length of the UTC-PD. The second term reflects the dependence of the collector resistance on the reverse voltage and it takes into account the geometry of the UTC-PD active area. V bias = 0 to -2V w mesa =l mesa = 0.5 µm @10 GHz Figure 4.30 shows the global series resistance, R s , extracted at 80 GHz, for the three geometries under test under various bias conditions. Since the collector is not completely depleted, as the reverse voltage increases, the collector resistance, R N -, decreases until it becomes negligible at full depletion. The global series resistances scale well within the length of the UTC-PD and conforms to the predicted law.

For the GaInAsSb/InP UTCPDs, the global series resistance values are extracted from the real part of 𝑍11-parameter at a frequency of 60 GHz (Figure 4.31 (a)). A slight bias dependence was observed. However, this dependence is the opposite of what was expected, given the magnitude of the extracted resistances, this slight dependence might just be attributed to measurement uncertainly. Consequently, mean values have been extracted: 11.6 Ω, 10.7 Ω and 12.4 Ω for the UTC-PD geometries with 64 µm 2 , 79 µm 2 and 113 µm 2 active areas, respectively. Contrary to the integrated waveguide InGaAs/InGaAsP UTC-PDs, the metallic contacts of the GaInAsSb/InP UTCPDs are located at the edge of the mesa. Additionally, the contact width varies for each geometry. It is therefore not surprising that the resistance does not scale with the mesa area and remains constant. The InGaAs/InP UTC-PD have a structure similar to those of the GaInAsSb/InP UTC-PDs where the metal contacts are located at the edge of the mesa. A series resistance of 41.2 Ω was extracted at 80 GHz from the real part of 𝑍11-parameter (Figure 4.31 (b)). Since real(𝑍11) of the device tends towards the series resistance at high frequencies, we chose the highest possible value of the frequency range for extracting the series resistance (80 GHz for InGaAs/InGaAsP and InGaAs/InP UTC-PDs and 60 GHz for GaInAsSb/InP UTC-PDs) to ensure reliable parameter extraction. 

Validation of RF characteristics

Once the compact model parameters have been extracted (without illumination), model validation for the S11 parameters is carried out. Figure 4.32 and Figure 4.33 show good model scalability for both the amplitude and phase of measured S-parameters for the different UTC-PDs studied. An excellent agreement between measurement and compact model simulation is observed for all geometries across all UTC-PD technologies, confirming the scalability and versatility of the compact model. Note that some 𝑆11 measurements ( absorber between the wafer chuck and the device under test can significantly reduce these fluctuations, which was however not available during these series of characterizations. 

Dark current

In order to extract the dark current and related compact model parameters of the UTC-PDs, current-voltage characterizations were performed under illumination.

For InGaAs/InGaAsP UTC-PDs, current-voltage characterizations were performed under a bias sweep in the range of (-3, 1) V on the three device geometries. Figure 4.34 shows the current-voltage measurements performed on a UTC-PD with an active area of 5×25 µm 2 at 25 °C. We observe a classical behavior under forward bias, with the current varying exponentially with the voltage. However, under reverse bias, we notice a current with at least two distinguishable contributions. As detailed in chapter 2, the compact model has been formulated to include analytical equations of band-to-band and trap-assisted tunneling currents under reverse bias. Model fitting against the measurements has been used for the extraction of different dark current parameters. More specifically, in Figure 4.34, four regions, A, B, C and D, have been identified on the I-V characteristics of the UTC-PD. Each of these regions can be used for the systematic extraction procedure for compact model parameters specific to the highlighted region of operation, as detailed in the following.

Under low forward and reverse bias voltages (-1V, 0.2V), i.e. in region A, we extract the value of the saturation current, as well as the parameters of the trap assisted tunneling current.

At high reverse bias voltages (-3V, -1V), i.e. in region B, the current is mainly due to the band-to-band tunneling current and thus its associated parameters can be extracted. At medium forward bias voltages (0.2V, 0.7V), i.e. in region C, the ideality coefficient can be extracted, along with the knee current parameter which reflects the transition from low to high injection.

Finally, in region D, total extracted series resistance (from RF characterization), can be reinjected as model parameter to fit the curve which, in turn, confirm the precision of the extracted value.

To model the temperature-dependence of the dark current parameters, current-voltage measurements were also performed at two additional temperatures: 15 and 35 °C. Note that the temperature dependence of the dark current in the compact model was taken into account through the Is(T) and Vj(T) parameters. It is worth noting that a significant degradation of the InGaAs/InP UTC-PD DC and RF characteristics has been observed under optical illumination since the last set of measurement. This will be shown in the photocurrent discussion. All UTC-PDs under test showed very low dark current levels (below 25 nA at -2V). The low values of the dark current imply a higher quality of the passivation of the junction in the UTC-PDs. The extracted dark current parameters of the three UTC-PD technologies are summarized in Table 4.5. InGaAs/InP 7.0 ×10 -1 7.0×10 3 4.8 0.6×10 -3 6.6×10 3 1.45 3.16×10 5

Photocurrent

Once the dark current parameters of the model were extracted, photocurrent measurements under illumination were used for extracting other optical parameters. Among these, the responsivity has been chosen as an input parameter for the reasons discussed in chapter 2. Its value can be determined from current-voltage measurements under illumination and reverse bias. For the InGaAs/InGaAsP UTC-PDs, photocurrent measurements were performed under an optical power ranging between 1.33 and 19 mW (as measured at the fiber tip) with a laser of 1.551 µm wavelength. In comparison, responsivity values greater than 0.7 A/W were measured on similar UTC-PDs at III-V Lab, as shown in Figure 4.39 (a) [START_REF] Caillaud | Ultra Compact High responsivity Photodiodes for >100 Gbaud Applications[END_REF]. The lower responsivity values measured at the IMS laboratory are due to the tolerance of the lensed optical fiber-UTC-PD waveguide coupling system, which is lower than the resolution of the micro-positioners we used in our setup (Figure 4.39 (b)).

We recall that the measurements on the GaInAsSb/InP UTC-PDs were all performed at ETHZ, and a responsivity value of 0.094 A/W was measured [START_REF] Arabhavi | Type-II GaInAsSb/InP Uniform Absorber High Speed Uni-Traveling Carrier Photodiodes[END_REF].

For the InGaAs/InP UTC-PDs, the current-voltage measurements under illumination were performed at the IMS laboratory. 

Bandwidth

According to how the compact model was formulated, the calculation of the electron velocity (or transit time 𝜏 𝑐 ) at the input of the collector can be used to reduce the number of parameters to be extracted (to only one parameter, 𝜏 𝑎 ), during bandwidth measurements. The calculation of 𝜏 𝑐 can be done using the electric field-electron drift velocity (E-v) relationship. Once the UTC-PD compact model was validated against the DC and RF characteristics (under non-illuminated operating conditions) along with the relevant optical parameters extracted from photocurrent measurements, the dynamic photo-response of the compact model was then validated for both InGaAs/InGaAsP and GaInAsSb/InP (UTC-PDs) technologies, for all available geometries and under different applied bias and optical power conditions. For the InGaAs/InGaAsP UTC-PDs, the frequency-dependent photo-response was measured using two different techniques. The first set of measurements were performed on a calibrated heterodyne measurement bench, at III-V Lab, where all the UTC-PD geometries were biased at -2V under an optical power of 3 dBm. Extrinsic -3dB bandwidths ranging from 40 GHz to 47 GHz was observed for the studied geometries, as depicted in Figure 4.42 (a). The intrinsic bandwidth could then be determined using the calculated/extracted transit times using the compact model. Following this method, intrinsic bandwidths ranging from 45 GHz to 56 GHz were determined, indicating the detrimental impact of the pads and access lines on UTC-PD bandwidths.

The second set of measurements were performed at the IMS laboratory. The frequencydependent photo-response of the UTC-PDs were measured in the range of 500 MHz to 67 GHz using a ModBox-VNA with a lithium niobate (LiNbO3) Mach-Zehnder modulator (MZM) at 1.55 µm and a ZVA vector network analyzer. The bandwidth measurements were performed after an RF power calibration of the two ZVA ports (ZVA+ RF cables). Once the measurements were completed, loss compensation for the RF probes was taken into account in data treatment. Figure 4. 42 (b) shows a good agreement between the measurements and the compact model for the normalized bandwidth of the two UTC-PD technologies. The oscillations observed in the measurements can probably be attributed to multiple reflections between the different RF components (RF Cable and probes, ZVA, Modulator). These components were not calibrated, due to the lack of calibration kit, which probably resulted in these reflections.

It should be noted that for fitting the bandwidth characteristics, 𝑣 𝑡ℎ was set to 2.5×10 7 cm/s and the 𝑣 𝑠𝑎𝑡 was re-optimized for a value of 1.7×10 7 cm/s, which are higher than the values considered in the electric field-drift velocity model. The electric field values calculated at the collector input are always in the saturation zone of the electric field-drift velocity characteristics with the lowest value of ~16 kV/cm at zero bias. Moreover, the values reported in the literature (electric field-drift velocity characteristics) are for a particular mole fraction and doping. This slightly differs from what we are studying. Hence, the slight discrepancy in the drift velocity values were observed. 

.43 compares the on-wafer measurements of the normalized frequency photoresponse with the compact model simulations for InGaAs/InGaAsP UTC-PDs, showing different approximation methods discussed in chapter 2 related to the SPICE implementation of the photo-response. The simulation corresponding to the LPF approximation is also included in the graph for reference. As expected, the LPF approximation overestimates the cutoff frequency, while the Padé (1,1) approximation underestimates it. Interestingly, the Padé (2,1) and Padé [START_REF]Gb/s Ethernet Task Force[END_REF]1) approximations show acceptable accuracy up to 67 GHz and start to deviate from the analytical solution beyond 110 GHz (as discussed in Chapter 2). Our proposed implementation offers the most accurate and optimal description of the photo-response, remaining accurate to the theorical model even beyond 110 GHz.

With respect to the photocurrent implementation, Figure 4.43 compares the InGaAs/InGaAsP UTC-PD normalized frequency photoresponse on-wafer measurements to the compact model simulations for different approximation methods. The simulation corresponding to the LPF approximation is also included for reference. As expected, the single pole LPF approximation overestimates the cutoff frequency, while the Padé (1,1) approximation underestimates it. Interestingly, the Padé (2,1) and Padé (3,1) approximations show acceptable accuracy up to 67 GHz and start to deviate from the analytical solution beyond 110 GHz (as discussed in Chapter 2). Our proposed implementation offers the most accurate and optimal description of the photoresponse, remaining accurate even beyond 110 GHz.

For the optical characterization of the GaInAsSb/InP UTC-PDs, an optical signal (λ = 1.55 µm) of 3 dBm power, modulated by a Mach-Zehnder modulator (MZM) was used. Measurements were performed with a bias ranging from 0 to -2.5 V. 

Conclusion

In this chapter, we present extensive validation of our compact model against measurements on three UTC-PD technologies under a wide range of operating conditions. Different de-embedding methods and a dedicated compact model parameter extraction flow proposed for UTC-PD have been described. Leveraging on-wafer measurement from various UTC-PD technologies and geometries, the validity of existing and new methods of deembedding and parameter extraction strategies was demonstrated. DC and RF behavior without illumination of the compact model have been validated against on-wafer measurements up to 67 GHz and 110 GHz on three UTC-PD technologies developed on the InP substrates. Next, bandwidth measurements, up to 67 GHz, were performed on UTC-PDs for the first time at the IMS laboratory and were also validated against the compact model simulation. The model has demonstrated excellent versatility and scalability for all three types of UTC-PDs under study across several geometries and under a wide range of bias conditions. The proposed modelling framework is comprehensive, accurate and physics-based while remaining compatible with the existing design infra-structure of the electronic circuits.

Conclusion Conclusion

This PhD thesis work has focused on the development of the first compact model for ultrafast photodiodes to facilitate the co-design of monolithic photonic and nanoelectronic technologies.

Future communication systems should be capable of supporting the expected increase in data traffic. The literature review shows that monolithic integrated OEI circuits and systems seem to be a viable solution. Wide bandwidth, OEIC-based receivers are critical for optical communications. Low power, compact and efficient transceivers are essential in high efficiency wireless communications systems. In OEI circuits and systems, UTC-PDs are a key component. Relying only on electron transport, UTC-PDs demonstrate bandwidths of more than 600 GHz with good power levels [START_REF] Song | Handbook of terahertz technologies: Devices and applications[END_REF].

The recent trend in OEIC research indicates that the electronic and photonic communities are looking for an efficient and unified solution to model both elementary devices and complex circuits and systems. As a first step towards the development of a unified modelling solution, we propose a scalable and physics-based compact model for the UTC-PDs. The model is written in Verilog-A and is compatible with existing electronic circuit design methodology/tool/flow. The model has been developed based on the charge carrier transport equations in UTC-PD. Unlike most of the existing small signal models of UTC-PDs reported in the literature, which are purely empirical, our compact model includes comprehensive description of the UTC PD device physics through physical equations, supported by arguments, capturing a wide range of physical phenomena governing the operation of UTC-PDs. As a result, our model also takes into account more material parameters such as doping density, mobility, permittivity as well as geometry scaling laws.

In particular, the dark current, which is a figure of merit governing the noise of the UTC-PDs, has been emphatically analyzed and modeled. Its origins are described by the phenomena of charge carrier diffusion, generation/recombination and tunneling effects. This investigation has shown that tunnel currents dominate the total current, especially at medium and high reverse bias. Additionally, the series resistance and junction capacitance of the UTC-PDs are crucial elements as they determine the R-C delay that characterizes the transient response of the UTC-PD (bandwidth and RF output power). In the case of integrated waveguide photodiodes, dependence of the series resistance on the geometrical as well as technological parameters such as the doping density and the specific resistivity of the metal contacts was determined. Similarly for the junction capacitance, the bias voltage dependence and scaling laws are explored and are accurately captured by the proposed compact model. We also developed the first accurate and physics-based implementation of the Verilog-A compact model of the full analytical form of the photocurrent in the UTC-PDs. The proposed implementation uses an optimal number of three additional nodes in the equivalent electrical circuit of the UTC-PD offering the best compromise between accuracy (up to 300 GHz) and computational efficiency. The model in its entirety is therefore capable of accurately capturing the DC response, static photocurrent, unilluminated RF response and bandwidth of the UTC-PD.

After elaborating the analytical form of the compact model and implementation strategies, we presented an extensive validation of our model against measurements on three UTC-PD technologies under a wide range of operating conditions. We proposed new de-embedding methods adapted for our test structures and we also proposed a first detailed parameter extraction flow for UTC-PDs. The unilluminated DC and RF behavior of the compact model was validated against on-wafer measurements up to 67 GHz and 110 GHz on three UTC-PD technologies developed on InP substrates. Bandwidth measurements, up to 67 GHz, were performed on UTC-PDs for the first time in the IMS laboratory and were also validated against the compact model simulation. The model has demonstrated excellent versatility and scalability for all three types of UTC-PDs under study across several geometries and under a wide range of bias conditions. The proposed modelling framework is comprehensive, accurate and physicsbased while remaining compatible with the existing design infra-structure of the electronic circuits.

Outlook

To begin with, the proposed model, de-embedding methods and parameter extraction techniques of this thesis can be extrapolated to other photodiode technologies (p-i-n PD for example). In the future scope of this work, further improvements can be made on the UTC-PD compact model. In addition, a few other aspects can be explored that could not be addressed in the scope of this thesis, as outlined in the following:

1. UTC-PDs are key components in OEICs because of their very high operating frequency and high RF output powers. High RF output power is desired for transmitting mm-Waves and THz signals over long distances and to improve the signal-to-noise ratio of the signals. Under these high-power operating conditions, the UTC-PDs can exhibit nonlinear behavior and generate output harmonics that affect performances of OEICs and cause signals distortions. Therefore, the linearity of UTC-PDs must be investigated and validated by the compact model under various operating conditions, namely bias voltage, modulation and optical power. In practice, the linearity analysis consists of injecting two optical signals modulated by two nearfrequency sinusoids into the DUT. At the output, the distortion of the signals is characterized by the appearance of harmonics. The intercept point of the first and third order components, obtained by plotting the output power versus the input power, can be used to determine the figure of merit of the linearity called as the third order output intercept point (OIP3).

2. Since junction capacitance is a very important element that determines the performance of a UTC-PDs, the junction capacitance model must be further enhanced by modelling and implementation of the differential capacitance phenomenon that occurs at high photocurrents. Indeed, at high photocurrent densities, an internal electric field induced by the space charge, appears and opposes to the bias-induced electric field. This space charge-induced electric field can be strong enough to collapse the bias-induced electric field and thus reduce the extension of the depletion region. As a result, this leads to a compression of the RF output power and reduced the bandwidth.

3. Thermal effects in UTC-PDs present a significant challenge under high power operation. The increase in temperature within the UTC-PDs reduces the mobility of the charge carriers and therefore increases the transit time which, in term, impacts the dynamic response. Also, rapid temperature increase can cause a thermal failure. In order to take the thermal effect into account, it is necessary to perform a detailed reliability study on the temperature distribution in the UTC-PDs for geometries of interest and in the case of high photocurrent densities. This can help better modelling of thermal effects and also to identify possible heat flow bottlenecks. Finally, experimental investigation are also needed to explored carefully. 4. OEI circuits and systems comprising of UTC-PDs are susceptible to operate at high frequencies and RF powers. Long distance transmission of RF signals generated by UTC-PDs requires amplification. Also, receiving modulated optical signals by an optical communication link using a UTC-PDs requires the conversion of the UTC-PD current into an amplified voltage to read and process the received data. A broadband TIA is the ideal candidate for this purposes. Therefore, a co-simulation study to optimize the operating points of the UTC-PD and the TIA using the same design tool could be a first step towards photonics and electronics co-simulation.
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  Figure 2.1 (d) shows the impulse response of the UTC-PD observed by same the electro-optical sampling (EOS) technique. The UTC-PD waveform is very different from that of the p-i-n diode, especially since the fall time of the waveform does not increase significantly. The quick fall time is attributed to the fast response of the electron-only transport.
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Figure 2 .

 2 Figure 2.7 summarizes the three modelling approaches studied in this work and compares them in terms of desirable features, such as computational speed, scalability, and physical basis.
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 29 Figure 2.9. (a) UTC-PD layer structure (b) UTC-PD equivalent circuit, showing the relation with the UTC-PD structure [93].
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 2 Figure 2.10. (a) Top-view of the SEM micrograph of a GaInAsSb/InP UTC-PD connected to the GSG RF pads (b) SEM micrograph of a GaInAsSb/InP UTC-PD (c) Schematic of the intrinsic mesa UTC-PD showing the location of the equivalent circuit elements.
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 2 Figure 2.12. (a) Schematic of top view of two planar metal/semiconductor Ohmic contacts (b) Current density distribution between two planar metal/semiconductor Ohmic contacts.
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 2 Figure 2.14 (a) and (b) show the values of the p-contact resistance, 𝑅 𝑝𝐶 , and the values of collector resistance, 𝑹 𝑵 -(𝑽 𝒅 ), for various UTC-PD widths respectively. In Figure 2.14 (c) and(d) we report theoretically calculated 𝑅 𝑠 for widths of 3 and 4 µm respectively. On the same plots we show in red 𝑅 𝑠 values the UTC-PDs reported in[START_REF] Natrella | Accurate equivalent circuit model for millimetre-wave UTC photodiodes[END_REF]. We notice that there is no unique
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 214 Figure 2.14. Theoretical calculation of the resistance from equation (2.43) for several values of resistivity and width of the UTC-PD (a) p-contact resistance 𝑹 𝒑𝑪 (b) collector resistance 𝑹 𝑵 -(𝑽 𝒅 ). Global series resistance 𝑹 𝒔 for UTC-PD with an active area of (c) 3×15 µm 2 (d) 4×15 µm 2 .
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 2 Figure 2.15 shows 𝐼 𝐺𝑅 values for different active areas of the device. Here the value of 𝝉 𝒆𝒇𝒇
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 2 Figure 2.15. Generation-recombination current component as function of UTC-PD active area and reverse bias.
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 217 Figure 2.17. Diffusion and generation recombination currents ratio.
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 218 Figure 2.18. Band diagram showing tunnel currents mechanisms.
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 219 Figure 2.19. Schematic illustration depicting the analysis of the UTC-PD photocurrent.
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 2 Figure 2.20 illustrates the complete electrical equivalent circuit representation of the first compact model developed for the UTC-PDs [4]. The compact SPICE modelling and
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 2 Figure 2.20. UTC-PD electrical equivalent circuit showing photocurrent implementation using low pass filter approximation.
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 221 Figure 2.21. Normalized photoresponse of UTC-PD comparing the analytical and single pole LPF approximate solutions (a) magnitude in dB (b) phase in degree.
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 2 Figure 2.23. (a) Cut-off frequencies at -3 dB of different UTC-PD technologies; RMS error comparing the analytical form of the photocurrent (eq. 62.c) with the Taylor approximation method (b) magnitude (c) phase.
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 2 Figure 2.22. UTC-PD photocurrent electrical equivalent circuit for the Taylor approximation.
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 225 Figure 2.25. Electrical equivalent circuit of the Padé (2,1) approximation.
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 226 Figure 2.26. Electrical equivalent circuit of the Padé (3,1) approximation.
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 227 Figure 2.27. RMS error in magnitude and phase compared the analytical solution to (a) and (b) Padé (2,1); (c) and (d) Padé (3,1).
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 2 Figure 2.28. (a) Electrical equivalent circuit of the proposed implementation; RMS error compared the analytical solution to our proposed approximation (a) magnitude (b) phase.
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 32 Figure 3.2. Schematic representation of the developed measurement setup.

  𝒃 𝟏 = 𝑺 𝟏𝟏 • 𝒂 𝟏 + 𝑺 𝟏𝟐 • 𝒂 𝟐 (𝟑. 𝟒) 𝒃 𝟐 = 𝑺 𝟐𝟏 • 𝒂 𝟏 + 𝑺 𝟐𝟐 • 𝒂 𝟐 (𝟑. 𝟓)

Figure 3 . 3 .
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 35 Figure 3.5. (a) A schematic of an RF probe based on a microcoaxial cable [125] (b) image of the Picoprobe® probes used in our study.
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 314 Figure 3.14. The different components of the adopted visualization system.
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 316 Figure 3.16. Flowchart explaining the characterization procedure and the model validation.
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 41 Figure 4.1. Extrinsic equivalent circuit representation for the UTC-PD compact model.
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 42 Figure 4.2. (a) Open-Short parasitic model (b) extrinsic equivalent circuit representation for the UTC-PD compact model.
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 43 Figure 4.3. (a) Short-Open parasitic model (b) extrinsic equivalent circuit representation for the UTC-PD compact model.
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 44 Figure 4.4. Schematic illustration of the S-parameter based de-embedding method.
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 45 Figure 4.5. Schematic of the (a) Open (b) Short test structures (c) UTC-PD connected to pads and access lines.
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 4 Figure 4.6 (a) and (b) show the Smith plots of the reflection coefficient for the Open and the Short test structures as well as for the UTC-PD. The representation on the Smith chart allows us to understand the characteristics of the DUT impedance for various frequency and bias voltages. These reflection coefficients are composed of real and imaginary parts that represent respectively the resistive and capacitive or inductive contributions.

Figure 4 .

 4 Figure 4.8 shows the extracted junction capacitance values of a GaInAsSb/InP UTC-PD with an active area of 64 µm 2 (square shape) at zero bias. These junction capacitance values were extracted from the imaginary part of the Z11-parameter (previously named ΓUTC-PD) obtained after de-embedding as follow:

Figure 4 . 6 .

 46 Figure 4.6. Smith chart representation of the measured electrical reflection coefficients of: (a) the Open and the Short test structures (b) the GaInAsSb/InP UTC-PD with an active area of 64 µm2 for several biases (0,-2.5 )V.
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 47 Figure 4.7. Extraction of parasitic capacitance, inductance and resistance equivalents to the Open and Short test structures.

Figure 4 . 8 .

 48 Figure 4.8. GaInAsSb/InP UTC-PD junction capacitance extraction.

Figure 4 . 9 .

 49 Figure 4.9. Equivalent circuit of the UTC-PD connected in cascade with the subnetwork for the pad and access lines.
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 4 10, leading to the three cascaded 𝑅 𝑛 𝐿 𝑛 𝐶 𝑛 elements. As presented in Figure 4.10, the sum of the capacitances, ∑ 𝐶/𝑁 𝑁 𝑖=1

Figure 4 . 10 .

 410 Figure 4.10. Extracted parasitic elements associated with the Pads and access lines.

Figure 4 . 11 .

 411 Figure 4.11. Extracted GaInAsSb/InP UTC-PD junction capacitances under various reverse bias.

Figure 4 .

 4 Figure 4.12. (a) Schematic of the UTC-PD structure connected to the GSG pads and the access lines (b) cross section of the UTC-PD active region (c) complete Open and Short test structures.

Figure 4 . 13 .

 413 Figure 4.13. Extraction of capacitive, inductive and resistive parasitic equivalents to the pads and access lines.

Figure 4 . 14 .

 414 Figure 4.14. Complementary test structures: (a) Pad-Open and Pad-Short (b) mesa-free Open and mesa-free Short.

Figure 4 .

 4 Figure 4.15. (a) Global electrical equivalent circuit of the pads and the access of the UTC-PD; (b) electrical equivalent circuit of the Pad-Short (c) electrical equivalent circuit of the Pad-Open.

Figure 4 . 16 .

 416 Figure 4.16. Frequency dependence of the Pad-Short inductance (b) imaginary part of the Pad-Open admittance.

Figure 4 .

 4 18 (b)). Then the inductance is corrected by optimizing the equivalent circuit model in the high frequency region. A value of 11 fF was extracted for 𝐶 𝑎𝑐𝑐𝑒𝑠𝑠 and a value of 28 pH was determined for 𝐿 𝑎𝑐𝑐𝑒𝑠𝑠-𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 . The value of the resistance was determined from the real part of 𝑍 𝑚𝑒𝑠𝑎-𝑓𝑟𝑒𝑒-𝑂𝑝𝑒𝑛 , with an average value of 0.8 Ω (Figure4.18 (a)).The third section of the global circuit represents the mesa bridge access lines. The parasitic elements can be determined from the complete Short and complete Open test structures and their equivalent circuits (Figure4.19 (a) and (b)). A similar process was followed as before to obtain the results shown in Figure4.20. 𝐶 𝑚𝑒𝑠𝑎 and 𝐿 𝑚𝑒𝑠𝑎 were extracted to yield values of 5 fF and 5 pH, respectively.

Figure 4 . 17 .

 417 Figure 4.17. Electrical equivalent circuit of the mesa-free access test structures (a) Short (b) Open.

Figure 4 .

 4 Figure 4.18. (a) Frequency dependence of mesa-free Short inductance and resistance (b) imaginary part of mesa-free Open admittance.

  Once the equivalent circuit of the pads and the access regions is accurately extracted, the intrinsic device S-parameter matrix can be determined. The extraction results for the electrical equivalent circuit elements in the intrinsic UTC-PD model, namely the junction capacitance, 𝐶 𝑗𝑇 (𝑉 𝑑 ), and the series resistance, 𝑅 𝑆 , (real part of 𝑍11 at high frequency) are presented next in

Figure 4 .

 4 Figure 4.21, comparing the three de-embedding methods discussed in this chapter.
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 419420 Figure 4.19. Electrical equivalent circuits of the complete (a) Short and (b) Open test structures.

Figure 4 . 21 .

 421 Figure 4.21. De-embedded real part of Z11 and junction capacitance of a InGaAs/InGaAsP UTC-PD, with an active area of 5𝗑25 µm 2 , as function of frequency obtained using the (a) Open-Short method (b) S-parameter based method (c) proposed access modelling-based method.

Figure 4 .

 4 22 (a)) was modelled by a 𝑅 𝑛 𝐿 𝑛 𝐶 𝑛 network consisting of nine cascaded sections. This was achieved by optimizing the ∑ 𝐶part of the measured 𝑌 𝑂𝑝𝑒𝑛 /𝜔, as shown in Figure 4.23 (a). Note here that since we did not have a Short test structure, we used a Thru test structure (Figure 4.22 (b)) to determine the series resistance, ∑ 𝑅/𝑁 𝑁=9 𝑖=1
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 44 Figure 4.22. (a) Microscope image of the Open test structure (b) microscope image of the Thru test structure.

Figure 4 . 24 .

 424 Figure 4.24. Methodology flow of the measurements and the parameter extraction of the UTC PD.

Figure 4 .Figure 4 .

 44 Figure 4.25. InGaAs/InGaAsP UTC-PD junction capacitance as function of reverse bias.

Figure 4 .

 4 Figure 4.27. GaInAsSb/InP UTC-PD junction capacitance validation: comparison between measurements, classical model and our developed compact model.

Figure 4 . 28 .

 428 Figure 4.28. InGaAs/InP UTC-PD junction capacitance model validation: classical model.

Figure 4 .

 4 Figure 4.29. UTC-PD junction capacitance as functions of the active device area and the applied reverse bias. Left: InGaAs/InGaAsP UTC-PD. Right: GaInAsSb/InP UTC-PD.

   = 3,3810 -4 .m

Figure 4 . 30 .

 430 Figure 4.30. The extracted total series resistance at various reverse biases and for several lengths of the In-GaAs/ InGaAsP UTC-PDs.
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 431 Figure 4.31. Measured real Z11 of (a) GaInAsSb/InP UTC-PD with active area of 64 µm 2 (b) InGaAs/InP UTC-PD of 13 µm 2 of active area.

Figure 4 .

 4 32 (a), (c), (e)) show fluctuations in the 80-100 GHz frequency range, which are not captured by the model.The origin of these fluctuations lies with the reflection of the input signal from the chuck on which the wafer is placed, thus causing these fluctuations in the measured S11. This phenomenon has also been observed previously in other devices on InP substrate. Placing an

Figure 4 . 32 .

 432 Figure 4.32. Measured (symbol) and simulated (lines) intrinsic S11-parameter for InGaAs/InGaAsP UTC-PDs under test: (a-c-e) magnitude in dB and (b-d-f) phase in degree with actives areas of 100, 125 and 150 µm 2 .

Figure 4 . 33 .

 433 Figure 4.33. Measured (symbol) and simulated (lines) intrinsic S11-parameter for the UTC-PDs under test: (ac-e) magnitude in dB and (b-d-f) phase in degree of GaInAsSb/InP UTC-PD with active area of 64, 79 and 100 µm 2 (g) magnitude in dB (h) phase in degree of InGaAs/InP UTC-PD with a 13 µm 2 active area.
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 434 Figure 4.34. Measured (symbol) and simulated (lines) current-voltage characteristics of UTC-PDs with an active area of 5𝗑25 µm 2 .

Figure 4 .

 4 Figure 4.35 (a) compares the DC characteristics measured at different temperatures with our compact model simulation. A good model accuracy has been demonstrated over the entire range of forward and reverse biases, at different temperatures for a 5×25 µm 2 UTC-PD. In addition, Figure 4.35 (b) shows the I-V characteristics of different device geometries, further confirming very good scalability of the compact model.

Figure 4 . 35 .

 435 Figure 4.35. Measured (symbol) and simulated (lines) I-V characteristics of InGaAs/InGaAsP UTC-PDs: (a) current-voltage plot at different temperatures for a UTC-PD with an active area of 5𝗑25 µm 2 (b) current-voltage characteristics of UTC-PDs with several active areas.

Table 4 . 5 .

 45 Extracted parameters for the dark current compact model from measurements for the three UTC-PDs technologies investigated.

Figure 4 .

 4 Figure 4.36. Measured (symbol) and simulated (lines) current-voltage characteristics of (a) InGaAs/InP UTC-PD (b) GaInAsSb/InP UTC-PDs with several active areas.

Figure 4 .

 4 37 (a)-(c) show the measured photocurrents for the geometries under test. Responsivity values of 0.33 A/W, 0.42 A/W and 0.46 A/W were found from the slope of the photocurrent versus optical power curve at -2 V for the 5x20, 5x25 and 5x30 µm 2 geometries respectively as shown in Figure 4.38.

  Photocurrent(mA)

Figure 4 . 37 .

 437 Figure 4.37. Measured photocurrent of InGaAs/InGaAsP UTC-PDs with the active area of (a) 5×20 (b) 5×25 and (c) 5 ×30 µm 2 as a function of reverse bias at different optical powers, at 22 °C.

Figure 4 .

 4 40 (a) shows a significant degradation of the dark current compared to the first set of measurements. A responsivity of 0.036 A/W extracted at -2V is shown in Figure 4.40 (b).

Figure 4 . 38 .

 438 Figure 4.38. Measured responsivities of the InGaAa/InGaAsP UTC-PDs at 1.551 µm wavelength.

Figure 4 .

 4 Figure 4.39.(a) Measured responsivities of the InGaAa/InGaAsP UTC-PDs at 1.55 µm wavelength for several UTC-PDs geometry (b) lensed optical fiber-UTC-PD integrated lens coupling tolerance measurements[START_REF] Caillaud | Ultra Compact High responsivity Photodiodes for >100 Gbaud Applications[END_REF].

Figure 4 .

 4 41 (a) and (b) shows the electric field-drift velocity characteristics taken from the literature for the InGaAsP and InP layers (the two collector materials of the UTC-PDs studied) [138].

4 Data

 4 8.10 15 .cm -3 v sat = 1,4.10 7 cm.s -1 A = 5,3.10 -7 E scale = 3.1 kV.cm -1 t = 27,

Figure 4 . 41 .

 441 Figure 4.41. Electric field vs electron drift velocity for (a) InGaAsP (b) InP UTC-PDs [138].

Figure 4 .

 4 Figure 4.40. (a) Measured photocurrent-voltage characteristics and (b) photocurrent as function of input optical power of InGaAs/InP UTC-PDs.

Figure 4 . 42 .

 442 Figure 4.42. Bandwidths of the UTC-PDs: (a) InGaAs/InGaAsP UTC-PDs (b) GaInAsSb/InP UTC-PD.

Figure 4 .

 4 [START_REF] Kuri | Long-term stabilized millimeter-wave generation using a high-power mode-locked laser diode module[END_REF] (a)-(c) show an excellent agreement between the measurements and the model predictions over the entire frequency and voltage ranges. It should be noted that when fitting the bandwidth characteristics, 𝑣 𝑡ℎ was set to 2×10 7 cm/s and the 𝑣 𝑠𝑎𝑡 re-optimized for a value of 1×10 7 cm/s for this technology.

Figure 4 . 43 .

 443 Figure 4.43. Measured (symbol) and simulated (line) normalized photo-response of InGaAs/InGaAsP UTC PD comparing different photocurrent implementations presented in this work.

Figure 4 . 44 .

 444 Figure 4.44. Measured (symbol) and simulated (line) normalized frequency response GaInAsSb/InP UTC-PD geometries with active areas of (a) 64 µm 2 (b) 79 µm 2 (c) 100 µm 2 .
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Table 1 .1. mm-Waves and THz diode-based sources. Technology frequency Output power Year Reference

 1 

		78.9 GHz	25 mW	2015	[31]
	Gunn				
		300 GHz	28 µW	2014	[36]
		28 GHz	1mW	2013	[37]
	RTD	260 GHz	1 mW	2020	[38]
		1.92 THz	0.4 µW	2016	[32]
	IMPATT	82 GHz	4.6 mW	2019	[39]

Table 1 .2. State of the art of wireless link demonstration with highest performance.

 1 

	Technology Tx/Rx	Frequency (GHz)	Data rate (Gbps)	Distance (m)	Modulation format	Bit error Year Reference
	Photonic UTC-PD/SDB	670	10	15	ASK	<10 -9 real time	2018	[63]
	Photonic p-i-n/HEMT	300	128	0.5	16-QAM	2.2×10 -2 offline	2019	[64]
	130-nm							
	SiGe	230	100	1	16-QAM	1×10 -3	2019	[65]
	BiCMOS							
	Photonic UTC-PD/SDB	350	2x300	2.8	64-QAM OFDM	2.7×10 -2 offline	2020	[66]
	Photonic							
	UTC-	300	100	15	16-QAM	4×10 -3	2020	[67]
	PD/HEMT							
	Photonic p-							
	i-n	300	160	50	32-QAM	2.9× 10 -4	2022	[68]
	PD/HEMT							
	Photonic UTC-PD/SBD	400	131	10.7	16-QAM	2.7×10 -2 offline	2022	[69]

  Where,𝑞 is the electronic charge, 𝑁 -, 𝜺 𝑪𝒐𝒍𝒍 and 𝑊 𝐶𝑜𝑙𝑙 are the collector doping level, permittivity and width respectively.Following standard compact modelling practices, the capacitance contribution (equation 2.[START_REF] Bitter | Monolithic InGaAs-InP p-in/HBT 40-Gb/s optical receiver module[END_REF]) is actually implemented first by converting it to its equivalent charge, 𝑄 𝑗𝑇 , and then adding it to a current node by taking the time derivative of the charge,

			𝑴 𝒍𝒓 =	𝑴 𝒎𝒓 𝟒			(𝟐. 𝟐𝟒)
		𝑪 𝒋𝟎𝒍 = 𝑪 𝒋𝟎𝒎 (	𝑽 𝒋 𝑽 𝑷𝑻	(𝑴 𝒎𝒓 -𝑴 𝒍𝒓 ) )			(𝟐. 𝟐𝟓)
												𝑑𝑄 𝑗𝑇 𝑑𝑡	.The equivalent
	charge is calculated as:											
					𝑽 𝒅							
		𝑸 𝒋𝑻 = ∫ 𝑪 𝒋𝑻 (𝑽 𝒅 )𝒅𝑽 𝒅			(𝟐. 𝟐𝟔)
					𝟎							
	𝑸 𝒋𝑻 = 𝑨𝒓𝒆𝒂 ⋅ [ 𝟏 -𝑴 𝒎𝒓 𝑪 𝒋𝟎𝒎 ⋅ 𝑽 𝒋	⋅ [𝟏 -(𝟏 -	𝑽 𝒅 𝑽 𝒋	)	𝟏-𝑴 𝒎𝒓	] +	𝑪 𝒋𝟎𝒍 ⋅ 𝑽 𝒋 𝟏 -𝑴 𝑴 𝒍𝒓	⋅ [𝟏 -(𝟏 -	𝑽 𝒅 𝑽 𝒋	)	𝟏-𝑴 𝒍𝒓	]] (𝟐. 𝟐𝟕)
									𝑾 𝑪𝒐𝒍𝒍 𝟐			(𝟐. 𝟐𝟑)

Table 2 .1. Classical contacts resistivities on p-InGaAs and n-InP.

 2 

		Metallization	Doping level (cm -3 )	𝝆 𝑪 (Ω.cm 2 )	Rsheet (Ω) references
		Au/Pd/Ti/Pd	1 x 10 19	1.7 x 10 -6	-	[102]
	p-InGaAs	Al/W/Ti Pd/AuGe	2 x 10 19 4 x 10 19	3.3 x 10 -6 4 x 10 -6	--	[103] [104]
		Au/Pd/Si/Gd	2 x 10 19	5.6 x 10 -6	-	[105]
	n-InP	Au/Pt/Ti	1 x 10 19	8 x 10 -6	20.2	[106]

  𝑽 𝒅 ≤ -𝟓𝑵𝑽 𝒕 , 𝑰 𝑹𝑩 = -𝑰 𝑩𝑽 , 𝑽 𝒅 = -𝑩𝑽 (𝟐. 𝟒𝟖)

	𝑰 𝑩𝑽 = -𝑨𝒓𝒆𝒂 ⋅ 𝑱 𝑺 (𝑻) (𝒆	-	𝑩𝑽+𝑽 𝒅 ⁄ 𝑽 𝒕 (𝑻)	-𝟏) , 𝑽 𝒅 < -𝑩𝑽	(𝟐. 𝟒𝟗)
	𝑰 𝑹𝑳 = -𝑨𝒓𝒆𝒂 ⋅ 𝑱 𝑹 ⋅ (𝑻) 𝟏.𝟓 (𝒆	-	𝒒𝑬 𝒈 (𝑻) ⁄ 𝟐𝒌 𝑩 𝑻	) 𝑽 𝒅 𝟐 √𝑽 𝒃𝒊 -𝑽 𝒅 -𝑽 𝒕 (𝑻), 𝑽 𝒅 < -𝑽 𝒓𝒆𝒇	(𝟐. 𝟓𝟎)

  𝑾 𝑨𝒃𝒔 , one can rewrite the above as:

	𝐈 𝐩𝐡 (𝛚) ≈ -𝐈 𝐩𝐡𝟎 ⋅	𝟏 𝟏 + 𝐣 ⋅ 𝛚 ⋅ 𝛕 𝐚	⋅	𝐬𝐢𝐧( 𝛚𝛕 𝐜 𝟐 ⁄ ) 𝛚𝛕 𝐜 𝟐 ⁄	⋅ 𝐞 -𝐣⋅ 𝛚⋅𝛕 𝐜 𝟐	(𝟐. 𝟔𝟑. 𝐚)
							𝜔𝜀 𝐶𝑜𝑙𝑙 𝑊 𝐶𝑜𝑙𝑙	𝑉 𝐶𝑜𝑙𝑙 (𝜔)
	(second term in equation (2.56.b)) can be ignored and 𝐽 𝑝ℎ (𝜔) becomes:
	𝑱 𝒑𝒉 (𝝎) ≈ -𝒒𝑮(𝝎)	𝟏 𝟏 + 𝒋𝝎𝝉 𝒂	𝒔𝒊𝒏( 𝝎𝝉 𝒄 𝟐 ⁄ ) 𝝎𝝉 𝒄 𝟐 ⁄	⋅ 𝒆 -𝒋⋅ 𝝎⋅𝝉 𝒄

𝟐 (𝟐. 𝟔𝟐)

Assuming that the sinusoidal generation rate G(ω) is constant throughout the absorption region,

  In order to implement the equation (2.64.a) in Verilog-A, one must consider that the Laplace variable, 𝑠, actually represents the time derivative, 𝒅𝒅𝒕. For the Verilog-A implementation, equation (2.64.a) must be rearranged and decomposed into single-pole network segments as follows:

		𝑰 𝒑𝒉𝟎	𝟏 𝟏 + 𝒔𝝉 𝒂	⋅ (𝟏 -	𝒔𝝉 𝒄 𝟐	+	(𝒔𝝉 𝒄 ) 𝟐 𝟔	-	(𝒔𝝉 𝒄 ) 𝟑 𝟐𝟒	)	(𝟐. 𝟔𝟒. 𝒂)
	𝐈 𝐩𝐡 (𝐬) = 𝐕(𝐗 𝟎 ) -	𝐬𝛕 𝐜 𝟐	⋅ (𝐕(𝐗 𝟎 ) -	𝐬𝛕 𝒄 𝟑	𝐕(𝐗 𝟎 ) +	𝐬𝛕 𝒄 𝟒	(	𝐬𝛕 𝒄 𝟑	𝐕(𝐗 𝟎 )))	(𝟐. 𝟔𝟒. 𝐛)
			𝑾𝒊𝒕𝒉𝑽(𝑿 𝟎 ) = 𝑰 𝒑𝒉𝟎	𝟏 𝟏 + 𝒔𝝉 𝒂
	𝑰 𝒑𝒉 (𝒔) = 𝑽(𝑿 𝟎 ) -	𝒔𝝉 𝒄 𝟐	⋅ (𝑽(𝑿 𝟎 ) -𝑽(𝑿 𝟏 ) + 𝑽(𝑿 𝟐 ))	(𝟐. 𝟔𝟒. 𝒄)
	𝐖𝐢𝐭𝐡, 𝑽(𝐗 𝟏 ) =	𝐬𝛕 𝐜 𝟑	⋅ 𝐕(𝐗 𝟎 )𝒂𝒏𝒅𝑽(𝐗 𝟐 ) =	𝐬𝛕 𝐜 𝟒	⋅ 𝐕(𝐗 𝟏 )
		𝑰 𝒑𝒉 (𝒔) = 𝑽(𝑿 𝟎 ) -𝑽(𝑿 𝟒 ) = 𝑽(𝑿 𝟓 )	(𝟐. 𝟔𝟒. 𝒅)
	𝑾𝒊𝒕𝒉, 𝑽(𝐗 𝟑 ) = 𝐕(𝐗 𝟎 ) -𝑽(𝐗 𝟏 ) + 𝐕(𝐗 𝟐 )𝒂𝒏𝒅𝑽(𝐗 𝟒 ) =	𝐬𝛕 𝐜 𝟐	⋅ 𝐕(𝐗 𝟑 )

  1, 1) approximation from Padé table. The exponential is approximated to:

	𝒆 -𝒋𝝎𝝉 𝒄 ≈	𝟏 -𝟏 +	𝒋𝝎𝝉 𝒄 𝟐 𝟐 𝒋𝝎𝝉 𝒄	(𝟐. 𝟔𝟓)
	𝑰 𝒑𝒉 (𝒔) = 𝑰 𝒑𝒉𝟎	𝟏 𝟏 + 𝐬𝝉 𝒂	⋅ (	𝟏 𝟏 + 𝒔𝝉 𝒄 𝟐	)	(𝟐. 𝟔𝟔)

Using this approximation, the photocurrent equation (2.63.c) is reduced to:

  Following the previous methodology, equation(2.74.b) can be represented in terms of the current equations for the three nodes (see Figure2.28 (a)). Using Kirchoff's current law, one can thus write the model equations for a Verilog-A implementation:

	𝑰 𝒑𝒉 (𝒔) =	[𝟏 +	𝑰 𝒑𝒉𝒂 (𝒔) 𝒔𝝉 𝒄 𝟐 + 𝟏𝟐 ] (𝒔𝝉 𝒄 ) 𝟐	(𝟐. 𝟕𝟒. 𝒃)
	𝑰 𝒑𝒉𝟎 -𝑽(𝑿 𝟎 ) -𝒅𝒅𝒕(𝝉 𝒂 . 𝑽(𝑿 𝟎 )) = 𝟎	(𝟐. 𝟕𝟓. 𝒂)
	𝑽(𝑿 𝟎 ) -𝑽(𝑿 𝟐 ) -𝒅𝒅𝒕 (	𝝉 𝒄 𝟐	. 𝑽(𝑿 𝟏 )) = 𝟎	(𝟐. 𝟕𝟓. 𝒃)
	𝑽(𝑿 𝟏 ) -𝑽(𝑿 𝟐 ) -𝒅𝒅𝒕 (	𝝉 𝒄 𝟔	. 𝑽(𝑿 𝟐 )) = 𝟎	(𝟐. 𝟕𝟓. 𝒄)

Table 3 .1. Main feature of the used Picoprobe ® probes.
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	Features	Picoprobe GSG
	Frequency range (GHz)	DC to 110
	Pitch (µm)	100 and 150
	Probe input	Coax 1.0 mm
	Tip material	BeCu
	Insertion loss (typ.) (dB)	1.5
	Return loss (typ.) (dB)	15

Table 3 .2. Main feature of the used PM lensed fiber.

 3 

	Features		IDIL PM lensed fiber
	Wavelength (µm)		1550 nm
	Mode field diameter	(µm)	< 5.0
	Working distance (µm)	Slightly divergent up to 100
	Power handling (W)		1.0
	Polarization Dependent Loss (dB)	< 0.01 dB
	Fiber connector		FC/APC

Table 4 .1. Geometries of the UTC-PDs under study. UTC-PD technology Drawn active area (µm 2 )
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		InGaAs/InGaAsP	100, 125 and 150
	UTC-PD type Ι		
		InGaAs/InP	13
	UTC-PD type ΙΙ	GaInAsSb/InP	64, 79 and 100

Table 4 .2. Extracted R, L and C lumped elements from GaInAsSb/InP UTC-PD Open and Short Thru test structures.
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	𝑹	𝐋	𝐂
	0.1 Ω	47.6 pH	11.5 fF

Table 4 .3. Extracted values of the lumped electrical elements, equivalent to the pads and access lines for the InGaAs/InGaAsP UTC-PDs.
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	𝑳 𝑷𝒂𝒅	𝑪 𝑷𝒂𝒅	𝑹 𝒂𝒄𝒄𝒆𝒔𝒔	𝑳 𝒂𝒄𝒄𝒆𝒔𝒔	𝑪 𝒂𝒄𝒄𝒆𝒔𝒔	𝑳 𝒎𝒆𝒔𝒂	𝑪 𝒎𝒆𝒔𝒂

Table 4 .4. Extracted values of the R, L, and C lumped elements from InGaAs/InP UTC-PD Open and Thru test structures.
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	𝑹	𝐋	𝐂
	1.5 Ω	106.7 pH	48.1 fF
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