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A massive production of qubits will be necessary for the future quantum processors. However, these qubits, to be functional, usually must be cooled down to a few tens of 𝑚𝐾. Measuring the physical properties of qubits at these very low temperatures is currently done on individual devices, and requires a lot of time, typically a few days per qubit. The preselection of qubit devices potentially functional from the physical and technological parameters measured at 𝑇 = 300𝐾 and down to 𝑇 = 4.2𝐾, using faster measurements and compatible with a quasi-industrial approach, remains a challenge.
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Chapter 1: Quantum computing at industrial level

INTRODUCTION

The need of quantum computers to simulate quantum mechanics was firstly foreseen by Richard Feynman in the early '80s [1]. In the following years, the development of quantum algorithms not necessarily related to quantum mechanics, such as the factoring algorithm by Peter Shor [2] and the searching algorithm by Lov Grover [3] [4], unveiled the possibility of using quantum computers in a broader spectrum of domains, ranging from information security to finance [5]. Indeed, quantum computers provide a speedup over classical ones just in solving exponentially growing problems, such as proteins' simulations. A quantum computer runs the same algorithm several times over again, and the final output corresponds to the most likely solution of the several runs. Twenty years ago, quantum computing aroused the interest of many industrial actors, such as the Canadian company D -Wave System [6], and the U.S. companies IBM [7], Google [8] and Intel [9].

In most cases, the industrial and commercial R&D efforts are focused on solidstate quantum bits (qubits) implementations. In general, solidstate qubits can be split in two categories: superconducting Josephson junctions [START_REF] Devoret | Superconducting Circuits for Quantum Information: An Outlook[END_REF] [START_REF] Arute | Quantum supremacy using a programmable superconducting processor[END_REF] and spin qubits in silicon [START_REF] Pla | A single-atom electron spin qubit in silicon[END_REF] [START_REF] Kane | A silicon-based nuclear spin quantum computer[END_REF], which are in principle compatible with the CMOS technology used for the room temperature control readout electronics. Indeed, increasing the dimensions of the quantum processors, the number of interconnections required to address individually each qubit becomes very soon intractable. The quantum chip is placed usually at the bottom of a dilution refrigerator, cooled down to few 𝑚𝐾. The interconnections pass from this environment to the 4.2 𝐾 stage all the way to outside [START_REF] Jazaeri | A Review on Quantum Computing: From Qubits to Front-end Electronics and Cryogenic MOSFET Physics[END_REF]. One of the most envisaged solutions for the cable connections management is to bring the frontend electronics close to the 4.2 𝐾 stage [START_REF] Charbon | Cryo-CMOS for quantum computing[END_REF] [16] [17] [START_REF] Xue | CMOS-based cryogenic control of silicon quantum circuits[END_REF], and ultimately to cointegrate it on the quantum chip.

This Chapter introduces briefly the concept of quantum bit and its main technological implementations, with a specific focus on silicon quantum bits.

Moreover, the 𝑆𝑖 qubit industrial technology stateofart is presented. In this context, the LETI technology is discussed in details, showing the main devices' architectures. Finally, once that the technological perspectives are given, the motivations and goals of this work will be clarified and the main points of the thesis will be outlined.

QUANTUM BITS

A quantum bit is an elementary unit of quantum information, and it is the quantum-computing counterpart of the classical bit in a conventional computer. In general, a quantum bit is a twolevel quantum -mechanical system [19] and, contrary to a classical bit that can have just two values, it can be both in the ground and excited state at the same time (see Fig.

(1.2.1)) [START_REF] Jazaeri | A Review on Quantum Computing: From Qubits to Front-end Electronics and Cryogenic MOSFET Physics[END_REF].

Some examples of physical systems that can be exploited as quantum bits are the electron or nuclear spins, and two different polarizations of a photon.

Quantum computers rely on two quantummechanical properties of qubits, which are the quantum superposition and the quantum entanglement. The first property is a fundamental principle of quantum mechanics and affirms that two or more quantum states can be added, and the results will be another quantum state. Taking as reference [START_REF] Jazaeri | A Review on Quantum Computing: From Qubits to Front-end Electronics and Cryogenic MOSFET Physics[END_REF].

The second property is the quantum entanglement, which was first introduced by Albert Einstein [START_REF] Einstein | Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?[END_REF]. If two qubits are entangled, a correlation exists between them.

More specifically, if a qubit is in a particular state, the other qubit has to be in another specific state, defined by the first one. An example of entangled system concerns two electrons' spins: if the first electron has a spinup, the second one has to have a spin down.

QUBIT IMPLEMENTATION

The theoretical physicist David DiVincenzo introduced a list of requisites that quantum bits should respect. These are called usually "DiVincenzo criteria", and are the following [START_REF] Divincenzo | The Physical Implementation of Quantum Computation[END_REF]:

• A physical scalable system

• Ability to initialize the state of the qubits

• Coherence time longer than the gate operation time

• A universal set of quantum gates

• A qubitspecific measurement capability

In the following, we are going to review the main qubit technological implementations, highlighting if they meet, at least partially, the above criteria or not.

Nuclear Magnetic Resonance Qubits

Nuclear Magnetic Resonance (NMR) qubits exploit the spin of atomic nuclei [START_REF] Cory | Ensemble quantum computing by NMR spectroscopy[END_REF], and an example of implementation of Shor's algorithm was demonstrated using this technology [START_REF] Vandersypen | Experimental realization of Shor's quantum factoring algorithm using nuclear magnetic resonance[END_REF]. Even if NMR qubits meet the DiVincenzo criterion for what concern coherence time, their main drawback regards the scalability.

Ion Traps

Quantum computers based on ion traps consist of linear strings of ions confined in a high electromagnetic field. Long coherence times have been proved [START_REF] Schindler | A quantum information processor with trapped ions[END_REF], as well as good scalability [START_REF] Monroe | Scaling the Ion Trap Quantum Processor[END_REF].

Superconducting qubits

Superconducting qubit is the technology chosen by Google [START_REF] Arute | Quantum supremacy using a programmable superconducting processor[END_REF] and IBM. It consists of a Josephson junction coupled to a microwave resonator for the control read out. In LC circuit made of nonsuperconducting metals, the energy levels of the quantum harmonic oscillator are equally spaced, and therefore it is impossible to distinguish between transitions from the ground and the first excited state and transitions from other two higher orders excited states. The Josephson junction introduces a non-linearity thanks to which the energy levels are no more equally spaced. In such a system, one can recognize excitations between ground and first excited state.

Nitrogen vacancies in Diamond

Nitrogen vacancies (NV centers) in diamond consist of defects in diamond crystals. Their fabrication process is quite hard to control if compared to other technologies, such as superconducting or silicon qubits. On the other side, it is easy to couple them with photons, paving the way to the accomplishment of quantum networks [START_REF] Childress | Diamond NV centers for quantum computing and quantum networks[END_REF].

Silicon Qubits

Semiconductor qubits were initially developed on III -V heterostructures, such as 𝐺𝑎𝐴𝑠/𝐴𝑙𝐺𝑎𝐴𝑠 [START_REF] Petta | Coherent Manipulation of Coupled Electron Spins in Semiconductor Quantum Dots[END_REF]. The firs electron spin quantum bit in 𝑆𝑖 was realized by a group of the University of New South Wales in Sydney in 2012 [START_REF] Pla | A single-atom electron spin qubit in silicon[END_REF]. Since then, many university research groups started to develop their own silicon quantum bits, and many technological advancements were achieved, such as higher operating temperatures (above 1K) [START_REF] Yang | Operation of a silicon quantum processor unit cell above one kelvin[END_REF] [29], longer spin coherence times (up to several milliseconds) [START_REF] Schreiber | Silicon comes back[END_REF],

and gate fidelities well above 99% [START_REF] Yoneda | A quantum-dot spin qubit with coherence limited by charge noise and fidelity higher than 99.9%[END_REF]. Among the several possible architectures, some aroused particular interest, especially from ICTs companies, thank to their compatibility with CMOS technology. Indeed, as previously mentioned, one of the main pros of 𝑆𝑖 qubits, is the possibility of easily interfacing the quantum processor with the frontend classical electronics. The first CMOS compatible qubit was demonstrated by a group of CEA -LETI in 2016 [START_REF] Maurand | A CMOS silicon spin qubit[END_REF]. The benefit of such architecture was twofold: from one side there was the compatibility with CMOS control readout electronics; on the other hand, FD -SOI nanowire technology was exploited for the design and fabrication of such a qubit, and this paved the way to the possibility of recycling the expertise matured from transistor manufacturing to achieve qubit mass production. Indeed, future quantum computers will require thousands or even millions of quantum bits, in order to implement quantum error correction codes, fundamental for their correct functioning [START_REF] Jazaeri | A Review on Quantum Computing: From Qubits to Front-end Electronics and Cryogenic MOSFET Physics[END_REF]. Before going through the stateoftheart of the industrial platforms for quantum bits production, let us briefly describe how a single and double quantum dot work, since they are the basic structures of many architectures that we are going to introduce below.

Single and Double Quantum Dots

In this section, we will go through a brief description of the fundamentals physical principles that govern a single and double quantum dot. In both cases, we will consider an abstract scheme of such structures and not a specific architecture. For a detailed treatment of single and double quantum dots, the reader can refer to [START_REF] Kouwenhoven | QUANTUM DOTS[END_REF] and [START_REF] Van Der Wiel | Electron transport through double quantum dots[END_REF].

A quantum dot is a three terminal device (Fig.

(1.3.1) [START_REF] Kouwenhoven | QUANTUM DOTS[END_REF]). It consists of a conductive island, coupled to two terminals, the "source" and the "drain", which allows electrons to flow. The third terminal is capacitive coupled to the island, and can be used as a gate electrode.

If the conductive island, i.e. the dot, is not coupled to source and drain, no electrons can flow through, and the number of charges inside the dot is constant. By coupling the island to the electrodes, an extra electron can be added to the dot only if enough energy is provided to overcome the Coulomb repulsion among electrons. This phenomenon is called "Coulomb blockade" [START_REF] Kouwenhoven | QUANTUM DOTS[END_REF] [START_REF] Van Der Wiel | Electron transport through double quantum dots[END_REF].

The energy landscape of a quantum dot resembles that of an atom and, for this reason, they are often referred to as "artificial atoms". Indeed, carriers are confined in all the three dimensions, and the energy levels are quantized. In order to be able to resolve [START_REF] Maurand | A CMOS silicon spin qubit[END_REF] these levels, Δ𝐸 ≫ 𝑘 𝐵 𝑇 [START_REF] Kouwenhoven | QUANTUM DOTS[END_REF], being Δ𝐸 the energy difference between two levels in the dot, 𝑘 𝐵 is the Boltzmann constant and 𝑇 the temperature in Kelvin. The previous condition partly justifies the cryogenic temperature operation of quantum dots and 𝑆𝑖 spin quantum bits. The other motivation for the low temperature-working requirement resides in the minimization of electrons' thermal energy: the charging energy, that is, the energy needed to add one electron to the dot, must be smaller than the thermal energy [START_REF] Kouwenhoven | QUANTUM DOTS[END_REF]. If it is not the case, electrons can flow freely through the dot, because the energy to overcome Coulomb repulsion is fully provided by temperature.

If a single quantum dot can be thought as an "artificial atom", a double quantum dot can be regarded as an "artificial molecule" (Fig.

(1.3.2) [START_REF] Van Der Wiel | Electron transport through double quantum dots[END_REF]).

In the structure sketched in Figure taken from [START_REF] Jazaeri | A Review on Quantum Computing: From Qubits to Front-end Electronics and Cryogenic MOSFET Physics[END_REF] typically performed through gate reflectometry [START_REF] Crippa | Gate-reflectometry dispersive readout and coherent control of a spin qubit in silicon[END_REF]. It is worth to point out that, in many 𝑆𝑖 spin qubits, holes instead of electrons are used. In order to understand why, it is crucial to remember that a magnetic moment is associated to the spin of an electron (hole). To interact with the spin, therefore, a magnetic field is required. This can be obtained in two ways: implementing a micro magnet in the device, or pushing an oscillating current through a wire that, in turn, will generate a magnetic field. Both solutions are not very scalable. A third alternative is using directly a MOS gate that, of course, cannot generate a magnetic field able to interact directly with the particle's spin. A requirement to achieve coupling between the gate electric field and the carrier spin, is using a material with strong spinorbit coupling. In silicon, this is achieved just by holes [START_REF] Crippa | Electrical Spin Driving by g-Matrix Modulation in Spin-Orbit Qubits[END_REF].

INDUSTRIAL CMOS COMPATIBLE QUANTUM BITS

As previously mentioned, quantum computing left the shores of academic qubit is based on 𝑆𝑖 FD -SOI nanowires, therefore it is a 3D structure, whereas the one proposed in [START_REF] Bonen | Cryogenic Characterization of 22nm FDSOI CMOS Technology for Quantum Computing ICs[END_REF] is a planar device realized starting from 22nm FD -SOI technology from Global Foundries [START_REF] Carter | 22nm FDSOI technology for emerging mobile, Internet-of-Things, and RF applications[END_REF]. Similarly to CEA -LETI, also Intel decided [START_REF] Maurand | A CMOS silicon spin qubit[END_REF] to design its devices exploiting a 3D structure (Fig. (1.4.3)), consisting of two parallel 𝑆𝑖 fins, one that hosts the qubits and the other one that hosts the sensing dots [START_REF] Zwerver | Qubits made by advanced semiconductor manufacturing[END_REF]. In Fig. (1.4.3), it is also shown the industrial process flow used to fabricate the qubit devices. As already mentioned, the advantage of these MOSbased architectures is twofold: on one side, they allow to exploit the expertise in semiconductor manufacturing, facilitating a high volume qubit production. On the other side, these devices, when they do not operate at temperatures lower than 1K with extremely low bias voltages, behave essentially as transistors, enabling the exploitation of fast characterization techniques for devices' screening. In particular, the ultimate goal is developing a process flow where potentially functioning qubits are selected through room temperature measurements. Indeed, characterizations at 300 K are faster and easier than cryogenic ones, even if 300 mm wafer probers able to work at temperatures around 1K have been developed recently [START_REF] Pillarisetty | High Volume Electrical Characterization of Semiconductor Qubits[END_REF] [42] [43]. In order to link the room temperature transistor behavior with the cryogenic quantum dot and quantum bit one, it is necessary to understand how the device physics, as well as the main physical parameters, changes with temperature. A first step consists in linking the room and cryogenic temperature transistor behavior and selecting the figures of merit able to describe well the device physics at both temperatures. Afterwards, one can study and model the transition from classic to quantum regime at 𝑇 < 4.2 𝐾 [44] [START_REF] Tripathi | Characterization and Modeling of Quantum Dot Behavior in FDSOI Devices[END_REF]. Indeed, characterization and modeling of MOSlike structures from 𝑇 = 300 𝐾 down to 𝑇 = 4.2 𝐾 gained a renewed interest both because of the classical control readout electronics that have to operate at cryogenic temperature, and also because it is a necessary step to enable fast characterization protocols for qubit manufacturing. This Taken from [START_REF] Bonen | Cryogenic Characterization of 22nm FDSOI CMOS Technology for Quantum Computing ICs[END_REF] is the approach adopted by some companies, like Intel [START_REF] Zwerver | Qubits made by advanced semiconductor manufacturing[END_REF] [41] [START_REF] Pillarisetty | Qubit Device Integration Using Advanced Semiconductor Manufacturing Process Technology[END_REF], and research centers, like IMEC [START_REF] Li | A flexible 300 mm integrated Si MOS platform for electronand holespin qubits exploration[END_REF] and CEA -LETI [START_REF] Hutin | Si CMOS platform for quantum information processing[END_REF] [START_REF] Franceschi | SOI technology for quantum information processing[END_REF].

LETI QUBIT TECHNOLOGY

LETI qubit devices can be categorized into two groups: "pump" and "splitgate" devices. Both are fabricated starting from CEA -LETI FD -SOI NanoWire (NW) process flow [START_REF] Hutin | Si CMOS platform for quantum information processing[END_REF] [START_REF] Franceschi | SOI technology for quantum information processing[END_REF]. NWs are fabricated from 300mm SOI wafer, with 145 nm of buried oxide thickness and a variable 𝑆𝑖 film thickness, ranging from 𝑡 𝑆𝑖 = 8 𝑛𝑚 to 𝑡 𝑆𝑖 = 18 𝑛𝑚. The active area is defined by etching and MESA isolation. The gate, composed of 6nm of thermally grown 𝑆𝑖𝑂 2 and 5nm of 𝑇𝑖𝑁 metal layer, wraps around the 𝑆𝑖 NW. Highk dielectrics, usually introduced in MOSFET gate stack process, were avoided because of their trapping issues [START_REF] Ribes | Review on high-k dielectrics reliability issues[END_REF].

In "split -gate" devices, a single gate is split into two "faceto -face" devices (Fig. )), uses one gate for spin manipulation and the other one for the readout [START_REF] Maurand | A CMOS silicon spin qubit[END_REF]. Both the architectures can contemplate multiple gates in series and, in where the voltage is swept and that effectively controls the drain current, and the 

THESIS MOTIVATION AND OUTLINE

As previously mentioned, in order to facilitate the development of industrial quantum bits, fast characterization methods for devices' screening must be developed accordingly. In particular, it turned out to be fundamental to exploit the transistorlike behavior of such 𝑆𝑖 qubits to link the room temperature to the quantum dot behavior. The goal of this thesis is to characterize, from room down to deep cryogenic temperatures, LETI qubit devices in transistorlike regime and to develop compact models, valid in a wide temperature range, that permit the extraction of the main devices' parameters. Both the models and the characterization methods developed can be used to select potentially functional quantum bits devices. Moreover, the understanding of the device physics at a transistor level can provide a better comprehension of the quantum dot and quantum bit behavior. Indeed, for example, low field mobility turned out to have a crucial role for selecting the gates that can be devoted to carrier's spin manipulation and those that can be used as carrier reservoirs.

It is worth to point out that, many of the compact models developed in this work can be used also for classical cryogenic MOSFETs.

The second chapter is dedicated to the development of TCAD tools able to simulate the device physics from room down to cryogenic temperature. An analytical approximation of the Fermi -Dirac function with 3D density of states is introduced, thanks to which it is possible to calculate the carrier density in a given structure. The simulation model developed can be applied both to a classical MOSFET and to a qubit device. Simulating the electrostatics and the transport is essential to understand some experimental data, such as the non linear 𝐼 𝐷 (𝑉 𝐷 ) at small biases and cryogenic temperature. Moreover, it is demonstrated that, below 𝑇 ≤ 20 𝐾, the electrostatics of the device does not change significantly.

The third chapter is focused on compact modeling. Two kind of compact models are discussed: those based on the Maxwell -Boltzmann statistics, like the Lambert -W function, and those that relies on the Fermi -Dirac one. They were shown to be effective down to deep cryogenic temperatures and to be able to extract reliable val ues of the main device parameters. Moreover, it is proposed an explanation of the origin of the zero temperature coefficient in MOSFETs, which is corroborated by some simulations, performed using the model developed in the second chapter. Furthermore, one-dimensional confinement is demonstrated to be responsible of some features observed in strong inversion. Finally, subthreshold current oscillations are modeled qualitatively and explained using the percolation transport theory.

The fourth chapter is dedicated to devices' characterization from 𝑇 = 300 𝐾 down to 𝑇 = 4.2 𝐾. First, a large area FD -SOI device is characterized, and the main experimental quantities are shown at different temperatures, such as capacitance, drain current and mobility curves. We test the validity of the models previously introduced by fitting the experimental data and by extracting the main figures of merit. After having benchmarked both the technology and the compact models on a wide area standard device, we characterize a fivegate pump device. In this context, we introduce an adhoc compact model, based on the Lambert -W function, for the extraction of the main device's parameters. Low field mobility turns out to be a critical parameter to select gates that could be used efficiently as quantum dots. Finally, we discuss the impact of high 𝑉 𝐷 on the multigate devices at cryogenic temperature.

Chapter 5 is devoted to the static and dynamic variability of fourgates pump devices. First, static variability, or matching, at room temperature is discussed. Indeed, matching studies are essential for technological benchmarking. In this context, gates of the same device are compared. Both the electrical and the statistical analysis are then modeled using the Lambert -W function method. Afterwards, dynamic variability, or noise characterization, is performed. In this case, two devices are of modeling expertise and tools. Indeed, if quantum bits mostly lean on noncommercial tools [START_REF] Niquet | Challenges and perspectives in the modeling of spin qubits[END_REF], CMOS devices, that are essential for the control read-out electronics [START_REF] Paz | Variability Evaluation of 28nm FD-SOI Technology at Cryogenic Temperatures down to 100mK for Quantum Computing[END_REF], are lacking from effective TCAD modeling at deep cryogenic temperatures, i.e. 𝑇 < 77 𝐾, even if, recently, efforts were made in simulating an nMOSFET down to 5 K [START_REF] Dhillon | TCAD Modeling of Cryogenic nMOSFET ON-State Current and Subthreshold Slope[END_REF].

In this chapter, the focus is on the TCAD modeling of FD-SOI devices down to deep cryogenic temperatures. First, in section 2.2, the physical models used in the simulations are shown, with particular emphasis on the choice of the carrier statistics to represent the system. An example of what is possible to achieve with the models previously described is presented in section 2.3, where a single gate FD-SOI device is considered as test structure, whose dimensions are inspired by the LETI qubit technology [32] [48]. In this context, the effects of channel length reduction, i.e. short channel effects (SCE), are investigated at both room and deep cryogenic temperatures, as well as the impact of high drain biases on the device performances. Afterwards, the simulations are extended to multi-gate devices, which are more interesting in a quantum computing perspective, since they will be effectively exploited as quantum bits.

FlexPDE

FlexPDE was used in this thesis (at http://www.pdesolutions.com/). It is a partial differential equation solver, that allowed us to simulate both the electrostatics and the transport in several n-type FD-SOI structures down to deep cryogenic temperatures using an analytical approximation of the Fermi-Dirac integral with 3D density of states (DOS) and even down to zero kelvin using the metallic statistics.

TCAD MODELING DESCRIPTION

The device electrostatics is simulated solving the Poisson's equation

𝛁 • (𝜖∇𝑉) = 𝜌 (2.2.1)
where 𝜖 is the material permittivity, 𝑉 is the electrostatic potential and 𝜌 = 𝑞(𝑛 -𝑝)

is the total charge density, 𝑛 is the electron density and 𝑝 is the hole density. Transport is obtained by coupling eq.(2.2.1) with the current continuity equation in stationary conditions for an n-type FD-SOI, given by

𝛁 • (𝑛𝜇 𝑒𝑓𝑓 ∇𝑉 𝑛 ) = 0 (2.2.2)
where 𝜇 𝑒𝑓𝑓 is the effective carrier mobility and 𝑉 𝑛 is the quasi-Fermi potential for electrons. It is worth to point out that eq.(2.2.2) also holds for holes.

The carrier density in eq.(2.2.1) and eq.(2.2.2) is not known and it is generally given by:

𝑛 = ∫ 𝑁(𝐸)𝑓(𝐸)𝑑𝐸 ∞ 𝐸 𝐶 (2.2.3)
where 𝐸 𝐶 is the bottom of the conduction band, 𝑁(𝐸) is the density of states (DOS)

and 𝑓(𝐸) = , is computed from the total device energy Δ𝑊 𝑒 as [START_REF] Akkez | Characterization and modeling of capacitances in FD-SOI devices[END_REF] [55]

𝐶 𝑔𝑐 = 2Δ𝑊 𝑒 Δ𝑉 𝐺 2 (2.2.4)
Eq.(2.2.4) was shown to provide a more precise evaluation of the capacitance [START_REF] Akkez | Characterization and modeling of capacitances in FD-SOI devices[END_REF].

Moreover, from [START_REF] Akkez | Characterization and modeling of capacitances in FD-SOI devices[END_REF] Δ𝑊 𝑒 = ∫ 𝜖Δ𝐸 Finally, the quantum confinement effect at the 𝑆𝑖 -𝑆𝑖𝑂 2 interfaces is accounted for using the Hansch correction [START_REF] Hänsch | Carrier transport near the Si/SiO2 interface of a MOSFET[END_REF]:

𝑛 𝑄𝑀 = 𝑛 • (1 -exp (- 𝑦 2 𝜆 𝑇𝐻 2 )) (2.2.7)
where 𝑛 𝑄𝑀 is the carrier density accounted for the quantum mechanical correction, 𝑛 is the classical carrier density, whose expression will be given explicitly in the next paragraph, 𝑦 is the vertical position inside the channel and 𝜆 𝑇𝐻 2 = ℏ 2 /2𝑚𝑘 𝐵 𝑇 is the thermal wavelength, ℏ is the reduced Planck's constant and 𝑚 the electron effective mass.

Carrier statistics

In the simulations, 3D DOS are used, at both room and cryogenic temperatures.

Indeed, even though the inversion channel can be well approximated to a 2D system at cryogenic temperature, the DOS must account for the dimensionality of the simulated structure. In this way, eq.(2.2. 

𝐹1 2 (𝑢) = ∫ 𝐸 1 2 1 + exp(𝐸 -𝑢) 𝑑𝐸 ∞ 𝐸 𝐶 (2.2.9)
is the Fermi-Dirac integral of order 1/2, and 𝑢 = (𝐸 𝐹 -𝐸 𝐶 )/𝑘 𝐵 𝑇. In the following, we will distinguish two cases: non-degenerate and degenerate semiconductors.

Non-degenerate case -Room temperature

In non-degenerate semiconductors, the Fermi level is several 𝑘 𝐵 𝑇 below the conduction band edge 𝐸 𝐶 and eq.( 2.2.8) can be approximated with the Maxwell-Boltzmann (M-B) statistics:

𝑛 = 𝑁 𝐶 (𝑇) • exp (- 𝐸 𝐶 -𝐸 𝐹 𝑘 𝐵 𝑇 ) (2.2.10)
In bulk MOSFETs, 𝐸 𝐹 , and therefore the eventual semiconductor degeneracy, is controlled by the substrate doping concentration: if its level is smaller than 𝑁 𝐶 , the semiconductor is non-degenerate [START_REF] Sze | Physics of semiconductor devices[END_REF]. In the case of FD-SOI, the semiconductor is intrinsic, and then it is non-degenerate by definition. The Fermi level, however, is not only governed by the substrate doping and gate voltage, but also by temperature.

In Fig.

(2.2.1) the Fermi level variation with temperature is plotted for different electron densities in the inversion layer (see also [START_REF] Ghibaudo | Transport in the inversion layer of a MOS transistor: use of Kubo-Greenwood formalism[END_REF]). As can be observed, the 

Degenerate case -Cryogenic temperature

As previously demonstrated, at cryogenic temperature the inversion layer becomes degenerate and the Maxwell -Boltzmann statistics is not valid anymore.

Indeed, by comparing the carrier density distribution across the Si channel calculated with F-D and M-B, it is possible to observe that they are in good agreement at room temperature, whereas M-B greatly overestimates the carrier confinement at the 𝑆𝑖 -

𝑆𝑖𝑂 2 interface at 𝑇 = 30 𝐾 (Fig 2.2.2).
From these considerations it is evident that one must rely on eq.(2.2.8) for simulations at cryogenic temperatures. Since the Fermi-Dirac integral (eq.(2.2.9)) has no analytical solution, an analytical approximation was used [START_REF] Catapano | TCAD simulations of FDSOI devices down to deep cryogenic temperature[END_REF] [60]:

𝐹 𝑎𝑝𝑝 (𝑢) = √ 𝜋 2 ln (1 + exp (2 𝑢 3 
)) Note that this simple approximation for 𝐹1 such obtained is then integrated over the channel to get the total 𝑄 𝑖𝑛𝑣 .

The results at deep cryogenic temperatures are also compared to those obtained using the fully degenerate metallic statistics, i.e. the zero temperature approximation (ZTA) [START_REF] Catapano | TCAD simulations of FDSOI devices down to deep cryogenic temperature[END_REF]:

𝑛 𝑑𝑒𝑔 (𝐸 𝐹 , 𝑇) = 𝑁 𝐶 (𝑇) • 2 √ 𝜋 ( 2 3 ( 𝐸 𝐹 𝑘 𝐵 𝑇 ) 3 2 
) (2.2.12)

FD-SOI SINGLE GATE DEVICE

In Fig. As observed experimentally [START_REF] Paz | Electrostatics and channel coupling on 28 nm FD-SOIfor cryogenic applications[END_REF], the capacitance slope in weak and moderate inversion regions becomes steeper as the temperature is lowered down, due to the temperature evolution of the Fermi-Dirac statistics. Moreover, all the curves cross in a single point, the so-called "zero temperature coefficient (ZTC)" point. Its origin will be discussed in details in the next chapter. In . Indeed, the spacers are thick and made of 𝑆𝑖 3 𝑁 4 , whose permittivity is 𝜖 𝑆𝑖 3 𝑁 4 = 7, and the fringing field through these regions is large. Moreover, the small dimensions of the device enhance their impact (the so-called "short channel effects"). Interestingly, once the inversion layer starts to form, the total capacitance 𝐶 𝑔𝑐 is mainly given by the sum of the gate oxide capacitance 𝐶 𝑜𝑥 and the spacer capacitance 𝐶 𝑆𝑝𝑎𝑐𝑒𝑟𝑠 , whereas the channel capacitance decreases, since the channel charges are screened out by the inversion layer. It is worth to point out that the large contribution of 𝐶 𝑆𝑝𝑎𝑐𝑒𝑟𝑠 in strong inversion results again from the short channel effects.

The impact of parasitic capacitances, and short channel effects in general, are mitigated at cryogenic temperature, especially in subthreshold regime (Fig. according to [START_REF] Cristoloveanu | Intrinsic Mechanism of Mobility Collapse in Short MOSFETs[END_REF]:

𝜇 = 𝜇 0 1 + 𝐸 𝑦 𝐸 𝑐𝑦 + 𝐸 𝑥 𝐸 𝑐𝑥 (2.3.1)
where 𝐸 𝑦 and 𝐸 𝑥 are the electric field along 𝑦 and 𝑥, respectively; 𝐸 𝑐𝑦 and 𝐸 𝑐𝑥 are the critical fields along 𝑦 and 𝑥, respectively. The simulations well reproduce the experimental behaviors typically observed at cryogenic temperatures [START_REF] Paz | Performance and Low-Frequency Noise of 22-nm FDSOI Down to 4.2 K for Cryogenic Applications[END_REF]: increase of both the subthreshold swing 𝑆𝑆 and threshold voltage 𝑉 𝑡ℎ . It is worth pointing out that the saturation of the subthreshold slope is not accounted for here, since no band tails were included in the density of states [START_REF] Ghibaudo | On the modelling of temperature dependence of subthreshold swing in MOSFETs down to cryogenic temperature[END_REF].

Therefore, the simulated 𝑆𝑆 corresponds to the ideal one. Moreover, 𝐼 𝑂𝑁 does not increase at low temperature, and this is a consequence of the fact that the low field mobility was set to a fixed value, constant in temperature. The low field mobility temperature evolution can be taken in into account through the Mathienssen equation [START_REF] Shin | In depth characterization of electron transport in 14nm FD-SOI CMOS devices[END_REF]:

𝜇 0 = ( 𝑇 300 • 𝜇 𝑝ℎ + 300 𝑇 • 𝜇 𝐶 + 1 𝜇 𝑛𝑑 ) -1 (2.3.2)
where 𝜇 𝑝ℎ , 𝜇 𝐶 and 𝜇 𝑛𝑑 are the phonon, Coulomb and neutral defects scattering mechanisms, respectively. The calibration of these parameters is based on the values found for a different technology in [START_REF] Shin | In depth characterization of electron transport in 14nm FD-SOI CMOS devices[END_REF], with the sole scope of illustrate that it is possible to reproduce, at least semi-quantitatively, the experimental results. The values chosen reproduce the behavior of a small channel device, whose transport is limited by neutral defects scattering, as known to be for devices whose channel length is 

Short Channel Effects

Short channel effects, previously mentioned, can be investigated more deeply, both at room and at cryogenic temperature. In Fig. (2.3.9) is shown the electrostatic potential for various 𝐿 𝐺 , in strong inversion regime, at both 𝑇 = 300 𝐾 and 𝑇 = 20 𝐾 .

As can be seen, the temperature does not affect the effects of channel reduction, at least when the channel is fully inverted.

Indeed, from Fig. (2.3.10), it is possible to infer that the temperature impact on SCE is dramatic in subthreshold regime. Thanks to the steepness of the subthreshold slope, the off current 𝐼 𝑜𝑓𝑓 is strongly reduced. It is also possible to explore the influence of the spacers' length and its temperature dependency. As can be seen in Fig. (2.3.11) the device performance above threshold are worsen as the spacers' length increases, because of their higher resistive contribution to the total current, both at low and high temperatures.

High Drain Bias

In the previous paragraph, some 𝐼 𝐷 (𝑉 𝐺 ) characteristics in linear regime were presented. We now consider the impact of temperature on transport outside the linear regime.

In Fig. The channel is completely inverted, since 𝑉 𝐺 = 1 𝑉. Below 𝑉 𝐷 = 0.15 𝑉 the device is in linear regime, no matter the temperature. Moreover, it should be mentioned that a constant value for 𝜇 0 was used, and this explains the current decrease against temperature. The current increase in saturation is due to SCE, and DIBL in particular [START_REF] Fikry | Study of Drain-Induced-Barrier Lowering in Deep Submicron MOSFETs Versus Temperature[END_REF].

In Fig. (2.3.12).(b) is sketched an example of 𝐼 𝐷 (𝑉 𝐺 ) in saturation regime. Both 𝑉 𝑡ℎ and 𝑆𝑆 increase at cryogenic temperature, as well as for the linear operation case.

FDSOI MULTI GATE DEVICES

The model previously described is applied to LETI qubit devices. In Fig. to the gate one. In simulations, in order to improve the mesh, we reduce 𝑡 𝐵𝑂𝑋 , and we increased by the same factor the oxide permittivity, in order to keep the buried oxide capacitance constant. Device dimensions are the same of those reported in Table .(2.3.1). It is worth to point out that the electrostatic considerations for the 5G hold no matter the number of gates placed in series. In the future, we will consider structures from two up to five gates, and the analysis developed here can still be applied without loss on generality. In Fig. attenuated with respect to the inner gate, where phonons scattering dominates [START_REF] Catapano | Characterization and Lambert -W Function based modeling of FDSOI five-gate qubit MOS devices down to cryogenic temperatures[END_REF].

Indeed, at 𝑇 = 20 𝐾 and for gate 1, 𝐼 𝐷 (𝑉 𝐺 ) is lower than at 𝑇 = 300 𝐾. Moreover, it is interesting to observe that the ZTC is wiped out in both the outer and inner gate case. This is likely due to the mobility temperature law, which does not vary as 𝜇 0 ~1/𝑇, as explained in the next chapter.

CONCLUSION

In this chapter, we demonstrated the feasibility of performing TCAD simulations of FD-SOI devices down to deep cryogenic temperatures and even at zero Kelvin. In order to do so, an analytical approximation of the Fermi-Dirac integral was introduced, as well as the metallic degenerate statistics valid at zero Kelvin. Initially, a single gate device was considered as test structure. It was shown a general improvement of the device performance at cryogenic temperature, such as an increase of the low field mobility and a global reduction of the short channel effects. Furthermore, the capability of performing simulations at high drain bias voltages was proved. Finally, a more advance qubit structure was simulated, using the method and the equations previously introduced.

In conclusion, we proposed a TCAD model valid at deep cryogenic temperatures, which can be exploited to simulate both commercial FD-SOI devices and qubit-like structures.

Chapter 3: Device Compact Modelling

INTRODUCTION

Quantum computing promises a boost in computational performances, making it an appealing technology for many research fields. In the last twenty years, many efforts have been devoted in developing solid-state quantum bits, and more recently, the fabrication of spin qubits based on Silicon-On-Insulator (SOI) CMOS platform has been demonstrated [START_REF] Maurand | A CMOS silicon spin qubit[END_REF] [48] [START_REF] Hutin | Si CMOS platform for quantum information processing[END_REF]. Their interest mainly relies on the possibility of recycling the expertise in transistor manufacturing into large-scale qubit technology.

Moreover, silicon quantum bits pave the way to the possibility to integrate the control CMOSbased electronics on the quantum processor itself [START_REF] Xue | CMOS-based cryogenic control of silicon quantum circuits[END_REF]. In this perspective, the growing interest in device compact models, valid from room to deep cryogenic temperatures, is justified by the increasing complexity of the analog circuits required in quantum computers. Indeed, compared to numerical simulations, analytical models provide easier calculations useful for circuit design and modeling.

This chapter focuses on the compact modeling of FD-SOI at cryogenic temperature. First, in section 3.2, the Lambert function is described, and its effectiveness is demonstrated from room down to deep cryogenic temperatures. In section 3.3, the concept of 2D inversion layer is introduced, together with the charge conservation equation for an FD-SOI. Thanks to these concepts, we propose an explanation of the origin of the zero temperature coefficient (ZTC) point in capacitance curves, developing later on a transport analysis in order to understand which conditions mobility must satisfy to preserve the ZTC also in current. Finally, the density of states band tail is discussed, with particular attention on its impact on the device electrostatics. In section 3.4 is shown how to model 1D quantum confinement in nanowires at cryogenic temperature, illustrating its impact on both drain current and trans-conductance. Section 3.5 is entirely devoted to the subthreshold regime of FD-SOI and to the modeling of physical effects that occur in sub-micrometer devices. The concepts of "resistive networks" and "percolation transport" are introduced and discussed.

LAMBERT FUNCTION

The Lambert W function was shown to be very efficient in describing 𝐶 𝑔𝑐 (𝑉 𝐺 )

curves in FDSOI devices [71] [72]. In the following we recalculate the equations shown in [START_REF] Akkez | New parameter extraction method based on split C-V measurements in FDSOI MOSFETs[END_REF] and [START_REF] Karatsori | Caractérisation et modélisation de UTBB MOSFET sur SOI pour les technologies CMOS avancées et applications en simulations circuits[END_REF]. The gate charge conservation equation in an FD-SOI reads:

𝑉 𝐺 = 𝑉 𝑓𝑏 + 𝜓 𝑆 + 𝑄 𝑖𝑛𝑣 𝐶 𝑜𝑥 + 𝐶 𝑏 . (𝜓 𝑆 -𝑉 𝑏 ) 𝐶 𝑜𝑥 (3.2.1)
where 𝑉 𝑓𝑏 is the flat-band voltage, 𝜓 𝑆 is the surface potential, 𝑄 𝑖𝑛𝑣 is the channel inversion charge, 𝐶 𝑏 = 𝐶 𝑆𝑖 . 𝐶 𝐵𝑂𝑋 /(𝐶 𝑆𝑖 + 𝐶 𝐵𝑂𝑋 ) is the coupling capacitance, 𝐶 𝑆𝑖 and 𝐶 𝐵𝑂𝑋 are the silicon film and the BOX capacitances, respectively, and 𝑉 𝑏 is the backbias potential. In order to simplify the calculations, let us consider the inverse of gate to channel capacitance that, according to eq.(3.2.1), can be written as:

1 𝐶 𝑔𝑐 (𝑉 𝐺 ) = 𝜕𝑉 𝐺 𝜕𝑄 𝑖𝑛𝑣 = 𝜕𝑉 𝐺 𝜕𝜓 𝑆 𝜕𝜓 𝑆 𝜕𝑄 𝑖𝑛𝑣 = (1 + 𝐶 𝑏 𝐶 𝑜𝑥 ) . 1 𝛽𝑄 𝑖𝑛𝑣 + 1 𝐶 𝑜𝑥 (3.2.2)
where 𝛽 = 𝑞/𝑘 𝐵 𝑇. We consider here that, according to the Maxwell-Boltzmann statistics, 𝑄 𝑖𝑛𝑣 ∝ exp(𝛽𝜓 𝑆 ), and then to strong inversion regime, using two fitting parameters, i.e. the ideality factor 𝑛 and the threshold voltage 𝑉 𝑡ℎ , since 𝐶 𝑜𝑥 can be easily extracted with an alternative method, as described in [START_REF] Akkez | New parameter extraction method based on split C-V measurements in FDSOI MOSFETs[END_REF] and as we will clarify in the next chapter.

Lambert W function-based modeling was validated down to deep cryogenic temperatures [START_REF] Di | Lambert-W function-based parameter extraction for FDSOI MOSFETs down to deep cryogenic temperatures[END_REF], as further confirmed in Fig. silicon [76] [77]. This is due, as we will explain in the following, to both the inadequacy of Maxwell-Boltzmann statistics at cryogenic temperatures and the localized states band tails in the density of states. Because of this, the ideality factor at cryogenic temperatures is not physically meaningful anymore. Finally, the threshold voltage 𝑉 𝑡ℎ increases quasi linearly with temperature, as reported in literature, both for FD-SOI [START_REF] Paz | Performance and Low-Frequency Noise of 22-nm FDSOI Down to 4.2 K for Cryogenic Applications[END_REF] [75] [START_REF] Beckers | Characterization and modeling of 28-nm FDSOI CMOS technology down to cryogenic temperatures[END_REF] [79] and bulk technologies [START_REF] Beckers | Characterization and Modeling of 28-nm Bulk CMOS Technology Down to 4.2 K[END_REF] [81] [START_REF] Beckers | Physical Model of Low-Temperature to Cryogenic Threshold Voltage in MOSFETs[END_REF].

In linear regime, the channel of a MOSFET behaves like a resistor, whose conductance is given by

𝐺 𝑐ℎ (𝑉 𝐺 ) = 𝑊 𝐿 . 𝑄 𝑖𝑛𝑣 (𝑉 𝐺 ). 𝜇 𝑒𝑓𝑓 (3.2.6)
In this case, instead of using the conventional formulation with gate voltage overdrive [START_REF] Tong-Chern | 50-Å gate-Oxide MOSFET's at 77 K[END_REF], it is preferable expressing the effective mobility 𝜇 𝑒𝑓𝑓 in terms of 𝑄 𝑖𝑛𝑣 : Details about the values of the extracted parameters will be provided i n the next chapter, dedicated to the devices' characterization. However, it is worth to stress that the Lambert function is based on the Boltzmann statistics, which is valid until the inversion layer does not degenerate. At cryogenic temperatures, the Fermi-Dirac statistics must be taken into account in calculations. Whereas LW function is a reliable extraction method in strong inversion regime, since the Fermi level goes over the conduction (valence) band edge and 𝑄 𝑖𝑛𝑣 ≈ 𝐶 𝑜𝑥 (𝑉 𝐺 -𝑉 𝑡ℎ ), the parameter extracted below threshold, i.e. the ideality factor, does not have any physical meaning at cryogenic temperature, and it is used just as a fitting parameter. This is due not only to the difference between Maxwell-Boltzmann and Fermi-Dirac statistics, but also to the presence of exponential band tails in the density of states [START_REF] Ghibaudo | On the modelling of temperature dependence of subthreshold swing in MOSFETs down to cryogenic temperature[END_REF].

𝜇 𝑒𝑓𝑓 = 𝜇 0 1 + 𝜃 1 . 𝑄 𝑖𝑛𝑣 𝐶 𝑜𝑥 + 𝜃 2 𝑄 𝑖𝑛𝑣 𝐶 𝑜𝑥 2 (3.

FDSOI MODELLING

In Chapter 2, the limits of the Maxwell-Boltzmann statistics as the temperature is lowered down have been illustrated. Moreover, as quickly mentioned at the end of the previous section, device physics at cryogenic temperature comprehends other effects and features, like the subthreshold slope saturation and zero temperature coefficient. In this section, we will introduce some compact models which include some of the main aspects of cryogenic FDSOI physics. 

2D Systems and the Fermi-Dirac distribution

In order to describe properly the charge density in the inversion layer at cryogenic temperatures, Fermi-Dirac statistics must be considered, that we recall for the sake of clarity:

𝑛(𝐸 𝐹 , 𝑇) = ∫ 𝑓(𝐸, 𝐸 𝐹 , 𝑇). 𝑁(𝐸)𝑑𝐸 ∞ -∞ (3.3.1)
Moreover, due to quantum confinement at 𝑆𝑖 -𝑆𝑖𝑂 2 interface, that is more effective at cryogenic temperature [START_REF] Ando | Electronic properties of two-dimensional systems[END_REF], the inversion layer can be depicted by a single 2D subband [START_REF] Ghibaudo | Transport in the inversion layer of a MOS transistor: use of Kubo-Greenwood formalism[END_REF] [85] and the bottom of the conduction band is set to 𝐸 𝐶 = 0. Eq.(3.3.1)

becomes [START_REF] Ghibaudo | Transport in the inversion layer of a MOS transistor: use of Kubo-Greenwood formalism[END_REF] [86]:

𝑛(𝐸 𝐹 , 𝑇) = 𝑘 𝐵 𝑇. 𝐴 2𝐷 . ln (1 + 𝑒 𝐸 𝐹 𝑘 𝐵 𝑇 ) (3.3.2)
where Previous studies and modelling of the ZTC focused on the drain current characteristics, and its existence was attributed to a compensation effect between carrier mobility and threshold voltage temperature variation [START_REF] Filanovsky | Mutual compensation of mobility and threshold voltage temperature effects with applications in CMOS circuits[END_REF]. However, its origin cannot be only The existence of the ZTC point implies 𝜕𝑉 𝐺,𝑍𝑇𝐶 𝜕𝑇 ⁄ = 0, yielding from eq.(3. 

Effects of Transport

Exploring the ZTC in 𝐼 𝐷 (𝑉 𝐺 ) characteristics requires taking into account the temperature dependence of carriers' mobility. We will limit the analysis to the linear regime. Moreover, for simplicity, no mobility attenuation laws with respect to vertical electric are considered. We recall here for convenience eq.(2.3.2) describing the mobility temperature dependence [START_REF] Shin | In depth characterization of electron transport in 14nm FD-SOI CMOS devices[END_REF]:

𝜇 0 = ( 𝑇 300. 𝜇 𝑝ℎ + 300 𝑇. 𝜇 𝐶 + 1 𝜇 𝑛𝑑 ) -1 (3.3.9)
In long channel devices with thick gate oxide, the mobility is phonon scattering driven, meaning that 𝜇 0 ≈ 300. Shortening the channel length, instead, brings an increase of the neutral defects scattering. Using Eq.(3.3.9), it is possible to express the device ohmic conductance as: Finally, it is useful to study the behaviour of the trans-conductance 𝑔 𝑚 = The corresponding gate voltages are different, and the 𝑔 𝑚 one is lower, as experimentally observed [START_REF] Di | Lambert-W function-based parameter extraction for FDSOI MOSFETs down to deep cryogenic temperatures[END_REF]. Furthermore, according to Eq. (3.3.18), if 𝜇 0 would be constant in temperature, the ZTC points in 𝑔 𝑚 (𝑉 𝐺 ) and in 𝐶 𝑔𝑐 should be the same, within 𝑉 𝐷 .

𝐺 𝑑 = 𝑊 𝐿 𝜇 0 𝑄 𝑖 = = 𝑊

The Band Tails

The density of states in the surface inversion layer at 𝑆𝑖 -𝑆𝑖𝑂 2 interface manifests tails of localized states in the proximity of the conduction (valence) band edge [START_REF] Arnold | Disorder-induced carrier localization in silicon surface inversion layers[END_REF]. These are likely due to the presence of potential-fluctuations-induced disorder [START_REF] Arnold | Disorder-induced carrier localization in silicon surface inversion layers[END_REF] [94]. Indeed, "fixed" charges are randomly distributed at the 𝑆𝑖 -𝑆𝑖𝑂 2 interface, causing potential variations. At cryogenic temperatures, carriers do not have enough thermal energy to leave potential valleys created by these random charges, and the macroscopic effect of the fluctuations is to smear the sharp band edges into tails of localized states [START_REF] Arnold | Disorder-induced carrier localization in silicon surface inversion layers[END_REF].

Recently, band tails have been proposed as explanation of the subthreshold slope saturation in MOSFETs [START_REF] Ghibaudo | On the modelling of temperature dependence of subthreshold swing in MOSFETs down to cryogenic temperature[END_REF] [76] [START_REF] Bohuslavskyi | Cryogenic Subthreshold Swing Saturation in FD-SOI MOSFETs Described With Band Broadening[END_REF]. Indeed, according to the Boltzmann statistics, 𝑆𝑆 = 𝑛.

𝑘 𝐵 𝑇

𝑞

. Experimentally, the subthreshold slope follows the Boltzmann limit down to a critical temperature, below which it saturates to a constant value. It is now clear why the ideality factor explodes at deep cryogenic temperature: in order to keep 𝑆𝑆 constant, it must compensate the temperature decrease. A detailed discussion of the band tail impact on the subthreshold slope and an easy way to extract the critical temperature can be found in [START_REF] Ghibaudo | On the modelling of temperature dependence of subthreshold swing in MOSFETs down to cryogenic temperature[END_REF]. Here, we would like to focus on its effect on the device electrostatics, especially on the gate-to-channel capacitance. The density of states of the inversion layer with exponential band tails can be written as [START_REF] Ghibaudo | On the modelling of temperature dependence of subthreshold swing in MOSFETs down to cryogenic temperature[END_REF]:

𝑁(𝐸, Δ𝐸) = 𝐴 2𝐷 1 + exp (- 𝐸 𝛥𝐸 ) (3.3.19)
where Δ𝐸 = 𝑘 𝐵 𝑇 𝑆 is the band tail extension and 𝑇 𝑆 is the critical temperature. The carrier density is given by eq. 

ONE DIMENSIONAL CONFINEMENT IN FDSOI NANOWIRES

Several theoretical studies [START_REF] Colinge | Quantummechanical effects in trigate SOI MOSFETs[END_REF] [98], supported by experimental evidences [START_REF] Paz | Cryogenic operation of Ω-gate p-type SiGe-on-insulator nanowire MOSFETs[END_REF] [100], reveal the presence, at cryogenic temperatures, of quantum 1D confinement related features in both the electrostatic and the transport characteristics of 3D FD-SOI transistors [START_REF] Colinge | Multiple-gate SOI MOSFETs[END_REF], such as silicon nanowires (Si NW) and Triple-gate devices. 

Device details

The p-type multi-gate devices (1G11, 2G11 and 3G11) are sketched in 

Electrostatic and linear regime

The approach used to model the experimental curves is the same as the one described before, with the exception that instead of using a 2D density of states in eq.(3. 𝐸 𝐹 and gate voltage 𝑉 𝐺 , respectively. At cryogenic temperature, small humps in the inversion charge can be observed, especially in 𝑄 𝑖 (𝐸 𝐹 ). When the temperature is increased, these oscillations are smeared out, since the electrons' thermal energy is much higher than the energy difference between sub-bands [START_REF] Paz | Cryogenic operation of Ω-gate p-type SiGe-on-insulator nanowire MOSFETs[END_REF]. Knowing the inversion charge 𝑄 𝑖 (𝑉 𝐺 ), it is easy to calculate the gate-to-channel capacitance. In Schrodinger simulations [START_REF] Barraud | Temperature and size dependences of electrostatics and mobility in gate-all-around MOSFET devices[END_REF] and experiments [START_REF] Coquand | Low-temperature transport characteristics in SOI and sSOI nanowires down to 8nm width: Evidence of IDS and mobility oscillations[END_REF].

The drain current 𝐼 𝐷 (𝑉 𝐺 ) in linear regime, including the contribution of source and drain series resistances 𝑅 𝑆𝐷 is calculated as: 

High Bias Regime

At high drain bias, the drain current reads [START_REF] Sze | Physics of semiconductor devices[END_REF]:

𝐼 𝐷0 (𝑉 𝐺 , 𝑉 𝐷 , 𝑉 𝑏 , 𝑇) = ∫ 𝜇 𝑒𝑓𝑓 . 𝑄 𝑖𝑛𝑣 (𝑉 𝐺 , 𝑈 𝐶 , 𝑉 𝑏 , 𝑇) 𝑉 𝐷 0 𝑑𝑈 𝐶 (3.4.3)
where 𝑈 𝐶 is the quasi-Fermi level shift between source and drain. Eq.(3.4.3) does not include the access resistances contribution. In order to incorporate their effect, we assume that the drain voltage drop across source and drain resistances is small. In this way, it is possible to show that the drain current can be written in first order as 

SUBTHRESHOLD REGION: BEYOND THE BAND TAIL APPROACH

Oscillations observed in the subthreshold current are a known signature of small area MOSFETs operating at cryogenic temperature [START_REF] Paz | Variability Evaluation of 28nm FD-SOI Technology at Cryogenic Temperatures down to 100mK for Quantum Computing[END_REF] [89] [START_REF] Han | In-depth Cryogenic Characterization of 22 nm FDSOI Technology for Quantum Computation[END_REF] [105] (Fig. 3.5.1).

We first study these features using an engineering-like compact model based on the concept of "resistive networks". Afterwards we provide a physical background showing how it can be interpreted in terms of percolation transport. Indeed, the origin of subthreshold current oscillations is intimately connected to that of the band tails, and it must be traced back to the potential fluctuations caused by interface traps. Band tails are the macroscopic effect of the electrostatic potential randomization, whereas percolation emphasizes the microscopic nature of disorder at 𝑆𝑖 -𝑆𝑖𝑂 2 interface.

Resistive Networks

Potential fluctuations at 𝑆𝑖 -𝑆𝑖𝑂 2 interface randomize the allowed conductive paths in the inversion layer. Indeed, in subthreshold regime, where the carrier density is low, some carriers will participate to transport and some others will be localized at a different 𝑉 𝑡ℎ , and gives a contribution to the total conductance proportional to its aspect ratio. In this case, the total current is given by: 𝐼 𝐷,𝑆𝑢𝑚 (𝑉 𝐺 , 𝑉 𝑡ℎ ) = 𝐼 𝐷 (𝑉 𝐺 , 𝑉 𝑡ℎ1 , 𝐾 1 ) + 𝐼 𝐷 (𝑉 𝐺 , 𝑉 𝑡ℎ2 , 𝐾 2 ) + 𝐼 𝐷 (𝑉 𝐺 , 𝑉 𝑡ℎ3 , 𝐾 3 ) (3.5.1)

where 𝐼 𝐷 (𝑉 𝐺 , 𝑉 𝑡ℎ , 𝐾) = 𝐾. 𝜇 0 . 𝑄 𝑖𝑛𝑣 (𝑉 𝐺 , 𝑉 𝑡ℎ ). 𝑉 𝐷 , being 𝑄 𝑖𝑛𝑣 (𝑉 𝐺 , 𝑉 𝑡ℎ ) the inversion charge given by the Lambert -W function for the sake of simplicity (eq.(3.2.5)).

In order to emulate the experimental behaviour, the model must be generalized to a generic number 𝑁 𝑝 of transistors whose 𝑉 𝑡ℎ and 𝐾 are randomly distributed. In the discrete case, the total current can be expressed as where 𝑅𝐸 is a vector of random numbers between 0 and 1, 𝑉 𝑡ℎ0 is the reference value of the threshold voltage and 𝑄 𝑖 is the inversion charge calculated with LW function.

𝐼
Increasing 𝑇 𝑆 , the subthreshold slope increases as well (Fig. As can be seen in Fig. 

Percolation transport

In the following, we will provide a physical background to the resistive network model previously introduced.

Let us consider a randomly distributed potential. As already mentioned, potential fluctuations are caused by 𝑆𝑖 -𝑆𝑖𝑂 2 interface traps. Since the trap density is very high (𝑁 𝑖𝑡 ~ 10 11 ), according to the central-limit theorem [START_REF] Zallen | Percolation on a Continuum and the Localization-Delocalization Transition in Amorphous Semiconductors[END_REF], the potential follows a

Gaussian distribution [START_REF] Arnold | Disorder-induced carrier localization in silicon surface inversion layers[END_REF]:

𝑃(𝑉) = (2𝜋𝜎 2 ) -1 2. exp(- 𝑉 2 2. 𝜎 2 ) (3.5.4)
where 𝑉 is the electrostatic potential and 𝜎 is the standard deviation. A derivation of 𝜎 can be found in [START_REF] Arnold | Disorder-induced carrier localization in silicon surface inversion layers[END_REF] [106], here we will just point out that it can be used as an similitude from [START_REF] Arnold | Conduction mechanisms in bandtails at the Si SiO2 interface[END_REF], the inversion layer can be though as a sea of classical particles, and the prohibited regions as landmass. As the particle energy increases, the level of the sea increases as well, and the amount of lands reduces. Above a critical threshold, called "percolation threshold", nearly all space is allowed and carriers can move freely.

Below this threshold, allowed regions are separated from continents of prohibited space. At 𝑇 = 0, particles placed in one such region are localized. In such potential landscape, the density of states can be written as Here, we used the standard deviation in the Gaussian distribution as a fitting parameter, and its value is The macroscopic effect is the subthreshold slope saturation caused by the band tails, whose width is defined by the standard deviation of the Gaussian distribution of the electrostatic potential. This is the typical behavior observed in large area devices.

Reducing device dimensions, the microscopic details of percolation are visible in the subthreshold current. 

Percolation in 1D Systems

The model previously described does not explain all the features experimentally observed. Indeed, by looking at the subthreshold current in Fig. (3.5.1), one can notice that it sometimes decreases. A possible way to justify it, it is through 1D quantum confinement. Indeed, in the percolation picture previously introduced, it is reasonable assuming that some carriers can move just along 1D channels and not in 2-dimensional valleys. Therefore, the first hypothesis of the following model is that carriers that participate to conduction can be treated as 1D systems. For simplicity, we assume that they occupy just the lowest energy sub-band, and the density of states reads

𝑁(𝐸) = 𝐴 1𝐷 . 1 √𝐸 (3.5.7)
The carrier density is calculated using eq.(3.3.1). In order to compute the conductivity of a single transistor, we introduce the Kubo-Greenwood (K-G) integral [START_REF] Ghibaudo | Transport in the inversion layer of a MOS transistor: use of Kubo-Greenwood formalism[END_REF] [109]:

𝜎(𝐸 𝐹 , 𝑇) = ∫ 𝜎 𝐸 (𝐸). (- 𝜕𝑓 𝜕𝐸 ) 𝑑𝐸 ∞ 0 (3.5.8)
where 𝜎 𝐸 (𝐸) is the microscopic conductivity function and 𝑓(𝐸 𝐹 , 𝑇) is the Fermi-Dirac function. K-G formula allows to calculate the macroscopic conductivity as function of temperature. Moreover, no particular hypothesis concerning the disorder of the system are required, making it suitable also for non-crystalline structures. A classical derivation of eq.(3.5.8) can be found in [START_REF]A Simple Derivation of the Kubo-Greenwood Formula[END_REF].

The second hypothesis of this model concerns the expression of 𝜎 𝐸 (𝐸). Indeed, we assume a constant diffusivity function 𝐷(𝐸). In such a way, the microscopic conductivity can be written [START_REF]A Simple Derivation of the Kubo-Greenwood Formula[END_REF]:

𝜎 𝐸 (𝐸) = 𝑞. 𝐷(𝐸). 𝑁(𝐸) = 𝑞. 𝐷. 𝑁(𝐸) (3.5.9)

According to eq.(3.5.9), the conductivity, through the 1D density of states, is inversely proportional to energy, and consequently to gate voltage. 

CONCLUSION

In this chapter, we introduced several compact models for FD-SOI devices at cryogenic temperatures. First, we described the Lambert-W function, and its applicability in calculating the channel inversion charge. Afterwards, we introduced a more advanced model based on the Fermi-Dirac statistics and the gate charge conservation equation. Exploiting these equations, we propose an original explanation of the zero temperature coefficient in FD-SOI, going through the transport impact. The band tails has been introduced and its influence on device electrostatics has been outlined. After that, 1D confinement in 𝑆𝑖 nanowires at cryogenic temperature has been modeled, showing its impact on both drain current and trans-conductance.

Finally, a model based on the physical concept of percolation transport was introduced in order to account for subthreshold current oscillations. Quantum bits mass production is a necessary step to achieve for the realization of quantum computers able to accomplish high demanding tasks. Indeed, hundreds or even millions of quits will be required in the future quantum computers. In such a scenario, fast screening and selection of functional devices is mandatory and electrical parameters extraction methods effective in a wide range of temperature must be developed accordingly. Indeed, industrial approach to qubit manufacturing requires not only the technology to be mature and reliable, but also easy-to-use device compact models for device rapid characterization.

This chapter is dedicated to the characterization of both FD-SOI and qubit devices from room down to deep cryogenic temperature. First, we rapidly describe the set-up used in experiments. Afterwards, we focus on the capacitance and current characterization of large FD-SOI devices, fabricated using the LETI qubit technology process, in order to extract the main physical quantities, such as inversion charge and effective mobility. Finally, short channel qubit devices with several gates in series are characterized. In this context, we introduce a compact model based on the Lambert-W function able to fit the experimental curves from subthreshold to strong inversion regime and from room down to deep cryogenic temperatures. Particular attention is devoted to the extraction of low field mobility and access resistances. Indeed, the first turned out to provide important insights on the devices physics that can be used t o fathom which gates can offer better performances as quantum dots. To conclude, we mention about the mobility temperature trend in saturation regime.

EXPERIMENTAL SETUP

In this section, we will describe the setup used to collect cryogenic temperature measurements.

Cryo bench

The cryo bench used in the experiments is shown in Fig. Once the vacuum is reached, liquid helium is made to flow inside the cryostat through a stick that has been previously inserted inside the He bottle.

It is possible to tune the temperature of the sample holder thanks to a heating resistance controlled by a PID system.

In our experiments, a Keysight LCRmeter E4980A was used to measure capacitance, whereas a semiconductor device analyser Keysight B1500 was used to perform drain current measurements. 

FDSOI CHARACTERIZATION

In the following, we present the characterization from room down to 𝑇 = 4.2 𝐾 of a large and wide FD-SOI device fabricated using the LETI qubit process flow [START_REF] Franceschi | SOI technology for quantum information processing[END_REF] [ The "low" terminal of a LCR-meter is connected to the Source (S), Drain (D), whereas the "high" terminal is connected to the Gate (G). The substrate under the BOX is used as a backgate access. 

Influence of AC signal frequency and oscillator level

There are two critical experimental parameters to tune properly during capacitance measurements: 𝐴𝐶 signal frequency 𝑓 and oscillator level Δ𝑉 𝐺 . In general, increasing 𝑓 allows reducing the measurement noise. We decided to set 𝑓 = 100 𝑘𝐻𝑧, since going at higher frequencies did not provide any benefit, as shown in Fig. 2)), a signal with large amplitude spans points that are in both regions, and the resulting capacitance will be flattened with respect to the real one. For this reason we choose a signal oscillator level of Δ𝑉 𝐺 = 5 𝑚𝑉 [START_REF] Cassé | Low Temperature Characterization and Modeling of FDSOI Transistors for Cryo CMOS Applications[END_REF]. The drawback is that, decreasing the signal amplitude, the measurement is more susceptible to noise.

Inversion charge and gate oxide capacitance extraction

Given the gate-to-channel capacitance (Fig. where 𝑉 𝑎𝑐𝑐 is the lower integration limit in accumulation regime, where the capacitance 𝐶 𝑔𝑐 drops to zero, and 𝑉 𝐺 is the value at which the inversion carrier density is computed. The extracted inversion charge from 𝑇 = 300 𝐾 down to 𝑇 = 4.2 𝐾 is plotted in Fig. Recalling eq.(3.2.2), one can writes [START_REF] Akkez | New parameter extraction method based on split C-V measurements in FDSOI MOSFETs[END_REF]:

1 𝐶 𝑔𝑐 ≈ 1 𝐶 𝑜𝑥 + 1 𝛽𝑄 𝑖𝑛𝑣 (4.3.2)
that can be reformulated as

𝑄 𝑖𝑛𝑣 𝐶 𝑔𝑐 ≈ 𝑄 𝑖𝑛𝑣 𝐶 𝑜𝑥 + 1 𝛽 (4.3.3)
The previous equation, considering that and the effective mobility 𝜇 𝑒𝑓𝑓 (𝑉 𝐺 ) can be expressed as 𝜇 𝑒𝑓𝑓 (𝑉 𝐺 ) = 𝐿 𝐺 𝑊 𝐺 . 𝐼 𝐷 (𝑉 𝐺 ) 𝑄 𝑖𝑛𝑣 (𝑉 𝐺 ). 𝑉 𝐷 (4.3.5) where 𝑄 𝑖𝑛𝑣 (𝑉 𝐺 ) is given by eq.(4.3.1). In the experiments, in order to avoid the effect of the gate leakage current 𝐼 𝐺 , we adopted the approach described in [START_REF] Takagi | Experimental Evidence of Inversion-Layer Mobility Lowering in Ultrathin Gate Oxide Metal-Oxide-Semiconductor Field-Effect-Transistors with Direct Tunneling Current[END_REF]: both the drain and the source currents were collected by reversing the drain bias, and the mobility was given by the average between the source and drain contribution: 

3).(a)

). This disappearance is due to the low field mobility temperature behavior, as it will be explained afterwards. Concerning the effective mobility 𝜇 𝑒𝑓𝑓 (𝑛 𝑖𝑛𝑣 ), it follows the typical bell shape at cryogenic temperature, as a consequence of the phonon scattering reduction [START_REF] Takagi | On the universality of inversion layer mobility in Si MOSFET's: Part I-effects of substrate impurity concentration[END_REF] [115] [START_REF] Ghibaudo | A METHOD FOR MOSFET PARAMETER EXTRACTION AT VERY LOW TEMPERATURE[END_REF]. At high inversion carrier densities, that is, at high electric fields, the mobility is mainly limited by surface roughness, whereas at low inversion carrier densities, 𝜇 𝑒𝑓𝑓 is limited by Coulomb scattering. It is worth pointing out that the drop to zero of the mobility at low densities is not physical, and must be attributed to a limit of the C-V split method [START_REF] Di | Lambert-W function-based parameter extraction for FDSOI MOSFETs down to deep cryogenic temperatures[END_REF]. 

Y-function parameter extraction method

𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 was introduced for the first time in [START_REF] Ghibaudo | New method for the extraction of MOSFET parameters[END_REF]. Neglecting the second order mobility attenuation coefficient 𝜃 2 , the drain current in linear regime can be written as From the slope of the function defined in eq.(4.3.9), shown in Fig. Considering that LETI quantum bits devices are based on trigate nanowires, and that we already shown how quantum confinement can affect the inversion charge and, ultimately, the drain current, it is worth to clarify the meaning of eq.(4.3.9). Indeed, it is based on the assumption that the inversion charge 𝑄 𝑖𝑛𝑣 depends linearly on 𝑉 𝐺 in strong inversion. This is experimentally verified in planar devices with thick oxide even at deep cryogenic temperatures (Fig. 

𝐼

Subthreshold regime

Several methods have been proposed in order to model the subthreshold slope saturation at cryogenic temperatures [START_REF] Ghibaudo | On the modelling of temperature dependence of subthreshold swing in MOSFETs down to cryogenic temperature[END_REF] [76] [START_REF] Bohuslavskyi | Cryogenic Subthreshold Swing Saturation in FD-SOI MOSFETs Described With Band Broadening[END_REF]. Here we follow the model described in [START_REF] Ghibaudo | On the modelling of temperature dependence of subthreshold swing in MOSFETs down to cryogenic temperature[END_REF].

The subthreshold slope temperature trend can be fitted by the following function: . It is worth pointing out that this value corresponds to the room temperature one. Indeed, as already remarked, at deep cryogenic temperature the Fermi level sweeps both interface charge and localized states, and the extracted trap density is not reliable.

MULTI-GATE DEVICES CHARACTERIZATION AND MODELING

In this section, we characterize a typical p-type FD-SOI qubit MOS device from 𝑇 = 300 𝐾 down to 𝑇 = 20 𝐾. We develop a compact model based on Lambert W function in order to extract the main device intrinsic parameters. We chose to characterize a qubit device with five gates (5G device) and it is shown in Fig. V). The latter is due to the increase of the mobility 𝜇 0 , consequence of the phonon number reduction at cryogenic temperatures, as confirmed by the 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 slope, steeper at lower temperatures. As it will be shown further, the increase of 𝜇 0 and of The trap density, in this case, is much higher than for the case of a large planar device, even if the technology is the same. This is likely linked to the more aggressive dimensions of the 5G device.

Lambert W functionbased modelling

We modeled the 5G device in linear operation with five independent gatecontrolled resistances placed in series, whose values depend on 𝑉 𝐺 (active channel)

and 𝑉 𝐺,𝑒𝑥𝑡 (access channels). Each resistance is characterized by different intrinsic whose values and trends are in good agreement with those extracted using classical methods. Indeed, both 𝑉 𝑡ℎ and 𝜇 0 have been extracted using the 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛, while 𝑅 𝐴𝑐𝑐 has been derived from the expression of the first order attenuation factor 𝜃 1 = 𝜃 10 + 𝑅 𝐴𝑐𝑐 𝐺 𝑚 [START_REF] Ghibaudo | New method for the extraction of MOSFET parameters[END_REF], where 𝜃 10 is the intrinsic mobility reduction factor and 𝐺 𝑚 = 𝑊𝐿𝐶 𝑜𝑥 𝜇 0 . 𝜃 10 has been neglected, since in such short channels the access resistance effect prevails. Finally, 𝑛 has been extracted from the subthreshold swing according to eq.( 4 approaching the center of the channel, the scattering is driven by phonons, whereas closer to source and drain there is a similar impact of both phonons and neutral defects.

These results are consistent with recent studies of mobility and transport in FD-SOI It should be pointed out that, except for 𝑅 𝐴𝑐𝑐 , the values of the parameters extracted at room temperature are in line with standard FD-SOI MOSFET technology [START_REF] Karatsori | Full gate voltage range Lambert-function based methodology for FDSOI MOSFET parameter extraction[END_REF]. The highest value of both 𝑅 𝐴𝑐𝑐 and 𝑅 𝛽 below 𝑇 = 100 𝐾 is found for gate 3, consistently with the mobility trend. Indeed, the resistance viewed from the other four gates is smaller because it includes the contribution of the central gate, which shows the highest mobility. For the same reason, the access resistance of gate 3 is the highest. It is worth highlighting that, with the exception of the central gate, the drain current increase at deep cryogenic temperature cannot be justified neither with an increased mobility nor a decreased 𝑅 𝛽 . Actually, it is mainly related to a reduction of 𝑅 𝑆𝑒𝑟𝑖𝑒𝑠 . voltages, where the access resistances dominate the current, 𝐼 𝐷 (𝑉 𝐺 ) get closer and finally joins the drain currents of gates 1 and 5.

MOBILITY FROM LINEAR TO SATURATION

We then compare the drain current characteristics in linear and saturation regime 𝜇 0𝑠𝑎𝑡 should be lower than 𝜇 0 , meaning that the saturation velocity should be positive.

Indeed, at high longitudinal electric fields, carrier velocity saturation due to intervalley and optical phonon scattering leads to a decrease of the mobility [START_REF] Ghibaudo | Characterization and Modeling of Silicon CMOS Transistor Operation at Low Temperature[END_REF]. The saturation velocity at room temperature is 𝑣 𝑠𝑎𝑡 = 7.4.10 6 𝑐𝑚/𝑠. Moreover, 𝑣 𝑠𝑎𝑡 is expected to increase as the temperature is lowered down [START_REF] Zhao | Modeling of a standard 0.35 lm CMOS technology operating from 77 K to 300 K[END_REF], but this is not the case for the example showed here (this behavior has been observed quite consistently within this technology). Indeed, by looking at Fig. 

CONCLUSION

In this chapter, we described the main MOSFET DCcharacterization methods.

Both the electrostatics and the transport of a large area FD -SOI device was 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛. Lambert -W function was also applied to unconventional five-gate device down to deep cryogenic temperatures. Here, an adhoc model was developed in order to fit and extract the main device's parameters. Indeed, the 5G device was modeled as a series of five independent resistances, each one characterized by a different set of intrinsic parameters. Moreover, particular emphasis was devoted to mobility and transport analysis. Indeed, it was demonstrated that the limiting scattering process in this technology was related to neutral defects, independently on the device length.

Finally, the impact of high drain bias was discussed. The saturation velocity was extracted at room temperature, where the mobility in saturation regime is higher than in linear regime, whereas at cryogenic temperature no velocity saturation could have been computed with the classical formulation since it turned out to be negative and, therefore, physically meaningless. This behavior was attributed to the non-linearity characteristics of the qubit devices already discussed in the previous Chapter.

Chapter 5: Static and Dynamic Variability

INTRODUCTION

A massive production of qubits will be necessary for the future quantum processors. However, these qubits, to be functional, usually must be cooled down to a few tens of 𝑚𝐾. Recently, spin based qubits operating above 1 𝐾 have been demonstrated, raising this upper limit to a temperature range compatible with cryogenic systems offering cooling power order of magnitude higher [28] [29].

Measuring the physical properties of qubits at these very low temperatures is currently done on individual devices, and requires a lot of time, typically a few days per qubits [41] [47]. The preselection of qubit devices potentially functional from the physical and technological parameters measured at 𝑇 = 300 𝐾 and down to 𝑇 = 4.2 𝐾 , using faster measurements and compatible with a quasi-industrial approach, remains a challenge [41] [47].

This chapter is devoted to static and dynamic variability of four-gate qubit MOS devices (4G). First, we focus on a statistical analysis at 𝑇 = 300 𝐾, where 48 dies have been tested, applying two different values of external gates bias in order to explore its impact on the active channel. In this context, a matching analysis between the gates of the 4G devices is carried out. The average drain current and 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 characteristics have been reproduced using a Lambert -W functionbased model.

Indeed, it was assumed that the four-gate device could be modeled as a series of four identical transistors. The model was demonstrated to be able to fit also the matching curves. Afterwards, a dynamic variability study is performed on two 4G devices. Low frequency noise was measured both at 𝑇 = 300 𝐾 and 𝑇 = 10 𝐾. At room temperature, the noise clearly shows a 1/𝑓 behavior, whereas at cryogenic temperature some signatures of Lorenzian spectra are observed. In order to confirm the link between the observed spectra and the random telegraph noise (RTN), the drain current as function of time is presented. Moreover, it is demonstrated that the main noise sources are carrier number and mobility fluctuations. After, the average noise of all the eight gates tested is studied. It is shown that the drain current power spectrum decreases at cryogenic temperature. Finally, the model introduced in the static variability analysis is extended to time variability. Its effectiveness is demonstrated at both room and cryogenic temperature.

STATIC VARIABILITY AT ROOM TEMPERATURE

The importance of room temperature characterization of qubit devices relies on technological benchmarking. To alleviate the onerous process of cryogenic measurements, a previous screening of devices can be performed at room temperature.

Therefore, technology optimization is compelling to make such approach feasible. In . 𝜇 0 and access resistance 𝑅 𝐴𝑐𝑐 [START_REF]New methodology for drain current local variability characterization using Y function method[END_REF]. In order to develop a model able to take into account all the main variability sources, let us consider the first order Taylor approximation of the drain current [START_REF]New methodology for drain current local variability characterization using Y function method[END_REF] [126]: is the relative difference between the drain currents of two identical devices, Δ𝑉 𝑡ℎ , Δ𝛽 and Δ𝑅 𝐴𝑐𝑐 are the threshold voltage, current gain factor and access resistance mismatches, respectively. It is worth noticing that eq.(5.2.1) corresponds to the error propagation formula for the drain current. The derivatives in eq.(5.2.1) can be calculated by expressing the drain current as 𝐼 𝐷 (𝑉 𝐺 ) = 𝐺 𝑑 . 𝑉 𝐷 , where 𝐺 𝑑 is the device conductance [START_REF]New methodology for drain current local variability characterization using Y function method[END_REF]:

Δ𝐼 𝐷 𝐼 𝐷 = (
𝐺 𝑑 = 𝐺 𝑑0 1 + 𝐺 𝑑0 . 𝑅 𝐴𝑐𝑐 = 𝛽. 𝑄 𝑖𝑛𝑣 1 + 𝛽. 𝑄 𝑖𝑛𝑣 . 𝑅 𝐴𝑐𝑐 (5.2.2)
where 𝐺 𝑑0 is the intrinsic channel conductance and 𝑄 𝑖𝑛𝑣 is given by the Lambert -W function. Mobility attenuation factors have been neglected in eq.(5.2.2) for the sake of simplicity, but their inclusion would not affect the final result. From eq.(5.2.2) where 𝐼 𝐷𝑡ℎ is a constant current factor near threshold. 𝑆𝑆 variability is accounted for the ideality factor 𝑛.

Eq.(5.2.7) contains four variability sources. Since 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 is immune to the effect of the access resistance, we can consider also its variability, which will embody just three matching parameters, and repeat the same calculations we did for 𝜎 ( Δ𝐼 𝐷

𝐼 𝐷

).

In such a way, the 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 variance reads [START_REF]New methodology for drain current local variability characterization using Y function method[END_REF] : (5.2.8)

𝜎 ( Δ𝑌 𝑌 ) 2 = 𝛽. 𝜎(Δ𝑉 𝑡ℎ ) 2

Devices and Experimental Details

Here, we present a complete room temperature electrical and statistical characterization of n-type four-gate MOS qubit devices (Fig. active gate, with small differences between them only for high 𝑉 𝐺 . This trend was confirmed by simulating an ideal 4G structure (see next paragraph). Similarly, 𝑌(𝑉 𝐺 ) characteristics of each active gate (Fig.

(5.2.3).(b)) also show very close behaviour.

This clearly indicates that the 4G transistors are almost identical on average and that, in first instance, they can be modeled as the series combination of 4 identical transistors.

The 𝐼 𝐷 (𝑉 𝐺 ) and 𝑌(𝑉 𝐺 ) curve dependence with external voltage was also explored in Fig.

(5.2.3). The drain current is enhanced for higher 𝑉 𝐺,𝑒𝑥𝑡 , which could be expected as a higher 𝑉 𝐺,𝑒𝑥𝑡 decreases the resistance of the channel underneath and so the overall access resistance.

Interestingly, the slope of the linear part of 𝑌(𝑉 𝐺 ) above threshold voltage, which is given by

𝑑𝑌 𝑖 𝑑𝑉 𝐺,𝑖 = √ 𝑊 𝐿 𝑒𝑓𝑓,𝑖 𝐶 𝑜𝑥,𝑖 . 𝜇 0,𝑖 . 𝑉 𝐷 = 𝛽 1 2
(5.2.9) is also enhanced for higher 𝑉 𝐺,𝑒𝑥𝑡 . In eq.(5.2.1), 𝑖 stands for the 𝑖 -𝑡ℎ gate, 𝛽 is the current gain factor in strong inversion and 𝐿 𝑒𝑓𝑓 = 𝐿 𝐺 (𝑉 𝐺,𝑒𝑥𝑡 = 1 𝑉) is the effective channel length. This slope increase could be related to (i) an increase of the electron mobility in the active channel or (ii) more likely to a decrease of the effective channel length 𝐿 𝑒𝑓𝑓,𝑖 , due to the electrostatic effect induced by the external gates. Considering the first assumption, an increase of 𝑉 𝐺,𝑒𝑥𝑡 would lead to a higher electric field inside the channel that should result in a decrease of mobility, in contrast with what was )), meaning that 𝐿 𝑒𝑓𝑓 for these active gates is smaller, since 𝜇 0 has a fixed constant value. A possible explanation is that, when 𝑉 𝐺,𝑒𝑥𝑡 = 1 𝑉, the influence of the built-in potential 𝑉 𝑏𝑖 on the outer gates is more significant, due also to the greater proximity of S/D with respect to the nearest neighbour gates, whereas at higher 𝑉 𝐺,𝑒𝑥𝑡 it is likely overcame by the surrounding gate potential. Thus, in the ideal case, G1-G4 and G2-G3 should be identical. 𝑉 𝑡ℎ , 𝜇 0 , 𝑅 𝐴𝑐𝑐 and 𝑛. We first observe that 𝑉 𝑡ℎ slightly changes with 𝑉 𝐺,𝑒𝑥𝑡 and 𝐿 𝐺 . The decrease of 𝜇 0 with channel length reduction is a phenomenon commonly observed in standard FD -SOI MOSFETs [START_REF] Monsieur | The importance of the spacer region to explain short channels mobility collapse in 28nm Bulk and FDSOI technologies[END_REF], [START_REF] Chaisantikulwat | Magnetoresistance technique for mobility extraction in short channel FDSOI transistors[END_REF], likely due to neutral defects scattering [START_REF] Shin | In depth characterization of electron transport in 14nm FD-SOI CMOS devices[END_REF], [START_REF] Shin | Low temperature characterization of mobility in 14nm FD-SOI CMOS devices under interface coupling conditions[END_REF]. As discussed previously, 𝑅 𝐴𝑐𝑐 is greatly reduced at higher 𝑉 𝐺,𝑒𝑥𝑡 . It is worth pointing out that the access resistance has been extracted directly from the first order mobility attenuation factor 𝜃 1 = 𝜃 10 + 𝑅 𝐴𝑐𝑐 . 𝐺 𝑚 . Also in this case, as already mentioned, 𝜃 10 has been neglected since the channel resistance is much smaller than the access one. Finally, the ideality factor undergoes only a slight increase with 𝑉 𝐺,𝑒𝑥𝑡 . It should be emphasized that all the extracted parameters values, except for those of 𝑅 𝐴𝑐𝑐 , are in line with the standard FD -SOI MOSFET technology [START_REF] Karatsori | Full gate voltage range Lambert-function based methodology for FDSOI MOSFET parameter extraction[END_REF].

Electrical Characterization -Matching Analysis

In the previous paragraph it was shown that, starting from mean 𝐼 𝐷 (𝑉 𝐺 ) curves, it is possible to infer that the active channels of the 4G device are approximately identical at the same gate voltage. To better capture this behaviour, drain current matching analysis was performed. In standard MOSFETs, this is carried out by comparing two identical devices, spaced by the minimum allowed distance and place in identical environment. Here, drain current and 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 variability between gates of the same device was explored. where 𝑄 𝑖𝑛𝑣 is given by eq.(3.2.5). As can be seen from Fig.

(5.2.10), very good 𝐼 𝐷 (𝑉 𝐺 )

and 𝑌(𝑉 𝐺 ) fits can be achieved with the Lambert function based model over the entire 𝑉 𝐺 range and for different 𝑉 𝐺,𝑒𝑥𝑡 .

At 𝑉 𝐺,𝑒𝑥𝑡 = 1 𝑉 the value of 𝑅 𝑆𝑒𝑟𝑖𝑒𝑠 is found to be negligible (≈0), for all the channel lengths and for all the gates considered. This trend is confirmed in 

Matching modelling

The matching analysis of the 4G transistor can also be carried out using the Within the Lambert function approach, the variance of a single transistor can be calculated using the first order Taylor approximation: ) and 𝜎(Δ𝑛). Indeed, here in the Lambert approach, there is no need ) since, at 𝑉 𝐺,𝑒𝑥𝑡 = 2 𝑉, the main variability contribution in strong inversion is given by 𝜎 ( Δ𝛽 𝛽 ).

DYNAMIC VARIABILITY

Noise is an unwanted phenomenon that occurs in all the electrical circuits. It can come from external sources, such as AC power lines or adjacent circuits, or it can be a direct consequence of random fluctuations of physical processes governing the electrical transport in a medium. In this second case, which is the one we are interested in, the noise cannot be eliminated, since it is a process intrinsic to the device. From eq.(5.3.1) it is evident that noise can be interpreted as the signal variance at a specific frequency.

Fundamental noise mechanisms

As devices' dimensions reduce, the study of low frequency noise becomes more and more important, since 1/𝑓 noise increases as the reciprocal of the device area In this section, we will describe the main noise mechanisms: thermal noise, shot noise, Generation -Recombination (G -R) noise, Random telegraph (RTS) noise and flicker noise.

Thermal noise

Thermal or "white" noise was observed for the first time by John B. Johnson in 1926 and explained by Harry Nyquist. It can be regarded as the background of any low frequency fluctuation. It is due to the random carrier motion inside a conductor that results in a frequency independent power spectral density. Every resistor produces thermal noise, whose PSD is given by:

𝑆 𝑉 = 4𝑘 𝐵 𝑇𝑅 ⟺ 𝑆 𝐼 = 4𝑘 𝐵 𝑇𝐺 (5.3.2)
where 𝑅 and 𝐺 are the resistance and the conductance, respectively [138] [139].

Shot noise

Shot noise, introduced by Walter Schottky in 1918 [START_REF] Schottky | Über spontane Stromschwankungen in verschiedenen Elektrizitätsleitern[END_REF], is related to the discrete nature of electrons flowing through a potential barrier, like in p-n junctions, during a period of time. The associated PSD is,

𝑆 𝐼 = 2𝑞𝐼 (5.3.3)
where 𝐼 is the current across the barrier.

Generation -Recombination noise

G -R noise is associated to carriers' trappingdetrapping processes taking place in a semiconductor device. More specifically, G -R noise occurs when one of the following situations happens:

✓ Recombination of a free electron and a free hole;

✓ Generation of a free electron and a free hole;

✓ Trapping of a free electron in an empty trap;

✓ Trapping of a free hole in a filled trap.

These results in a "Lorenzian -like" spectrum, described by [START_REF]Haartman_2007_Springer(Low frequency noise in advanced mos devices)[END_REF]:

𝑆 𝐼𝑑 = 𝐴 (1 + 𝑓 𝑓 𝑐 ) 2 (5.3.4)
where 𝐴 is the plateau at low frequencies and 𝑓 𝑐 the corner frequency above which the PSD goes as 𝑆 𝐼𝑑 ~1/𝑓 2 .

Random Telegraph Signal Noise

Random telegraph signal (RTS) noise was observed in small area devices [START_REF] Kirton | Individual defects at the Si:SiO 2 interface[END_REF], b)) [START_REF] Kirton | Noise in solid-state microstructures: A new perspective on individual defects, interface states and low-frequency (1/ƒ) noise[END_REF]:

and
𝑆 𝐼𝑑 = 4𝐴. Δ𝐼 𝐷 2 𝜏 (1 + (2𝜋𝑓) 2 𝜏 2 ) (5.3.5)
where Δ𝐼 𝐷 is the average drain current RTS amplitude, 𝜏 is the time constant of the transitions and is given by

𝜏 = ( 1 𝜏 𝑐 + 1 𝜏 𝑒 ) -1
(5. (5.3.10)

being 𝜎 0 the intrinsic cross-section, 𝑥 𝑡 the in-depth location of the trap into the oxide and 𝜆 the tunnelling attenuation length. Finally, the trap occupancy factor 𝑓 𝑡 is:

𝑓 𝑡 = 1 1 + 𝑒 (𝐸 𝑡 -𝐸 𝑓 )/𝑘𝑇 (5.3.11)
where 𝐸 𝑡 and 𝐸 𝑓 are the trap and Fermi energy levels.

Flicker Noise

Flicker noise, or "1/𝑓 noise", is given by the contribution of several Lorenzianlike spectra [START_REF] Bernamont | Fluctuations in the resistance of thin films[END_REF], as shown in Fig.

(5.3.3). In general, it is the dominant noise in MOSFETs, and it is the result of the action of several traps located at very small distances from the interface. The associated PSD reads:

𝑆 𝐼𝑑 = 𝐾. 𝐼 𝐷 𝛽 𝑓 𝛾 (5.3.12)
where 𝐾 is a constant, 𝛽 the drain current exponent and 𝛾 the frequency exponent.

If 𝛾 = 1, the oxide traps are uniformly distributed in oxide depth and energy. If 𝛾 < 1, the trap density is higher closer to the 𝑆𝑖 -𝑆𝑖𝑂 2 interface, whereas if 𝛾 > 1, it increases deeper in the oxide. The drain current fluctuation can be written as [START_REF] Ghibaudo | On the theory of carrier number fluctuations in MOS devices[END_REF] 𝛿𝐼 where Ω = 𝛼𝜇 𝑒𝑓𝑓 𝐶 𝑜𝑥 .

If the trappingdetrapping process occurs though a tunneling process, the flat band voltage spectral density can be written as, 𝑆 𝑉𝑓𝑏 = 𝑞 2 𝜆𝑘 𝐵 𝑇𝑁 𝑡 𝑓 𝛾 𝑊 𝐺 𝐿 𝐺 𝐶 𝑜𝑥 2 (5. 3.18) where 𝜆 = 0.1 𝑛𝑚 [136] is the tunnelling attenuation length and 𝑁 𝑡 is the oxide trap volume density.

It is finally worth defining the so-called "equivalent input gate voltage spectral density" [START_REF] Ghibaudo | Improved Analysis of Low Frequency Noise in Field-Effect MOS Transistors[END_REF]:

𝑆 𝑉𝑔 = 𝑆 𝐼𝑑 𝑔 𝑚 2 = (1 ± 𝛼𝜇 𝑒𝑓𝑓 𝐶 𝑜𝑥 𝐼 𝐷 𝑔 𝑚 ) 2 𝑆 𝑉𝑓𝑏 (5.3.19)
It is important to highlight that, if the impact of interface charges on mobility is negligible, 𝑆 𝑉𝑔 ≈ 𝑆 𝑉𝑓𝑏 . 𝑆 𝑉𝑔 , however, does not have any physical meaning, but it is a pure electrical parameter. Indeed, it corresponds to the equivalent gate voltage spectral density of the external noise source that one has to put on the gate in order to induce the same drain current noise [START_REF] Ghibaudo | On the theory of carrier number fluctuations in MOS devices[END_REF]. Emulating this idea, we have defined a similar quantity also for the static variability, that is, the input referred normalized matching parameter of eq.(5.2.11).

Hooge mobility fluctuation model

A completely different approach was proposed by Hooge [START_REF] Hooge | 1/f noise[END_REF]. In this model, the drain current fluctuations are caused by mobility fluctuations, which are induced only by phonon scattering [START_REF] Hooge | Lattice scattering causes 1/ƒ noise[END_REF], while each conducting carrier contributes independently to the mobility fluctuations. According to these hypotheses, the current spectral density reads:

𝑆 𝐼𝑑 = 𝐼 𝐷 2 𝑞. 𝛼 𝐻 𝑊 𝐺 𝐿 𝐺 𝑓. 𝑄 𝑖𝑛𝑣 (5.3.20)
where 𝛼 𝐻 is the Hooge parameter.

This approach was shown to be valid only in bulk semiconductors and in metals [START_REF] Hooge | Experimental studies on llf noise[END_REF],

whereas it can be rarely encountered in MOSFETs.

Device and experimental details

Two ptype 4G devices, with 𝑊 𝐺 = 75 𝑛𝑚, 𝐿 𝐺 = 50 𝑛𝑚 and 𝑡 𝑆𝑖 = 17.9 𝑛𝑚 (Fig.

(5.2.1)) were tested at both 𝑇 = 300 𝐾 and 𝑇 = 10 𝐾 using the sixprobes cryo bank described in Chapter 4. A Keysight B1500 with dedicated B1530 module was used to measure the time signal. Since the probing time had to be small in order to be able to probe high frequencies, pulsed I-V (PIV) measurements instead of classical SMU were performed. Indeed, both the active gate and the source (since we tested ptype devices) were connected to PIVs, whereas the external gates were connected to the SMUs. The external gate voltage was fixed at 𝑉 𝐺,𝑒𝑥𝑡 = -2 𝑉, while the source was biased at 𝑉 𝑆𝐷 = 50 𝑚𝑉. The increase in speed provided by the PIVs entailed a decrease in measurement sensitivity: the minimum detectable current was 2 𝑛𝐴, limiting the subthreshold current range to a couple of decades. Moreover, no LNA have been used.

Finally, all the spectra shown in the following have been corrected by subtracting the background noise.

Experimental results

In At 𝑇 = 10 𝐾, on the other hand, the CNF perfectly fits the experimental curve, and the mobility fluctuations, as well as the access resistance, does not affect the drain spectral density in strong inversion. In conclusion, at 𝑇 = 300 𝐾, CNF constitutes the main source of noise from subthreshold to moderate inversion, whereas CMF and access resistance noise have a bigger impact in strong inversion. At 𝑇 = 10 𝐾 and CNF represents the only noise source, from subthreshold to strong inversion.

The number of tested devices, i.e. two, is not enough to perform a systematic study about the impact of gate position and, in turn, of the source/drain proximity, on the noise. Therefore, we will not present any parameter extraction as function of gate position, as we did for the static variability. We preferred to consider each gate as an independent device and investigate the noise temperature evolution by taking into account the average behaviour of the eight gates (transistors) tested. In such a way, we can get a fairly reliable estimation of the noise for this gate stack technology.

In The reduction of 𝑆 𝑅𝐴𝑐𝑐 at 𝑇 = 10 𝐾 is likely caused by the diminution of the access resistance of the multi-gates devices at cryogenic temperature (see Fig. In Fig.

( [START_REF] Ghibaudo | Improved Analysis of Low Frequency Noise in Field-Effect MOS Transistors[END_REF].

Lambertbased Modeling

To go further, we adapted the Lambertbased model previously developed for the static variability to the dynamic variability.

The current characteristics of the 4G devices were modelled using eq.(5.2.12) and eq.(5.2.13) both at 𝑇 = 300 𝐾 and 𝑇 = 10 𝐾. In Fig.

(5.3.9) are compared the experimental and modeled 𝐼 𝐷 (𝑉 𝐺 ) and 𝑔 𝑚 (𝑉 𝐺 ) for a given device. The gate variability is small, especially at room temperature, and the assumption that the 4G can be modeled as a series of four identical resistances is still reasonable. whereas the mobility fluctuations and the access resistance contributions decrease. It is hard to deduce a global trend for this technology with the data available. Indeed, we insist that, in order to provide a reliable extraction of the noise parameters as function of gate position, a statistical noise characterization must be performed. In particular, the Lambertmodel discussed should be applied to average curves, as we did for the static variability.

A glimpse on the low frequency noise in quantum dots

A detailed understanding of the noise is essential also in quantum dot regime.

Indeed, the LFN source remains the same, independently on the kind of transport involved. This, in principle, could pave the way to the possibility of linking transistor and quantum dot figures of merit. In [START_REF] Connors | Low-frequency charge noise in Si/SiGe quantum dots[END_REF] is highlighted that the main noise source comes from surface potential 𝜓 𝑠 fluctuations. Afterwards, an expression for the socalled "charge noise spectral density" 𝑆 𝜖 is proposed. However, this quantity cannot be directly compared to 𝑆 𝐼𝑑 or 𝑆 𝑉𝑔 , and the relation with the gate oxide capacitance 𝐶 𝑜𝑥 is not evident.

In the following, an expression for the surface potential spectral density 𝑆 𝜓 𝑠 is obtained starting from the classical MOSFET noise theory. 2 (5.3.29)

Eq.(5.3.29) can be used to calculate the surface potential spectral density of a quantum dot, where S Qss is known at the charge noise. The extracted 𝑆 𝑉𝑓𝑏 can be compared to that extracted in transistorlike regime, both at cryogenic and room temperature.

CONCLUSION

This chapter was dedicated to the study of static and dynamic variability of fourgates qubit devices. In the first part, we introduced the theoretical background of static variability, followed by a complete electrical and statistical characterization at room temperature of 48 dies containing devices with three different channel lengths.

Afterwards, we developed a compact model based on the Lambert -W function, under

the assumption, well grounded on the experimental results, that the four gates devices could be modeled as a series of four identical resistances. We showed this model to be effective in fitting drain current and 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 curves. Moreover, this model has been extended to fit matching curves, exhibiting good agreement with both experimental results and the classical model previously used.

In the second part of the chapter, dynamic variability, i.e. low frequency noise, was explored at both room and cryogenic temperature. Devices showed "1/𝑓" behaviour, even if at cryogenic temperature some signatures of Lorenzianlike spectra were exhibited. This turned out to be consequence of RTS noise. Furthermore, CNF and CMF were shown to constitute the main noise sources, at both 𝑇 = 300 𝐾 and 𝑇 = 10 𝐾. In order to benchmark the gate stack technology, we considered the noise averaged on the eight gates composing the two 4G devices tested. The average current spectral density decreases at cryogenic temperature, whereas the trap density increases. This trend was likely due to the presence of the density of states band tail.

Afterwards, we adapted the Lambertbased model developed for the static variability to model the current spectral density. The model showed good agreement with the experimental data. Finally, a possible approach to investigate the LFN in quantum dot regime was briefly discussed, by showing how the charge noise can be eventually replaced by the surface potential spectral density. Indeed, this quantity can be easily extracted also at room temperature in case of transistorlike transport. Concluding, the surface potential spectral density could not only represent a parameter valid from room down to deep cryogenic temperature, but it could also constitute a suitable figure of merit to link the transistor and the quantum dot behaviour.

Chapter 6: General Conclusion and Perspectives

The purpose of this dissertation was double: (i) characterize MOS based qubit devices from room down to deep cryogenic temperature to support the realization of a qubit industrial process flow, and (ii) develop simulation tools and compact models able to provide insights about the technology and the device physics.

We first developed a TCAD model able to simulate an FD-SOI device down to deep cryogenic temperatures, using an analytical approximation of the Fermi integral, and even to zero kelvin, using the metallic statistics. Carrier densities computed with Maxwell -Boltzmann and Fermi -Dirac statistics were compared, proving that at cryogenic temperature the quantum nature of electrons and holes cannot be neglected.

Furthermore, it was demonstrated that no significant change in the device electrostatics occurs at temperatures lower than 20 K. This TCAD model turned out to be essential to explain some experimental features of the devices we characterized. For what concern devices' characterization, we started by measuring both the capacitance and the drain current as function of gate voltage of a large area FD -SOI.

The main parameters were extracted and the experimental curves were fitted with the Lambert -W function method, showing its effectiveness in the whole gate voltage range and from room down to deep cryogenic temperature. Afterwards, a fivegate p-type device was tested in linear regime. An adhoc model, based on the Lambert -W function was developed to easily extract the main device figures of merit. Finally, the impact of high bias voltages was investigated.

Lastly, static and dynamic variability of fourgate devices were studied.

Concerning the matching analysis, it was carried out at room temperature and in linear regime, and it was found that, in terms of local variability, the LETI qubit technology was comparable to the 28nm FD -SOI one. A Lambertbased model was used to reproduce both the electrical and statistical curves. The dynamic variability, on the other side, was performed on only two devices, both at room and deep cryogenic temperatures. Flicker and random telegraph signal noise were found to be the main noise sources. Concerning the 1/𝑓 noise, it was mainly caused by carrier number and correlated mobility fluctuations. In this context, the same Lambert -W function based model introduced for the static variability was applied, providing good agreement with the experimental results.

In conclusion, the models introduced and developed in this thesis allowed to interpret most of the experimental data observed. Transport analysis in temperature revealed the impact of defective scattering, likely related to dopant or defect diffusion into the channel. This turned out to be responsible of mobility degradation in both long and short multi -gate devices. Moreover, some "unconventional" behaviours, like the non-linear current in the output characteristic at low drain biases and at cryogenic temperatures, were attributed to the presence of traps underneath the nitride spacers.

The impact of high drain voltages on mobility was ascribed to the thick nitride spacers as well. Summarizing, two possible critical aspects can be identified in qubit FD-SOI devices: doping or defect diffusion that degrades the transport in the entire temperature range investigated, and that will jeopardize the correct functioning of the device in quantum dot regime; traps underneath the thick nitride spacers, that limits the transport as well, as clearly visible from 𝐼 𝐷 (𝑉 𝐷 ) curves at cryogenic temperature, and that are likely responsible of a larger device noise.

Concerning the possibility to link the room temperature transistor behaviour to the cryogenic quantum dot one, the most promising way is probably constituted by the low frequency noise characterization. Indeed, transistor's DC figures of merit can hardly be applied to the quantum dot regime, since the carrier transport is completely different: parameters such as the low field mobility could provide useful insights about the channel defectivity but there is not a clear quantum counterpart that could enable a quantitative comparison between the two regimes. Low frequency noise, on the other hand, focuses on the study of current fluctuations, without involving any microscopic description of transport. In Chapter 5, an expression for the surface potential spectral density was derived starting from the gate charge conservation equation, therefore a pure electrostatic description of the device, and from the expression that links flat band voltage and oxide charges fluctuations. It is evident that the obtained surface potential spectral density can be used as a figure of merit both for the transistor and the quantum dotlike behaviour. In such a way, a parameter common to the classical and quantum regime is provided.

FUTURE PERSPECTIVES

The work carried out in this thesis can be extended in different ways:

• Static variability at deep cryogenic temperature. This would include the development of a statistical model to take into account subthreshold current oscillations.

• Statistical noise analysis, in order to be able to study the impact of source and drain proximity and device area scaling.

• Differential noise analysis characterizing devices with different dimensions, in order to discriminate between the noise coming from the spacers and that coming from the channel.

• Investigation of back bias impact on DC and noise measurements.

Indeed, the buried oxide interface has a better quality than the top gate one, and the quantum dot, if formed at the interface between BOX and Si body, should be less susceptible to the interface traps. 
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  selected and tested both at 𝑇 = 300 𝐾 and 𝑇 = 10 𝐾. Both flicker and random telegraph noise are present in the devices. The 1/𝑓 noise was shown to be caused by carrier number and mobility fluctuations. Finally, the same Lambertbased model developed for the static variability is applied to noise curves, and its validity is proven at both temperatures. TCAD modeling plays a fundamental role in the semiconductor industry, facilitating transistors mass production by providing support both in the device design and in the experiments interpretation. Quantum computing, in order to evolve from a basic research field to an industrial technology, must rely on an equivalent background
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  provides less than 10% of error with 𝑢 varying between -15 and + 15 as shown in Fig.2.2.3. The error on the charge density is lower, since eq.(2.2.11) must be calculated for all the Fermi level values across the channel, i.e. it is function of the channel cross-section position. The charge 𝑄 𝑖𝑛𝑣 (𝑥, 𝑦)

  (2.3.1).(b) is sketched the structure that we simulated, whose dimensions are reported in Table(2.3.1). They are inspired by the LETI qubit technology[START_REF] Maurand | A CMOS silicon spin qubit[END_REF].
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  (2.3.2) are reported the carrier density distributions across the channel as function of temperature, both in linear (Fig.(2.3.2).(a)) and logarithmic (Fig.(2.3.2).(b)) scale. The gate voltage is set to 𝑉 𝐺 = 2 𝑉, for which the channel is fully inverted, and the drain bias to 𝑉 𝐷 = 0 𝑉.
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 2 .3.4).(b) are plotted the different contributions to 𝐶 𝑔𝑐 (𝑉 𝐺 ) at 𝑇 = 300 𝐾, and they are schematized, for the sake of clarity, in Fig.(2.3.5). Here the spacer region comprehends both the 𝑆𝑖 3 𝑁 4 and the 𝑆𝑖𝑂 2 layers (see Fig.(2.3.1)). The finite value of the gate-to-channel capacitance at 𝑉 𝐺 = 0 is mainly caused by the high values of 𝐶 𝑆𝑝𝑎𝑐𝑒𝑟𝑠 and 𝐶 𝑆𝐷 (Fig.(2.3.3).(b))

  (2.3.4).(a) and

Fig.( 2

 2 Fig.(2.3.6)), as it will be discussed in the next section.

Figure 2 . 3 . 5 Fig.( 2

 2352 Figure 2.3.5 Schematic of a MOSFET source side with represented the different capacitances contributions

Figure 2 . 3 . 6

 236 Figure 2.3.6 Parasitic capacitances at different temperatures.

Figure 2 .

 2 Figure 2.3.7 Simulated 𝐼 𝐷 (𝑉 𝐺 ) with constant (a) and field-dependent mobility (b)

  smaller than 𝐿 𝐺 ≤ 100 𝑛𝑚 [65] [66] [67] [68]. In the case of LETI qubit devices, as it will be shown, the transport at low temperatures is quite different from that of commercial MOSFETs. In Fig.(2.3.8) are shown the 𝐼 𝐷 (𝑉 𝐺 ) characteristics from 𝑇 = 300 𝐾 down to 𝑇 = 20 𝐾, in linear regime. As it can be observed, the 𝐼 𝑂𝑁 increases lowering down the temperature, and a ZTC is present, as well as in the 𝐶 𝑔𝑐 (𝑉 𝐺 ).
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 239 Figure 2.3.9 Electrostatic potential for different channel lengths 𝐿 𝐺 at (a) 𝑇 = 300 𝐾 and (b) 𝑇 = 20 𝐾

  (2.3.12).(a) several 𝐼 𝐷 (𝑉 𝐷 ) characteristics at various temperatures are plotted.
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 2323 Figure 2.3.11 Simulated 𝐼 𝐷 (𝑉 𝐺 ) for different 𝐿 𝑆𝐷 at 𝑇 = 300 𝐾 and 𝑇 = 20 𝐾 (b)

  (2.4.1) is sketched an example of multi-gate device used in simulations. It consists of five gates placed in series (5G) and separated by 𝑆𝑖 3 𝑁 4 spacers, whose length is nominally equal
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 242 are shown both the carrier density (a) and the electrostatic potential (b) along the channel, in strong inversion and from 𝑇 = 300 𝐾 to 𝑇 = 0 𝐾. Despite the thick spacers, the channel, at high 𝑉 𝐺 , is completely inverted, no matter the operating temperature. For what concerns the carrier density across the channel, the considerations made in the previous paragraphs are still valid, since the cross section of the 5G device is identical to that of a standard FD-SOI.

Figure 2 . 4 . 1

 241 Figure 2.4.1 Example of five-gate MOS based qubit device structure used in simulations.

Figure 2 . 4 . 2

 242 Figure 2.4.2 Carrier density (a) and electrostatic potential (b) along the channel

  (3.2.1), where it was used to fit 𝑄 𝑖(𝑉 𝐺 ) (Fig.(3.2.1).(a),(b)) and 𝐶 𝑔𝑐 (𝑉 𝐺 ) (Fig.(3.2.1).(c)) curves of a large n-type FDSOI device (𝑊 = 20 𝜇𝑚, 𝐿 = 3 𝜇𝑚, 𝑡 𝑜𝑥 = 6 𝑛𝑚, 𝑡 𝑆𝑖 = 9.8 𝑛𝑚, 𝑡 𝐵𝑂𝑋 = 145 𝑛𝑚) from 𝑇 = 300 𝐾 down to 𝑇 = 4.2 𝐾. Concerning the inversion charge, it increases exponentially below threshold voltage, and its slope is steeper at cryogenic temperatures (Fig.(3.2.1).(b)), whereas above threshold is almost independent on 𝑇, and it increases linearly with 𝑉 𝐺 , according to 𝑄 𝑖𝑛𝑣 ≈ 𝐶 𝑜𝑥 (𝑉 𝐺 -𝑉 𝑡ℎ ) [56]. The 𝐶 𝑔𝑐 slope in weak and moderate inversion becomes steeper as the temperature is lowered down. Furthermore, it is worth noticing that the ideality factor 𝑛 explodes at deep cryogenic temperatures (Fig.(3.2.1).(d)). Since 𝑛 = (𝐶 𝑜𝑥 + 𝐶 𝑏 + 𝐶 𝑖𝑡 )/𝐶 𝑜𝑥 , where 𝐶 𝑖𝑡 = 𝑞. 𝑁 𝑖𝑡 is the interface trap capacitance, in order to justify a value as high as 𝑛 = 25 at 𝑇 = 4.2 𝐾, 𝑁 𝑖𝑡 ≈ 9.10 13 𝑐𝑚 -2 , that is close to the number of atomic sites in

Figure 3 . 2 . 1

 321 Figure 3.2.1 Experimental (red straight line) and modeled (blue dotted line) inversion charge 𝑄 𝑖 (𝑉 𝐺 ) in linear (a) and logarithmic (b) scale for various temperatures 𝑇(𝐾) = 300, 200, 100, 50, 4.2. Experimental (red straight line) and modeled (blue dotted line) 𝐶 𝑔𝑐 (𝑉 𝐺 ) (c). 𝑉 𝑡ℎ and 𝑛 as function of temperature (d).

  Fig.(3.2.2) come from the characterization of the same device as the one described before.

Figure 3 .

 3 Figure 3.2.2 (a) Experimental (red straight line) and modeled (blue dotted line) drain current 𝐼 𝐷 (𝑉 𝐺 ) in linear and logarithmic scale for various temperatures 𝑇(𝐾) = 300, 200, 100, 50, 4.2. (b) Experimental (red straight line) and modeled (blue dotted line) 𝑔 𝑚 (𝑉 𝐺 )

  𝐴 2𝐷 = 𝑔.𝑚 𝑑 * 𝜋ℏ is the 2D density of states, 𝑔 is the sub-band degeneracy factor, 𝑚 𝑑 * is the DOS electron mass and ℏ is the reduced Planck constant. By solving the gate charge conservation equation (eq.(3.2.1)), it is possible to obtain the surface potential 𝜓 𝑆 (𝑉 𝐺 , 𝑉 𝐷 , 𝑉 𝑏 , 𝑇) for given front and back biases and temperature. From 𝜓 𝑆 , one can calculate the Fermi level (in eV) as (Appendix A): 𝐸 𝐹 (𝑉 𝐺 , 𝑉 𝑏 , 𝑇) = 𝑞. (𝜓 𝑆 (𝑉 𝐺 , 𝑉 𝑏 , 𝑇) -𝑉 0 ) (3.3.3) where 𝑉 0 is a reference potential depending on the channel doping level. 𝑉 0 = 𝐸 𝑔 /2 for undoped film, 𝐸 𝑔 being the silicon gap. Once the Fermi level is known, one can find the inversion charge density using eq.(3.3.2). In Fig.(3.3.1).(a) is reported the surface potential 𝜓 𝑠 calculated by solving eq.(3.2.1). It increases linearly with 𝑉 𝐺 , no matter

Figure 3 . 3 . 1

 331 Figure 3.3.1 Surface potential 𝜓 𝑆 (a) and inversion charge 𝑄 𝑖𝑛𝑣 (b) versus 𝑉 𝐺 for different temperatures.

  3.7), 𝜆. (𝐶 𝑏 + 𝐶 𝑜𝑥 ) + 𝐶 𝑞 . ln(1 + 𝑒 𝜆 ) = 0 (3.3.8) Once the value of the constant 𝜆 is known by numerical resolution of eq.(3.3.8), it is easy to calculate 𝑉 𝐺,𝑍𝑇𝐶 using eq.(3.3.7). In Fig.(3.3.2) are shown Fermi-Dirac function 𝑓(𝐸 𝐹 , 𝑇) and gate-to-channel capacitance 𝐶 𝑔𝑐 (𝑉 𝐺 , 𝑇) versus 𝑉 𝐺 curves calculated using eqs.(3.3.2)-(3.3.5). As can be seen, both 𝐶 𝑔𝑐 and 𝑓(𝐸 𝐹 , 𝑇) cross at the same 𝑉 𝐺 value for different temperatures, validating the above analysis and providing an insight on the origin of the ZTC point in the 𝐶 𝑔𝑐 characteristics. Indeed, it clearly appears that the ZTC point corresponds to a constant sub-band occupation probability 𝑓(𝐸 𝐹 , 𝑇). Solving eq.(3.3.8), it is possible to find this critical value for the occupation probability, which is here 𝑓(𝜆. 𝑘 𝐵 𝑇, 𝑇) = 0.101. Finally, it is worth to point out that the reason why no ZTC point is observed in the 𝑄 𝑖𝑛𝑣 curves lies in the temperature linear factor in the inversion charge (see eq.(3.3.2)), which is removed by taking its derivative with respect to 𝐸 𝐹 .

Figure 3 .

 3 Figure 3.3.2 (a) Modeled gate to channel capacitance and (b) Fermi-Dirac function from 𝑇 = 300 𝐾 to 𝑇 = 20 𝐾. In this example: 𝑡 𝑆𝑖 = 7 𝑛𝑚, 𝑡 𝑜𝑥 = 3.2 𝑛𝑚 , 𝑡 𝐵𝑂𝑋 = 25 𝑛𝑚 and 𝑉 𝑓𝑏 =

.

  Reducing the gate oxide thickness, the 1/𝑇 trend drifts away, due to Coulomb scattering[START_REF] Shin | In depth characterization of electron transport in 14nm FD-SOI CMOS devices[END_REF].
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 333 Figure 3.3.3 . 𝜇 0 , 𝛥𝐹, 𝐼 𝐷 (𝑉 𝐺 ) for long (a)-(d)-(g), short (b)-(e)-(h) and short and thin gate oxide (c)-(f)-(i) devices. In this example: 𝑡 𝑆𝑖 = 7 𝑛𝑚 , 𝑡 𝑜𝑥 = 3.2 𝑛𝑚, 𝑡 𝐵𝑂𝑋 = 25 𝑛𝑚, 𝜇 300 = 1000 𝑐𝑚 2 𝑉.𝑠 , 𝑊 = 1 𝜇𝑚, 𝐿 = 1𝜇𝑚.

  Fig.(3.3.3).(a),(d), eq. (3.3.12) seems to be verified until the mobility follows the ideal long channel behaviour, i.e. 𝜇 0 ~1/𝑇. In order to investigate better which conditions eq. (3.3.12) is satisfied for, eq. (3.3.9) is simplified to
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 334 Figure 3.3.4 𝛥𝐹 and 𝐼 𝐷 (𝑉 𝐺 ) for 𝑛 = 1 (a)-(e), 𝑛 = 0.9 (b)-(f), 𝑛 = 1.1 (c)-(g) and 𝑛 = 2 (d)-(h). In this example: 𝑡 𝑆𝑖 = 7 𝑛𝑚, 𝑡 𝑜𝑥 = 3.2 𝑛𝑚, 𝑡 𝐵𝑂𝑋 = 25 𝑛𝑚, 𝜇 300 = 1000 𝑐𝑚 2 𝑉.𝑠 , 𝑊 =

Figure 3 .

 3 Figure 3.3.5 . 𝐼 𝐷 (𝑉 𝐺 ) (a) and 𝑔 𝑚 (𝑉 𝐺 ) (b) characteristics from 𝑇 = 300 𝐾 to 𝑇 = 50 𝐾.

  (3.3.1). Once calculated the surface potential 𝜓 𝑆 and the Fermi level 𝐸 𝐹 with eq.(3.2.1) and eq.(3.3.3), respectively, it is possible to obtain the gate-to-channel capacitance as 𝐶 𝑔𝑐 (𝑉 𝐺 ) = 𝑑𝑄 𝑖𝑛𝑣 𝑑𝑉 𝐺 . In Fig.(3.3.6) are reported the fits of experimental 𝑄 𝑖𝑛𝑣 and 𝐶 𝑔𝑐 both neglecting (Fig.(3.3.6).(a),(b)) and including (Fig.(3.3.6).(c),(d)) band tails. The experimental data are the same shown in Fig.(3.2.1) for a large and long FD-SOI device. It is worth to underline that the fit relies on two parameters, in case band tails are taken into account: flat band voltage 𝑉 𝑓𝑏 (Fig.(3.3.7).(a)) and critical temperature 𝑇 𝑆 . In the present case, 𝑇 𝑆 = 50 𝐾, meaning that the tails extension is Δ𝐸 ≈ 4 𝑚𝑒𝑉. This value is consistent with 28 nm FD-SOI technology [64] [95]. In case band tails are not

Figure 3 .

 3 Figure 3.3.6 Experimental (red straight line) and modeled (blue dotted line) inversion charge 𝑄 𝑖 (𝑉 𝐺 ) without (a) and with (c) band tails for various temperatures 𝑇(𝐾) = 300, 200, 100, 50, 4.2. Experimental (red straight line) and modeled (blue dotted line) 𝐶 𝑔𝑐 (𝑉 𝐺 ) without (b) and with band tails (d).

Figure 3 .

 3 Figure 3.3.7 (a) Values of flat-band voltage with and without band tails. (b) Experimental (red straight line) and fit (blue dotted line) of 𝐶 𝑔𝑐 curves without band tails for various temperatures 𝑇(𝐾) = 50, 20𝐾, 4.2. Interface traps values used: 𝑁 𝑖𝑡 (50 𝐾) = 2.10 12 , 𝑁 𝑖𝑡 (20 𝐾) = 4.10 12 , 𝑁 𝑖𝑡 (4.2 𝐾) = 1.10 13

Fig.( 3

 3 Fig.(3.4.1). The non-intentionally doped silicon film thickness is 𝑡 𝑆𝑖 = 17.9 𝑛𝑚, defining the NW height, and covered by a 6 𝑛𝑚 thick 𝑆𝑖𝑂 2 oxide and by a 5 𝑛𝑚 𝑇𝑖𝑁 metal gate (Fig.(3.4.1).(a)). 𝑆𝑖 3 𝑁 4 spacers, whose length is nominally equal to the gate one, i.e. 𝐿 𝐺 = 50 𝑛𝑚, separate the gates. The top channel width is 𝑊 𝐺 = 75 𝑛𝑚. The devices have been tested from room temperature down to 𝑇 = 10 𝐾. Static measurements of the drain current both in linear (|𝑉 𝐷𝑆 | = 50 𝑚𝑉) and saturation (|𝑉 𝐷𝑆 | = 0.5 𝑉) regime were performed sweeping the voltage on one gate (active gate), while keeping the other gates (external gates) at a fixed potential, namely 𝑉 𝐺,𝑒𝑥𝑡 = -2𝑉. In such a way, the current was controlled by the active gate. In the case of the single gate device shown in Fig.(3.4.1).(b), it was characterized as a classical transistor, using the same 𝑉 𝐷𝑆 values. Experimental results In Fig.(3.4.2).(a) are reported the drain current characteristics 𝐼 𝐷 (𝑉 𝐺 ) of the 3G device from 𝑇 = 300 𝐾 to 𝑇 = 10 𝐾, in linear regime.

Figure 3 . 4 . 1

 341 Figure 3.4.1 Cross section (a) and top view of 1G11 (b), 2G11 (c) and 3G11 (d) devices.

  3.1), we used 1D DOS considering several sub-bands contribution (Fig.(3.4.4).(a)):

Figure 3 . 4 . 2 .

 342 Figure 3.4.2 . 𝐼 𝐷 (𝑉 𝐺 ) (a) and 𝑔 𝑚 (𝑉 𝐺 ) in linear regime from 𝑇 = 300 𝐾 to 𝑇 = 10 𝐾.

Figure 3 . 4 . 3 .

 343 Figure 3.4.3 . 𝑔(𝑉 𝐺 ) in linear (a) and saturation (b) regime from 𝑇 = 300 𝐾 to 𝑇 = 10 𝐾.

Fig.( 3

 3 Fig.(3.4.5), modeled 𝐶 𝑔𝑐 (𝑉 𝐺 ) at both room and cryogenic temperature are plotted. As for the inversion charge, the oscillations that are evident at 𝑇 = 50 𝐾, are completely smoothed out at 𝑇 = 300 𝐾. These results are in agreement both with Poisson-

Figure 3 .

 3 Figure 3.4.4 . (a) DOS profile used in the model. Inversion charge as function of Fermi level (b) and gate voltage (c) both at 𝑇 =

Figure 3 .

 3 Figure 3.4.5 Modeled 𝐶 𝑔𝑐 (𝑉 𝐺 ) curves at 𝑇 = 300 𝐾 and 𝑇 = 50 𝐾

Figure 3 ..

 3 Figure 3.4.6 Modeled 𝐼 𝐷 (𝑉 𝐺 ) (a) and 𝑔 𝑚 (𝑉 𝐺 ) (b) in linear regime. (Model parameters: 𝐶 𝑜𝑥 = 1.18 𝜇𝐹/𝑐𝑚 2 , 𝐶 𝐵𝑜𝑥 = 0.078 𝜇𝐹/𝑐𝑚 2 , 𝑉 0 = 0.54 𝑉, 𝐶 𝑆𝑖 = 0.7 𝜇𝐹/𝑐𝑚 2 , 𝐶 𝑏 = 0.07 𝜇𝐹/𝑐𝑚 2 )

Figure 3 .

 3 Figure 3.4.8 Modeled 𝐼 𝐷 (𝑉 𝐺 ) and 𝑔 𝑚 (𝑉 𝐺 ) at 𝑉 𝐷 = 50 𝑚𝑉 (a), (c) and at 𝑉 𝐷 = 0.2 𝑉 (b), (d)

Figure 3 .

 3 Figure 3.4.A (a) Electrostatic potential and (b) carrier densities in strong inversion at 𝑇 = 300 𝐾 and 𝑇 = 20 𝐾, for a given amount of interface charges.

Figure 3 . 4 .

 34 Figure 3.4.10 Experimental (a) and simulated (b) 𝐼 𝐷 (𝑉 𝐺 ) for various 𝑇 with a fixed amount of interface charges

[ 106 ]

 106 . To take into account the conduction paths randomization we model the inversion layer as a network of parallel transistors with different aspect ratios 𝐾 = 𝑊 𝐿 and threshold voltages 𝑉 𝑡ℎ . Series transistors do not participate to transport since series paths are extinguished by the most limiting resistance. An example of drain current in the case of three transistors network is plotted in Fig.(3.5.1): each transistor is activated

Figure 3 .

 3 Figure 3.5.1 𝐼 𝐷 (𝑉 𝐺 ) curves for 24 short channel (L = 28 nm) N-type MOSFETs at 4.2 K, at 𝑉 𝐷 = 50 𝑚𝑉 and 0.9 𝑉. Figure taken from [59]].

Figure 3 .

 3 Figure 3.5.2 𝐼 𝐷 (𝑉 𝐺 ) of a three transistors network. Here 𝐾 1 = 1, 𝐾 2 = 0.01, 𝐾 3 = 0.0005, 𝑉 𝑡ℎ1 = 0.5 𝑉, 𝑉 𝑡ℎ2 = 0.475 𝑉 and 𝑉 𝑡ℎ3 = 0.465 𝑉.

Figure 3

 3 Figure 3.5.3 (a). Impact of 𝑇 𝑆 in a network with few transistors (𝑁 𝑝 = 5). (b) Impact of transistors number at a fixed 𝑇 𝑆 .

  (3.5.4).(a), eq.(3.5.2) and eq.(3.5.3) are equivalent if 𝑁 𝑝 is large enough. Furthermore, also for the continuous case the critical temperature defines the subthreshold slope minimum value (Fig.(3.5.4).(b)).

  adjustable tail-width parameter, as shown after. An example of Gaussian potential simulated with FlexPDE is shown in Fig.(3.3.5). If we consider carriers in the inversion layer as classical particles, it is clear from Fig.(3.3.5) that they are excluded from those regions of space where 𝑉 > 𝐸, being 𝐸 the particle energy. On the other side, there are regions where carriers are allowed to propagate, if 𝑉 < 𝐸. Using a

Figure 3 .

 3 Figure 3.5.4 (a) Comparison between continuous and discrete case. (b) Continuous case 𝐼 𝐷 (𝑉 𝐺 ) for 𝑇 = 30, 50 𝐾.

[ 93 ] 2 , 2 . 2 ,

 93222 𝑁(𝐸) = 𝑁 0 . 𝑝(𝐸) = ∫ 𝑁 0 𝑃(𝑉)where 𝑒𝑟𝑓𝑐 is the complementary error function, 𝑁 0 = 𝐴 2𝐷 = 𝑔.𝑚 𝑑 * 𝜋ℏ is the 2D density of states and 𝑝(𝐸) is the fraction of allowed space. In[START_REF] Zallen | Percolation on a Continuum and the Localization-Delocalization Transition in Amorphous Semiconductors[END_REF] was demonstrated that, for a Gaussian potential, delocalized states occur for 𝑝(𝐸) > 1 whereas isolated allowed regions are found for 𝑝(𝐸) < 1 The percolation threshold, i.e. the energy that corresponds to 𝑝(𝐸 𝐶 ) = 1 in this approach, is found at 𝐸 𝐶 = 0[START_REF] Arnold | Disorder-induced carrier localization in silicon surface inversion layers[END_REF]. In Fig.(3.5.6).(a) is plotted 𝑝 ( 𝐸 √2.𝜎). Below 𝐸 = 0, states are localized and transport is thermally activated. Indeed, for 𝑇 → 0, the conductivity drops to zero. Above 𝐸 = 0, conductive paths are formed and the transport is predominantly free-carrier-like[START_REF] Arnold | Disorder-induced carrier localization in silicon surface inversion layers[END_REF] [94][106]. It is worth to point out that the density of states derived directly from the potential distribution (eq.(3.5.6)) is equivalent to the analytical expression introduced previously (eq.(3.3.19)), as can be observed in Fig.(3.5.6).(b).

Figure 3 .

 3 Figure 3.5.5 Example of Gaussian 2D potential simulated with FlexPDE

Figure 3 .

 3 Figure 3.5.6 (a) Fraction of allowed space 𝑝(𝐸), reproducing model in [42]. (b) Comparison between ea.(3.3.19) and eq.(3.5.6).

Figure 3 .

 3 Figure 3.5.7 Simulated 2D current in the Gaussian potential plotted in Fig.3.5.5

  In Fig.(3.5.8) is plotted an example of 𝐼 𝐷,𝑑𝑖𝑠 (𝑉 𝐺 ) obtained using eqs.(3.5.7)-(3.5.11), with 𝑁 𝑝 = 10. The current shows oscillations with negative slope, as observed in experimental data.

Figure 3 .

 3 Figure 3.5.8 Percolation in 1D system.

  (4.2.1). It is a CPX Lake Shore cryoprober, with a temperature control from 𝑇 = 300 𝐾 to 𝑇 = 4.2 𝐾. The sample is placed in a chamber (Fig.4.2.2) that is put under vacuum (𝑝 𝐶ℎ𝑎𝑚𝑏𝑒𝑟 ≅ 1.3.10 -4 𝑚𝑏𝑎𝑟). The cryostat is equipped with six probe arms, which allow contacting the devices under test with six individuals DC or RF probes.

Figure 4 . 2 . 1

 421 Figure 4.2.1 Photographs of the experimental setup

Figure 4 . 2 . 2

 422 Figure 4.2.2 Inner chamber of the cryostation.

  37]. The gate length and width are, respectively, 𝐿 𝐺 = 3 𝜇𝑚 and 𝑊 𝐺 = 20 𝜇𝑚. It is worth pointing out that the device is composed of two fins placed in parallel, each of which has a width of 𝑊 𝐺,𝑓𝑖𝑛 = 10 𝜇𝑚. Since the total conductance of two identical parallel transistors is twice the single conductance, and the measured capacitance corresponds to the total device capacitance, in the following we assume to have a single device with a total width of 𝑊 𝐺 = 20 𝜇𝑚. The unintentionally doped silicon body thickness is 𝑡 𝑆𝑖 = 9.8 𝑛𝑚, whereas the gate oxide consists of 6 𝑛𝑚 of 𝑆𝑖𝑂 2 . Finally, the BOX is made of 145 𝑛𝑚 of 𝑆𝑖𝑂 2 . 4.3.1 Split C-V Methodology Capacitance characteristics permit the extraction of several intrinsic channel properties, such as the inversion charge 𝑄 𝑖𝑛𝑣 , flat band voltage 𝑉 𝑓𝑏 and gate oxide capacitance 𝐶 𝑜𝑥 . Moreover, exploiting together capacitance and current curves, it is possible to also extract the effective mobility as function of 𝑄 𝑖𝑛𝑣 . One of the most popular techniques to measure the gate-to-channel capacitance 𝐶 𝑔𝑐 (𝑉 𝐺 ) is the so-called "Split C-V method" [111]. In Fig.(4.3.1) is shown the schematic of the experimental set-up [73].

Figure 4 . 3 . 1

 431 Figure 4.3.1 Set-up configuration for split C-V technique. Taken from[START_REF] Petta | Coherent Manipulation of Coupled Electron Spins in Semiconductor Quantum Dots[END_REF] 

  (4.3.2). The 𝐴𝐶 signal oscillator level was set at Δ𝑉 𝐺 = 5 𝑚𝑉, except at 𝑇 = 300 𝐾, where it was set at Δ𝑉 𝐺 = 40 𝑚𝑉. The time-dependent signal is superimposed to a specific bias point, and the LCR-meter measures the charge variation with respect the potential variation around this point. Since at deep cryogenic temperatures the transition from weak to strong inversion is really steep (see Fig.(4.3.

  (4.3.3).(a)), it is possible to calculate the channel inversion charge 𝑄 𝑖𝑛𝑣 (𝑉 𝐺 ) as [111] [112]: 𝑄 𝑖𝑛𝑣 (𝑉 𝐺 ) = ∫ 𝐶 𝑔𝑐 (𝑉) 𝑊 𝐺 . 𝐿 𝐺 𝑑𝑉 𝑉 𝐺 𝑉 𝑎𝑐𝑐 (4.3.1)

Figure 4 . 3 . 2

 432 Figure 4.3.2 𝐶 𝑔𝑐 (𝑉 𝐺 ) curves at 𝑇 = 4.2 𝐾 taken at different frequencies.

  (4.3.3).(b).

  03 𝑉 at 𝑇 = 300 𝐾, is a linear function of 𝑄 𝑖𝑛𝑣 , as shown in Fig.(4.3.3).(c), and from its slope one can extract 𝐶 𝑜𝑥 . In this case, we obtained 𝐶 𝑜𝑥 = 0.59 𝜇𝐹/𝑐𝑚
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 433 Figure 4.3.3 Experimental 𝐶 𝑔𝑐 (𝑉 𝐺 ) (a) and extracted 𝑄 𝑖𝑛𝑣 (𝑉 𝐺 ) (b). (c) 𝑄 𝑖𝑛𝑣 /𝐶 𝑔𝑐 (𝑄 𝑖𝑛𝑣 )

  𝑉 𝐺 ) + 𝐼 𝑆 (𝑉 𝐺 ) 2. 𝑄 𝑖𝑛𝑣 (𝑉 𝐺 ). 𝑉 𝐷 (4.3.6) Both drain current characteristics and associated mobility curves from 𝑇 = 300 𝐾 down to 𝑇 = 4.2 𝐾 are plotted in Fig.(4.3.4). No clear ZTC point is present in 𝐼 𝐷 (𝑉 𝐺 ) curves, contrary to what one can observe in 𝐶 𝑔𝑐 (𝑉 𝐺 ) (Fig.(4.3.

Figure 4 . 3 . 4

 434 Figure 4.3.4 𝐼 𝐷 (𝑉 𝐺 ) from 𝑇 = 300 𝐾 down to 𝑇 = 4.2 𝐾 (a). Associated mobility curves (b).

  (4.3.5), it is easy to deduce the low field mobility 𝜇 0 , whereas from its intercept with the x-axis, one can extract the threshold voltage 𝑉 𝑡ℎ . 𝑌(𝑉 𝐺 ) reported in Fig.(4.3.5) was calculated from the 𝐼 𝐷 (𝑉 𝐺 ) characteristics at room temperature shown in Fig.(4.3.4).

  Fig.(3.4.4).(b),(c)). Anyway, in such case, it is still possible to consider an "average" 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛, and extracting average intrinsic parameters, neglecting the oscillations and the features linked to quantum confinement.

Figure 4 .

 4 Figure 4.3.5 𝑌(𝑉 𝐺 ) obtained at 𝑇 = 300 𝐾.

Fig.( 4

 4 Fig.(4.3.6).(c), is shown 𝜇 𝑒𝑓𝑓 extracted with the C-V split method and the one obtained using eq.(3.2.7). The two methodologies are in good agreement in strong inversion, whereas around and below threshold they strongly differ. This can be explained by the finite value of 𝜇 𝑒𝑓𝑓 reached below threshold according to eq.(3.2.7), that is 𝜇 𝑒𝑓𝑓 = 𝜇 0 , and by the erroneous value of 𝜇 𝑒𝑓𝑓 estimated by the C-V method at low inversion carrier densities. In Fig.(4.3.7) are plotted the 𝑌(𝑉 𝐺 ) at several temperatures. 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 was used to extract mobility and threshold voltage. It is worth noticing that, especially at 𝑇 ≤ 100 𝐾, it is arduous to locate the linear region of 𝑌(𝑉 𝐺 ) to extrapolate the threshold

Figure 4 .

 4 Figure 4.3.6 Experimental (red straight lines) and Lambert modeled (dashed blue lines) 𝐼 𝐷 (𝑉 𝐺 ) (a), 𝑔 𝑚 (𝑉 𝐺 ) (b) and 𝜇 𝑒𝑓𝑓 (𝑉 𝐺 ) (c) at various temperature.

Figure 4 .

 4 Figure 4.3.7 𝑌(𝑉 𝐺 ) at various 𝑇.

  voltage and the mobility. This is the main reason why, at deep cryogenic temperatures, LW function provides an easier parameters extraction. A comparison between the intrinsic parameters extracted using LW function and 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 is shown in Fig.(4.3.8).(a),(b). There is good agreement between the two methods: 𝑉 𝑡ℎ increases quasi-linearly with temperature whereas 𝜇 0 does not show a clear trend. Indeed, it slightly augments from 𝑇 = 300𝐾 to 𝑇 = 50 𝐾, and then it increases of almost 50% at 𝑇 = 4.2 𝐾. Using the Mathiessen equation (eq.(2.3.2)) to fit the experimental data extracted with 𝑌(𝑉 𝐺 ), it was possible to derive the values of the mobility scattering parameters (Fig.(4.3.9).(a)). The main contributions come from neutral defects and phonons. Coulomb scattering does not really play a role, and this can be easily seen by looking at the mobility temperature trend. Indeed, below 50 𝐾, 𝜇 0 rapidly increases, whereas Coulomb scattering, if present, should reduce the mobility at these temperatures (see Fig.(3.3.3)). The fact that neutral defects scattering is so relevant in this device explains why no ZTC point is observed neither in 𝐼 𝐷 (𝑉 𝐺 ) nor in 𝑔 𝑚 (𝑉 𝐺 ) (Fig.(4.3.6).(a),(b)), whereas it is clearly visible in 𝐶 𝑔𝑐 (𝑉 𝐺 ) (Fig.(4.3.3).(a)). In Fig.(4.3.8).(c) are plotted the first and second order mobility

Figure 4 . 3 . 8

 438 Figure 4.3.8 𝑉 𝑡ℎ (a) and 𝜇 0 (b) values extracted with 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 (red symbols) and LW function (blue symbols). (c) 𝜃 1 and 𝜃 2 obtained with LW function. (d) comparison between ideality factors extracted with different methods.

Figure 4 .

 4 Figure 4.3.9 (a) Experimental (symbols) and simulated (dashed line) low field mobility as function of temperature. (b) Subthreshold slope as function of drain current for different temperatures.

  (4.4.1).

Figure 4 . 3 .

 43 Figure 4.3.10 Experimental (symbols) and modeled (dashed line) 𝑆𝑆.
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 441 Figure 4.4.1 5G device schematic top view (a) and AA cross section (b).

Figure 4 . 4 . 2

 442 Figure 4.4.2 𝐼 𝐷 (𝑉 𝐺 ) (a) and 𝑌(𝑉 𝐺 ) (b) for every gate at 𝑇 = 300 𝐾
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 443 Figure 4.4.3 Experimental (straight lines) and fitted (dashed lines) 𝐼 𝐷 (𝑉 𝐺 ) (a) and 𝑌(𝑉 𝐺 ) (b) curves at different temperatures.

Figure 4 .

 4 Figure 4.4.4 (a) 𝑆𝑆(𝐼 𝐷 ) for different temperatures extracted at a fixed current value (dashed line). Below 𝑇 = 100 𝐾 it starts to saturate. (b) 𝑆𝑆(𝑇) for all the five gates.

Figure 4 .

 4 Figure 4.4.5 (a) Experimental (symbols) and fitted (dot-dashed line) subthreshold swing as function of temperature. (b) Critical temperatures as function of different gates. (c) Comparison of the interface trap density extracted with different methods.

  from 𝑇 = 300 𝐾 to 𝑇 = 20 𝐾 are shown in Fig.(4.4.3). The model successfully fits the drain current from subthreshold to strong inversion regime, allowing the extraction of the main device parameters (Fig.(4.4.6).(a)-(d)),

  .4.2). The threshold voltage decreases quasi linearly with temperature (Fig.(4.4.6).(a),(e)), independently on the gate, whereas the ideality factor 𝑛 varies nearly as 1/𝑇 below 𝑇 = 70 -80 𝐾 since 𝑆𝑆 is plateauing (Fig.(4.4.6).(d),(h)). The low field mobility (Fig.(4.4.6).(b),(f)), instead, shows different trends for different gates, revealing that the central device (gate 3) has a better mobility at low temperature. Exploiting the Mathiessen rule (eq.(2.3.2)) it is possible to have a the quantitative analysis of mobility behaviour (Fig.(4.4.7).(a)). It is clear from Fig.(4.4.7).(b) that,

Figure 4 .

 4 Figure 4.4.6 Parameters extracted for the every gate from room 𝑇 down to 𝑇 = 20 𝐾 using eq.(4.4.2) (a)-(d) and classical extraction methods (e)-(h).

Figure 4 .

 4 Figure 4.4.7 (a) Experimental (symbols) and simulated (dashed line) low field mobility as function of temperature. (b) Contribution of different scattering mechanisms to the total mobility.

Figure 4 . 4 . 8

 448 Figure 4.4.8 Series resistance 𝑅 𝑆𝑒𝑟𝑖𝑒𝑠 (a) and 𝑅 𝛽 (b) down to 𝑇 = 20 𝐾.

Figure 4 .

 4 Figure 4.4.9 (a) Mobility profile used in the simulations shown in Fig. 11. 𝐼 𝐷 (𝑉 𝐺 ) (b) and 𝑌(𝑉 𝐺 ) (c) simulated at 𝑇 = 20 𝐾 with the parabolic mobility profile.

  of a p-type single gate device (see section 3.4), from 𝑇 = 300 𝐾 to 𝑇 = 10 𝐾 (Fig.4.5.1). The channel length is 𝐿 𝐺 = 50 𝑛𝑚, and the channel width is 𝑊 𝐺 = 75 𝑛𝑚. At 𝑉 𝑆𝐷 = 50 𝑚𝑉, the current clearly decreases at low temperatures, as well as the mobility (Fig.(4.5.2).(a)). In saturation regime, on the other hand, the current shows an opposite behavior, since 𝐼 𝐷 (𝑉 𝐺 ) curves tend to join at high voltages. By extracting 𝜇 0 with the 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 and using the Mathiessen rule (eq.(2.3.2)), it is easy to prove that this behaviour is due to Coulomb scattering (Fig.(4.5.2).(a)). Indeed, as already mentioned in section 3.3.2, Coulomb scattering reduces the low field mobility at cryogenic temperature. 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 was also used to extract the mobility in saturation regime 𝜇 0𝑠𝑎𝑡 = 𝜇 0 1+ 𝜇 0 .𝑉 𝐷 𝑣 𝑠𝑎𝑡 .𝐿 , where 𝑣 𝑠𝑎𝑡 is the saturation velocity [120] (Fig.(4.5.2).(b)). From 𝜇 0𝑠𝑎𝑡 , it is possible to calculate the saturation velocity as

Figure 4 .

 4 Figure 4.5.1 𝐼 𝐷 (𝑉 𝐺 ) from 𝑇 = 300 𝐾 to 𝑇 = 10 𝐾 in linear (a) and saturation (b) regime.

  (4.5.2), it is clear that 𝜇 0,𝑠𝑎𝑡 > 𝜇 0 at cryogenic temperatures and, therefore, eq.(4.5.1) is not valid anymore (𝑣 𝑠𝑎𝑡 turned out to be negative, and this is physically meaningless).The reason of this inconsistency is likely due to the unexpected low values of the mobility at cryogenic temperature. Indeed, to detriment 𝜇 0 and, in turn, the current, contributes not only the Coulomb scattering, but also the nonohmic behavior at low biases showed in Chapter 3 (Fig.(3.4.9)-(3.4.11)). Increasing the longitudinal electric field, i.e. 𝑉 𝐷 , carriers have more energy to overcome the potential barrier underneath the spacers, and the mobility increases accordingly.

  characterized from 𝑇 = 300 𝐾 down to 𝑇 = 10 𝐾. Exploiting capacitance curves, the main physical quantities were extracted, such as inversion charge and gate oxide capacitance. With the inclusion of drain current characteristics, it was possible to plot mobility curves as function of inversion charge density, for different temperatures. The experimental curves have been finally modeled with the Lambert -W function, that allowed to extract the main devices parameters. Low field mobility and threshold voltage values such extracted were compared to those obtained through the 𝑌 -

Figure 4 .

 4 Figure 4.5.2 Experimental (symbols) and simulated (dashed line) low field mobility as function of temperature in linear (a) and saturation (b) regime.

  fact, characterization and modelling of MOS devices at deep cryogenic temperatures are mostly performed on mature technologies [52] [80] [123] [124]. 5.2.1 Theoretical Background Drain current local variability is one of the critical problems in nanoscale devices. Local variability analysis, or matching analysis, consists in comparing the current of two nominally identical devices. The main variability sources for FD -SOI devices were identified in threshold voltage 𝑉 𝑡ℎ , current gain factor 𝛽 = 𝑊 𝐺 𝐿 𝐺

  Fig.(5.2.3).(a). It is worth noting that all curves show similar behaviours, whatever the

Figure 5 . 2 . 2

 522 Figure 5.2.2 𝐼 𝐷 (𝑉 𝐺 ) characteristics of 48 dies (green) and mean values (black), both for 𝑉 𝐺 ,𝑒𝑥𝑡 = 1 𝑉 (a) and 𝑉 𝐺 ,𝑒𝑥𝑡 = 2 𝑉 (b).

Figure 5

 5 Figure 5.2.3 (a) Comparison among mean 𝐼 𝐷 (𝑉 𝐺 ) characteristics computed over 48 curves collected by sweeping different gates. (b) Corresponding mean 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑠 from different active gates

Figure 5 . 2 . 4

 524 Figure 5.2.4 Simulated 𝐼 𝐷 (𝑉 𝐺 ) in linear and log scale (a) and 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 (b) as a function of 𝑉 𝐺 for different active gates and different 𝑉 𝐺 ,𝑒𝑥𝑡 values.
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 52 Figure 5.2.5 Mean values of the parameters extracted through 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 method for different gate lengths and different 𝑉 𝐺 ,𝑒𝑥𝑡 .

Figure

  Figure 5.2.6 (a) Δ𝐼 𝐷 𝐼 𝐷 and (b) Δ𝑌 𝑌 for 48 devices. Experimental (symbols)

Figure 5

 5 Figure 5.2.7 Matching parameters obtained using eqs.(5.2.3)-(5.2.4).

Figure 5 . 2 . 8

 528 Figure 5.2.8 Percentage contribution of the main variability sources to current mismatch for 𝑉 𝐺 ,𝑒𝑥𝑡 = 1 𝑉(a) and 𝑉 𝐺 ,𝑒𝑥𝑡 = 2 𝑉 (b).
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 529 Figure 5.2.9 Input referred normalized matching parameter between all the gates of a 4G device and for different external voltages.

Figure 5

 5 Figure 5.2.10 (a)-(c) Experimental (straight black line) and fitted (dashed red line) 𝐼 𝐷 (𝑉 𝐺 ). (b)-(d) Experimental (straight black line) and fitted (dashed red line) 𝑌(𝑉 𝐺 ).

  Figure 5.2.11 Comparison between parameters extracted through 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 and Lambert methods.

Figure 5 . 2 .

 52 Figure 5.2.12 (a) Comparison between 𝑅 𝐴𝑐𝑐 values extracted through 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 and Lambert model at 𝑉 𝐺 ,𝑒𝑥𝑡 = 2 𝑉. (b) Channel length variation from nominal value at 𝑉 𝐺 ,𝑒𝑥𝑡 = 2 𝑉 for different gates and dimensions.

This

  Lambert function based matching model has been used to fit the 4G device drain current mismatch data as illustrated in Fig.(5.2.13). Note that a good agreement with global matching model of eq.(5.2.7) and experiment can be achieved. At 𝑉 𝐺,𝑒𝑥𝑡 = 1 𝑉 (Fig.(5.2.13).(a)), 𝑅 𝑆𝑒𝑟𝑖𝑒𝑠 ≈ 0, meaning that only 3 matching parameters are needed, i.e. 𝜎(Δ𝑉 𝑡ℎ ), 𝜎 ( Δ𝛽 𝛽

Figure)

  Figure 5.2.13 ( Δ𝐼 𝐷 𝐼 𝐷 ) variation with gate voltage. Comparison between global matching model of eq.(5.2.7) and Lambert-based matching model of eq.(5.2.18) at (a) 𝑉 𝐺 ,𝑒𝑥𝑡 = 1 𝑉 and (b) 𝑉 𝐺 ,𝑒𝑥𝑡 = 2 𝑉.

Figure 5 . 2 .

 52 Figure 5.2.15 Comparison between 𝜎(Δ𝑅 𝐴𝑐𝑐 ) and 𝐴 Δβ extracted using eq.(5.2.3) and eq.(5.2.12)

[ 135 ]

 135 [136] [START_REF] Hooge | 1/f noise[END_REF].
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 531 Figure 5.3.1 𝐼 𝐷 (𝑡) of p-type 4G device at 𝑇 = 300 𝐾.

  consists of individual carrier trapping at the 𝑆𝑖 -𝑆𝑖𝑂 2 interface. RTS noise can be observed directly in the time domain signal (Fig.(5.3.2).(a)). Since only few traps are involved in the process, the current can switch between two or more states due to the random trappingdetrapping of carriers. The PSD is described by a Lorenzian spectrum (Fig.(5.3.2).(

Figure 5

 5 Figure 5.3.2 (a) 𝐼 𝐷 (𝑡) with RTS example and (b) associated PSD

  Fig.(5.2.1)) at both 𝑇 = 300 𝐾 and 𝑇 = 10 𝐾, for different gate voltages. At room temperature, 𝑆 𝐼𝑑 ~1/𝑓, whereas at cryogenic temperature there are some Lorenzianlike spectra. In order to verify their origin, we plotted in Fig.(5.3.5) 𝐼 𝐷 (𝑡), that clearly shows the presence or RTS even at 𝑇 = 10 𝐾.
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 534 Figure 5.3.4 𝐼 𝐷 (𝑉 𝐺 ) and 𝑆 𝐼𝑑 at 𝑇 = 300 𝐾 (a)-(c) and 𝑇 = 10 𝐾 (b)-(d).

Figure 5

 5 Figure 5.3.5 𝐼 𝐷 (𝑡) of gate 2 shown in Fig.(5.3.4). (d) at 𝑇 = 300 𝐾.

  curves. It is important to point out that eq.(5.3.21) relies on three fitting parameters, i.e. 𝑆 𝑉𝑓𝑏 , Ω and 𝑆 𝑅𝐴𝑐𝑐 .CNF model fits quite well the curves both at 𝑇 = 300 𝐾 and 𝑇 = 10 𝐾, even if in strong inversion and at room temperature, eq.(5.3.15) appreciably differs from the experimental behaviour. Indeed, exploiting eq.(5.3.21), it turns out that mobility fluctuations impact the noise at high gate voltages (Ω = 2 𝑉 -1 ). Moreover, the slight increase of the current spectral density in strong inversion is due to the influence of the access resistance, and the associated spectral density is 𝑆 𝑅𝐴𝑐𝑐 = 0.3. Ω 2 . 𝐻𝑧 -1 .

Figure 5. 3 .

 3 Figure 5.3.6 Experimental (symbols) and modeled (dashed lines) 𝑆 𝐼𝑑 /𝐼 𝐷 2 at 𝑇 = 300 𝐾 (a),(c) and at 𝑇 = 10 𝐾 (b),(d).

  Fig.(5.3.7) are compared the averaged normalized current spectral densities at room and low temperature. 𝑆 𝐼𝑑 /𝐼 𝐷 2 slightly decreases lowering down 𝑇. This is likely due to the slight decrease of the ratio 𝑔 𝑚 /𝐼 𝐷 at cryogenic temperatures, already observed in DC measurements (see Chapter 4). The parameters extracted from eq.(5.3.21) are reported in

  Fig.(5.3.9)). Finally, the trap density 𝑁 𝑡 was computed using eq.(5.3.18). The value at

Figure 5 . 3

 53 Figure 5.3.8 √ 𝑆 𝑉𝑔 at 𝑇 = 300 𝐾 (a) and 𝑇 = 10 𝐾 (b).

Figure 5

 5 Figure 5.3.9 Modeled (blue line) and experimental (red line) 𝐼 𝐷 (𝑉 𝐺 ) and 𝑔 𝑚 (𝑉 𝐺 ) at 𝑇 = 300 𝐾 (a),(c) and at 𝑇 = 10 𝐾 (b),(d).

  Compact modeling chapter went through two kinds of approaches. The first one relied on the Maxwell -Boltzmann statistics and it was based on the Lambert -W function, and it turned out to be an important tool for experimental fitting and device parameter extraction. The second one considered the inversion layer as a 2D system and exploited Fermi -Dirac statistics for the calculation of the carrier density. It enabled the modeling and a deeper understanding of some cryogenic device behaviours and features, such as the origin of the zero temperature coefficient, the impact of the band tail on capacitance and the cause of oscillations in the transconductance. Finally, a model based on the percolation transport theory was proposed to explain the subthreshold current oscillation often observed in small area MOSFETs.

L

  figures de mérite DC du transistor peuvent difficilement être appliquées au régime de points quantiques, puisque le transport des porteurs est complètement différent : des paramètres tels que la mobilité à faible champ pourraient fournir des informations utiles sur la défectuosité du canal, mais il n'y a pas de contrepartie quantique claire qui pourrait permettre une comparaison quantitative entre les deux régimes. Le bruit à basse fréquence, quant à lui, se concentre sur l'étude des fluctuations de courant, sans impliquer aucune description microscopique du transport. Dans le chapitre 5, une expression de la densité spectrale de potentiel de surface a été dérivée à partir de l'équation de conservation de charge de grille, donc une description électrostatique pure du dispositif, et de l'expression qui relie la tension de bande plate et les fluctuations de charges d'oxyde. Il est évident que la densité spectrale de potentiel de surface obtenue peut être utilisée comme facteur de mérite à la fois pour le transistor et le comportement de type boîte quantique. De cette manière, un paramètre commun au régime classique et quantique est fourni.

  

  

  

  

  where Δ𝐸 is the local field variation, Δ𝑉 is the local potential change, Δ𝜌 is the local charge density difference for gate voltage varying from 𝑉 𝐺 to 𝑉 𝐺 + 𝑑𝑉 𝐺 . The first term in the integral in eq.(2.2.5) corresponds to the electric field energy, whereas the second term is the work done on the system by bringing charge from infinity. Furthermore,

		𝐷𝑒𝑣𝑖𝑐𝑒	2 + Δ𝜌Δ𝑉 2	𝑑𝑣	(2.2.5)
	eq.(2.2.5) allows computing the energy in every device region (see Fig. 2.3.1),
	permitting the calculation of the different contributions to the total capacitance.
	Concerning the drain current 𝐼 𝐷 , it is computed within the gradual channel
	approximation (GCA) as [56]			
	𝐼 𝐷 =	𝑊 𝐿	𝑉 𝐷 0 ∫ 𝜇 𝑒𝑓𝑓 𝑄 𝑖 𝑑𝑉 𝑛	(2.2.6)

where 𝑄 𝑖 = 𝑞 • 𝑛 is the inversion charge. Different effective mobility laws can be implemented, enabling the simulations of different transport phenomena, as shown in the next chapters.

  Eqs.(3.2.3) and (3.2.5) can be used to fit the experimental curves, from subthreshold

						𝜕𝜓 𝑆 𝜕𝑄 𝑖𝑛𝑣	=	1 𝛽.𝑄 𝑖𝑛𝑣	. Furthermore, defining the ideality
	factor 𝑛 = (1 +	𝐶 𝑏 𝐶 𝑜𝑥	), eq.(3.2.2) becomes [71]:
					𝐶 𝑔𝑐 (𝑉 𝐺 ) =	𝐶 𝑜𝑥 . 𝐶 𝑜𝑥 + 𝑞. 𝑄 𝑖𝑛𝑣 𝑛. 𝑘 𝐵 𝑇 𝑛. 𝑘 𝐵 𝑇 𝑞. 𝑄 𝑖𝑛𝑣	(3.2.3)
							𝑘 𝐵 𝑇 𝑞	. 𝐿𝑊 (𝑒 𝑞.	𝑉 𝐺 -𝑉 𝑡ℎ 𝑛.𝑘 𝐵 𝑇 )	(3.2.4)
	that can be well approximated with [73]	
	𝑄 𝑖𝑛𝑣 (𝑉 𝐺 ) = 𝐶 𝑜𝑥 𝑛.	𝑘 𝐵 𝑇 𝑞	ln (1 + 𝑒 𝑞.	𝑉 𝐺 -𝑉 𝑡ℎ 𝑛.𝑘 𝐵 𝑇 )	1 -	ln (1 + 𝑙𝑛 (1 + 𝑒 𝑞. 2 + ln (1 + 𝑒 𝑞. 𝑛.𝑘 𝐵 𝑇 ) 𝑉 𝐺 -𝑉 𝑡ℎ 𝑛.𝑘 𝐵 𝑇 )) 𝑉 𝐺 -𝑉 𝑡ℎ	(3.2.5)
								(	)

Following

[START_REF] Akkez | New parameter extraction method based on split C-V measurements in FDSOI MOSFETs[END_REF] 

and

[START_REF] Tsormpatzoglou | Analytical modelling for the current-voltage characteristics of undoped or lightly-doped symmetric double-gate MOSFETs[END_REF]

, the inversion charge in eq.(3.2.3) can be expressed in terms of ideality factor 𝑛, threshold voltage 𝑉 𝑡ℎ and gate oxide capacitance per unit area 𝐶 𝑜𝑥 using the Lambert W function:

𝑄 𝑖𝑛𝑣 (𝑉 𝐺 ) = 𝐶 𝑜𝑥 . 𝑛.

  𝑉 𝐺,𝑍𝑇𝐶 (𝐶, 𝑇) = 𝑉 𝐹𝐵 + 𝜆. 𝑘 𝐵 𝑇 + 𝑉 0 + 𝑄 𝑖𝑛𝑣 (𝜆. 𝑘 𝐵 𝑇/𝑞, 𝑇) 𝐶 𝑜𝑥 + 𝐶 𝑏 . (𝜆. 𝑘 𝐵 𝑇/𝑞 + 𝑉 0 -𝑉 𝑏 ) 𝐶 𝑜𝑥 (3.3.7)

	𝐶 𝑔𝑐 (𝑉 𝐺 ) =	𝑑𝑄 𝑖𝑛𝑣 𝑑𝑉 𝐺	=	𝐶 𝑜𝑥 . 𝐶 𝑖𝑛𝑣 𝐶 𝑜𝑥 + 𝐶 𝑏 + 𝐶 𝑖𝑛𝑣	(3.3.4)
	𝐶 𝑖𝑛𝑣 =	𝑑𝑄 𝑖𝑛𝑣 𝑑𝜓 𝑆	=	𝑑𝑄 𝑖𝑛𝑣 𝑑𝐸 𝐹	= 𝐶

justified by transport considerations, but it should stem from the channel gate charge control. Indeed, from eq.(3.2.1): with 𝐶 𝑖𝑛𝑣 being the inversion capacitance deduced from eq.(3.3.2) as, 𝑞 . 𝑓(𝐸 𝐹 , 𝑇) (3.3.5) where 𝐶 𝑞 = 𝑞. 𝐴 2𝐷 is the quantum capacitance. Inspection of eq.(3.3.4) implies that a capacitance value constant in temperature requires 𝐶 𝑖𝑛𝑣 and, ultimately, 𝑓(𝐸 𝐹 , 𝑇) to be temperature independent. This is verified if 𝐸 𝐹 𝑘 𝐵 .𝑇 = 𝜆, where 𝜆 is a constant. Therefore, the existence of the ZTC point could be interpreted by the compensation between the Fermi level increase and the temperature decrease. In this case, eq.(3.3.3) reads 𝑞. 𝜓 𝑆 (𝑉 𝐺 , 𝑉 𝑏 , 𝑇) = 𝑞. 𝑉 0 + 𝜆. 𝑘 𝐵 𝑇 (3.3.6) Thus, one can express the gate voltage value at which the ZTC occurs using eq.(3.1.1) as:

  𝐷 = 30 𝑁 𝑝 + 1 . ∑(𝑉 𝐷 . 𝜇 0 . 𝑒𝑥𝑝(-30. 𝑅𝐸 𝑖 ). 𝑄 𝑖 (𝑉 𝐺 , 𝑉 𝑡ℎ0 -30. 𝑘 𝐵 𝑇 𝑆 . 𝑅𝐸 𝑖 ))

	𝑁 𝑝
	(3.5.2)
	𝑖=1

  By solving the gate charge conservation equation (eq.(3.2.1)), it is possible to calculate the surface potential 𝜓 𝑆 (𝑉 𝐺 , 𝑉 𝐷 , 𝑉 𝑏 , 𝑇) and the Fermi level 𝐸 𝐹 (𝑉 𝐺 , 𝑉 𝐷 , 𝑉 𝑏 , 𝑇).where 𝑊 𝑒𝑓𝑓 is the effective channel width. Eq.(3.5.2) can be rewritten as:𝐼 𝐷,𝑑𝑖𝑠 = 30 𝑁 𝑝 + 1. ∑(𝑒𝑥𝑝(-30. 𝑅𝐸 𝑖 ). 𝐼 𝐷 (𝑉 𝐺 + 30. 𝑘 𝐵 𝑇 𝑆 . 𝑅𝐸 𝑖 , 𝑉 𝐷 , 𝑉 𝑏 , 𝑇))

					The
	current for a single transistor is given by		
	𝐼 𝐷 =	𝑊 𝐿	𝜎(𝐸 𝐹 , 𝑇) 𝑊 𝑒𝑓𝑓	. 𝑉 𝐷	(3.5.10)

  The idea behind the 𝑌 -𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 is to provide a linear function of 𝑉 𝐺 that enables the extraction of the main device intrinsic parameters, i.e. 𝑉 𝑡ℎ and 𝜇 0 . In other words, it is necessary to get rid of the access resistances contribution to the drain current, through the first order attenuation factor i.e. 𝜃 1 = 𝜃 10 + 𝑅 𝑠𝑑 .

	𝐷 (𝑉 𝐺 ) =	𝑊 𝐺 𝐿 𝐺	𝐶 𝑜𝑥 .	𝜇 0 1 + 𝜃 1 . (𝑉 𝐺 -𝑉 𝑡ℎ )	. (𝑉 𝐺 -𝑉 𝑡ℎ ). 𝑉 𝐷	(4.3.7)
	The trans-conductance can be obtained by derivation of eq.(4.3.7) with respect to 𝑉 𝐺 :
	𝑔 𝑚 (𝑉 𝐺 ) =	𝑑𝐼 𝐷 𝑑𝑉 𝐺	=	𝑊 𝐺 𝐿 𝐺	. 𝐶 𝑜𝑥	𝜇 0 (1 + 𝜃 1 . (𝑉 𝐺 -𝑉 𝑡ℎ ))	2 . 𝑉 𝐷	(4.3.8)
									𝑊 𝐺 𝐿 𝐺	𝐶 𝑜𝑥 . 𝜇 0 . The 𝑌 -
	𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 is defined as:							
	𝑌(𝑉 𝐺 ) =		𝐼 𝐷 (𝑉 𝐺 ) √𝑔 𝑚 (𝑉 𝐺 )	= √ 𝑊 𝐺 𝐿 𝐺	𝐶 𝑜𝑥 . 𝜇 0 . 𝑉 𝐷 . (𝑉 𝐺 -𝑉 𝑡ℎ )	(4.3.9)

  parameters, i.e. 𝑉 𝑡ℎ , 𝑛 and 𝜇 0 . The active channel resistance, corresponding to gate i, is given by: 𝑅 𝑐ℎ,𝑖 (𝑉 𝐺 , 𝜇 0,𝑖 , 𝑉 𝑡ℎ,𝑖 ,𝑛 𝑖 ) = 𝐿 𝐺 𝑊 𝐺 . 𝑄 𝑖𝑛𝑣 . 𝜇 0 (4.4.1) where 𝑄 𝑖𝑛𝑣 = 𝑄 𝑖𝑛𝑣 (𝑉 𝐺 , 𝑉 𝑡ℎ,𝑖 , 𝑛 𝑖 ) is the channel inversion charge given by the LW function. The access resistance is computed as: 𝑅 𝐴𝑐𝑐 (𝑉 𝐺,𝑒𝑥𝑡 ) = 𝑅 𝑐ℎ,𝑗 (𝑉 𝐺 , 𝜇 0,𝑗 ,𝑉 𝑡ℎ,𝑗 , 𝑛 𝑗 ) + 𝑅 𝑐ℎ,𝑘 (𝑉 𝐺 , 𝜇 0,𝑘 , 𝑉 𝑡ℎ,𝑘 , 𝑛 𝑘 ) +𝑅 𝑐ℎ,𝑙 (𝑉 𝐺 , 𝜇 0,𝑙 , 𝑉 𝑡ℎ,𝑙 ,𝑛 𝑙 ) + 𝑅 𝑐ℎ,𝑚 (𝑉 𝐺 , 𝜇 0,𝑚 , 𝑉 𝑡ℎ,𝑚 , 𝑛 𝑚 ) + 𝑅 𝑆𝑒𝑟𝑖𝑒𝑠 (4.4.2) where 𝑅 𝑐ℎ,𝑗 , 𝑅 𝑐ℎ,𝑘 , 𝑅 𝑐ℎ,𝑙 , 𝑅 𝑐ℎ,𝑚 are the channel resistances of gates 𝑖, 𝑗, 𝑘 and 𝑙, and 𝑅 𝑆𝑒𝑟𝑖𝑒𝑠 is an additional fitting parameter to take into account the contribution of source and drain access. Since the number of fitting parameters is quite high, each gate has been considered individually, allowing the extraction of the intrinsic parameters from

𝑌(𝑉 𝐺 ) and the subthreshold current. After, the access resistance has been automatically computed according to eq.(4.4.2), using 𝑅 𝑆𝑒𝑟𝑖𝑒𝑠 as input parameter to fit 𝐼 𝐷 (𝑉 𝐺 ) in strong inversion. It is worth noticing that no degradation mobility laws as function of 𝑉 𝐺 have been introduced to account for current saturation at high voltages, actually dominated by access resistance effect. It is worth to notice that this model can be generalized to devices with any number of gates, even if it must be considered that, increasing the number of gates, the number of fitting parameters increases accordingly.

The fittings for both 𝐼 𝐷 (𝑉 𝐺 ) and 𝑌(𝑉 𝐺 ) characteristics and for temperature varying

  Eq.(5.2.3) is obtained assuming that the drain current is function of the gate overdrive voltage 𝑉 𝑂𝑉 = 𝑉 𝐺 -𝑉 𝑡ℎ and not of 𝑉 𝐺 and 𝑉 𝑡ℎ separately[START_REF] Croon | An easy-touse mismatch model for the MOS transistor[END_REF]. From eq.(5.2.1) and eqs.(5.2.3)-(5.2.5), it is possible to express the drain current variance as[START_REF]New methodology for drain current local variability characterization using Y function method[END_REF] 

														1 𝐼 𝐷	.	𝜕𝐼 𝐷 𝜕𝑉 𝑡ℎ	= -	𝑔 𝑚 𝐼 𝐷	(5.2.3)
													1 𝐼 𝐷	.	𝜕𝐼 𝐷 𝜕𝛽	=	1 (1 + 𝛽. 𝑄 𝑖𝑛𝑣 . 𝑅 𝐴𝑐𝑐 ). 𝛽	=	1 -𝐺 𝑑 . 𝑅 𝐴𝑐𝑐 𝛽	(5.2.4)
														1 𝐼 𝐷	.	𝜕𝐼 𝐷 𝜕𝑅 𝐴𝑐𝑐	=	𝛽. 𝑄 𝑖𝑛𝑣 (1 + 𝑅 𝐴𝑐𝑐 . 𝑄 𝑖𝑛𝑣 . 𝛽)	= 𝐺 𝑑	(5.2.5)
	𝜎 (	Δ𝐼 𝐷 𝐼 𝐷	)	2	= (	𝑔 𝑚 𝐼 𝐷	)	2	𝜎(Δ𝑉 𝑡ℎ ) 2 + (1 -𝐺 𝑑 . 𝑅 𝐴𝑐𝑐 ) 2 . 𝜎 (	Δ𝛽 𝛽	)	2	+ 𝐺 𝑑 . 𝜎(Δ𝑅 𝐴𝑐𝑐 ) 2 (5.2.6)
	where 𝜎 (	Δ𝐼 𝐷 𝐼 𝐷	), 𝜎(Δ𝑉 𝑡ℎ ), 𝜎 (
	𝜎 (	Δ𝐼 𝐷 𝐼 𝐷	)	2	= (	𝑔 𝑚 𝐼 𝐷	)	2	𝜎(Δ𝑉 𝑡ℎ ) 2 + (1 -𝐺 𝑑 . 𝑅 𝐴𝑐𝑐 ) 2 . 𝜎 (	Δ𝛽 𝛽	)	2	+ 𝐺 𝑑 . 𝜎(Δ𝑅 𝐴𝑐𝑐 ) 2
												+ [ln (	𝐼 𝐷 𝐼 𝐷𝑡ℎ	)]	2	. [exp (-	𝐼 𝐷𝑡ℎ 𝐼 𝐷	) -1]	2	.	𝜎(Δ𝑛) 2 𝑛 2	(5.2.7)

Δ𝛽

𝛽

) and 𝜎(Δ𝑅 𝐴𝑐𝑐 ) are the drain current, threshold voltage, current gain factor and access resistance standard deviations, respectively.

Eq.(5.2.6) does not include the subthreshold slope variability. It is possible to extend eq.(5.2.1) to include all the main sources of variability

[START_REF] Lavieville | Statistical characterization of drain current local and global variability in sub 15nm Si/SiGe Trigate pMOSFETs[END_REF]

:

  Based on the characterization results previously discussed, our modeling assumes that the 4G transistor can be modeled in linear operation with four identical and independent gate controlled resistances placed in series, whose values depend on 𝑉 𝐺 (active channel) and 𝑉 𝐺,𝑒𝑥𝑡 (series channels), as, 𝑅 𝐴𝑐𝑐 (𝑉 𝐺,𝑒𝑥𝑡 ) = 3. 𝑅 𝑐ℎ (𝑉 𝐺,𝑒𝑥𝑡 ) + 𝑅 𝑆𝑒𝑟𝑖𝑒𝑠 (5.2.12)𝑅 𝑡𝑜𝑡 (𝑉 𝐺 , 𝑉 𝐺,𝑒𝑥𝑡 ) = 𝑅 𝑐ℎ (𝑉 𝐺 ) + 3. 𝑅 𝑐ℎ (𝑉 𝐺,𝑒𝑥𝑡 ) + 𝑅 𝑆𝑒𝑟𝑖𝑒𝑠 (5.2.13)where 𝑅 𝑡𝑜𝑡 (𝑉 𝐺 , 𝑉 𝐺,𝑒𝑥𝑡 ) is the total 4G resistance. 𝑅 𝑆𝑒𝑟𝑖𝑒𝑠 is an additional fitting parameter that allows to consider external resistance contribution, i.e. a fixed contribution from source and drain access. As will be shown, this contribution becomes important at high 𝑉 𝐺,𝑒𝑥𝑡 . The single channel resistance 𝑅 𝑐ℎ is given by:

	5.2.5	Lambert Function -based modeling
		𝑅 𝑐ℎ (𝑉 𝐺 ) =	𝐿 𝐺 𝑊 𝐺 . 𝑄 𝑖𝑛𝑣 (𝑉 𝐺 ). 𝜇 0	=	𝑉 𝐷 . 𝐶 𝑜𝑥 𝛽. 𝑄 𝑖𝑛𝑣 (𝑉 𝐺 )	(5.2.14)

  3.6)𝜏 𝑐 and 𝜏 𝑒 being the capture and emission time of the trap. 𝐴 is the space mark ratio: where 𝑣 𝑡ℎ is the thermal velocity, 𝑛 𝑆 the surface carrier concentration and 𝑛 𝑙 the surface carrier concentration when the Fermi level equals the trap energy.

	Moreover for a tunnelling trapping process,			
	𝜎 = 𝜎 0 . 𝑒	-(	𝑥 𝑡 𝜆	)
		𝐴 =	𝜏 𝜏 𝑐 + 𝜏 𝑒	(5.3.7)
	𝜏 𝑐 and 𝜏 𝑒 are generally determined by Shockley -Read -Hall statistics [142]:
	𝜏 𝑐 =	1 𝜎. 𝑛 𝑆 . 𝑣 𝑡ℎ	(5.3.8)
	𝜏 𝑒 =	1 𝜎. 𝑛 𝑙 . 𝑣 𝑡ℎ	(5.3.9)

  𝐷 = -𝑔 𝑚 𝛿𝑉 𝑓𝑏 = 𝑔 𝑚 Figure 5.3.3 Flicker noise PSD spectrum.being 𝑆 𝑉𝑓𝑏 and 𝑆 𝑄 𝑜𝑥 the flat band spectral density and the oxide trapped charge spectral

	areal density, respectively.									
	A more detailed approach takes into account the fluctuations induced in the scattering
	rate, and thus in the mobility, by the variations of the oxide charge [146] (carrier
	number fluctuation with correlated mobility fluctuations (CNF/CMF)). Including
	mobility fluctuations, the drain current fluctuations can be expressed as:
	𝛿𝐼 𝐷 = -𝑔 𝑚 𝛿𝑉 𝑓𝑏 ∓ 𝛼𝐼 𝐷 𝜇 𝑒𝑓𝑓 𝛿𝑄 𝑜𝑥			(5.3.16)
	where 𝛼 is the Coulomb scattering coefficient. The sign of the mobility term is chosen
	either negative for "acceptor -like" traps or positive for "donor -like" traps. The
	associated spectral density is given by,					
	𝑆 𝐼𝑑 = (1 ± 𝛼𝜇 𝑒𝑓𝑓 𝐶 𝑜𝑥	𝐼 𝐷 𝑔 𝑚	)	2	𝑔 𝑚 2 𝑆 𝑉𝑓𝑏 = (1 + Ω.	𝐼 𝐷 𝑔 𝑚	)	2	𝑔 𝑚 2 𝑆 𝑉𝑓𝑏	(5.3.17)
										𝛿𝑄 𝑜𝑥 𝐶 𝑜𝑥	(5.3.14)
	and the associated drain current spectral density is		
					𝑆 𝐼𝑑 = 𝑔 𝑚 2 𝑆 𝑉𝑓𝑏 = 𝑔 𝑚 2	𝑆 𝑄 𝑜𝑥 𝑊 𝐺 𝐿 𝐺 𝐶 𝑜𝑥 2	(5.3.15)

  3.6) are reported the extracted normalized power spectral densities 𝑆 𝐼𝑑 /𝐼 𝐷 2 at room and cryogenic temperatures for one active gate of the 4G device at 𝑓 = 7.8 𝐻𝑧.The experimental data are fitted using both the CNF model expressed in eq.(5.3.15) (Fig.(5.3.6).(a),(b)) and the CNF/CMF model, where eq.(5.3.17) was corrected in order to include the impact of the access resistance noise[START_REF] Kammeugne | Thorough Investigation of Low Frequency Noise Mechanisms in AlGaN/GaN and Al 2 O 3 /GaN HEMTs[END_REF]: Indeed, in these devices, 𝑅 𝐴𝑐𝑐 was shown to have a big impact in current characteristics in strong inversion, and it is worth verifying if it has a similar influence also on noise

	𝑆 𝐼𝑑 𝐼 𝐷 2 = 𝑆 𝑉𝑓𝑏 .	𝑔 𝑚 2 𝐼 𝐷 2 (1 + Ω.	𝐼 𝐷 𝑔 𝑚	)	2	+ 𝑆 𝑅𝐴𝑐𝑐 (	𝐼 𝐷 𝑉 𝐷	)	2	(5.3.21)

  . The flat band voltage spectral density at 𝑇 = 10 𝐾 is a bit smaller than at 𝑇 = 300 𝐾. Both in bulk and FD -SOI MOSFETs it was shown to be more or less constant with temperature[START_REF] Paz | Performance and Low-Frequency Noise of 22-nm FDSOI Down to 4.2 K for Cryogenic Applications[END_REF] [START_REF] Hafez | Flicker noise in metal-oxidesemiconductor transistors from liquid helium to room temperature[END_REF]. Ω decreases as well, contrary to what found for 22nm FD -SOI technology[START_REF] Paz | Performance and Low-Frequency Noise of 22-nm FDSOI Down to 4.2 K for Cryogenic Applications[END_REF], suggesting that mobility fluctuations have a smaller impact on current noise at cryogenic temperatures.

	Extracted	T = 300 K	T = 10 K
	Parameters		
	𝑆 𝑉𝑓𝑏 [𝑉 2 /𝐻𝑧]	8.10 -10	2.10 -10
	Ω [V -1 ]		4	1
	𝑆 𝑅𝐴𝑐𝑐 [	 2 𝐻𝑧	]	30	5
	𝑁 𝑡 [𝑒𝑉 -1 . 𝑐𝑚 -3 ]	2.24 • 10 16	1.682 • 10 17

Table (5.3.1)

. With the exception of the volume trap density 𝑁 𝑡 , all the other parameters decrease at cryogenic Figure 5.3.7 Average 𝑆 𝐼𝑑 /𝐼 𝐷 2 for 𝑇 = 300 𝐾 (black) and 𝑇 = 10 𝐾 (blue).
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3.1 

  5.3.8) are reported √ 𝑆 𝑉𝑔 at room and cryogenic temperature, in order to investigate the impact of mobility fluctuations in strong inversion. Indeed, if CMF is the predominant noise source at high gate voltages, √ 𝑆 𝑉𝑔 should be a linear function of 𝑉 𝐺 , since 𝐼 𝐷 ≈ 𝐶 𝑜𝑥 (𝑉 𝐺 -𝑉 𝑡ℎ ) in eq.(5.3.19)[START_REF] Ghibaudo | Improved Analysis of Low Frequency Noise in Field-Effect MOS Transistors[END_REF]. At both 𝑇 = 300 𝐾 and 𝑇 = 10 𝐾, √ 𝑆 𝑉𝑔 shows a linear behaviour at high 𝑉 𝐺 , corroborating the analysis carried out previously. Moreover, CMF influences more the noise at room than at cryogenic temperature, as found in Table (5.3.1), since √ 𝑆 𝑉𝑔 is 4 times higher at 𝑇 = 300 𝐾. It is worth pointing out, finally, that, in weak inversion, √ 𝑆 𝑉𝑔 saturates to a value close to √ 𝑆 𝑉𝑓𝑏

  It will be shown that surface potential fluctuations arise from gate oxide charges fluctuations.

	𝑆 𝜓 𝑆 = 𝑆 𝑉𝑓𝑏 . (	𝐶 𝑜𝑥 𝐶 𝑜𝑥 + 𝐶 𝑖𝑡 + 𝐶 𝑑	)	2	=	𝑆 𝑄𝑠𝑠 𝑊𝐿. (𝐶 𝑜𝑥 + 𝐶 𝑖𝑡 + 𝐶 𝑑 )
	Surface potential fluctuations 𝛿𝜓 𝑆 can be expressed as
			𝛿𝜓 𝑆 =	𝑑𝜓 𝑆 𝑑𝑉 𝐺	. 𝛿𝑉 𝐺	(5.3.26)
	where 𝛿𝑉 𝐺 is the equivalent input gate voltage fluctuations. From eq.(3.2.1), in
	subthreshold regime:				
		𝑑𝜓 𝑆 𝑑𝑉 𝐺	=	𝐶 𝑜𝑥 𝐶 𝑜𝑥 + 𝐶 𝑖𝑡 + 𝐶 𝑑	(5.3.27)
	Moreover, CMF can be neglected in this case, and 𝛿𝑉 𝐺 ≈ 𝛿𝑉 𝑓𝑏 . Furthermore, by
	combining eq.(5.3.26)-eq.(5.3.27) and eq.(5.3.13):
	𝛿𝜓 𝑆 =	𝐶 𝑜𝑥 𝐶 𝑜𝑥 + 𝐶 𝑖𝑡 + 𝐶 𝑑	. 𝛿𝑉 𝐺 =	𝐶 𝑜𝑥 𝐶 𝑜𝑥 + 𝐶 𝑖𝑡 + 𝐶 𝑑	. 𝛿𝑉 𝑓𝑏	(5.3.28)
	Finally, the surface potential spectral density 𝑆 𝜓 𝑠 is
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Considering eq.(5.3.1), the power spectral density of a given signal coincides with the signal variance at a given frequency. This allows to re-write eq.(5.2.16) as 𝑆 𝑅𝐴𝑐𝑐 * = 3. 𝑆 𝑅𝑐ℎ (𝑉 𝐺 = 𝑉 𝐺,𝑒𝑥𝑡 )

(5. 3.22) where 𝑆 𝑅𝐴𝑐𝑐 *

is the access resistance contribution to current spectral density due to the access gates (𝑆 𝑅𝑐ℎ for 𝑉 𝐺,𝑒𝑥𝑡 ). Eq.(5. 3.22) expresses the access resistance spectral density in terms of noise contributions coming from each access gate. In such a way, the total spectral density can be written as: where 𝑅 𝑡𝑜𝑡 (𝑉 𝐺 , 𝑉 𝐺,𝑒𝑥𝑡 ) is given by eq.(5.2.13).
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