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 3), for different VB. Note that for VB=0 to 1 V Eq. ( 1) was used for all the devices while for VB > 1 V we use Eq. (3). Good agreement for long and short channel devices was obtained. For large VB, (LMET=10 μm) a comparison between Eq. (1) (red dashed line) and the experimental data (scatters) shows a clear underestimation of the NINV which is not the case with the model from Eq. 

Experience in superior education

After my PhD graduation I have been facing greater challenges (Appendix A). I was living in Ecuador (Latin America) where electronics was at the stage of passive black-box-like-system. The active electronic components (e.g. transistor) was not part of the teaching program and most of the course of the electronic degree was about control. Indeed, Ecuadorian industry, mainly petroleum industry 1 , was demanding under-graduated students and engineer profiles with technical skills in control and not really in electronics. In 2009, I was hired as teacher in the engineer electronic (EE) department of the Universidad San Francisco de Quito (USFQ). By the end of my first academic semester (December 2009) I was decided to introduce microelectronic courses and related research activities at the USFQ. In parallel, I visited among the biggest Ecuadorian universities during invited talks, participating to national and international conferences on Nanotechnology (2010), selling by the way the importance of the micro and nanoelectronics in the modern technologies. This raised interest of few professors, and to the Ecuadorian IEEE branch, which at that time did not include neither a CASS nor EDS professional chapter. In 2010, I established a strategy and shared my thoughts with the director of the EE department. I proposed him first to acquire at least a microelectronic lab2 and on second to modify the EE teaching program; I motivated few colleagues to join these actions.

After many meetings and discussions, we got the approval of the dean and then, the rector; the rector wrote himself in an email to the financial department: "this lab is of the utmost importance" 

Organization of this manuscript

In this manuscript, I decided to gather my main works around 4 axes. The first chapter is indeed an extension of my research works after my PhD study. In this part we focused on the HfO2 based dielectric MOSFET with sub-1nm EOT and the effect on the transport like saturation velocity on planar MOSFET and on the mobility of FDSOI-UTBB MOSFET. It is worth to remind that in the latter we deemed the back-biased effect. Finally, we investigated the short channel mobility for the FDSOI-UTBB MOSFET's, developing an inversion charge model for different front and back biases.

The next chapter is related to the work from my first PhD program as co-director. In this program the PhD student (Luis-Miguel Procel) was in cooperation with Prof. Felice Crupi from the UNICAL and the supervision was shared at 25/75% with my lab. This work was related to the application of the statistical Defect-Centric model to assess the effect of the Channel Hot Carrier on the reliability of low dimension MOSFET's. This works was possible thanks to the use of wafers and the kind participation of Ben Kaczer and Jacopo Franco from Imec.

The third chapter is already focusing on a different topic. Indeed, we study the reliability of GaN-on-Si wafer devices for power electronic applications. The particularity of these devices is that we integrated MOS-like structure into III-V material-based devices. More specifically, we were working with MOS-HEMT and GET-SBD. This work was a PhD program in cooperation with the UNICAL under the same framework than in the previous PhD program. The PhD student (Eliana Acurio) was working with wafers from ST and Imec where she also spent few months over there. __________________________________________________________________________________

The last chapter was related to RERAM devices and was partly the results from research work in cooperation with the UNICAL and then from a PhD program in cooperation with Aix-Marseille University (AMU) under the shared direction between Laurent Raymond from the IM2NP and myself from IMNE-USFQ. Again, we were working with devices which are not anymore traditional MOSFET but are embedded into CMOS technology.

To conclude this manuscript, we give a sum up of all the results and highlight my ongoing works in research and superior education. Finally, we will also give the targeted research objectives for the next years.

Scientific Publications

All [6] to increase the capacitance and therefore the inversion charge density in the channel. This led to redefine the high- dielectric thickness as an Equivalent Oxide Thickness (EOT) of the conventional SiO2 dielectric material so-called 𝐸𝑂𝑇 = 𝑡 . Unfortunately, these high- materials introduce additional Remote phonon scatterings (RPS) [7] and remote Coulombic scatterings (RCS) [8], degrading further the charge carrier mobility, important to assess the ON-state current improvement with EOT scaling. This mobility degradation was mainly assessed for long channel MOSFET (down to 1µm) and working in Triode regime i.e.: low drain-to-source (VDS) voltage [9]. Note that or short channel devices an even lower mobility was found [10] [11]. This additional mobility degradation was explained by scattering phenomena caused by the Halo/pocket ionized impurities, charged defects (Coulombic) [START_REF] Severi | A reliable metric for mobility extraction of short-channel MOSFETs[END_REF] [13], and neutral-defects (non-Coulombic) [11] depending on the gate processing. All of them are located at the channel and the source/drain extensions boundaries. Therefore, with the channel or metallurgical length (LMET) [START_REF] Severi | Accurate channel length extraction by split C-V measurements on short channel MOSFETs[END_REF] reduction these impurities and defects are large enough to prevail, at some extend, the total produced scatterings controlling the mobility.

Since most of the commercial and industrial applications uses ultra-scaled MOSFET's, specifically with short channel and low EOT. And these MOSFET's work in saturation regime, it is also important to study the charge carrier transport for such short MOSFET's under high VDS.

In this first chapter we study the charge-carrier transport for ultra-scaled planar MOSFET. Low-field mobility and above all saturation velocity (vSAT) is analyzed for sub-100nm channel MOSFET's. For the vSAT analysis, our study is extended to MOSFET's with 25-nm LMET and 8Å-EOT which is near-ultimate scaling limit in planar technology (28-nm node). This first study is concluded by proposing a new ION performance metric based on the vSAT. Then we discuss the EOT scaling physical limit and its impact on the ION performance. Afterward, in a second study, solutions to further improve the mobility performance through a novel MOSFET architecture as the Fully-Depleted Silicon-On-Insulator (FDSOI) MOSFET's with Ultra-Thin-Body and Buried Oxide (UTBB) studied. On the one hand, we will focus on the back-bias effect on the low-field mobility for long FDSOI-UTBB MOSFET's with 8Å-EOT. On the other hand, likewise study is carried out for short channel devices (down to 40nm-LMET) where an effective model for the charge carrier density is proposed.
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2.2 Saturation Velocity and ION Performance metric applied to planar MOSFET with High- dielectric

Preliminary study with HfSiON based dielectric devices

In saturation regime and after a critical electrical longitudinal field (ELC), the low-field or effective mobility becomes inversely proportional to the longitudinal field (EL), befalling very low values. On the contrary the charge carrier velocity increases up to a maximum and saturate to the so-called saturation velocity (vSAT). Therefore, we decided to substitute the effective mobility by the vSAT as a performance metric for the ION current. In a previous study we applied this metric to SiON and HfSiON based dielectric MOSFET's [1]. In this study we found similar vSAT for sub-100 metallurgical length (LMET) independently of the dielectric materials: SiON (1.5nm-EOT), 50%-Hf HfSiON (1.2nm-EOT) and 80%-Hf HfSiON (about 1nm-EOT). This was explained by, at least, two assumptions. First of all, the increase of scatterings caused by the aforementioned Coulombic [START_REF] Takagi | On the universality of inversion layer mobility in Si MOSFET's: Part I-Effects of substrate impurity concentration[END_REF] and non-Coulombic defects (Halo/pocket, defects etc.) [START_REF] Severi | A reliable metric for mobility extraction of short-channel MOSFETs[END_REF] [11] overlap the mitigated RCS and RPS scatterings from HfSiON (only 50-80% of Hf).

This assumption was evidenced through a short channel effective mobility analysis on p-MOS but not clearly on n-MOS [10] [16]. The second assumption is that the scattering phenomena in saturation regime (EL>ECL) are mostly related to inelastic optical phonon scatterings. These ones are more related to the channel/substrate material than to the dielectric material. This assumption was experimentally evidenced in [1] where the vSAT p-MOS was much lower with Si(100) substrate than in the case of Si [START_REF] Long | Quantum-size effects in hafnium-oxide resistive switching[END_REF], and this, whatever the dielectric (HfSiON or SiON). It is worth to mention that the same chemical oxide IL was deposited resulting of the same IL thickness or IOT [START_REF] Trojman | Mobility and Dielectric Quality of 1-nm EOT HfSiON on Si(110) and (100)[END_REF].Beside this important result, in [1] we defined a new ION metric where it appears that for a given vSAT, higher-capacitance devices (high-) have a significantly better performance.

Ultra-Thin EOT device and IL increase for short channel devices

This first study [1] raised mainly an important question: until which EOT scaling limit the MOSFET vSAT will be maintained? Sub-1nm EOT can be reached by, first increasing the -value of the dielectric material (e.g. by using pure-Hf (HfO2) instead of HfSiON material) and second by reducing the IL below 0.1 nanometer. For the latter case it was demonstrated such aggressive IL reduction by means of remote IL-scavenging method [START_REF] Ando | Understanding mobility mechanisms in extremely scaled HfO2 (EOT 0.42 nm) using remote interfacial layer scavenging technique and Vt-tuning dipoles with gate-first process[END_REF]; in some cases, zero-IL thickness is reached. This process technique along with a specific Si-cap has enabled MOSFET with EOT ≤ 5Å so-called UTEOT [18] [19]. Therefore, to answer the aforesaid question, we decided to study [2] pure HfO2-based dielectrics MOSFET's fabricated with the same process than in [START_REF] Ragnarsson | Ultra Low-EOT (5 Å) Gate-First and Gate-Last High Performance CMOS Achieved by Gate-Electrode Optimization[END_REF]. An ALD HfO2 of 1.8nm was deposited on top of a 0.8nm-thick chemical oxide [START_REF] Smedt | A detailed study on the growth of thin oxide layers on silicon using ozonated solutions[END_REF]. The gate electrode consists of 2 or 5 nm of PVD TiN with a 2-nm Si cap (in situ). The PVD TiN deposition has dramatically lower O-concentration compared to an ALD one. The Si cap is expected to block the TiN oxidation (i.e., from the top) while the oxygen from the IL is remotely scavenged by the metal during RTA, in order to scale down the IL close to zero-thickness (remote ILscavenging method). The choice of TiN as metal gate is to limit the mobility degradation [START_REF] Tsai | Comparison of sub 1 nm TiN/HfO2 with poly-Si/HfO2 gate stacks using scaled chemical oxide interface[END_REF]. The devices were finalized using standard CMOS processing up to the first metal level. The source/drain junction annealing temperature was 1035C.
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Parasitic capacitance and series resistance assessment

As already discussed [10], the parameter extraction for short channel devices is strongly depending on the parasitic (capacitive, resistive) components. According to the method used in [START_REF] Severi | Accurate channel length extraction by split C-V measurements on short channel MOSFETs[END_REF], the extraction of the parasitic component can be carried out on short channel devices only if they have stable and similar VFB and EOT. In this work, preliminary C-V characteristic were measured in high frequency up to 20MHz [START_REF] Sodini | Charge accumulation and mobility in thin dielectric MOS transistors[END_REF] on specific RF finger structures [START_REF] San Andrés | RF split capacitance voltage of short-channel and leaky MOSFET[END_REF] and the EOT was extracted in strong inversion charge regime using the CVC routine [START_REF] Hauser | Characterization of ultra-thin oxides using electrical C-V and I-V measurements[END_REF]. As shown in Fig. 2.1 the 2-nm-TiN gate electrode leads to a 6.5 Å-EOT MOSFET while the 5-nm TiN gate produces a MOSFET with an EOT of 8.5 Å. For devices with LMASK < 200nm, we observed an EOT increase of about 1.9-2.8 Å. This is due to bird's beak oxidation during the process and is specific to the used process. Based on Fig. 2.1, the method in [START_REF] Severi | Accurate channel length extraction by split C-V measurements on short channel MOSFETs[END_REF] can be applied for devices with LMASK < 100nm. For the velocity extraction we are interested only on the strong inversion charge capacitance which is influenced by the overlap or parasitic capacitance. Usually this parasitic capacitance is assessed using the Gate-to-Channel capacitance (CGC) [START_REF] Sodini | Charge accumulation and mobility in thin dielectric MOS transistors[END_REF] for VG = VFB similarly to [14] [10]. In this work we could only use the Gate-to-All (CGA) [START_REF] Sodini | Charge accumulation and mobility in thin dielectric MOS transistors[END_REF] capacitance measurements, therefore the parasitic capacitance was extracted by the cross-section of the CGA (VG=VTH+0.6V) and CGA(VG ≈ VGON) for different gate length devices as shown in Fig. 2.2. Note that VGON is the point at the intersection between the depletion and weak inversion regime. 

Maximum velocity and limitation imposed by the IL thickness

From Fig. 2.2, it results an overlap length of about LOV = 3.5nm used to extract the metallurgical length: 𝐿 = 𝐿 -2𝐿 as in [START_REF] Severi | Accurate channel length extraction by split C-V measurements on short channel MOSFETs[END_REF]. The series resistances are extracted by extrapolating to 𝐿 = 0 the plot 𝑅 (𝑉 = 𝑉 -1.4𝑉) 𝑣𝑠. 𝐿 (Appendix B) and we obtain then a 𝑅 ≈ 146Ω. 𝑐𝑚. Unlike in [1], we used a different physic definition of 𝑣 . Indeed, this time we apply the quasi-ballistic model [START_REF] Palestri | Understanding quasiballistic transport in nano-MOSFETs: Part I-Scattering in the channel and in the drain[END_REF] that consider 𝑣 instead of 𝑣 . This 𝑣 is associated to the source-end velocity that is expressed as follows: 𝑣 = 𝑣 . 𝜃. Note that 𝜃 is the ballistic efficiency [START_REF] Tsuchiya | A quantum-corrected Monte Carlo study on quasi-ballistic transport in nanoscale MOSFETs[END_REF] and the 𝑣 is the injection velocity [START_REF] Assad | On the performance limits for Si MOSFETs: A theoretical study[END_REF] from the source-end without backscattering phenomena.
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The extraction of 𝑣 is done using 𝑣 = 𝑔 /(𝑊. 𝐶 ). Based on the 𝑣 data we plotted it as a function of 𝐿 in Fig. 2.3. Note that in this figure the 𝑣 could fit with a power law: 𝑣 = 𝛼𝐿 , as consistent with [1]. From Fig. 2.3 we found that the 𝑣 for given 𝐿 is the same for SiON and high- based dielectric MOSFET (HfSiON and HfO2) as far as the EOT ≥ 1nm. For sub-1nm EOT with HfO2 we obtained a degradation of the 𝑣 by about 10-20% for 𝐿 = 25 -100𝑛𝑚. It is worth to remind that for 2-nm TiN MOSFET, the IL is the thinnest compared to the other devices thus this lowest 𝑣 must be linked to the IOT. As consistent with [START_REF] Ragnarsson | Ultra Low-EOT (5 Å) Gate-First and Gate-Last High Performance CMOS Achieved by Gate-Electrode Optimization[END_REF] the 2nm-TiN gate electrode device should have 1Å or zero IOT based on the -value of the HfO2 which is either 18 or 20. Because of the bird beak oxidation the short channel devices we are studying get an IOT ≈ 3-4 Å following the assumed HfO2 -value after processing. For a such thin IOT, it is reasonable to think that the HfO2 has a stronger impact on the atomic morphology of the channel, which in turn can affect the nature of the inelastic scattering phenomenon. Further, on the top side of the IL-"leftover", it was already demonstrated in [START_REF] Ando | Understanding mobility mechanisms in extremely scaled HfO2 (EOT 0.42 nm) using remote interfacial layer scavenging technique and Vt-tuning dipoles with gate-first process[END_REF] that remote Surface Roughness scatterings (r-SRS) are also responsible of important additional scatterings on the effective mobility and possibly larger backscattering hence the 𝑣 reduction observed in Fig. 2.3. This could be demonstrated by the lower ballistic index (𝜃) for the 2-nm TiN MOSFET; 𝜃 is defined by the quasi-ballistic model [START_REF] Palestri | Understanding quasiballistic transport in nano-MOSFETs: Part I-Scattering in the channel and in the drain[END_REF]. Note that for the shortest devices (𝐿 = 25𝑛𝑚) 𝜃 is larger than expected since the ballistic transport is 𝐿 -dependent (Fig. 2.4) producing less backscattering. This should explain the moderated 𝑣 degradation (≈ 10%) for the shortest 2nm-TiN MOSFET in Fig. 2.3. We can then conclude that from a thin enough IL (IOT = 3-4 Å) the 𝑣 and therefore 𝑣 begins to be significantly degraded.

ION-velocity performance metric for sub-1nm HfO2 based dielectric MOSFET

𝐼 -𝑣 metric performance defined in [1] is therefore completed with the data from Fig. 2.3. In Fig. 2.5 we deduced that devices with high- based dielectric have a larger 𝐼 for given 𝑣 and more specifically with lowest EOT or highest inversion charge capacitance. However, the sub-1nm EOT would have yielded larger 𝐼 (Fig. 2.5) than expected whether the velocity was not lower than expected in Fig. 2.3. Indeed, we learnt that at least a 0.5-nm IL is the minimum to expect the least effect of the HfO2 on the charge carrier transport. Further EOT reduction should be obtained by increasing the value of the dielectric. This can be reached either by using a specific process increasing the HfO2 value or using higher -value material. [START_REF] Jeong | On backscattering and mobility in nanoscale silicon MOSFETs[END_REF] [27] and ballistic efficiency or ballistic index () [START_REF] Assad | On the performance limits for Si MOSFETs: A theoretical study[END_REF] extracted for highly degenerated which corresponds to devices with high inversion charge capacitance and with highly doped channel.
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Fully-Depleted SOI with UTBB MOSFET and sub-1nm EOT

In the perspective to improve the charge carrier transport and therefore the ION performance for sub-1nm EOT with HfO2 dielectric we decided to study different architecture than conventional CMOS planar. Two main options are interesting, the FinFET [START_REF] Irisawa | Electron mobility and short channel device characteristics of SOI FinFETs with uniaxially strained (110) channel[END_REF] and the FDSOI [START_REF] Cristoloveanu | Silicon on insulator technologies and devices: From present to future[END_REF] architecture. FDSOI architectures is a smooth transition for modifying the fabrication process from the planar technology. It has further the advantage to offers reduced Short Channel Effects and parasitic components for a lower cost in the fabrication process than in the case of the FinFET.

Mobility extraction and back-bias effect

In addition to offer reduced SCE compared to conventional planar technology, FDSOI-UTBB devices enable a tuning of the threshold voltage and positive improvement of the low field mobility through the back-bias [START_REF] Balestra | Double-gate silicon-oninsulator transistor with volume inversion: A new device with greatly enhanced performance[END_REF] [START_REF] Ohata | Mobility enhancement by backgate biasing in ultrathin SOI MOSFETs with thin BOX[END_REF]. As a first step we decided to study the low field mobility for long FDSOI-UTBB HfO2 based dielectric MOSFET yielding a sub-1nm EOT [4] as consistent with our previous study [2]. The motivation was to understand the effect of HfO2 sub-1nm EOT dielectric on the mobility improvement, and until what extent the critical additional scattering phenomena from HfO2 material would affects this mobility improvement. To do so, we benchmarked the mobility improvement for the high- devices against a SiON based dielectric MOSFET.

For consistency, in the both cases we have same Si-body thickness (8nm) and SiO2 buried oxide (BOX) thickness (10nm). The gate dielectric is either 1.8-nm HfO2 or 2.5-nm SiON. The gate electrode consists of 5-nm TiN capped with Poly-Si cap. For the 2 devices we measured the front inversion charge capacitance and the mobility for several back-biases: VB = -5 to 7V. The back-inversion charge capacitance and mobility were also measured for several front-biases VG = -1 to 1V. in Fig. 2.6, we found that the front inversion charge capacitance measurements using the split-CV technique [START_REF] Sodini | Charge accumulation and mobility in thin dielectric MOS transistors[END_REF] for several VB is consistent with the UTBB-FDSOI MOSFET behavior already observed in [START_REF] Esseni | Low field electron mobility in ultra-thin SOI MOSFETs: Experimental characterization and theoretical investigation[END_REF] [START_REF] Ohata | Mobility comparison between front and back channels in ultrathin silicon-on-insulator metal-oxide-semiconductor field-effect transistors by the front-gate split capacitance-voltage method[END_REF]. An EOT of 8.3Å is extracted for the high- device with an 8-nm Si-Body thickness. In the case of the SiON we extracted a slightly thinner Si-Body thickness (≈7.5nm). Independently of the front gate dielectric, the back-inversion charge capacitance (Appendix B) reaches a maximum value of 0.35µF/cm2. This yields a SiO2 thickness of 10-11nm [4] for several VG = -1 to 1V and consistent with 10-nm BOX; we assume a SiO2 = 3.45x10 -13 F.cm.

The front channel (FC) effective mobility is extracted using the split-CV data (Fig. 2.6) and is given in Fig. 2.7. As expected, for VB = 0 the HfO2 dielectric MOSFET has a twice lower mobility than the SiON dielectric one. Also, positive back-bias (VB) greatly improved the mobility and both devices reache a maximum peak mobility independently of dielectric material with, however a lower maximum for the HfO2 device. The improvement in Fig. 2.7 is explained by the migration of the inversion charge centroid from the front to the back-interface with the back-channel activation for high enough VB and VG [START_REF] Cristoloveanu | Why the Universal Mobility Is Not[END_REF] [32] [START_REF] Xu | Impact of back biasing on carrier transport in ultra-thin-body and BOX (UTBB) Fully Depleted SOI MOSFETs[END_REF]. To gain insight the difference between the high- and SiON MOSFET's for several VB's, we plotted the mobility at low and high NS, and at the peak (Fig. 2.8). Interestingly the HfO2 device is improved by 130% from VB = 0 to 3V, while it is improved by only 67% for the SiON one. However, the maximum improvement of the mobility is 20% lower for the HfO2. This is also observed for different NS concentrations. Note that this difference is not anymore significant for high VB (7V). Finally, for the Scaling CMOS: effect on the mobility and saturation velocity performance 26 __________________________________________________________________________________ HfO2 based dielectric MOSFET the maximum mobility is mostly reached at higher VB and NS concentration compared to the SiON one. 

Origin of the lower maximum mobility for sub-1nm EOT FDSOI MOSFET

Two hypotheses may explain the lowest maximum mobility in Fig. 2.7 and Fig. 2.8 for the HfO2 based dielectric MOSFET. As a first hypothesis we can think that the effect of the additional scattering phenomena such as Remote Phonon Scatterings (RPS) may affect the mobility improvement. The Remote Coulomb Scatterings (RCS) are also assumed to be part of the mobility degradation for the two types of devices with larger scattering rate for the HfO2 device. To check the possible effect from the RPS we first measured the temperature dependency of the mobility (Appendix B) for high- and SiON based dielectric devices for different back biases. It was found that the mobility depends on the temperature following a power law, and the slope (VB = 0) is indeed 30% lower for HfO2 than for the SiON one, suggesting the effect of the RPS from the high- material [8]. But for VB > 0 there is no more difference suggesting that the RPS are likely not responsible for the maximum improvement difference between the HfO2 and SiON devices. Also, the mobility improvement is modulated by the inversion charge centroid position in the Si-body [START_REF] Hook | TCAD study of back-gate biasing in UTBB[END_REF] [START_REF] Rudenko | Special features of the back-gate effects in ultra-thin body SOI MOSFETs[END_REF]. As a second hypothesis we can assume that the centroid position triggering the maximum mobility for the high- and SiON devices occurs for different conditions of inversion charge concentration and VB and therefore centroid position. Then we decided as in [START_REF] Rudenko | Special features of the back-gate effects in ultra-thin body SOI MOSFETs[END_REF] to extract the front channel mobility as a function of the position in the Si-body for different inversion charge density (Fig. 2.9); note that the position is indirectly depending on the couple (VB, VG).

Fully-Depleted SOI with UTBB MOSFET and sub-1nm EOT 27 Fig. 2.9: FC mobility versus the relative position of the inversion charge centroid (t) extracted using (1) for various NS and for the HfO2 (a) and the SiON (b) dielectric device. t increases when VB is increased for fix NS and μFC is reduced when NS is increased using VB. Note that the maximum mobility occurs at different NS for the HfO2 device (4×10 12 cm -2 ) and for the SiON device (2×10 12 cm -2 ).

According to Fig. 2.9, the maximum mobility occurs when the inversion charge centroid is located close to the middle of the Si-body in each case. Thus, there is a specific position of the inversion charge centroid where remote scattering phenomena from the front and back dielectric/interface have the less impact on the mobility. It is therefore difficult to draw a conclusion on the effect of the high- dielectric on the inversion charge centroid position inside the Si-body. However, we can notice that the maximum mobility for the HfO2 dielectric FDSOI is obtained for larger VB and NS. More specifically, the maximum mobility is reached for NS = 2x10 12 cm -2 with VB = 2.5V for the SiON based dielectric FDSOI and 4x10 12 cm -2 with VB = 3V for the HfO2 dielectric one, respectively. So far, we did not consider the possible effect of the RCS from defects located and the IL and within the dielectric. It is obvious that in the case of the high- dielectric we must expect larger RCS [2]. This is consistent with higher NS for the maximum mobility suggesting larger screening effect to enable a good enough mobility. This suggests that in the case of this device higher transversal electric field is necessary to move the inversion charge centroid with high enough density in the region where RPS and RCS scattering affect the less the mobility. This is confirmed in Fig. 2.10 where the highest mobility is reached at high effective transversal electric field for the HfO2 based dielectric device. In the case of the 8Å-EOT FDSOI MOSFET, we associate the degradation of the mobility to higher transversal effective field as explained in [START_REF] Cristoloveanu | Why the Universal Mobility Is Not[END_REF]. Therefore, if the inversion charge centroid is far for the front and back interface, the mobility is dependent to the transversal electric field. This establishes a real limitation for sub-1nm EOT device where the transversal field is increased by RCS, different WF and thinner EOT. Note that the extraction of the Coupling Factor (CF) (inset Fig. 2.10) indicates lower coupling for HfO2 device than for SiON device suggesting that higher field from EOT reduction is lowering the FDSOI coupling effect [37] [39].

In this study we learnt that for UTBB-FDSOI MOSFET's, the mobility can be tuned with the right backbias, thought, the maximum mobility is depending on the transversal electric field intensity. In the case of HfO2 based dielectric, higher density of charged defects in the front dielectric and/or interface, low EOT and very likely higher WF leads to a higher field intensity which degrades the mid-deep Si-body mobility and lower the coupling factor.

To conclude the mobility difference between low-and high- dielectric MOSFET shows an only 20% reduction with the right back bias instead of 100% without back-bias. Therefore, we can think to Scaling CMOS: effect on the mobility and saturation velocity performance 28 __________________________________________________________________________________ importantly limit the mobility reduction while keeping scaling the EOT below 1nm (UTEOT) for next generation technology node MOSFET using FDSOI-UTBB architecture. Fig. 2.10: μFC versus FG effective field (Eeff ) from VB = 1.5 V. We chose the data where the mobility was maximized from Fig. 10, NS = 2×10 12 cm -2 for the SiON and NS = 4×10 12 cm -2 for the HfO2 device. The highest mobility occurs at a 50% larger field for the HfO2 device. Inset: CF is calculated using |dVTH/dVB|.

Mobility extraction for short channel UTBB-FDSOI MOSFET's under back bias using an accurate inversion charge density model

After exploring the long devices, we decided to study the short channel UTBB-FDSOI devices. As we already explained, the short channel devices get the mobility reduced by additional Coulombic scattering from the Halo/pocket, defects and non-Coulombic defects close to the Source/Drain extensions for planar MOSFET's. In the previous subsection it was found a significant increase of the mobility for long channel n-MOS UTBB-FDSOI with positive back bias, independently of the dielectric material. It is reasonable to wonder until what extend the decrease reported for short channel device can be limited by the mobility tuning through the back bias with FDSOI technology. In this part we extract the mobility for short channel device applying a method to carefully extract the parasitic components for each front and back bias. We also propose an effective model for an accurate assessment of the inversion charge density under large back biases (< 1V). Then we extract the mobility and discuss the short channel effect on the expected back bias mobility improvements.

Extraction of the parasitic capacitance for each front and back gate bias

To extract the mobility for ultra-short channel devices (below 50nm) using the split-CV [START_REF] Sodini | Charge accumulation and mobility in thin dielectric MOS transistors[END_REF] method it is necessary to use 2 different structures on the dye as we did in our previous work [START_REF] Trojman | Mobility and Dielectric Quality of 1-nm EOT HfSiON on Si(110) and (100)[END_REF] [10]. To get enough area for a measurable capacitance, multiple-finger structure NMOS (S/D tight together) are used for the split-CV measurements [START_REF] San Andrés | RF split capacitance voltage of short-channel and leaky MOSFET[END_REF] while single finger is used for the I-V ones. For this study, the split-CV is applied for UTBB-FDSOI devices with several gate length: Lgate = 1µm to 60nm. And for each Mobility extraction for short channel UTBB-FDSOI MOSFET's under back bias using an accurate inversion charge density model 29 device we apply a back bias from 1V to 5V. The extraction of inversion charge capacitance is possible once the parasitic capacitance is quantified. We remind that for the parasitic capacitance extraction it is necessary to know the Flat Band voltage (VFB) and the EOT [START_REF] Severi | A reliable metric for mobility extraction of short-channel MOSFETs[END_REF], and these ones must be constant for the range of considered short channel devices [2] as explained in the following. Indeed, the parasitic capacitance (CP) can be divided in three components: the overlap or direct (COV), the outer-fringe (COF) and inner-fringe (CIF). It was demonstrated that CIF = 0 in two conditions: in flat band regime (VG = VFB) and in strong inversion regime [START_REF] Severi | Accurate channel length extraction by split C-V measurements on short channel MOSFETs[END_REF]. Therefore, 𝐶 (𝑉 = 𝑉 ) = 𝐶 + 𝐶 and enables to extract the inversion charge capacitance as 𝐶 = 𝐶 -(𝐶 + 𝐶 ) (inset Fig, 2.11). The VFB was extracted using a specific method for FDSOI [START_REF] Mohamad | Determination of well flat band condition in thin film FDSOI transistors using C-V measurements for accurate parameter extraction[END_REF]. Using the exact CINV we could extract the overlap length LOV = 15nm and deduce the LMET for all the considered devices (Appendix B). Then we could extract the remaining VG-dependent parasitic component caused by the CIF in depletion and weak inversion regime (Fig. 2.11). Interestingly it was found that the CIF was also strongly dependent on the back-bias suggesting CIF effect not only from the front interface to the extension but also from the back interface to the extension as described in Fig. 2.12 and consistent with [START_REF] Ernst | A model of fringing fields in shortchannel planar and triple gate SOI MOSFETs[END_REF] [42].

Accurate model for the inversion charge density

Once extracted all the parasitic capacitances for each VG and VB biases, we could obtain the exact inversion charge capacitance for short channel FDSOI devices and for different front and back gate biases (Fig. 2.13). The integration of the CINV leads to the inversion charge density (NS or NINV) as shown in Fig. 2.14. Since the I-V and C-V characteristics are measured on different structures on the dye, we may expect significant VTH variations for short channel devices due to process variability [START_REF] Kaczer | Origins and Implications of Increased Channel Hot Carrier Variability in nFinFETs[END_REF]. This may affect the mobility extraction accuracy, above all close to the peak mobility. We decided then to develop a model to describe the inversion charge capacitance/density for various front and back gate biases which used the same electrical parameters (like VTH) than the IV characteristic. Indeed, a model for inversion charge density for FDSOI devices and based on the charge sheet concept was already Scaling CMOS: effect on the mobility and saturation velocity performance 30 __________________________________________________________________________________ developed in [START_REF] Tsormpatzoglou | Analytical modelling for the current-voltage characteristic for undopped or lightly-doped symmetric double-gate MOSFETs[END_REF]. This model is based on the simplified Lambert function [START_REF] Akkez | New parameter extraction method based on split C-V measurements in FDSOI MOSFETs[END_REF] [START_REF] Karatsori | Full gate voltage range Lambert-function based methodology for FDSOI MOSFET parameter extraction[END_REF] and provide the next expression (Eq.2.1):

𝑄 (𝑉 ) = 𝐶 . 𝜙 . ln(1 + 𝑒 ) . 1 - [ ( )] ( ) (Eq. 2.1)
where 𝐶 is the front oxide capacitance, 𝜙 = 𝑛𝑘𝑇/𝑞, with n the slope factor, and 𝑢 = . As a matter of fact, this model works fine for low back biases (VB < 1V), although it fails to describe the NINV for VB > 1V as shown in Fig. 1.15(a). Also, we decided to re-visit this model to extend it for back-bias larger than 1V.

For large VB, e.g. VB = 5V, it can be observed (Fig. 2.13) that the C-V characteristic shows a first plateau for VTH < VG < VGx where VGx is the gate voltage enabling the front channel activation when the back channel is formed. This first plateau reaches a value of 𝐶 ∥ = 𝐶 𝐶 /(𝐶 + 𝐶 ). For VG larger than VGx the capacitance reaches the value of COX (front oxide). This suggests that for VG < VGx the inversion charge mainly flows toward the back interface forming the capacitance of 𝐶 ∥ . While for larger VG, the inversion charge flows also under the front interface and reaches larger density than the inversion charge located under the back interface. This results in a capacitance of about COX (Fig. 2.13). Using the model defined in [START_REF] Karatsori | Full gate voltage range Lambert-function based methodology for FDSOI MOSFET parameter extraction[END_REF] the inversion charge density in this regime (VG < VGx) is given by (2):

𝑄 ∥ (𝑉 ) = 𝐶 ∥ . 𝜙 . ln(1 + 𝑒 ) . 1 - [ ( )] ( ) (Eq. 2.2)
where 𝑢 = ( ) with VTH(VB) the threshold voltage varying with VB, 𝜙 = 𝑛 𝑘𝑇/𝑞 (𝑛 is related to the slope factor) and 𝛼 = 4𝑘𝑇𝐶 /𝑞 is the normalization coefficient of the inversion charge density [START_REF] Tsormpatzoglou | Analytical modelling for the current-voltage characteristic for undopped or lightly-doped symmetric double-gate MOSFETs[END_REF]. For VG > VGx, one can observe that the inversion charge density is the sum of the pre-existing inversion charge density (𝑄 ∥ ) from the back interface and the increasing inversion charge density under the front interface. Further the inversion charge density from the front interface starts to influence the CV characteristic only when it becomes larger than the back-inversion charge density. Besides, it does not result from the weak inversion regime. Or rather its weak inversion charge is screened by the back charge in strong inversion. In Fig. 2.13 it is obvious that the transition from the first plateau (𝐶 ∥ ) to the maximum COX is mathematically like a sigmoid function centered to VGx. The integration of this sigmoid function leads to an expression of the form: ln(1 + 𝑒 ). Note that this form is identical to the first order approximation of the simplified Lam W(u) as consistent with the basic model in [START_REF] Karatsori | Full gate voltage range Lambert-function based methodology for FDSOI MOSFET parameter extraction[END_REF]. Thus, the total inversion charge density with large VB can be described using the next expression:

𝑄 (𝑉 ) = 𝑄 ∥ (𝑉 ) + (𝐶 -𝐶 ∥ ). 𝜙 . ln(1 + 𝑒 ) = 𝑄 ∥ (𝑉 ) + 𝑄 ∆ (𝑉 ) (Eq. 2.3)
Where 𝑢 = and 𝜙 = . 𝑛 . In this case, 𝑛 is a parameter describing the transition from the back-interface activation to the front interface activation regime but cannot be related to any physical parameter. Note that this model is an effective model based on the observation that a mathematic function matches with the behavior of the inversion charge capacitance for VG > VGx and has no physical interpretation. However, it aims to describe the transition from the back interface to the front interface inversion charge activation. Based on the data from Fig. 2.13 the CINV curves were integrated to get an estimate of the inversion charge density or NINV (Fig. 2.15) and these data were used to validate the model defined by Eq. ( 3). It is important to recall that for VB = 0V it was shown that the simplified Lam W(u) given by (1) can accurately describe the inversion charge density and indeed this model remains a good approach up to VB = 1V using the VB-dependent threshold voltage of the device. Fig. 2.15 demonstrates that model from Eq. ( 3) and the experimental data are in good agreement for long (10µm) and short (85nm and 45nm) devices which validates this new approach. Importantly, this model depends on only 2 fitting parameters: n1 and n2. In our case n1 = 8 and n2 = 1-1.8 for all lengths. Note that these parameters may varies with VB. It is worth reminding that the parameter n1 does not have physical interpretation as explained above yet n2 is linked to the subthreshold slope factor.

Mobility assessment for short channel FDSOI MOSFET with back bias

The extraction of the Series resistance for different VG and VB of the experimental I-V curves was carried out using the method in [START_REF] Fleury | A new technique to extract he gate bias dependent s/d serie resistance of sub-100nm MOSFETs[END_REF] and the results were consistent with [START_REF] Rudenko | Substrate Bias Effect Linked to Parasitic Series Resistance in Multiple-Gate SOI MOSFETs[END_REF]. The mobility was extracted with the corrected I-V curves and the NINV obtained by the model from (3). This was done for FDSOI devices with LMET = 435nm down to 40nm and the results is given in Fig. 2. [START_REF] Trojman | Mobility and Dielectric Quality of 1-nm EOT HfSiON on Si(110) and (100)[END_REF]. In this figure we observe that for VB = 0V, the peak mobility is decreased with the reduction of LMET. However, the back bias still produces an increase of the mobility with two specific features. First the maximum mobility reached with back bias is reduced and second this maximum is obtained for larger back biases. For instance, if LMET = 10µm the maximum is reached at VB = 2V while if LMET < 100nm the maximum is reached at VB = Scaling CMOS: effect on the mobility and saturation velocity performance 32 __________________________________________________________________________________ 4V. This mobility reduction with the LMET cannot be related to a degradation of the SiON dielectric but rather an increase of scattering phenomena near the S/D extensions. Indeed, for low NINV the mobility can be described by a power law: 𝜇 ∝ 𝑁 as shown in Fig. 2.17. In the inset of this figure the 𝛼coefficient is close to 1 for the longest device indicating a mobility limited by ionized impurity scattering. The progressive LMET reduction along with 𝛼 indicates that the mobility is progressively limited by charge defects rather that ionized impurities. Thus, these defects are likely located near the S/D extension and are explained by front gate processing [11]. For VB = 4 V (Fig. 2.17) the mobility is mainly explained by a inversion charge centroid far from the front gate or close to the back channel [4] [START_REF] Rudenko | Special features of the back-gate effects in ultra-thin body SOI MOSFETs[END_REF] and therefore far from the near S/D charge defects. Consequently, we speculate in this case that the mobility is limited by non-coulombic scattering caused by neutral defect located in the Sicrystal near the S/D extension bottom [START_REF] Ghibaudo | Semiconductor-On-Insulator Materials for Nanoelectronics Applications[END_REF] in addition to the scattering caused by ionized impurities from the halo/pocket. 

Milestone and next step

This part of my research activities was an extension of the last part of my PhD. It allows us to understand the effect of aggressive EOT scaling (below 1nm) on the charge carrier transport for MOSFET working in triode and saturation regime but also for different architectures i.e. either planar or FDSOI-UTBB. This process helped to fabricate 5Å-EOT (UTEOT) dielectric for long devices. However, once we worked with the sub-100nm channel length device the EOT is closer to 8Å likely due to process side effect (bird beak oxidation) limiting the IOT reduction. Indeed, the physical reduction of the MOSFET dimensions (IOT and LMET) leads to increase charge effects all around the channel building field interfering with the charge carrier transport. Indeed, it was found lower velocity in saturation regime for HfO2 based dielectric (8Å EOT) planar MOSFET. Too thin IOT (likely close to 4Å) is responsible of this lower velocity. Further, for the specific studied device, it is worth noting that the IOT reduction fabrication process (namely IL-scavenging) likely damage the IL. The quality of the IL with such thin IOT must be also a concern. In term of performance, we demonstrated that UTEOT devices improves the ION current but with a lower yield than expected for the resulting oxide capacitance. Therefore, we shown that the velocity is limited by the IOT, and we recommend a minimum IOT of 4Å. These results with the ones from the end of my PhD conclude on the possible performance we can reach with planar MOSFET. Then it was more interesting to keep working with other architecture. The study of FDSOI-UTBB MOSFET with 8Å-EOT HfO2 based dielectric demonstrated for long devices an improvement of the mobility by using the right back bias. Although the resulting maximum mobility remains 20% lower against the SiON based dielectric MOSFET, the increase of mobility reduces by 5x the difference with the SiON reference. This leaves interesting perspective to compensate the transport degradation with EOT scaling. It is why we studied then the FDSOI with short channel devices. The study on short channel FDSOI-UTBB MOSFET with SiON dielectric demonstrated that the mobility increase with the back bias was strongly limited by defects close to the S/D extensions. Therefore, we can reasonably think that this increase will further limit the Sub-1nm EOT short channel MOSFET. Scaling CMOS: effect on the mobility and saturation velocity performance 34 __________________________________________________________________________________

For the future similar study can be done for short channel 8Å-EOT FDSOI-UTBB (HfO2). Preliminary work has already been carried out in [3]. We will be able also to observe the effect on the saturation velocity and and compared with planar device processed with UTEOT technique. Consequently, we may wonder if switching from planar to FDSOI-UTBB remains worth in term of cost/performance gain. This would a first question to answer. Then the next question is related to p-MOS devices. We demonstrate in [START_REF] Trojman | Study Of Mobility For HfO2 Dielectric FDSOI-UTBB P-MOS Under Substrate Biases[END_REF] that the p-MOS with 8Å-EOT (HfO2) has a thrice lower effective mobility than the nMOS and the proper negative back bias only multiply by 2 the mobility. It is reasonable to study the effect of Si( 110) body for such device and if relevant make use of Hybrid Orientation Technology (HOT) and assess the effect of the back bias to control the VTH and improve the mobility. 

Overview

HANNEL Hot Carrier (CHC) and Bias Temperature Instabilities (BTI) and are among the main causes of dielectric degradation for the MOSFET under electric stress. With the scaling, the MOSFET has reached thin EOT and, short length and width enabling new integration concept like the Ultra-Large System Integration (ULSI). This have also produced a larger CHC degradation explained by larger electric field from channel length reduction and a too large number of transistors to test on the wafer for assessing the degradation effects. On the other side, with the electronic market needs, it is now important to reduce the time to introduce new technology in the market with the best reliability or at least with the minimum expected requirements defined by the roadmap. This contraction of time-to-market and higher demanding reliability for each new technology has led the engineer to developpe new technique to assess the reliability on-wafer. Method based on statistical distribution of the 𝑉 -shift (Δ𝑉 ) from the electric stress have already proved their efficiency for sub-100nm technology node. Among these distributions, Defect Centric (DC) perspective is very interesting to fulfilled modern reliability exigence [START_REF] Kaczer | Statistics of Multiple Trapped Charges in the Gate Oxide of Deeply Scaled MOSFET Devices-Application to NBTI[END_REF] [START_REF] Franco | Impact of Single Charged Gate Oxide Defects on the Performance and Scaling of Nanoscaled FETs[END_REF]. The DC is a cumulative distribution [START_REF] Kaczer | The defect-centric perspective of device and circuit reliability-From gate oxide defects to circuits[END_REF] involving an analytical description of the Δ𝑉 which relies on two parameters: NT, the number of defects, and , amount of 𝑉 (mV) for 1-extra charge in the oxide. It allows to first make a projection to high percentiles without the need to measure or simulated billions of devices, and second to provide a physics link between the first two statistical moments of the Δ𝑉 distribution: the mean 𝑉 -shift of the population of devices < Δ𝑉 > and the variance through 𝜎 = 2𝜂 < Δ𝑉 >. Note that < Δ𝑉 > is linked with the two parameters of the DC distribution as <Δ𝑉 >= 𝑁 𝜂 and is projected to operating conditions using established acceleration techniques. Thanks to the Δ𝑉 distribution, 𝜂 is directly extracted from the stress measurements without having to analyze the statistic of individual steps. Hence 𝜂 is a physics related parameter which assesses the variance of the degradation [START_REF] Kaczer | Origins and Implications of Increased Channel Hot Carrier Variability in nFinFETs[END_REF]. At the beginning of this research activity, the DC perspective demonstrated that it can predict the extreme tail shift distribution up to 4 for BTI degradation on technology node from 90 to 22nm [START_REF] Prasad | Bias temperature instability variation on SiON/Poly, HK/MG and trigate architectures[END_REF]. However, this was not done for CHC induced degradation. Another important feature for ultra-scaled devices is the process variability. This variability introduces an additional VTH-shift also known as mismatch. Thus, it is important to consider the mismatch if we consider low technology node. As a consequence, we decided to focus on the analysis of the intrinsic CHC degradation under DC perspective for sub-100nm MOSFET's. In this chapter the DC distribution will be applied to the VTHshift due to CHC stress induce degradation with a method removing the extrinsic variability effect. This distribution will be first applied for SiON planar technology.

C
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The next work was done under PhD program between the USFQ where I was working as full-time professor and the UNICAL with the cooperation of Imec. I had the PhD responsibility/co-supervision up to 75%. The samples and data were provided by Imec and NXP.

3.2 Defect-Dentric distribution of CHC in nano transistor

Defect centric distribution

In this first work [START_REF] Procel | Defect-Centric Distribution of Channel Hot Carrier Degradation in Nano-MOSFETs[END_REF] we applied the DC distribution for CHC degradation over a large number of n-MOSFET (Appendix C). The cumulative defect-centric distribution (DC) is given by:

𝐻 , (Δ𝑉 ) = ∑ ! 1 - ! Γ 𝑛, (Eq. 3.1)
Where  is the mean value of Δ𝑉 produced by one single charge q, and Nt is the normalized mean value of the total number of charge defects per devices (Poisson distribution). The first statistical moment, <Δ𝑉 >= 𝑁 𝜂, represents the expected value of 𝐻 , and the second moment is 𝜎 = 2𝑁 𝜂 (or 𝜎) represents the variance. We finally obtain that 𝜂 = , i.e. the variance normalized by the 𝑉 -shift mean value. Therefore, the DC perspective provides a fundamental and physics-based relationship between the first two statistical moment: the means value and the variance.

Experimental results and DC perspective

The studied n-MOS has a SiON based dielectric and the dimension was varying from 40-120nm for the effective channel length (Leff) and 70-200nm for the channel width. The standard measure-stressmeasure was applied with the CHC stress conditions: VD = VG = 2V. The Sense was done at VD = 50mv and VG = 0.5V [START_REF] Bravaix | Hot-carrier acceleration factors for low power management in DC-AC stressed 40 nm NMOS node at high temperature[END_REF]. The stress/sense was applied to 40-50 MOSFET's and yield a population of 300 MOSFET's in total. At first the Normal Probit was plotted for Δ𝑉 resulting from CHC stress (different times) on L x W=100nm x 85nm (Fig. 3.1). Very good agreement up to 2 between the mathematical model and experimental data suggesting that the DC distribution is a good choice for CHC degradation on low dimension MOSFET's. Note that in this case , namely the amount of Δ𝑉 for 1-extra charge in the gate, is constant confirming that the Δ𝑉 is caused only by the increase of the number of charge defects (Nt). Note that Nt is following a power law with exponent of about 0.5 (Inset of Fig. 3.1) consistent with CHC degradation [START_REF] Bravaix | Hot-Carrier acceleration factors for low power management in DC-AC stressed 40nm NMOS node at high temperature[END_REF]. The DC distribution fit well with the experimental data with Leff reduction down to 40nm (Fig. 3.2). The shifted and less-steeper curves indicate highest <Δ𝑉 > and  for Leff = 40nm.

Defect-Dentric distribution of CHC in nano transistor 37 According to the definition of the two first statistical moments of the DC model this means an increase of the 𝜂-parameter and Nt for shortest channel devices. Indeed, for such devices we expect higher longitudinal electric field and thus larger CHC degradation. This is further confirmed in Fig. 3.3 and Fig. 3.4. Indeed, in Fig. 3.3, an increase of a single charge in the dielectric produce larger Δ𝑉 (increase of 𝜂) for small area devices explained by Leff reduction. Further, in Fig. 3.4 the defect density (Dt= Nt/A) increases with channel length reduction. Note that an increase of the Dt with Leff reduction for fix stress condition results only on a CHC degradation since BTI degradation would not have been gate area dependent [START_REF] Toledano-Luque | From mean values to distributions of BTI lifetime of deeply scaled FETs through atomistic understanding of the degradation[END_REF]. As a matter of fact, we concluded that the DC cumulative distribution can be also applied for 𝑉 degradation resulting from CHC. Interestingly, in Fig. 3.4 we can also observe that the Nt increases with the width since the exposed gate area of hot electron is increased. Defect centric analysis of Channel Hot Carrier degradation 38 __________________________________________________________________________________

A Defect-Centric perspective on channel hot carrier variability in nMOSFETs 3.3.1 CHC Variability under DC perspective

Our previous work [START_REF] Procel | Defect-Centric Distribution of Channel Hot Carrier Degradation in Nano-MOSFETs[END_REF] was a good starting point. To go further we decided first to increase the number of population samples and to consider the variability of CHC degradation. For the first objective we could have access to more than 1000 planar MOSFET's in 45-and 65-technology nodes thanks to a collaboration with Imec and NXP. In both cases the dielectric was made of 1.8nm thick SiON. To fulfill our second objective, we studied these technology nodes using the Match Pair structures. In this work we assume that the CHC degradation variability from the mismatch is assessed by the 𝜂 -parameter. It is important to explain the concept of mismatch and how it can be related to variability under the Defect-Centric perspective. For sub-100nm technology nodes, variability of the CHC degradation has a significant impact. We remind that the mismatch is a small difference observed on the same electrical parameter (Δ𝑉 , here) from same MOSFET's and is usually related to process variation (assessed on fresh device) but also include a random component [START_REF] Kaczer | Extraction of the Random Component of Time-Dependent Variability Using Matched Pairs[END_REF]. For CHC degradation this mismatch has to be considered, first before the stress, so-called the time-zero mismatch (t0), and second, after stress or so-called time-dependent mismatch (td) since Δ𝑉 (𝑡) = 𝑉 (𝑡) -𝑉 . Let us assess the mismatch on 2 same MOSFET's: sample A and B. Therefore, the difference is:

δΔ𝑉 = 𝑉 (𝑡) -𝑉 -(𝑉 (𝑡) -𝑉 ) = δ𝑉 (𝑡) -δ𝑉 (Eq. 3.
2)

The total time-dependent 𝑉 -mismatch is then: δ𝑉 (𝑡) = δΔ𝑉 + δ𝑉 and where the time-zero mismatch is defined as the δ𝑉 (0) = δ𝑉 . For sake of completeness we introduce the space parameter and consider then δ𝑉 (𝑥, 𝑡). Indeed, the t0 variability is space dependent. It is reasonable to assume that the process-related and t0 variability is larger for device far from each other.

According to [START_REF] Magnone | Impact of Hot Carriers on nMOSFET Variability in 45 nm and 65 nm CMOS Technologies[END_REF] the variability can be defined as the standard deviation and then the variance of the mismatch which results in: 𝜎 = 𝜎 [δ𝑉 (𝑡) -δ𝑉 ] = 𝜎 [δ𝑉 (𝑡)] -𝜎 [δ𝑉 ] if we assume that the both are statistically independent. Up to now the mechanism of variability degradation are not explained but the DC model propose an interesting interpretation [START_REF] Kaczer | Extraction of the Random Component of Time-Dependent Variability Using Matched Pairs[END_REF]. In fact we remind that 𝜂 = which has the same dimension as the standard deviation . Further the 𝜂parameter has a physical definition of the degradation since it represents the amount of Δ𝑉 (mV) measured for a single charge defect added in the gate due to the stress. It was already mentioned that the variability (time-zero and time dependent) has a random (intrinsic) and systematic or processinduced (extrinsic) components [START_REF] Kaczer | Extraction of the Random Component of Time-Dependent Variability Using Matched Pairs[END_REF].

Hence 𝜎 = (𝜎 ) + (𝜎 ) (Eq. 3.3)
which leads directly to 𝜂 = 𝜂 + 𝜂 . Using the MP structures, the samples A and B are enough close to assume that the extrinsic component or t0 mismatch is negligible. It is also assumed that the two a Δ𝑉 statistically independent. Thus, it can be deduced that: A Defect-Centric perspective on channel hot carrier variability in nMOSFETs 39

Effect of the CHC variability degradation on 65-and 45-nm Technologies

It is worth to remind that the variability (time-zero and time dependent) has a random (intrinsic) and systematic or process-induced (extrinsic) components. The Match Pair (MP) structures [START_REF] Kaczer | Origins and Implications of Increased Channel Hot Carrier Variability in nFinFETs[END_REF] [64] consists of pair of same processed MOSFET (left and right) laid out in close proximity on the wafer (1-4µm). The difference of the Δ𝑉 is defined by 𝛿Δ𝑉 = Δ𝑉 , -Δ𝑉 , [START_REF] Toledano-Luque | Degradation of time dependent variability due to interface state generation[END_REF]. Assuming that the systematic (extrinsic) component in closely-spaced Left and right devices is identical hence the variance of the random component for the time dependent variability is 𝜎 , / = 𝜎 /2 .

Applying the DC model we can deduce easily the corresponding 𝜂-parameter with 𝜂 = [START_REF] Kaczer | Origins and Implications of Increased Channel Hot Carrier Variability in nFinFETs[END_REF].

In Fig. 3.5 the large number of device population (1000) enables a DC cumulative distribution up to 3 for the t0-𝑉 . For the Single Devices (SD) in Fig. 3.5(a) we have:

𝜂 = 𝜂 + 𝜂 = 𝜎 /2 < Δ𝑉 > (Eq. 3.5)
And we can observe that the variance is quantitatively larger for 45nm-technology. For the MP devices, In this work the stress conditions were carried out by either changing the stress time at fix VDS level or for several VDS levels at fix stress time. The DC distribution was applied to the results of the measurements and the < Δ𝑉 > was found larger for longer time and larger VDS independently. The results are only show for the stress time conditions in Fig. 3.6, but same results are also obtained for the VDS stress conditions (Appendix C). The increase of sample up to 1000 demonstrates that the stress conditions leading to CHC degradation are in good agreement with the DC model over 2.5-3 confirming the results already obtained in [START_REF] Procel | Defect-Centric Distribution of Channel Hot Carrier Degradation in Nano-MOSFETs[END_REF]. Interestingly and in consistency with the results obtained for fresh devices in Defect centric analysis of Channel Hot Carrier degradation 40 __________________________________________________________________________________ technologies the variance increases with the stress time suggesting that the time dependent CHC variability is only caused by the random components. In other words, we can assume that the physics behind the CHC degradation is mostly caused by the 𝜂 ≈ 𝜂 , namely the impact of 1-single charge in the dielectric only caused by CHC degradation. In Fig. 3.7, we can quantitatively observe that the 45nm-technology node has a larger variance. This will be explained later.

Effect of stress conditions on 𝜂 and 𝜂

The extraction of the 𝜂-parameters was carried out from DC distribution for the 45-and 65-nm technologies using the results from SD and MP population. Results are shown in Fig. 3.8 and it can be observed the next features. Whatever the technology, the 𝜂 extracted from MP data is mostly lower than the 𝜂 = 𝜂 + 𝜂 extracted from the SD data. This is even more clear that the stress conditions are important: stress time (Fig. 3.8) or larger VDS level (Fig. 3.9). This demonstrates again the significant effect of the extrinsic component on the CHC variability inducing a mistake in the assessment of the Δ𝑉 . Remarkably, the 45-nm node technology devices show higher 𝜂 (SD) while the 𝜂 (MP) is more comparable to the 65-nm-technology devices and whatever the latter remains somewhat below. Regarding the 𝜂 which corresponds to the intrinsic CHC degradation under stress conditions, it can be deduced the following. For the stress time condition the 45-nm-technology devices have higher 𝜂 until we reach the longest stress time. This may indicate a possible limitation of the degradation to some extent. In the case of the VDS stress condition, for similar VDS the 45-nm technology devices show larger 𝜂 degradation suggesting larger degradation for shorter devices. Indeed, for shorter devices (45nm) the impact of one extra charge in the dielectric causes larger Δ𝑉 consistent with larger longitudinal electric field as already observed in [START_REF] Procel | Defect-Centric Distribution of Channel Hot Carrier Degradation in Nano-MOSFETs[END_REF]. Since the 𝜂 is related to Δ𝑉 of few tenth of mV, interpreted as an effect of coulombic charge in the dielectric, it was showed in [START_REF] Toledano-Luque | From mean values to distributions of BTI lifetime of deeply scaled FETs through atomistic understanding of the degradation[END_REF] that 𝜂 = 𝛼. 𝜂 where 𝜂 = 𝑞/𝐶 and 𝛼 > 1 is a multiple factor quantifying the degradation from one extra charge in the dielectric. More specifically, for the BTI degradation it was demonstrated that 𝛼 = [1; 2]. In the case of the CHC degradation (Fig. 3.9) we found rather 𝛼 > 2. This can be explained by the nonuniform degradation induced by the CHC which is specifically localized to the drain/channel region [START_REF] Kaczer | Origins and Implications of Increased Channel Hot Carrier Variability in nFinFETs[END_REF]. Defect centric analysis of the temperature dependence of the CHC degradation 41

Defect centric analysis of the temperature dependence of the CHC degradation

To end with this research activity, we decided to study the temperature dependency of the CHC degradation under the DC perspective. In this work a population of 180 n-MOSFET's with Leff =35nm and W= 90nm with 1.8nm SiON were used. The MSM technique was applied where the stress was carried out at VD = VG = 1.6V and the sense at VD = 50mV and VG = 0.5V. The measurements were done for several temperatures in the range of 25C to 150C: 30 devices for each temperature. Likewise to the work in [START_REF] Procel | A Defect-Centric perspective on channel hot carrier variability in nMOSFETs[END_REF] [52], the DC model fits perfectly to the experimental data up to 2 [START_REF] Procel | A Defect-Centric Analysis of the Temperature Dependence of the Channel Hot Carrier Degradation in nMOSFETs[END_REF](Appendix C). As expected, the < Δ𝑉 > was increased with the temperature and the stress time (Fig. 3.10). The extraction of the Nt and the parameter helps to understand the source of this increase. In Fig. 3.11 it is found that Nt is increasing with the temperature and the stress time, whereas the parameter is found constant in Fig. 3.12. Therefore, the amount of 𝑉 -shift due to 1-single charge or the impact of one defect in the gate is the same for the range of applied temperatures. Though the number of defects is increasing with CHC stress with different temperatures, which is consistent with the physics mechanism described by the Electron-Electron Scattering (EES) model [START_REF] Tyaginov | On the importance of electron-electorn scattering for hot-carrier degradation[END_REF] [67]. To gain more insight in this defect generation, we decided to extract the Activation Energy (Ea). Indeed, the Ea was extracted from the Arrhenius plot of the < Δ𝑉 > (Fig. 3.13) and of the Nt (Fig. 3.14). In the case of the small and large devices and independently of the stress time, it was found 𝐸 ≈ 60𝑚𝑉. This Ea value was also reported for BTI degradation [START_REF] Franco | Relevance of non-exponential single-defect-induced threshold voltage shifts for NBIT variability[END_REF] and thus questions the relevance of the Ea extracted in our case. Defect centric analysis of Channel Hot Carrier degradation 42 __________________________________________________________________________________ In fact, the CHC is a degradation phenomenon localized at the drain side of the oxide. Yet cold carrier degradation is also expected on the source side of the oxide or/and along the channel, responsible of BTI degradation. It is therefore reasonable to think that the extracted Ea results from a mix of the CHC degradation on the drain side and a BTI degradation on the channel and source side. To clarify this point, we measured independently the Δ𝑉 under PBTI stress at 125C and it was found that Δ𝑉 = 1.2𝑚𝑉. We can clearly observed that this value is way underneath the measured Δ𝑉 caused by CHC degradation (Fig. 3.10) confirming that the extracted Ea from the defect number and related Δ𝑉 Arrhenius plot is well related to CHC degradation. Thus, the CHC degradation is increased with temperature in consistency with the EES mechanism and using the DC distribution the related charged defect generation exhibit an activation energy of about 60mV.

Milestone and next step

In this research activity we could demonstrate that the Defect Centric distribution suits well to predict the effect of the CHC degradation. More specifically, we proved it for CHC degradation induced by different stress conditions, namely for different stress times, stress voltages, and for different device dimensions (Leff, W). The DC model allows to predict the intrinsic effect of the CHC degradation for a given technology. First by using the crucial relationship between the Δ𝑉 and the variance which provides the -parameter describing the unique and specific behavior of the considered technology (wafer). Second by removing the effect of the process-induced effect on the -parameter (𝜂 ≈ 𝜂 ) and reducing the CHC degradation variability only to the random component by means of measurements on the Match Pair structures. This is fundamental if CHC degradation must be compared for different technologies or devices from different location on the 300-mm-wafer. Last but not least, the DC model can provide a prediction of the wafer reliability based on a couple of tenths of devices (30 minimum). This technique was also successfully applied to different type of devices, namely planar or FinFET, allowing to generalize the use of the DC model for CHC degradation as it was done for the BTI.

The next step would be to apply such technique for different parameter and for different technology with MIS-structure. At the beginning I tried to relate the CHC degradation to the mobility using the hypothesis that the increase of 1-defect charge would cause an increase of a certain amount of scattering phenomenon and thus a specific degradation mobility. As a first step we could associate the Δ𝑉 to the peak of transconductance and the subthreshold slope degradation in the case of FinFET devices [START_REF] Franco | Statistical model of the NBTI-induced threshold voltage, subthreshold swing, and transconductance degradations in advanced p-FinFETs[END_REF]. Applying this to the mobility remains to be done.

Then we can work with novel technology which are employing MIS structure. Indeed, we will see in the next chapter an interesting work on the reliability of GaN-on-Si (GoS) devices using MIS structure like the MOS-HEMT and GET-SBD. These technologies come from novel process technique which are not mature enough and suffers then from large process-induced variability. Consequently, they do not provide enough devices with similar performance but offer an interesting challenge to overcome. 

Overview

HE III-V Materials have been extensively used for implementing devices for high-speed applications such as Telecom, namely RF and more specifically Power Application (PA). Such integrated devices like High-Electron Mobility Transistor (HEMT) or Schottky Barrier Diode (SDB) benefits, among other, of high output current enabling high frequency charge motion fitting perfectly for signal working operation in the range of the MHz to GHz, and even further. Recently, integrated devices in planar technology becomes more and more attracting for power electronic applications like switching systems, sensors, detectors, etc [START_REF] Baliga | Fundamentals of power semiconductor devices[END_REF]. The increase of the worldwide demography along with larger population accessing more and more to domestic appliance and automotive system leads to rethink the power management and force higher efficiency for the lowest cost possible. The III-V materials or Wide-Bandgap Semiconductor (WBGS) like GaN shows many benefits. Indeed, it can be grown on Si-Wafer enabling likewise CMOS industrial techniques of fabrication in planar technology [START_REF] Cheng | AlGaN/GaN/AlGaN double heterostructures grown on 200 mm silicon (111) substrates with high electron mobility[END_REF]. Compared to pure Si, and with a rightly tuned fabrication process it offers excellent characteristics like high: operating temperature, dielectric strength, current density, mobility, switching speed and ON-state conductivity (or low RON), power dissipation and finally breakdown field (about 3MV/cm) [START_REF] Morkoç | Large-band-gap SiC, III-V nirtide and II-VI ZnSe-based semiconductor device technologies[END_REF] [START_REF] Deboy | A new generation of high voltage MOSFETs breaks the limit line of silicon[END_REF]. In term of WBGS performance it is a direct competitor of the famous SiC technology since it offers similar performance in the low-mid power and high-frequency range for a much lower cost [START_REF] Kaminski | SiC and GaN devices -wide bandgap is not all the same[END_REF]. It is therefore the best tradeoff between Si and SiC technology in term of performance and cost efficiency. The GaN technology allows size and weight device reductions with RON and high breakdown suitable for low cost energy efficiency system suitable for the aforementioned power electronic applications [START_REF] Ishida | GaN on Si technologies for power switching devices[END_REF] and thus a long-term solution for the power electronic challenges [START_REF] Meneghesso | Reliability of GaN high-electron-mobility transistors: state of the art and perspectives[END_REF].

In this research activity we concentrate our effort in the study of HEMT and SBD devices fabricated in GaN Technology using CMOS-like process. The advantage of such process is that MIS-kind structure could be implemented for improving specific feature in each type of device that will be detailed further. The drawback effects of such structure are specifically the reliability. To tackle this problem, a PhD program was opened in collaboration with prof. Felice Crupi from the UNICAL and the PhD candidate was student Eliana Acurio lecturer at the university "Escuela Politecnica National (EPN)". The devices were provided by ST and Imec. It is important to note that Eliana got the highest academic acknowledgement of the UNICAL for her PhD defense.

T
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On recoverable behavior of PBTI AlGaN/GaN MOS-HEMT

Physic mechanisms explaining the charge carrier transport for AlGaN/GaN HEMT is based on Quantum well confinement of 2-DEG which, in addition to provide high mobility. This makes the HEMT operating in normally ON-State (D-Mode) namely low VTH while power electronic demands normally OFF-state devices (E-Mode), To overcome these limitations for the HEMT and to obtain Enhanced Mode device we can either modify the circuit design involving e.g. Cascode topology or modifying the device process [81] [82] or architecture [START_REF] Imada | Enhancement-mode GaN MISHEMTs for power supplies[END_REF]. In the latter, a solution consists to recess the AlGaN barrier and deposit a SiO2-based gate dielectric to obtain a MOS-HEMT. This way the HEMT will work as a MOSFET, i.e. to operate in ON-state, the MOS-HEMT needs a high enough gate voltage to form a channel below the oxide as any E-Mode device. Compared to conventional HEMT this technique allows to have an E-Mode device with low power dissipation with high breakdown but also beget few drawbacks effects. First, the transport depends on conventional mobility based on scattering, meaning lower mobility so lower output current, still well larger than in Si substrate. Second and not the least, the MOS structure involves reliability concerns or more specifically VTH stability as for any MOS-based devices. It is this second problem that will be studied in the this works [START_REF] Acurio | On recoverable behavior of PBTI in AlGaN/GaN MOS-HEMT[END_REF].

Experimental

The studied structure is illustrated in Fig. 4.1. Wafer of Si [START_REF] Govoreanu | 10x10 nm2 Hf/HfOx crossbar resistive RAM with excellent performance, reliability and low power operation[END_REF] are used to grow an MOCVD heterojunction of Al0.25Ga0.75N/GaN. Ohmic contact are made of Ti/Al and a rapid annealing at 850C is carried out. To ensure the normally OFF-state of the device, a chlorine-based dry chemical recess of the AlGaN is performed prior to 50-nm SiO2 PECVD deposition followed by an 850-C annealing in N2 ambient. A PVD Ni-based gate contact is finally deposed onto the SiO2. Before to start the PBTI or the assessment of ∆𝑉 stability under stress-recovery experiments, it is worth to highlight that the processed or virgin devices contained in-situ filled traps. A stabilization phase was necessary to release charges from these traps and start with a proper threshold voltage reference (𝑉 ) for a fair assessment of the reliability (Fig. 4.2). The stress experiments are carried out by measuring the 𝑉 shift (∆𝑉 ) after applying several voltages (6-14V) on the gate at 150C or under different temperature conditions (75-150C) for 𝑉 = 14𝑉. It is worth noting that the stabilization or de-trapping process is apply on each device before performing the stress under different temperature conditions. Further above 𝑉 = 14𝑉 oxide permanent damages are observed and in addition breakdown if T > 190C. The recovery is achieved by applying negative gate biases in the range of 0 and -2V for at least 1000s.
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Stress phase

Result of the stress are shown in Fig. 4.3 for different stress voltage (a) and for different temperature conditions (b). In the both case the ∆𝑉 is increasing following a positive power law with a 𝑏 exponent consistent with an augmentation of trapped charges in the SiO2 [START_REF] Iucolano | Influence of propoerties of Si3N4 passivation layer on the electrical characteristics of normally-off AlGaN/GaN HEMT[END_REF] [START_REF] Cho | Insight into N/PBTI mechanism in sub-1nm-EOT devices[END_REF]. The b-factor can be hence associated to a trapping rate and this one seems varying under the different stress conditions and seems also getting reduced with the increase either of stress voltages or the temperatures (Fig. 4.3).

To gain insight the physics mechanisms of this trapping phenomenon, we extracted 𝑏 = reducing the effect of the positive stress gate bias and finally reducing the possibility of channel charge carrier to fill deeper traps in the SiO2 band gap [START_REF] Lagger | comprehensive study of the complex dynamics of forward bias-induced threshold vltage drifts in GaN based MIS-HEMTs by stress/recovery experiments[END_REF]. As aforesaid, the maximum of available traps is somewhat different for the 3 different devices suggesting also that this maximum number of traps is likely specific of the fabrication process. 

Recovery phase

Recovery phase experiments of the ∆𝑉 were carried out after either stress voltages or stress temperatures and as observed in GaN technology using MOS architecture for power electronic applications 48 __________________________________________________________________________________ Our model considers indeed the superimposition of 2 simple relaxation functions: one for and the other for (𝜏 , 𝐴 ) with that 𝜏 > 𝜏 and 𝐴 > 𝐴 (appendix B) [START_REF] Acurio | On recoverable behavior of PBTI in AlGaN/GaN MOS-HEMT[END_REF]. This indicates that there are two kind of oxide traps, one (𝜏 , 𝐴 ) faster and less numerous, and other (𝜏 , 𝐴 ) slower and more numerous. These oxide traps should be located or occupy 2 two different energy levels into the SiO2 layer [START_REF] Tallarico | Modeling spatial and energy oxide trap distribution responsible for NBTI in p-channel power U-MOSFETs[END_REF]. In Fig 4 .6 and 4.7 the activation energy (Ea) have been extracted for the 2 different type of traps (slower and faster). Interestingly the slowest and more numerous are located at Ea2 = 0.94eV while in the case of the fastest one and less numerous are not clearly determined and seems spread over Ea2 = 0.45-0.85 eV. The fastest traps are mostly located closer to the interface and need less energy to get filled so they can get filled partially during the recovery voltage phase. This may explain that there are sensible to the recovery voltage for different devices (Fig. 4.7). Therefore, we interpret this important spread to the lake of precision during the measurements and extraction of the faster trap activation energy.

Large recoverable PBTI in AlGaN/GaN MOS-HEMT

To conclude, important 𝑉 -instabilities caused by charge defects in the gate dielectric. These defects form traps already filled in pristine device. Under stress (voltage and temperature) and thanks to recovery experiments we could assess large 𝑉 -instabilities indicating large number of defects or traps in the SiO2. Up to a specific stress voltage, thought, the 𝑉 is fully recoverable. Thanks to a thorough analysis we could define that the energy levels of these traps are spread between a lower limit that could not be clearly defined, i.e. 0.45-0.82eV and an upper limit of 0.93eV.

Impact of AlN layer sandwiched between the GaN and the Al2O3 layers on the performance and reliability of recessed AlGaN/GaN MOS-HEMT

The next step of this research activity was to substitute the SiO2 of the MOS structure by high- material, in this case Al3O2. The benefit of such material is chosen for many reasons. Indeed, it allows a reduction of the gate leakage (and thus the power dissipation), an increase of, the breakdown field and of the oxide capacitance to obtain larger output current. It is well known and already explained in chapter 2 that the high- layer is responsible of low-quality of the oxide/semiconductor interface. This was the main reason why in conventional CMOS technology we introduce an IL to improve this interface quality which results indeed of a better reliability and better 𝑉 stability. Among the best high- material for the GaN MOS-HEMT, the Al3O2 offers high breakdown field and a high conduction- Impact of AlN layer sandwiched between the GaN and the Al2O3 layers on the performance and reliability of recessed AlGaN/GaN MOS-HEMT 49 band offset. However, it suffers of large interface state density and seems to not provide high enough VTH. Thus, the idea in this work [START_REF] Acurio | Impact of AlN layer sandwiched between the GaN and the Al2O3 layers on the performance and reliability of recessed AlGaN/GaN MOS-HEMTs[END_REF] is to verify if an IL of AlN would produce a high enough 𝑉 and reduce the interface states density (or improve the interface quality) for the HEMT-MOS, as it was the case for high-/MG MOSFET.

Experimental

The studied devices have the same features than in the previous work [START_REF] Acurio | On recoverable behavior of PBTI in AlGaN/GaN MOS-HEMT[END_REF] at the difference that the dielectric was either a 30nm ALD-Al3O2 layer or a 10nm ALD AlN below a 20nm ALD-Al2O3 layer. This means that the AlN IL is in direct contact to the GaN semiconductor since the AlGaN barrier have been first recessed. As in the previous work, the devices were stabilized with a 𝑉 = -1𝑉 during 3000s to release the charge already trapped in the gate dielectric. The stress and recovery behavior were analyzed separately by using a fast pulse measurement technique in order to avoid trapping of charges during the characterization. Before and after applying the stress pulse, we performed complete pulsed ID-VGS measurements, in order to extract the stress induced threshold voltage shift ΔVth. It is important to highlight that all the stress-sense-stress sequence was carried out without interruption. The Stress was carried out with pulse amplitude from 12 to 16V with pulse width from 1, 30 and 100µs while the recovery was done with pulse amplitude from -1 to -3V with pulse width going from 100ns to 300µs.

Stress induced threshold voltage Instabilities

The 𝑉 -Shift was extracted from the experimental data of I-V curves measured under stress. The evolution for different stress condition was observed in Fig. 4.8. The experimental data (scatters) fit very well with the saturating log-time dependence model [START_REF] Zafar | Charge trapping related threshold voltage instabilities in high permittivity gate dielectric stacks[END_REF] (1):

∆𝑉 = ∆𝑉 × 1 -𝑒 (Eq. 4.1)
Where ∆𝑉 is the total trap density ∆𝑉 and the centroid of the trap-charge distribution,  depicts the trap energy distribution and 0 is the relaxation time of the traps. The extraction of the model parameter indicate that the AlN/Al3O2 based dielectric device have higher larger ∆𝑉 or trap density with faster trapping process (shorter 0). Finally, the lower  indicate that this higher trap density for device with AlN-IL have a wider energy distribution. The value of the fitting parameter from model ( 1) are given in Table 4.1. [START_REF] Zafar | Charge trapping related threshold voltage instabilities in high permittivity gate dielectric stacks[END_REF].
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Recovery phase

The experimental IV characteristic before stress and after recovery indicate no permanent degradation. Since the trap process is fast, we should consider a partial recovery just after the stress and not considered by the recovery phase performed with nanosecond order of magnitude pulse width. This one results on an underestimation of the PBTI degradation from our recovery experiment which assess the rate of electron de-trapping from the gate dielectric defects. To describe the relaxation curves from the experimental results the universal relaxation model [START_REF] Kaczer | Ubiquitous relaxation in BTI stressing-New evaluation and insights[END_REF] [92] was applied. It is worth to remind this model if there is no permanent damage in the oxide:

∆𝑉 = 𝑅(𝑡 𝑡 ) × 𝑟(𝜉) (Eq. 4.2)
where 𝑅(𝑡 𝑡 ) is the recoverable component relaxation time, 𝑟(𝜉) is the relaxation function and 𝜉 = 𝑡 /𝑡 is the universal relaxation time. From the ∆𝑉 results of the recovery phase and using (2) we plotted 𝑟(𝜉) 𝑣𝑠. 𝜉 in Fig. 9. Interestingly we can observe that the experimental data fits perfectly with the universality relaxation model if we apply the general relaxation function: 𝑟(𝜉) = . ( ) . Note that B and 𝛽 are the scaling and the dispersion, respectively. This empirical description provides a qualitative description of the detrapping process between the high-k with or without AlN-IL. In the case of the Al3O2 based MOS-HEMT, the values of (B, 𝛽) are well above the ones for the Al3O2/AlN devices. In others terms the devices without IL show a much faster de-trapping process. Thanks to AlN-IL, we can reach normally-ON operation device but surprisingly and alike previous work [START_REF] Huang | Mechanism of PEALD Grown AlN Passivation for AlGaN/GaN HEMTs: Compensation of Interface Traps by Polarization Charges[END_REF] [94], the AlN is also associated to a large pool of defects, larger than for devices with only Al3O2 layer as dielectric. Further, for Al3O2/AlN devices, the stress measurement indicates that this larger defect density has a faster trapping phenomenon and are spread in wider energy level distribution. In turn, the empirical universal relaxation model applied to the recovery experiments indicate slower de-trapping phenomenon or charge emission suggesting that the defect energy level is close to the Fermi level of the channel [START_REF] Wu | Toward Understanding Positive Bias Temperature Instability in Fully Recessed-Gate GaN MISFETs[END_REF] which favors charge capture at low stress time and voltage. Consequently, the use of the AlN-IL is a good choice to Reliability improvements in AlGaN/GaN Schottky Barrier Diodes with a Gated Edge Termination 51 reach E-Mode device but produce larger 𝑉 -instabilities which is a serious concern for the reliability of the MOS-HEMT.

Reliability improvements in AlGaN/GaN Schottky Barrier Diodes with a Gated Edge Termination

As an extension of the activity on the MOS-HEMT, another power electronic device had acquired many advantages by the utilization of Gate dielectric. Indeed, the AlGaN/GaN lateral Schottky barrier diode (SBD) has achieved breakdown field high than 3MV/cm and with lower leakage current leading to excellent reverse and forward characteristics. More specifically, CMOS-compatible Au-free fabrication process enables to insert Si3N4 (or SiN) layer to create a Gated Edge Termination (GET) at the anode side close to the Schottky contact. Such device is hence call Gated Etch Termination Schottky Barrier Diode with or GET-SBD. As for the MOS-HEMT, the use of such gate dielectric questions the reliability and therefore the viability of such devices. For diode, it is of the utmost importance that the dielectric remains functional under high electric field i.e. in reverse bias. Thus, the critical question of the GET-SBD reliability is how long we can use such device until the dielectric breakdown. It is the reason why in this research activity we will study the failure mechanism and the long-term reliability for different type of dielectric. In this specific work [START_REF] Acurio | Reliability Improvements in AlGaN/GaN Schottky Barrier Diodes With a Gated Edge Termination[END_REF], we study the effect of the dielectric thickness, the SiO2 passivation layer thickness and of the surface preparation or preclean used for the AlGaN barrier recess.

Devices and experiment descriptions

Epitaxial 2.9µm-thick superlattice AlGaN buffer is grown on Si(111) substrate with MOCVD for 200-V technology followed by 300-nm-thick GaN channel covered by a 0.5-nm-thick AlN spacer. Then a 10nm-thick AlGaN barrier is grown with a 5-nm-thick SiN cap and finally a thick high thermal SiO2 passivation layer is deposited. The anode is formed after a dry etch recess of about 6nm leaving about 4nm of AlGaN. The GET structure is then deposited by PEALD followed by a dry etch in the central region over LSC = 5µm and resulting on the side of the anode an edge termination of Lg1 = 1µm. Note that the recess and the gated area provide a significant leakage current reduction. To finally a TiN metal-contact is deposited and etched to form the Schottky contact (Fig. 4.10). The different studied devices have different GET structures and different surface preparations or pre-cleans (Table 4.2). By contrast with a solution of dilute HCl, a more aggressive cleaning of solution of hydrogen peroxide with HCL first and NH3 second was also applied prior the SiN deposition. The resulting devices have different dielectrics, SiO2 passivation layer and surface preparation. The most relevant experiments in this work result from TDDB experiments yet the reader could find in [START_REF] Acurio | Reliability Improvements in AlGaN/GaN Schottky Barrier Diodes With a Gated Edge Termination[END_REF] more details about the electrical characteristic of the diode and the related performance in direct regime with exceptionally low RON. GaN technology using MOS architecture for power electronic applications 52 __________________________________________________________________________________ Regarding the TDDB the CVS technique was applied on device with LAC = 6µm and W = 100µm. The stress voltage was applied at the cathode while the Anode was grounded and the substrate floating. For this experiment the time to breakdown (tDB) is defined for a current jump of 1µA and the breakdown was enhanced by applying temperatures (150 and 200C). Note that the stress voltage was chosen close to the breakdown voltage to induce a breakdown in a feasible time frame.

Single vs. Bilayer

During the TDDB [Fig. 4.11(a)], at the beginning of the stress, the leakage current evolution shows an exponential decrease likely attributed to electron injection from the Anode into the AlGaN layer. After a given stress time the current increases and becomes noisy likely caused by defect generation on the gate edges due to high electric field or creation of donor defect in the GaN buffer. Again in Fig. 3a between the Double GET and the Reference (REF) device a difference of more than 100V for the stress voltage demonstrate a clear superiority of breakdown field when the SiN layer is duplicated. The Weibull distribution [Fig. 4.11(b)] shows two large shape parameters (= 3 and 5) related to failure due to intrinsic properties rather that extrinsic failure [START_REF] Degraever | a new model for the field dependence of intrinsic and extrinsic time dependent dielectric breakdown[END_REF]. In the case of the 2-SiN layer [Fig. 4.11(c)], the -value (<1) suggests rather extrinsic failure mechanism and indicates also that the failure rate decrease with time [START_REF] Degraever | a new model for the field dependence of intrinsic and extrinsic time dependent dielectric breakdown[END_REF]. Additional CVS experiments were carried out on different structures and may indicate that for the 2-layer devices a lateral breakdown would occur through the GaN buffer layer or/and the surface [START_REF] Jiang | Breakdown characterisitcs of AlGan/GaN Schottky Barrier diode fabricated on silicon substrate[END_REF]. However, simulation using TCAD (Synopsys) suggests that the use of 2-layer dielectric alleviates the peak of electric field at the corner of the GET corner edge of the Schottky diode by adding a new one within the AlGaN (Fig. 4.12). This results in a broad and uniform electric field distribution limiting the enhancement of the breakdown voltage and thus increasing the time-to-failure. Reliability improvements in AlGaN/GaN Schottky Barrier Diodes with a Gated Edge Termination 53

Effect of the passivation layer thickness dependency

As shown in Fig. 4.13(a), the reduction of the passivation layer thickness allows larger time to breakdown for same stress condition (200C). In both cases we can observe the trapping of negative charge at the beginning of the stress test with a more rapid increase of leakage current for the thin structure device. At the same stress conditions (375 and 400V), the tDB gives similar shape parameters (𝛽 ≈ 3) indicating the same origin of failure mechanism in both cases as revealed in Fig. GaN technology using MOS architecture for power electronic applications 54 __________________________________________________________________________________

The TCAD simulation explains that the thin passivation layer results in the reduction of the electric field peak at the GET corner while the peak is increased at the plate edge; the peak at the Schottky contact remains the same (Fig. 4.15). The simulation suggests mitigated improvement resulting from the uniform electric field compared to the previous case (single vs. bilayer). Indeed, the lower electric field at the GET Corner seems to increase the tDB for low stress voltage confirming that the GET corner is a critical location for the breakdown. However, the field plate is now under higher electric field which would explain critical damage under higher stress voltage and likely responsible of the failure mechanism indicated by 𝛽 ≈ 5. It is not clear if the additional failure mechanism is not also related to the Schottky contact where the electric field is the highest.

Preclean process dependency

To end, we studied the case where the passivation layer is a 45nm of SiO2 but using an AlGaN barrier recess or preclean surface based on SPM and APM prior the SiN deposition. In this case, the leakage current is the same compared to the device with same passivation layer but where a dilute HCl solution was used for the AlGaN recess. In both cases whereas the shape parameters that fits the best this kind of device was 𝛽 ≈ 3. It is worth to remind that this -value was also found for conventional surface preclean (dilute HCl) devices but for low stress voltage (below 400V). Therefore, using a more aggressive AlGaN recess leaving less organic by-product or residual material improve the interface between the AlGaN and the SiN dielectric and at the Schottky contact. As a result, the device can bear much higher stress voltage.

Influence of GaN-and SiN-cap passivation layer on the performance of AlGaN/GaN diodes with a GET

As we concluded in the previous work, GET-SBD strongly depends on the material, architecture and process technique of the GET. All the endeavors were concentrated to smooth the the electric field distribute and avoid a too high peak or field crowding at the GET corner. This was possible by means of a GET made of a thick dielectric, a thin passivation layer and an aggressive AlGaN barrier recess. Indeed, a longer time to breakdown could be reached with this type of GET [START_REF] Acurio | Reliability Improvements in AlGaN/GaN Schottky Barrier Diodes With a Gated Edge Termination[END_REF]. More generally, the goal is to avoid field crowding which is responsible of current collapse from defects mainly located at the passivation interface. In addition to limit the OFF-state performance, it was observed that the current collapse is associated to an increase of ON-resistance (RON) [START_REF] Saito | Field-plate structure dependence of current collapse phenomena in highvoltage GaN-HEMTs[END_REF]. To further reduce this current collapse phenomenon, it is recommended to add a cap layer between the top of the dielectric and the passivation layer. It was reported that current collapse could be limited or suppressed by using either Influence of GaN-and SiN-cap passivation layer on the performance of AlGaN/GaN diodes with a GET 55

GaN [START_REF] Hao | Breakdown enhancement and current collapse suppression by high-resistivity GaN cap layer in normamy-off AlGaN/GaN HEMTs[END_REF] or SiN [START_REF] Derluyn | Improvement of AlGaN/GaN high electron mobility transistor structures by in situ deposition of a Si3N4 surface layer[END_REF] for MIS-HEMT devices. We decided to study in this work GET-SBD devices fabricated with these materials as cap passivation layer [START_REF] Acurio | Influence of GaN-and Si3N4-Passivation Layers on the Performance of AlGaN/GaN Diodes With a Gated Edge Termination[END_REF].

Device characteristics

The devices used for this study are pretty similar to the one studied in the previous work [START_REF] Acurio | Reliability Improvements in AlGaN/GaN Schottky Barrier Diodes With a Gated Edge Termination[END_REF]. This time a cap between the dielectric and the passivation layer is deposited as illustrated in Fig. ). Note that both are sensitive to the substrate connection. A third one occurs only when the substrate is grounded, namely vertical electric field and for high temperatures. Low Ea values in the both devices (Ea1_SiN = 0.11 and Ea1_GaN=0.13) are related to leakage current from field emission transport [START_REF] Cha | Gate field emission induced breakdown in power SiC MESFETs[END_REF] since they are voltage and temperature independent. The Ea's values occurring at higher temperature (Ea2) in the both cases suggest leakage current rather explained by thermionic field-emission transport [START_REF] Tan | Gate leakage effects and breakdown voltage in metallorganic vapor phase epitaxy AlGAN/GaN heterostructure field effect transistor[END_REF]. However, in the case of the GaN, a third value occurs only for high vertical. This third value (Ea3_GaN) have been associated to conduction mechanism through the buffer which is observed in both kind of devices. In the case of the SiN sample this phenomenon occurs as of 350V and explains the voltage dependency of the Ea2_SiN [Fig. 4.18(a)] which is also reaching similar value of Ea3_GaN at 450V. In the GaN technology using MOS architecture for power electronic applications 56 __________________________________________________________________________________ case of the GaN sample, Ea3 occurs at much lower voltage (200V) suggesting higher electric field in the high-temperature range for GaN cap devices.

Accelerated TDDB measurements

The TDDB have been measured by using CVS technique maintaining the substrate floating to capture the intrinsic breakdown and reducing the impact of the buffer. Note that high enough temperature condition (200C) was chosen to accelerate the time of failure. The Weibull distribution in Fig. 4.19 indicates a narrower tBD distribution and lower variability of the intrinsic breakdown for SiN cap layer device (=3.3) compared to the GaN one (=1.8). The time-to-Breakdown of 63.2% of the population reaching failure is indicating clearly that the degradation process is field dependent. In the case of the SiN material a lower dependency is observed even under high stress condition (> 450V) while the GaN material exhibits somewhat stronger voltage dependency but with an inversion point at low voltage (300V). Usually this one indicates that the breakdown mechanism is obtain under an overstress and not under operating condition and therefore cannot be considered for lifetime prediction. Nevertheless, from Fig. 4.21 the SiN material show better lifetime than the GaN material. To understands better the reason behind this difference of performance for the TDDB, TCAD simulation of this specific SBD were carried out and the Electrical field in two different cuts were extracted Fig. 4.21(a). According to the TCAD simulation, higher electric field peaks are predicted within the SiO2 passivation layer underneath the field plate (FP) and additionally within the SiN-dielectric (GET) and at the Schottky barrier (SC) likewise in [START_REF] Acurio | Reliability Improvements in AlGaN/GaN Schottky Barrier Diodes With a Gated Edge Termination[END_REF]. Interestingly if we look at the place where the cap passivation layer, in the case of the GaN material in Fig. 4.21(c), the peak at the FP and the GET position are clearly enhanced and in the case of the GET, the peak is even higher than the one at the SC edge. We assume that this electric field accelerate the random generation of trap within the GET structure and would produce a percolation path through the dielectric or insulator responsible of higher leakage current [START_REF] Degraeve | Degradation of breakdown in thin oxide layer: Mechanism, models and reliability prediction[END_REF]. The reason why the GaN material yield weaker strength under voltage stress can be related to the deposition method. stress can be related to the deposition method. Indeed, it was already reported that MOCVD SiN yield an excellent film quality able to bear 9.2Mv/cm [START_REF] Derluyn | Improvement of AlGaN/GaN high electron mobility transistor structures by in situ deposition of a Si3N4 surface layer[END_REF]while MOCVD GaN barely reach 3.5MV/cm. Since the electric field is particularly intense at the GET corner, the GaN film can be degraded under this field producing a conductive path or disruptive discharge affecting the dielectric integrity, resulting of worst reliability for the SBD. Influence of GaN-and SiN-cap passivation layer on the performance of AlGaN/GaN diodes with a GET 57

Milestone and next step

Through this research activity we could study the reliability for GaN-on-Si (GoS) HEMT and SBD implemented with MIS structure. Technique reliability such as PBTI and TDDB were successfully applied to better understand the importance of the dielectric materials and architectures. Hence for the MOS-HEMT, the choice of the material was important to ensure the right E-MODE operation on the one hand and the VTH-shift stability on the other hand. As for Si technology high- material enables larger oxide capacitance and output current but for a worst VTH stability compared to the SiO2 dielectric based devices. Further to work in E-Mode it is necessary to add an AlN-IL which introduces even more defects. Important process tradeoffs are necessary to consider GoS MOS-HEMT and this was even more evidenced with the GET-SBD study. As in my PhD work, process "knob" has its importance for tuning the device performances following the industry needs. For the GET-SBD we reach the main conclusion that it is necessary to produce a uniform electric field from the Anode to the Cathode and alleviate the field at the GET corner. We propose one option using thick dielectric with thin passivation layer with excellent quality cap layer and an aggressive recess technique. However, many process solutions can be proposed and have a direct impact on the reliability as it was the case for the cap layer made of SiN or GaN and deposited with MOCVD and where we conclude that SiN was the best choice because the MOCVD yields a good quality film with this material. And most importantly we develop interesting reliability perspective based on what we learnt for the CMOS technology allowing to guide these choices toward the industry target. Indeed, this process need to earn in maturity to reach standard yield and other material as the GET dielectric can be involved. 

Overview

ODERN electronic devices are implemented under new concepts like More-Than-Moore (MtM) to implement nomad applications, Internet-of-Things (IoT) or connected objects. With these new applications, new constraints have raised like storage, speed, size, price and power consumption, among others. To overcome these new challenges, it has been decided to converge toward Non-Volatile Memory (NVM) fabricated with CMOS process. Indeed, the rapid growth of the flash memory (RAM) market has motivated this choice. However, new types of RAM technologies using the NVM concept have been developed focusing on specific material processed on Si-wafer. Among them we can consider the Magnetic RAM (MRAM), Ferroelectric RAM (FeRAM), Phase-Change RAM (PCRAM) and last but not least, the Resistive RAM (RERAM) [START_REF] Beck | Reproducible switching effect in thin oxide films for memory applications[END_REF]. In this research activity we decided to work on RERAM cells. it is worth to briefly remind the architecture and how work such devices. The RERAM architecture is indeed a Metal-Insulator-Metal (MIM) capacitance and if the insulator is a metal-oxide (MO) the RERAM is called an Oxide RAM or OXRAM [START_REF] Rossel | Electrical current distribution across a metal-insulator-metal structure during bistable switching[END_REF]. Since we could receive good wafer of OXRAM from Imec we studied specifically this type of RERAM. This RERAM are bipolar since positive and negative bias can be applied for the voltage operation. To activate a RERAM we must apply a high enough and positive voltage to breakdown the MO which results in the creation of a conductive path between the two metallic electrodes. Hence the RERAM is in a state where it becomes conductive also called the Low Resistive State (LRS). This operation is called the "electroforming". The resulting breakdown, however, must be weak enough (soft breakdown) to be reversible by applying a negative voltage on the electrodes and to produce what we call the High Resistive State (HRS). The distinction between the LRS and the HRS is the current level. The two states of the RERAM are then interpreted by electronic circuit designers has 'High' or '1' for the LRS and a 'Low' or '0' for the HRS. As a result, the RERAM fits for binary logic that is used for memory devices and could, to some extend be used for logic gate circuits for very specific application as the neuromorphic system. At the time we started this activity, the main issue was the definition of a physics model to define then an effective or compact model for simulating the IV characteristics. Indeed, such model is necessary for processing engineers to assess the performance of new generation RERAM's. The main difficulty for this type of memory cell is that the IV characteristic includes hysteresis phenomenon and this one is rather sensitive to the type of insulator material, bias memory, activation conditions among others. More specifically, the IV characteristics is composed by two distinct conduction mechanisms: one in the LRS and the other in HRS, both based on different phenomena. Our strategy was first to understand the physics conduction mechanism using the Quantum Point Contact (QPC) model which is a good approach for metal oxide insulator based RERAM. Then we defined an effective or compact model which will not be dependent on the OXRAM specificities like type of insulator and activation process but that would be applied to others type of RERAM like Conductive Bridge RAM (CBRAM). This work has been carried through 2 research projects. The first research project was a punctual study with my PhD student Luis-Miguel Prócel and in collaboration with the University of Calabria (UNICAL) [START_REF] Procel | Experimental evidence of the quantum point contact theory in the conduction mechanism of bipolar HfO2-based resistive random access memories[END_REF]. The second research project was a PhD program with M Experimental evidence of the Quantum Point Contact theory in the conduction mechanism of bipolar HfO2-based Resistive Random-Access Memories 59 my student Silvana Guitarra, professor of the USFQ and in collaboration with the Aix Marseille University (AMU) [START_REF] Guitarra | Stochastic multiscale model for HfO2-based resistive Random-access memories with 1T1R conficguration[END_REF]. During this project I was contributing to her supervision up to 50%.

Experimental evidence of the Quantum Point Contact theory in the conduction mechanism of bipolar HfO2-based Resistive Random-Access Memories

The Quantum Point Contact (QPC) theory applied to the RERAM [START_REF] Procel | Experimental evidence of the quantum point contact theory in the conduction mechanism of bipolar HfO2-based resistive random access memories[END_REF] is, in few words, the following. Let us assume two electrodes linked by a conductive path which has a bottleneck in the center. To measure a current, the electron leaves one electrode to reach the next one, and to do so the electron has to go through the bottleneck. This bottleneck is so narrow that is comparable to a narrow constriction with the dimension of the electron wavelength. As occurs in a potential well, a narrow constriction induces the lateral quantization of the electron wave function. Thus, the electron, going through the conductive path, can be either reflected or transmitted. The transmission probability is defined by 𝑇(𝐸). In the case of RERAM we assume that the dielectric or insulator breakdown resulting from the electroforming is characterized by a conductive path and in our work this one is described by the QPC theory. The application of the QPC theory to the case of the RERAM device conductivity in LRS and HRS leads us to propose some assumptions for the right definition of the current intensity and therefore of the 𝑇(𝐸) [START_REF] Long | Quantum-size effects in hafnium-oxide resistive switching[END_REF]. This was already intended, but in this work, we confirmed it using very good quality RERAM devices and using a statistical study over 50 samples.

Experimental device

The considered devices were fabricated to Imec [START_REF] Govoreanu | 10x10 nm2 Hf/HfOx crossbar resistive RAM with excellent performance, reliability and low power operation[END_REF]. The I-V characteristic measurements were carried out on "1T1R" structure which consist 1 RERAM cell (1R) and 1 MOSFET transistor (1T) used to control the current compliance. The RERAM cell consists in MIM structure with the following gate stack: TiN(30nm)/HfO2(5nm)/Hf(10nm)/TiN(30nm) as described in 

QPC model applied to the experimental I-V from RERAM cells

In the QPC theory, the bottleneck or narrow constriction of the conductive path plays an important role since it enables an assessment of the charge and thus of the current flowing from one to the other electrode. In the case of the RERAM the current is large or low following the state of the cell which depends on the applied potential to the electrodes. In other word, in the case of the RERAM the electron transmission probability or 𝑇(𝐸) is modulated by the voltage applied to the external electrodes. Therefore, the breakdown is consistent with a soft-breakdown perspective.

The electroforming of a pristine RERAM cell creates a conductive path, also called conductive filament (CF), across the dielectrics. At its narrowest point (bottleneck) a potential barrier is formed and varies with the applied potential at the electrodes. If the potential barrier in the CF is important the cell is in HRS and the electron transmission probability is low (𝑇(𝐸) < 1) since the only possible electron mechanism conduction is tunneling through the potential barrier. In the case where this potential barrier is weak the RERAM cell is in LRS, and the electron transmission probability is high (𝑇(𝐸) ≈ 1) i.e. ideal ballistic transport.

The band diagram of the CF narrow constriction (Fig. 5.3) assumes the parabolic approximation of the potential barrier. This one is described by the cross-sectional area of the narrow constriction which determines the two conduction states of the RERAM cell. This barrier is physically described by its height (Φ) with respect to the Fermi level and its thickness (tB) assessed at the Fermi level as described in Fig. 5.3 [START_REF] Miranda | Model for the Resistive Switching Effect in HfO2 MIM Structures Based on the Transmission Properties of Narrow Constrictions[END_REF]. Note that for the measured IV characteristic, parasitic such as series resistance (R) must be considered. A complete development of the QPC theory applied dielectric soft-breakdown to describe the LRS and HRS is given in [START_REF] Avellan | Model for the voltage and temperature dependence of the soft breakdown current in ultrathin gate oxides[END_REF]. In the frame of this study we will assume a zero-temperature limit of the parabolic approximation for the potential barrier description in the CF constriction. In addition, we use the Landauer formalism for 1-D quantum conductors, so the current is defined as: 𝐼 = 𝑁 ∫ 𝑇(𝐸)𝑑𝐸 (Eq. 5.1)
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Since we apply a parabolic approximation, an analytic expression of 𝑇(𝐸) allow to deduce the next expression for the current:

𝐼 = 𝑁 ∫ ( ) 𝑑𝐸 ≈ 𝑁𝐺 ⎩ ⎨ ⎧ 𝑉 + ln 𝐻𝑅𝑆 𝐿𝑅𝑆 (Eq. 5.2)
where 𝐺 = is the quantum conductance, 𝐸 = -𝐸 = 𝑞(𝑉 -𝑅𝐼), and 𝛼 is the shape parameter which is related to the potential barrier as we will see later. Note that the series resistance R can be neglected in HRS since the current is relatively low so 𝐸 = -𝐸 ≈ 𝑞𝑉. Finally, N is the number of filaments, but it is reasonable to assume only 1 channel. The previous equations were used to fit the experimental IV curves (Fig. 5.4) in HRS (a) and LRS (b) state and we obtained a very good agreement. The extracted values of the barrier shape parameter 𝛼 and height 𝛷 for all the 50 samples are plotted in Fig. 5.5. A correlation between both parameters is deduced and fits with a dependency associated to a power law model: Φ ∝ 𝛼 where n= -0.35. According to the QPC approach it was demonstrated that the barrier thickness [START_REF] Miranda | Model for the Resistive Switching Effect in HfO2 MIM Structures Based on the Transmission Properties of Narrow Constrictions[END_REF]: 𝑡 = * thus the value of 'n' is close to the theoretical one (n=-0.5) for a constant tB. The difference between the theoretical and extracted value can be related to the choice of the parabolic approximation for the barrier potential shape. Another approximation would likely have given a closer value to -0.5. It is worth to remind that the potential barrier Φ must depend on the external voltage. A correlation between Φ and the voltage setting or VSET is plotted in Fig. 5.6. where a positive relationship is deduced. For high barrier potential large voltage has to be (a) (b) __________________________________________________________________________________ applied to the RERAM cell to switch from the HRS to the LRS. This is consistent with the atomic description of the CF in the QPC theory. In fact, the potential barrier in the HRS is formed by atomic movements in the confinement of the narrow constriction [112] [114]. Then, higher is Φ in HRS, larger is the energy to rearrange the atom to get the CF in LRS. Using the QPC approach and an electron effective mass in the HfO2 m* = 0.44m0, we also deduce that 𝑡 = 1𝑛𝑚.

Effect of the Temperature

In LRS the current is independent of the temperature up to T = 468K while in HRS the current intensity is varying significantly (Fig. 5.7) consistent with [START_REF] Avellan | Model for the voltage and temperature dependence of the soft breakdown current in ultrathin gate oxides[END_REF]. The intensity current in HRS is related to a reduction of the potential barrier and is analytically described by Φ(𝑇) = Φ -𝛾𝑇 where 𝛾 is the temperature coefficient. In this work we decided to extract directly this coefficient and the shape parameter 𝛼 based on the intensity current measurements in HRS and using the following expression defined in [START_REF] Avellan | Model for the voltage and temperature dependence of the soft breakdown current in ultrathin gate oxides[END_REF]: ln(10) = 𝛼𝛾. Interestingly the slope 𝛼𝛾 is found about 13mK -1 (Fig. 5.8) for all the studied RERAM cells, namely this value is independent of the gate area as already observed in [START_REF] Avellan | Model for the voltage and temperature dependence of the soft breakdown current in ultrathin gate oxides[END_REF]. Importantly, the QPC model explains the RERAM conduction mechanism of the two states (LRS and HRS) using the soft-breakdown perspective. However, this temperature analysis reveals that the current intensity follows dependencies specific to the studied device in terms of material and deposition technique [START_REF] Govoreanu | 10x10 nm2 Hf/HfOx crossbar resistive RAM with excellent performance, reliability and low power operation[END_REF]. Actually, in other work, the type of insulator and/or deposition techniques determines the physics or the nature of the type of CF (semiconducting or metallic) in LRS and/or HRS [START_REF] Jiang | Characteristics of different types of filaments in resistive switching memories investigated by complex impedance spectroscopy[END_REF]. To conclude, different materials and deposition techniques show different temperatures behavior and very likely different electroforming, external potential to switch from one state to another, etc. not to mention the variability from one cycle to another. This suggesting that a universal physics modelling of RERAM is very difficult and maybe impossible if the model considers the physicchemical specificities and deposition techniques of the RERAM dielectric. An alternative strategy is needed to define a compact model. 

Multi-scale model of RERAM

The previous work taught us that modelling the IV characteristic of the RERAM becomes very difficult if we consider the insulator nature. In our previous work the QPC theory could perfectly work with OXRAM with HfO2 deposited with ALD but as soon we study the temperature dependency the results are varying from one dielectric to another and on its deposition technique. And what about different RERAM like CBRAM which are using electrolyte instead of MO-dielectric. This conclusion leads us to the next idea. Since for the engineers the goal of physical model will be reduced to a compact or effective model which predicts the macroscopic behavior of the RERAM. And since the microscopic behavior of a RERAM depends on the CF conductivity laying on a probability factor 𝑇(𝐸) why not proposing a model based on statistical perspective without involving a rigorous physical description model at the microscopical scale, i.e. independent of the nature of the RERAM. Further such model would include the variability, the hysteresis and could be implemented in relatively simple platform to spare calculus time. In this research activity we decided to make an extensive experimental study of the same OXRAM device from the previous work, to define the electrical parameter under a statistical point of view. Thus, we will consider the variability cycle-to-cycle of the IV characteristics and the hysteresis of the IV characteristics by including the two conduction mechanisms occurring in HRS and the LRS.

Experimental considerations

The studied devices are the same than in Fig. 5.2.1. To remind we consider 1T1R structure were the MOSFET is implemented in 65nm FEOL technology and the RERAM is indeed an OXRAM with HfO2 as insulator. Alike the previous experiments the IV characteristics were carried out on much more different RERAM area ranging from 55nmx55nm to 5µmx5µm (only square cell). Only pristine cells were considered demanding an Electroforming or activation step before starting the HRS/LRS cycle measurements (Fig. 5.9). It is worth to remind that the role of the electroforming is to create a soft breakdown in the insulator layer. This is done by applying a strong voltage to the external electrode (Vforming) of the RERAM. The resulting current (Iforming) will indicate if the breakdown is hard or soft. In the case we reach a hard breakdown the cell will not be used as a memory cell (irreversible breakdown). To control the type of breakdown we employ the compliance transistor in the 1T1R is hence even more unpredictable and would provide an even wider variability of the VRESET explaining likely why the normality test was not validated in some case of the VRESET statistical analysis. The effect of the cell area on the VSET and VRESET is show in Fig. 5.12 and it can be identified different trends. For the VSET, the value is lower than for the VRESET explaining why the IV curves are not symmetrical and this may imply an interesting property that we will discuss later. The VSET values are higher for the small area device while in the case of the VRESET, the small and large area device seems to reach the same level. This is likely related to destruction process as aforementioned.

Conduction process

The conduction mechanisms have been split into two regimes following the RERAM states: the Ohmic regime in LRS in Note that for the HfO2, the tunneling effect is assumed to be related to the Trap Assisted Tunneling (TAT) phenomenon [START_REF] Houng | Current transport mechanism in trapped oxides : A generalized trap-assisted tunneling model[END_REF]. Note that after extraction it was also found that 𝐼 ∝ √𝐴 and 𝛼 ∝ 𝐴 where A is the area (see later).

Phenomenological Model of the RERAM

As we explained earlier, the goal of this research activity is to build a model in which the macroscopic parameter (current, voltage conductance etc.) results from an empirical and statistical approach rather than a rigorous description of the phenomenon controlling the HRS transition as described in paragraph 5.2.2. To some extend such model could be related to an effective or compact model since the microscopic behavior is described by events obeying to a normal statistical distribution whom the moments are quantitatively assessed through experimental data. Yet, these events are not explained by a physics description in this approach. In this work the CF is described as a chain of three lumpedelements: 2 constant passive resistors and 1 active breaker or a switch [START_REF] Lee | Interface-modified random circuit breaker network model applicable to both bipolar and unipolar resistance switching[END_REF]. The latter one becomes a low or high resistor following the state of the RERAM. At first it was assumed that the CF could be represented by only 1 chain but to describe better the variability effect it was finally included N-parallel chains. To simplify the chain model explanation, we will consider only the 1-chain model; the N-chain model is indeed a generalization. The Schematic description of the 1-chain model is given in Fig. 5.15. where Vref is either VSET or VRESET following the considered case. It was found a relation between the parameter 𝐶 (slope of Ps) and the standard deviation of 𝑉 : 𝐶 = (Fig. 5.16) Indeed, 𝑃 is related to the cumulative distribution of the VSET (PSET) or VRESET (PRESET) obtained from the experimental data. The use of this probability function to define the switching is explained in the next paragraph.

Calibration and Simulation of the model

The model was implemented in Python and the algorithm was built to consider on the one hand the Set process and on the other hand the RSET process (Fig. 5.16). The switch of state is controlled by the probability function. Indeed, Ps is calculated for each loop and is compared with a computer-generated random number 'p'. If 𝑃 > 𝑝 therefore the breaker state changes otherwise the state is the same and we go for the next iteration with higher Vext. The script was written to allow the user to modify specific parameters like the number of lumpedcircuit chain in parallel, value of VSET and VRESET, the voltage sweep and finally the parameters for the conductance mechanism specific to the dielectric of the OXRAM. This suggests that the user must calibrate the model. In this study the calibration of the model was carried out based on several parameters: VSET, VRESET, CSET, CRESET, G, Io, . These parameters have been extracted using the experimental data (Apendix) and the results were summarized in Table 5.I. The results of the simulation are shown in Fig. 5.17 were the simulated and experimental curves are in good agreement. This model considers the 1T1R structure with series resistance (RS) while this resistive effect may strongly affect the electrical response. Therefore, we decided to also extract the RS to assess the intrinsic experimental I-V curves and to simulate them. As expected, the RS is lower for the small cell area devices. It can be also observed that without RS the difference between the VSET and the VRESET (in absolute value) is negligible and thus the curves are much more symmetrical. With this end, we add the RS as a parameter in the model and in the simulation. The results of the calibration using the RS are shown in Table 5.II and the results are shown in Fig. 5.18(b). The results for the IV without RS show again that the experimental and the simulated curves are in good agreement. To conclude, this model we built uses a phenomenological approach similarly to an effective or compact model. In fact, in this model the change of state depends on the probability to destroy of reconnect path within the CF instead to describe a precise dynamic of the O-ions and vacancies. This enable several advantages like first sparing large amount of calculation time and second the type of conduction mechanism can be substituted by another one more specific to a RERAM which is not made of HfO2 deposited with ALD as it is the case here, or which is not an OXRAM (e.g. CBRAM). 

Milestone and future work

In this research activity, we confirmed that the QPC theory is a good approach to describe the electrical behavior of the RERAM devices and we also developed another approach to build a new model based on the event probability responsible of the state switching. The first approach (QPC) taught us on the nature of the conduction mechanism in each state (LRS and HRS) through the narrow constriction represented physically by a CF. It was also discussed the difficulty to disentangle the dielectric nature from the CF behavior, complicating the elaboration of a model based on the physics of the RERAM cell. It was therefore proposed an approach relying only on the probability to reconnect or destroy the CF. We observed indeed that the variability of the switching states, caused by a specific dynamic of the studied RERAM (OXRAM), could be defined mostly by a normal statistical distribution. This model states that the electrical parameters can be assessed within a dispersion that can be extracted from the experimental data. Further, the conduction mechanism of each state can also be adapted for the type of RERAM. Also, we recently started a new research project where we applied this model to CBRAM fabricated on flexible support (polymer). Such devices are using a process which is not mature enough resulting on electrical parameter variability even greater. So far, this first study demonstrates that again the variability could be also assessed by a normal distribution and could predict the CBRAM behavior. The next step will be to apply the Pool-Frenkel conduction mechanism in HRS which is the one used for the conductive bridge in the Electrolyte. URING the last ten years since my PhD graduation, I had to learn to do research in very particular context. At first when I arrived in Ecuador, I was pretty worried to not keep going with my research activities; and crossing the Atlantic, even once a year to reach a convenient lab, was not sustainable. Doing research is not only cracking number obtained from experiments based on hardware from project in a lab. It is also the determination to prove that the conducted experiment is pertinent and valuable for a group of people. When I started to work to the Universidad San Francisco de Quito I had to convince my colleagues and supervisors that my research works was worthy but very few understood it; and this is understandable in a country where economic rely only on petroleum industry… The real value in my works this 10 last years was building an international network thanks to the financing of a microelectronics lab. At that time few professors of the USFQ had the guts to ask for research hardware or lab, and above all, was able to sell their ideas with clear objectives. In my case I could count on my experience in European institutions where I met very large companies with pragmatic approach of sciences and technology (Imec). And counting with an important technical background from my study at Aix-Marseille University, "my alma mater", not to mention the human features that carry any engineer to tackle problem faced by the society in a specific context. All these was the backbone of my motivation: keep working in my research activities and sharing them in a place where peoples were eager to learn new knowledges and acquire new skills. Maybe I was opportunistic, or I got the opportunity, but in both cases I made my point against many naysayers and the results had (I believe) a humanistic impact. To some extend I strongly contributed to build a real ecosystem enabling to manage micro and nanoelectronics based projects, attracting great professors and friends from Europe. Consequently, we could sign an agreement between Imec and USFQ. This way we could keep working on my favorite topic: the study of the transport in ultra-scaled devices, namely sub-100nm channel length and ultra-low EOT. We could answer questions about the fundamental limitation of planar CMOS MOSFET. Indeed, keeping reducing the EOT below 1nm force to scavenge the IL or/and increase the -value of the dielectric. Extremely thin IL (<3Å) leads not only to a strong reduction of the mobility but also to reduce the saturation velocity; directly linked to ION MOSFET performance. This conclusion led to carry on with novel architectures as the FDSOI-UTBB where the mobility can be modulated with the back biases. But still lower performance was obtained for sub-1nm EOT High- dielectric devices. This limitation was related to higher transversal electric field needed to activate the channel in the case of the high- devices. Our last work on this topic was to study short-channel FDSOI devices. The idea was to conduct a preliminary study on FDSOI-UTBB MOSFET's to work further on the short channel mobility and the saturation velocity under different back bias. Unfortunately, we could only understand how to assess and extract the parasitic components and the intrinsic inversion charge density for different back biases. This will be likely good topic to propose since we still have enough samples from this imec project to carry out measurements. This first cooperation with Imec triggered our first contribution to a PhD program with Prof. Felice Crupi (UNICAL). Indeed, a first research work on QPC model applied to RERAM samples from Imec with my Ecuadorian colleagues Luis-Miguel Procel to the UNICAL lab was a success since it led to a first publication of good quality. Thus, Luis-Miguel pursued with a PhD program where Prof. Crupi and I shared the supervision at 50% (international cotutelle), and with the collaboration of Imec. Indeed, D Last 10 years research activities 73 low dimension planar MOSFET's where not only reaching ION performance issue but was also rising reliability concerns. As we explained, the number of devices integrated on wafer results on a practical problem: we cannot test all the devices under stressing conditions hence the introduction of statistical approach. It was demonstrated that for PBTI degradation a systematic VTH-shift could be linked to a single charge caused by the stress under the standpoint of a normal distribution. During the PhD program, we demonstrated that this could be also done with Channel Hot Carrier stress where the oxide degradation is very localized. Therefore, after measuring a certain number of devices (usually 30 minimum) we could conclude on the specific relation 1-q  -mV on the VTH where the  (linking the two first statistic moments) is specific for each technology and/or processed wafer. This was demonstrated for planar and FinFET devices under different stress conditions. Interestingly low dimension devices also introduce the problem of mismatch and variability. And, as an important result we obtained that first, VTH related to the -value was partly caused by process effect (doping, oxide thickness, etc.) Thus, to assess the intrinsic stress induced shift, we had to consider an intrinsic parameter orint. Afterward, the relation between the int and  is not the same for degradation caused by PBTI or by CHC stress. This was explained by the localized oxide degradation caused by the CHC.

Up to these projects we were clearly focusing on low-dimension MOSFET reliability and transport which are activities rather close to my PhD research lines. However, the microelectronic industry was already exploring new perspectives and as I explained in the introduction, a modern interpretation of the Moore's law is two-fold: MtM and beyond Moore. Indeed, the sophistication and maturity of the CMOS industry has opened the door to the implementation of physics phenomenon at the microscopic and nanometric scale leading to new applications or offering technology to punch through limit for satisfying market needs as the one of the memory devices. The prior research activity to the UNICAL was a good starting point since we were studying RERAM devices. In this work the QPC model demonstrated that we could assess a given RERAM technology (OXRAM) using an interpretation of the LRS and HRS based on the narrow constriction of the energy band of the metal-oxide soft-breakdown. However, this model intent to build an interpretation on microscopic phenomenon which would involve the nature of the CF. And the CF nature depends on the type of metal-oxide and its process condition, among others. Another important feature is the cycle-to-cycle I-V characteristic variability and the hysteresis of the characteristic. With our colleague Laurent Raymond from the IM2NP (AMU) we went to the conclusion that these last features are related to the type of RERAM (material and process). Therefore, we developed a model including a statistical approach to substitute the inner physic or nature of the CF. And to do so we open a second PhD program in cotutelle where a teacher of Physics of the USFQ, Silvana Guitarra was the PhD candidate. As a result, we obtained a model that reproduced perfectly the experimental I-V characteristic including the variability and hysteresis specific to the studied OXRAM. Finally, another important technology that would play an important role in the hetero-integration systems are related to power applications. This led to study the GaN-on-Si devices which consists in integrating III-V devices as HEMT or SBD on Si wafer with CMOS-like process. As we explained, this has many advantages, and mainly the one to introduce a MOS-like structure to enable the control of the ON-states devices (E-Mode). The MOS structure imposes important reliability concerns with the GaN based materials. Hence enough challenges to propose again a PhD program where we proposed a PhD candidate Eliana Acurio from one of the biggest universities from Ecuador the Escuela Politecnica National (EPN). In this research activity we apply knowledges and techniques from MOSFET (SiON and High- gate dielectric) to assess the reliability of these new devices in the OFF-state regime and where very high voltage (up to 600V) were applied. We found out that similar techniques (PBTI and TDDB) __________________________________________________________________________________ could be applied. Besides, as for the high- metal gate MOSFET we could make a clear feedback between the process recipes and the effect on the reliability characteristic of the devices. This could be done for MOS-HEMT and GET-SBD. Further we could give a physics description of the nature of the oxide defects and their energy levels which are specific to the III-V material.

Perspective for the future

Since I am working in France to Isep, I could strengthen my research objectives I fixed from my experience in Ecuador. Indeed, my study in physics offer me a comprehension of the material at the atomistic scale for understanding the micro and nanometric scaled devices. My study at the university brought me large knowledge at the system level and how to design a system to propose a specific solution. But I was clearly missing the link in between to think new applications or to optimize ones, in consistency with my philosophy. Also, I have the next mid-term objectives in my research work:

1. Increase my understanding of next generation device namely, new material (high-, GaN), new architecture (FDSOI, FinFET or, RERAM) and new method to assess these new technologies 2. Implement integrated circuit, mainly analog, to make possible system with these new technologies or optimizing already well-known system. In the past I had already made some attempts with research activities as mentioned in the introduction, but the research grants are not important enough to fully realize these projects. In Europe with a superior education system including doctoral school I consider launching and contribute to research program aligned with my objectives. During my first year in France, I have targeted and proposed research work which contribute to link the device technology to the system as I aforementioned. Also, I have been involved as a collaborator in a CIFRE PhD program supervised by my colleague Andrei Vlademirescu (Isep), ST and the University of Bordeaux. In this work, one of my former students of the master of Nanoelectronics I directed in Ecuador has to implement a PLL circuit based on the principle of the Bit Rate Modulator (BRM) for a Frequency Generator Unit (FGU) at 3-6GHz. This circuit will be implemented with the 28-nm FDSOI technology to benefit the performance modulation with back gate biases. I remind that the FDSOI at the device level belongs to my research line. More recently another Ecuadorian student of the master of nanoelectronics obtained a PhD grant from Sorbonne University for a research program I proposed in cotutelle with my colleague of the UNICAL. This research activity is focusing on the implementation of computer-in memory for Artificial Neural Network (ANN). The specificity of this work is that we must use next generation memory as RERAM or MRAM to enable a hardware implementation of ANN instead of implementing this concept at the abstract level namely through software or algorithm. Again, this work will fulfill one of my objectives. Indeed, we integrate a circuit with a new technology initially made for CMOS technology application and where the physics phenomenon would optimize or enable the fabrication of new system for application related to Artificial Intelligences (AI). Few months ago, Imec has developed a library for GaN IC's so I decided that we could developed a research project on this field. One of my colleagues at Isep is working on system for harvesting energy using sensors. So, we decided to propose to implement an IP that could be embedded in chip using hetero-integration strategy. This IP will be made of sensors (MEMS) on the one side and on the other side the electronics part (AC-DC converters among others) will be made with GaN-on-Si devices similar to the one we already studied. Again, with such project we will shift from the devices to a full system and this time this IP could be part of larger system. To realize such project, we decided to propose a PhD program to Isep in cotutelle with my colleagues from the USFQ, more specifically Eliana Acurio and Luis-Miguel Procel my former PhD students. The PhD candidate is a student from the master of Nanoelectronic. It is important to mention that I keep working with all my former PhD students. For instance, in the research activities related to the GaN devices, we are now studying the ON-states reliability of the GET-SBD devices, keeping working with Imec too. In the project related to the RERAM, we are still working with Laurent Raymond and improving the model to extend it to CBRAM fabricated on flexible material. The samples in that case are provided by Damien Deleruyelle from INSA. Finally, with Luis-Miguel Procel I have worked on different topics like the implementations of optimized visual recognition algorithm on FPGA and more recently I am supervising the implementation of analog design circuit like Ultra-Low Power and Voltage supply OTA. Another project I am trying to fund is the design and implementation of system to assess the prognosis of breast cancer that will involves device technology, algorithm implementation in FPGA, sensors not to mention biology. This project is still difficult to implement but we are a couple of researchers interested to intent to develop it. I may ask for an ANR to start it officially. As a conclusion, I have objectives, and a strategy to reach these ones. I count on my international network and plan to increase it now that I am back in Europe. I am aware that not all these projects will go through, but I have enough ideas and associates to replace one project by another without deflecting from my initial objectives.
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 21 Fig. 2.1: EOT obtained by HFCV method for different LMASK's. The long devices with 2nm-TiN gate electrode confirms UTEOT (sub-1nm EOT).
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 22 Fig. 2.2: CGA as a function of the gate length (LG) to extract the parasitic capacitance and overlap length. The open symbols are for CGA at VG -VTH = 0.6 V, while the filled symbols represent the lowest value of CGA. Note that the uncertainty is about 10 fF. The slope for each device is consistent with the expected EOT and TINV.
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 23 Fig. 2.3: Maximum velocity (vMAX) as a function of (LMET), benchmarked against the SiON reference [1]. Regarding the power law fit, α = 7.5 × 10 3 and γ = 0.59 for the solid line, and α = 6.9 × 10 3 and γ = 0.59 for the dashed line.
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 24 Fig.2.4: Backscattering coefficient (rback)[START_REF] Jeong | On backscattering and mobility in nanoscale silicon MOSFETs[END_REF] [27] and ballistic efficiency or ballistic index ()[START_REF] Assad | On the performance limits for Si MOSFETs: A theoretical study[END_REF] extracted for highly degenerated which corresponds to devices with high inversion charge capacitance and with highly doped channel.
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 25 Fig. 2.5: 𝐼 vs 𝑣 metric. The best results are obtained for lowest EOT.
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 26 Fig. 2.6: FG inversion charge capacitance (𝐶 ) for (a) HfO2 and (b) SiON devices and for various BG biases VB = -5 to +7 V with 0.5 V step. The first plateau is consistent with 8-nm Si-body thickness for the HfO2 device while for the SiON device it is rather about 7.5nm.
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 27 Fig. 2.7: FC effective mobility (μFC) versus inversion charge density (NS) for (a) HfO2 and (b) devices obtained for various VB = -5 to +7 V with 0.5 V step.
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 28 Fig. 2.8: FC mobility extracted at NS = 2 × 10 12 cm -2 , NS = 10 13 cm -2 , and at the peak as function of the back bias (VB).
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 2 Fig. 2.12: Description of the gate structure (half device) of the studied device including the parasitic capacitance inner fringing (CIF), outer fringe (COF) and Junction overlap capacitance (COV). The sub-indices "1" refers to the front gate and "2" to the back gate. Note that Ext. holds for the extension. The thickness of the BOX (SiO2), and body (Si) are physical thickness while the front oxide (SiON) is the electrical equivalent thickness.
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 2 Fig. 2.11: Parasitic capacitance (CP) as a function of the VG for different back biases. The strong dependence with VG is explained by the CIF component (top and bottom). The inset shows CP vs VG for VB=0 to get a reference and make comparison or analogy between SOI and bulk device. VGON is about 300 mV.
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 2 Fig. 2.13: CINV as a function of VG for different VB. The EOT or TINV is about the same for the 3 devices. We can observe a first plateau for large VB.
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 2 Fig. 2.14: Inversion charge density (NINV) obtained from the integration of the CINV from Fig. 1.13.
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 215 Fig. 2.15 : Inversion charge density from experimental data (Fig. 1.14) and calculated from the model, Eq. (3), for different VB. Note that for VB=0 to 1 V Eq. (1) was used for all the devices while for VB > 1 V we use Eq. (3). Good agreement for long and short channel devices was obtained. For large VB, (LMET=10 μm) a comparison between Eq. (1) (red dashed line) and the experimental data (scatters) shows a clear underestimation of the NINV which is not the case with the model from Eq. (3).
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 216 Fig. 2.16: Mobility extraction using only I-V characteristic and NINV calculated with the model for LMET=435 nm, 85, 65 and 40 nm. In addition to the mobility degradation caused by the channel.
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 2 Fig. 2.17: Mobility for several gate lengths and VB=0 and 4 V along with the NINV dependency. The inset shows this dependency for VB=0 V.
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 31 Fig. 3.1: 𝛥𝑉 for several CHC stress time with L x W=100nm x 85nm. Extracted h is constant while Nt is increasing with power law (Inset). The results are normalized.

Fig. 3 . 2 :

 32 Fig. 3.2: 𝛥𝑉 for several Leff (W = 90nm). The shortest Leff indicates higher < 𝛥𝑉 > and 𝜎.

Fig. 3 . 3 :Fig. 3 . 4 :

 3334 Fig. 3.3: The 𝜂-parameter as function of the device area A = Leff x W. This is compatible with results on BTI [56] [58] Fig. 3.4: Dt as function of the channel length and width.

  = 𝜎 [Δ𝑉 ] + 𝜎 [Δ𝑉 ] where 𝜎 [Δ𝑉 ] = 𝜎 [Δ𝑉 ] (Eq. 3.4) Therefore, 𝜎 = → 𝜂 = and the DC model applied to CHC induced stress on MP's enable a fairly characterization of the CHC degradation variability by removing the extrinsic component and propose a physics based description of the (intrinsic) CHC degradation variability.

Fig. 3 .

 3 5(b), 𝜂 = 𝜂 = 𝜎 /< Δ𝑉 > similar variance is found for 45-and 65-technology nodes indicating that the difference of 𝜂 in Fig. 3.5(a) is mainly caused by larger process-induced variability consistent with low-technology node (45nm).
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 3535 Fig. 3.5: Time-0 𝑉 for single device (a) and MP devices (b) population for 45-and 65-technology nodes (1000 devices in each case). In each case normal probit (NP) distribution up to 3 is obtained.

Fig. 3 . 6 :

 36 Fig. 3.6: DC distribution of CHC degradation. For 45nm VD= 1.8V and VG = 1.1V, and, for 65nm VD= 1.8V and VG = 1.2V.

Fig. 3 . 7 :

 37 Fig. 3.7: CHC degradation normal distribution of the 𝛥𝑉 mismatch (𝛿𝛥𝑉 ) for different stress time.

Fig. 3 . 8 :

 38 Fig. 3.8: Values of 𝜂 and 𝜂 for 65-and 45-nm technology node under stress time conditions.

Fig. 3 . 9 :

 39 Fig. 3.9: Values of 𝜂 and 𝜂 for 65-and 45-nm technology node under stress voltage conditions.

Fig. 3 . 11 :

 311 Fig. 3.11: Number of defects resulting from DC model for several stress time under different temperature conditions.

Fig. 3 .

 3 Fig. 3.12: value resulting from DC model for several stress time under different temperature conditions.

Fig. 3 . 13 :

 313 Fig. 3.13: Arrhenius plot of the 𝛥𝑉 to extract the Ea for small and large gate area devices.

Fig. 3 . 14 :

 314 Fig. 3.14: Arrhenius plot of the 𝑁 to extract the Ea for small and large gate area devices.
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  GaN technology using MOS architecture for power electronic applicationsIn collaboration with UNICAL, ST and Imec Publications:[START_REF] Acurio | On recoverable behavior of PBTI in AlGaN/GaN MOS-HEMT[END_REF] [70][START_REF] Acurio | Influence of GaN-and Si3N4-Passivation Layers on the Performance of AlGaN/GaN Diodes With a Gated Edge Termination[END_REF] [72][START_REF] Acurio | Reliability Assessment of AlGaN/GaN Schottky Barrier Diodes Under ON-State Stress[END_REF] 

Fig. 4 . 1 :

 41 Fig. 4.1: Illustration of the MOS-HEMT architecture. Note that the SiO2 dielectric is in direct contact to the AlGaN barrier.

Fig. 4 . 2 :

 42 Fig. 4.2: Stabilization phase is performed for VDS = 50mV, VG = -1V during 3000s at 150C. Note that the normally-OFF state is reached by a VTH of 0.5V.

  Fig. 4.3: VTH-Shift as a function of time for several voltage stress (a) and several temperature stress (b). Note that the VTH-shift follows a power law with exponent varying with the stress condition.

Fig. 4 . 4 :

 44 Fig. 4.4: The trap rate or b-parameter is lowered with defect density independently of the stress conditions.

Fig. 4 .

 4 5 in both cases, as of 1000s the recovery is almost complete. The recovery consists in the release of the trapped electrons from the SiO2 into the GaN substrate. To describe this BTI relaxation dynamic we use the model [87] [88]: ∆𝑉 = 𝐴 𝑒 / + 𝐴 𝑒 / . The fit between the model and the experimental in Fig. 4.5 are in good agreement.

Fig. 4 . 5 :

 45 Fig. 4.5: The ∆𝑉 recovery with time after voltage stress (a) and temperature stress (b). In both cases the recovery fit perfectly with the model in [13][14].

Fig. 4 . 6 :

 46 Fig. 4.6: Activation energy (Ea) extraction for the 2 type of defects predicted by the model.

Fig. 4 . 7 :

 47 Fig. 4.7: The Ea of the slowest defect is more precisely defined than for the fastest ones.

Fig. 4 . 8 :

 48 Fig. 4.8: VTH stability as a function of the pulse width at 150C for Al2O3 and AlN/Al2O3 based dielectric HEMT.

Fig. 4 . 9 :

 49 Fig. 4.9: Universal relaxation function 𝑟(𝜉) as a function of the universal relaxation time 𝜉.

Fig. 4 .

 4 Fig. 4.10: schematic of the architecture of the GET-SBD.

Fig. 4 .

 4 Fig. 4.11: Leakage current in OFF-state of the GET-SBD with difference dielectric thickness (a). Weibull distribution of the TDDB for the reference (REF) (b) and for the thick dielectric GET-SBD(c).

  4.13(b) and (c). Note that for the devices with the thin layer a population 𝛽 ≈ 5 is observed indicating an additional failure mechanism and occurring around 400V [Fig. 4.13(b)]. This was also the case for the reference device (REF) for such high stress voltage but for 150C as observed in Fig. 4.11(b). Using the criterion of 63.2%, the device with thin passivation layer demonstrates a significant improvement of the tDB for stress voltages close to the operating condition (Fig. 4.14).

Fig. 4 .

 4 Fig. 4.12: TCAD simulation of the electric field. Thicker GET-SBD provide a uniform electric field.

Fig. 4 .

 4 Fig. 4.13: Under the 63.2% failure criterion, thin passivation layer is superior by 1 order of magnitude.

Fig. 4 . 14 :

 414 Fig. 4.14: Simulation of the vertical Electric Field through the GET stack at Field Plate (FP), GET corner (GET) and Schottky Contact (SC).

Fig. 4 . 15 :

 415 Fig. 4.15: Leakage current in OFF-state of the GET-SBD with difference SiO2 passivation layer thickness (a). The Weibull distribution the TDDB for the reference (b) and thin SiO2 passivation layer (c).

  4.16. The cap layer is either made of 5-nm-thick SiN or 3-nm-thick GaN, both deposited using a MOCVD technique. The ON-state characteristic measurements indicated larger RON dispersion for the GaN-cap devices. The IAC-VAC characteristic was measured in OFF-state for different temperature with either floating or grounded substrate for the extraction of the VBD and the leakage current. In Fig. 4.17, larger electric field for grounded substrate measurements leads to lower VBD, more important for: low temperatures in the case of the SiN and high temperature in the case of the GaN. The VBD decrease with the temperature suggests breakdown mechanism other than impact ionization. In general, GaN cap passivation layer shows lower VDB in general. This is correlated with more important RON dispersion indicating more current collapse. The leakage current enables the extraction of the thermally activated levels using the relationship 𝐼 = 𝐴𝑒 / . For the SiN cap-layer passivation device, two Ea are found [Fig. 4.18(a)]: one is voltage independent and occurs at low temperatures (Ea_SiN=0.11eV) and the other is voltage dependent and occurs at high temperature (Ea2_SiN=0.25-0.45eV). No effect of the substrate connection is observed. In the case of the GaN, three Ea's are found [Fig. 4.18(b)]: two are voltage independents whose one occurs in the range of low-medium temperatures (Ea1_GaN=0.13eV) while the other occurs at high temperatures (Ea2_GaN=0.22eV

Fig. 4 .

 4 Fig. 4.16 Schematic of the studied GET-SBD. Thin cap layer is deposited in between the SiO2 passivation layer and the AlGaN barrier.

Fig. 4 . 17 :

 417 Fig. 4.17:Breakdown voltage (VBD) as a function of the temperature (T) with and without grounded substrate. The SiN cap layer devices mainly show higher VBD.

Fig. 4 .

 4 Fig. 4.18 : Activation energy (Ea) for the SiN (a) and GaN (b) cap layer devices with and without grounded substrate. An extra Ea is found for the GaN cap layer devices.

  It is worth to highlight that the PhD work of Eliana Acurio got the best mention and acknowledgement from the PhD committee of the UNICAL where took place the PhD defense. Today we keep working on similar topic in collaboration with Imec. In this perspective, we extend this work on the reliability study in the ON-state[START_REF] Acurio | Reliability Assessment of AlGaN/GaN Schottky Barrier Diodes Under ON-State Stress[END_REF] and we proposed to apply a new reliability metric for the GET-SBD based on the results obtained with the MOS-HEMT study. We work also on how to link this reliability metric to the DC model seen in the previous chapter. Still the question of the process variability has to be addressed. Nevertheless, the BTI degradation experiments demonstrate the existence of a parameter comparable to the parameter and the like-MP technique can be applied. Finally, this ongoing work may open new interest for reliability study of GET-SBD using metal oxide high- material with IL. Finally, the recent progress with GaN technology have led IMEC to propose PDK for IC's design and we are starting activity of IC GaN for power electronic circuit.

Fig. 4 . 19 : 5 5

 4195 Fig. 4.19: Illustration of the cut used for the vertical electric field extraction in the TCAD simulation Vertical electrical field through the MIS structure (a). Compared to the SiN based GET device (b), the electric field in the cap layer is much lower than in the GaN based device (c).

Fig 5 . 1 .

 51 The process flow is described in Fig.5.2 where the HfO2 was deposited using ALD technique while the metallic layer was deposited with PVD technique. The studied RERAM's have a squared gate shape with side of L = 85, 105 or 135nm. The MOSFET also called the compliance transistor was fabricated with 65-nm process. For this work the current compliance is in the range of 60-80µA and the IV measurements were done for several temperatures from 298 to 468K on a population of 50 samples. The results shown in this work come from 10 cycle IV measurements on each RERAM cell.

Fig. 5 . 1 :

 51 Fig. 5.1: Structure of the 1T1R devices used for this work. Fig. 5.2: Process step from the FEOL MOSFET to the RERAM cell.

Fig. 5 . 3 :

 53 Fig. 5.3: Band diagram of the CF constriction. If the potential barrier is above or inside the energy windows the RERAM is in HRS and the electron conduction mechanism is related to tunneling phenomenon. If the potential barrier is below the energy window, the RERAM is in LRS and the electron conduction mechanism is ballistic.

Fig. 5 . 4 :

 54 Fig. 5.4: Results of the simulation of the QPC model applied to the RERAM device in HRS (a) and LRS (b) and compared to the experimental data. Very good agreement between the experimental and simulated data.

Fig. 5 . 5 :Fig. 5 . 6 :

 5556 Fig. 5.5 : Correlation between experimental data of the shape parameter  and the potential barrier  amplitude. The model follows the experimental dependency.

Fig. 5 . 7 :Fig. 5 . 8 :

 5758 Fig. 5.7:Experimental temperature dependency of the RERAM current in LRS and HRS. Intensity current in LRS is independent of the Temperature alike the one in HRS. Fig. 5.8:Intensity current variation in HRS is independent of the cell area as predicted by the model.

Fig. 5 . 9 :

 59 Fig. 5.9:Experimental protocol of the HRS/LRS cycle measurements.

Fig. 5 . 10 :

 510 Fig. 5.10: Typical butterfly-shape IV curves measured on the studied RERAM device.

Fig. 5 .

 5 13(a) and the tunneling regime in HRS in Fig. 5.13(b). It is important to note that the ohmic regime (LRS) the IV characteristic fits perfectly with the relation 𝐼 = 𝐺. 𝑉 where the conductance (G) where the conductivity is inversely proportional to the cell area [Fig. 5.14(a)]. In HRS, the tunneling regime fits well with the model: 𝐼 = 𝐼 sinh(𝛼𝑉) or 𝐼 = 𝐼 𝑒 . This last expression is close to the one obtained in the previous work and in addition it is found that 𝐼 ∝ 1/𝛼 [Fig.5.14(b)].

Fig. 5 .

 5 Fig. 5.11: Log-scale IV curves used for the VSET and VRESET extraction (a). The normal distribution validated by the normality test in (b) for the VSET and (c) for the VRESET. The measurements and analysis is shown only for the 65x65nm 2 RERAM but more results can be found in Appendix E.

Fig. 5 .

 5 Fig. 5.12 : Values of the VSET and VRESET for different cell area over different cycles. It is important to observe that the VSET < Vforming as it must be to control the soft breakdown.

Fig. 5 .

 5 Fig. 5.13:Current intensity for different cell area in LRS (a) and HRS (b).

Fig. 5 .Fig. 5 . 15 :

 5515 Fig. 5.14: In LRS (a), Conductivity is inversely proportional to the cell area. In HRS, the parameter describing the conduction mechanism verify that the relationship: 𝐼 ∝ 1/𝛼. This last expression is consistent with the QPC model [104].

Fig. 5 . 17 :

 517 Fig. 5.17: Description of the algorithm for the Set process (a) and the Reset process (b).

Fig. 5 . 18 :

 518 Fig. 5.18: Example of the simulation vs the experimental data for the device 85x85nm 2 . The blue and black lines are the average of all the experimental and simulated curves, respectively. Similar curves are obtained for the other devices.

Fig. 5 .

 5 Fig. 5.19 For the device 85x85nm 2 , experimental curves without the series resistance (RS) in (a). We can observe more symmetrical curves: 𝑉 ≈ |𝑉 |. In (b) comparison between experimental et model. Similar curves are obtained for the other devices.

  

  This last expression is consistent with the QPC model [104]. ..........................................................................................................................................................

Fig. 5.15 : Description of the 1-chain model under the RERAM standpoint (a) and using the 3-lumped circuit representation (b). ................................................................................................................................................ Fig. 5.16 : The probability is provided by a sigmoid function. In each case, CSET or CRESET is defined by the dispersion of the VSET or VRESET respectively. A low dispersion is related to a steep slope or a large CS and therefore the switch will be done for a a precise VSET or VRESET. .............................................................................

TABLE 4 .

 4 Total number of hours of academic course: 3116h (86.65% theory and 13.35% practical for 72.25 courses over 10ans.

	Master at USFQ, Ecuador	 Theorical course
	since 2016	Physics of semiconductor devices 192h
	Total 396h	Analog CMOS Technology 192h
	Number of course 8 and 1/4	Signal Processing 12h
	Bachelor at USFQ, Ecuador	 Theorical course
	2009-2019	Digital control, 48h
	Total 2720h	Circuit theory, 432h
	Number of course 64	Analog Electronics, 960h
		Measurements sensor and instrumentation, 48h
		Semiconductor devices, 432h
		Digital electronics, 96h
		Microcontroller, 48h
		Telecommunication electronics, 96h
		Introduction of semiconductor physics, 48h
		Integrated circuit design, 96h
		 Practical courses
		Circuit theory, 160h
		Analog Electronics, 64h
		Measurements sensor and instrumentation, 32h
		Semiconductor devices, 32h
		Digital electronics, 64h
		Microcontroller, 32h
		Integrated circuit design, 32h
	Seminars  CMOS Technology, 12h over 1 week (2014)
		For all, organized by the Institute of Education and Learning (IDEA), Quito,
		Ecuador
		 Micro and Nanoelectronics, 30h over 2 weeks (2009)
		for university professor, organized by the Escuela Politecnica Nacional (EPN),
		Quito, Ecuador

1 : FITTING COEFFICIENTS OF THE MODEL FROM SATURATING LOG-TIME DEPENDENCE MODEL [90]. .............................. TABLE 4.2 : DETAILS OF THE FABRICATION PROCESS STUDIED IN THIS WORK. ..........................................................................

TABLE 5.1: VALUE OF THE VFORMING AND IFORMING UNDER DIFFERENT CURRENT COMPLIANCES (𝐼𝐶) AND FOR DIFFERENT CELL AREAS. ... TABLE 5.2 : VALUE OF THE EXTRACTED PARAMETERS USED FOR THE CALIBRATION MODEL. ....................................................... TABLE 5.3: VALUE OF THE EXTRACTED PARAMETERS USED FOR THE CALIBRATION MODEL INCLUDING THE SERIES RESISTANCE RS. ..... __________________________________________________________________________________ 1.1.5 Course hours and thematic

  . By 2011-2012, in the period of the lab implementation, I could propose a cooperation with my contacts in Europe from Imec (Dr. Thomas Kauerauf) and Unical (Prof. Felice Crupi). As a result, I built the first Groupe of research in Micro and Nanoelectronics (GIMNE) which became later in 2013 (officially in 2015) the first Institute of Micro and Nanoelectronic (IMNE)3 of Ecuador. With this structure I could follow my research activities and hence proposed to Prof. Crupi my first PhD program where the candidate was Luis-Miguel Procel, a new docent at the USFQ working to the EE department. Before, Thanks to the interuniversity cooperation program of the France embassy in Ecuador I could meet Thierry Castillon, the responsible of the Latin America n+i program, a French network of engineering schools. This one advised me to build a double degree master program with 1 year in Ecuador and 1 year in Europe. Thus, I met professors from the "Institut National Polytechnique de Toulouse (INPT)" who had a lot of experience in international program by having their own international masters. Thanks to them and more specifically to Michel Doisy (international relationship) I could build a teaching program that would fit with the first year of the INPT program and would allow students to smoothly follow the second year over there. Consequently, the student would obtain the Master in Nanoelectronics from the USFQ and the Master of Electronic System for Embedded Communication Applications (ESECA) from the INPT. Thanks to Prof. Crupi, the program could also be extended to the electronic master program of the __________________________________________________________________________________ UNICAL. However, the hypothetical first year pensum of the Master in Ecuador did not count with enough experts able to teach basics of micro and nanoelectronics. In the framework of this master project, colleagues from the INPT and UNICAL decided to be part of the teaching team for the first year, with intensive courses in Quito. From the INPT we could count with Nathalie Raveu, Julien Perchoux and Adam Quotb. From the UNICAL we could count with Felice Crupi, Marco Lanuzza and Rafaelle de Rose. To complete the teaching team, we could also count with Ivo Rendina from the CNR (Italy), Laurent Raymond from Aix-Marseille University (France), Dragos Dancila from the Upsala University (Sweden) and Frederic Surre from Glasgow university (UK). The next and most difficult step was to obtain the accreditation from the Ecuadorian SENESCYT4 to legalize for the first time a double degree program with Europe on this field, and to allow the creation of the degree "Magister en Nanoelectronica". This step was fundamental because it taught me the whole logistic aspect of international superior education program: MOU, financial aspect, schedule, Visa, professor status, law, educational credit (ECTS equivalences), politic (French embassy and SENESCYT). Finally, we got the accreditation in August 2015 and our first promotion started a year later. By the time being, Luis-Miguel obtained his PhD degree (March 2016) and I started two new more PhD programs. In September 2015 I started a second PhD program in cooperation with IM2NP and AMU where the PhD student, Silvana Guitarra was docent of the USFQ. In 2016 I started a third one in cooperation with the UNICAL where the PhD candidate was Eliana Acurio, docent to the Escuela Politecnica Nacional -EPN (Appendix A). Today the master in nanoelectronics 5 is a real success spite of the Ecuadorian context.

	Post PhD research activities	7
	__________________________________________________________________________________
	I could proposed 3 good Ecuadorian students from the master of nanoelectronics for PhD all of them I launched many topics as Ab-initio calculus (WASP), Nanopore fabrication, CERN related project, FPGA Supervision: Co-supervision with Prof. Laurent Raymond de AMU, France:
	have been received: one for CIFRE with ST and another with the Sorbonne University (previously implementation of visual recognition software, integrated AC-DC converter circuit for harvesting  75% at the institute of Micro and Nanoelectronics (IMNE) of the USFQ,
	Université Pierre Marie Curie) scholarship and the third with co-financing program between Isep and energy devices, breast cancer prognosis devices, design of Very Simple Microprocessor with Blue Tooth Ecuador under my supervision.
	the USFQ. A fourth student is about to start a PhD program in Italy. This demonstrates that the master port in 45-nm, low power analog OTA design, FinFET and TFET based SRAM design, cryptoprocessor  25% at the Institute of Material, Microelectronics and nanoesciences of
	in Nanoelectronics, unique in Ecuador by targeting academic excellences, attracts the best students of (ASIP) implementation etc. I summarize my research lines as follow: Provence (IM2NP), France
	Sum-up: We develop an effective model based on the disordered milieu to Ecuador, students with a high technical level in micro and nanoelectronics and finally may explain why CMOS devices for VLSI Study of transport consider the stochastic nature of RERAM devices independently of the they are so successful in Europe. Study of reliability technological parameters. The model was calibrated with RERAM devices
	Physics modelling fabricated with Hf/HfO2/TiN at Imec vzw and compared with experimental data to	
	1.3 Post PhD research activities validate it.	
	Integrated circuit design Based on emergent technology	
	1.3.1 context and research lines Ultra-low power and supply voltage analog circuit 2013-2016 Doctor of Philosophy (Ph.D) of Luis-Miguel Procel in Nanoelectronics	
	Simple architecture and ASIC topic: A Defect-Centric Analysis of the Channel Hot Carrier degradation The importance of electronic devices at micro and nanoscopic scale have been driving the technology Supervisions: Co-supervision with Prof. Felice Crupi at the UNICAL, Italy:
	market since the discovery of the Si-process by Kahng and Attala in the late 60's and thanks to the Smart visual recognition Algorithm implementation on FPGA and test  75% at the institute of Micro and Nanoelectronics (IMNE) of the USFQ,
	Moore's Law; an economic model for CMOS technology development. This resulted from important Binarization automatic processing of pictures Ecuador under my supervision.
	prior inventions as for instance the FET patent by Lilienfield (1927) and the discovery of contact point  25% at the department Engineering of Informatics, Modelling, Electric and
	transistor discovered in 1947 by Bardeen, Schockley and Brattain. Indeed, physicists and engineers System (DIMES) of the UNICAL Also, my main research lines are related to semiconductor devices and material sciences. In this never stopped to improve the switching and amplifying operation in electronic circuits since the Vacuum Tube invented by the end of the XIX century. Then, electronics was an escalade of performances of computer-in chip or microprocessor until we found out that this could have a limit. manuscript, I am proposing the assessment of devices with new architectures and materials through Sum-up: The Defect-Centric model was applied to the stress induced Channel Hot electrical characterization, physics-based model and feedback with fabrication CMOS process Carrier (CHC) degradation in SiON dielectric MOSFET with low dimensions (few (material). Yet, the choice of the studied devices where most of the time motivated by the possibility tenth of nanometers). A statistics study allowed to predict the degradation for Economic limit since each new technological node from the 2000's is more and more expensive setting to reach concrete IC's implementation with the objective to drift from technology devices toward new MOSFET's fabricated on the same wafer, for a given technology by measuring at many microelectronic companies aside the market. And physical limit since the question of systems for either proposing new applications or optimizing already known ones to better fit with new least 30 devices. Further, the effects of the process induced variability were implementing MOSFET in Si-wafer becomes more and more abstract with the introduction of new hetero-integration, more specifically a CMOS compatible process integration relying on the cost-least to begin. MOSFET's chip, MtM say we can do better than just a computational chip. Hence the idea of the by targeting specific devices providing possibilities in logic/digital, memory/"memristor" and power at (MtM). When thousands of engineers work toward the implementations of a specific technology node that researcher with fundamental basis like mine have the opportunity to follow a down-to-top path Lilienfield transistor is dead… indeed not. Moore went back from the 60's to present Moore than More applications that it can be considered as the unique catalyzer for engineer imagination. And I believe materials and architectures; and new concept to reach the transistor operation. The Kahng, Attala and Environmental challenge of human society. CMOS technology is an amazing solution for so many considered and removed from the intrinsic CHC variability.
	efficient digital module (e.g. 180nm) integrated with sensors, RF, analog or power converters bloc (among others). On the one hand the electronic industry proposes new bids of devices following for 1.3.2 PhD program supervisions
	instance the internet paradigm like Internet-of-Things (IoT) and more generally connected objects. On 2016-2019 Doctor of Philosophy (Ph.D) of Eliana Acurio in Technologies of the information
	the other hand, engineers support worldwide human society transformation which must face new and Communications
	research PhD thesis: «Reliability of GaN-based devices for Energy Efficient power Environmental challenges like demography increases, climate changes, contamination, medical and applications». health supply, energy and power efficiency not to mention industrial needs. Supervisions: Co-supervision with Prof. Felice Crupi at the UNICAL, Italy:
	institute (IMNE) and advisor for the microelectronic minor of the EE bachelor. By the end of 2018, I To sum up, new material and architecture are involved in the CMOS industry to either high  50% at the institute of Micro and Nanoelectronics (IMNE) of the USFQ,
	performance devices to reach extreme limit for computational-like resources (Beyond CMOS); or to Ecuador under my supervision. decided to engage the procedure to launch the IEEE EDS and CASS professional chapter which have propose new type of devices (FDSOI, RERAM, MEMS, PV, GoS…) for which applications are reaching  25% at Imec vzw been officially opened in mid-2019. new field such as health, energy, transport (etc.) as suggests MtM paradigm.  25% at the department Engineering of Informatics, Modelling, Electric and
	The lack of funds for the research in Ecuador and the no-no to open a doctoral school in Engineering System (DIMES) of the UNICAL
	Sciences led me to the conclusion that it was time for me to go back in Europe. Also, I decided to move Since my PhD study, my research lines were specifically oriented to semiconductor devices and more Sum-up: Electrical characterizations were carried out on Schottky Barrier diodes
	forward and obtained a PR qualification in 2018 section 63 of CNU (Appendix A). This way I could also precisely to the high-/metal gate MOSFET charge carrier mobility. It was therefore natural for me to (SBD) with Gated Etch Termination (GET) and MOS-HEMT's made with AlGaN/GaN
	helped Ecuadorian students of the master in nanoelectronics to reach PhD program and above all give a continuity to my PhD work, and to some extent to keep focusing on reliability topics as I was from ST and Imec. The goal was to observe trapping/detrapping phenomenon
	increase my network between Latin America and Europe. In September 2019 I obtained a position of working at Imec. Also, when I started to work at the USFQ, I kept working on the effect of the high- specific to III-V material. Then, to build a physics model supported by TCAD
	Enseignant-Chercheur at the Institut Supérieur of Electronique de Paris (ISEP). Since I arrived in France metal gate on the mobility and velocity in the context of Ultra-Low Equivalence Oxide Thickness simulation and explain the reliability for these devices.
	(UTEOT) and for different MOSFET architectures (FinFET, FDSOI or SiGe). However, I also decided to 2015-2019 Doctorate Thesis of Silvana Guitarra in Physics a Sciences of the Matter, target new topics when I create the Institute of Micro and nanoelectronics (IMNE) and therefore I specialization condensed matter Nanosciences (ED352) defined 4 research lines from the solid-state physics to the circuit design (Appendix A). The idea was to get closer to the MtM and not only the pure Moore's law closer to "beyond CMOS" paradigm. Thus, PhD thesis: Multi-scale Modelling resistive memory (ReRAM)

Luis-Miguel had to earn the trust of my colleagues, and he did it brilliantly during a research activity to the UNICAL on RERAM topic. This work was in cooperation with Enrique Miranda (Universitat Autonoma de Barcelona), Imec, and under my supervision (USFQ) and the one of Prof. Felice Crupi (UNICAL). This work was concluded with a publication in the Journal of Applied Physics. I was on the good track to begin a first post-graduate program thus I negotiated a grant from the USFQ to allow Luis-Miguel to follow a PhD program: 75% with me in Ecuador and 25% with prof. Felice Crupi to the UNICAL, and in cooperation with Ben Kaczer and Jacopo Franco from Imec. The topic was related to the application of the Defect-Centric model to the CHC degradation on low dimension MOSFET's. In parallel, I proposed to renew the EE teaching program to include microelectronic courses. Also, I created the following courses: Introduction of solid-state physics, Semiconductor, Analog electronic and Integrated circuit. These courses were introduced little-to-little and I had to give all of them before to form the few colleagues (as my PhD student) in the department. This initiative boosted a lot my teaching skills during my career since I accumulated between 2009-2017 more than 2.200 hours of magistral or theorical courses (bachelor and master); without considering the practical courses, the project supervisions, the course preparations and the evaluations (Appendix A). But all these actions were not enough, and the reason was microelectronics is not seen an industrial strength in Ecuador as aforementioned earlier. So, I thought I had to involve Ecuadorian students in exchange programs to give a broader picture of the electronic industry in the world. Unfortunately, the Ecuadorian bachelor and the European "Licence" are not compatible. With an average of 5 graduated students per year where about 2 students per years carry on with a PhD program in France or in Italy: for 2020 we register 8 students for the first year and among the graduated, 3 students started a PhD program. With the economic crisis due to the sanitary disaster this master program is among the few master programs maintained by the USFQ. Regarding the Bachelor of electronic engineering degree of the USFQ, we raised more interest for the students. In addition to the news courses I implemented, the PhD programs and the lab has enabled the participation of the most interested bachelor students in research projects. As a result, 4th and 5th year students are thus supervised by PhD candidates and professors which yield of about 3-4 publications per year in IEEE conference. This has significantly increased the motivation of the undergraduate students to follow the Nanoelectronics master after their EE bachelor. As a side effect, in 2016 and thanks to a large enough number of interested students in microelectronics we could launch the creation of the IEEE EDS student branch for the first time in Ecuador.

As a result of this experience I obtained in 2018 the rank of "Profesor Investigador Titular Principal grado 2" (Appendix A); almost-highest rank in superior education in Ecuador. This was the results of many responsibilities I had, since I was among others director of master program, director of
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Probe-station with parameter analyzer, 8-GHz VNA and few oscilloscopes along with Synopsys TCAD.

http://www.usfq.edu.ec/programas_academicos/colegios/politecnico/institutos/imne/Paginas/contacto.aspx

SENESCYT: Secretaria Nacional de Educacion Superior Ciencia y Tecnologia, equivalent to the Ministère d'Education Supérieur de la Recherche et de l'Innovation.

http://www.usfq.edu.ec/programas_academicos/posgrado/posgrados_poli/Paginas/maestria_en_nanoelectronica.aspx
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