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Introduction: stacked nanowire FETs for the sub-7 nm node technologies.

Metal oxide semiconductor field effect transistor (MOSFET) may be the most impressive achievement of the last century. Studied since the early 20s [Lilienfield 1925 US1745175], the work of Shockley, Bardeen, Parson and Brattain in the 40s' led to the germanium bipolar transistor in 1947 and to the first MOS transistor of I. Ross in 1955 embedding a ferroelectric dielectric gate oxide. In 1960 Kahng and Attala presented the first MOS transistor with a silicon dioxide gate oxide which was realized for the first time during an experiment in the summer of 1957 in Bell labs. The concept of integrated circuit was proposed by J. Kilby in 1958 and followed in 1967 by the complementary MOS (CMOS) of F. Wanlass. The first Intel 4004 chip made it real in 1971: the very first stage of a fierce fight for miniaturization and performance improvements. Gordon Moore's predictions of 1965 turned into an industry roadmap sustained by exponential revenues to finally become the self-fulfilled prophecy known as Moore's law. In the last 60 years, solidstate-circuits industry has grown into one of the largest in the world and no other device seems to have drawn so much attention, research and developments. The need for boosting computational power was eventually shadowed by the necessity for energy efficient circuits both during calculations and during standby mode. This latest trend has emerged as a result of the increasing popularity of mobile devices made possible by the modern ULSI circuits that pack billions of transistors in a very small surface.

Even though the scaling rules proposed by R. Dennard et al. in 1967 had been valid for years during the "happy scaling" era, several issues were not anticipated at that time. Short channel effects, mobility degradation, variability and quantum tunneling leakage presented major challenges as device dimensions reached and ultimately broke the sub-100nm barrier in the last decades. As sub-32nm node planar technologies on bulk were facing severe loss of gate control over the channel, device engineers were forced to consider multi-gates devices such as Fully Depleted Silicon On Insulator (FDSOI), based on the full depletion of the Si channel, and 3D FinFET architectures.

However, this change of architecture has raised integration complexity. For the first time, the last node generations employing FinFETs have presented a slowdown in the decrease of the cost per transistor which has been one of the main motivations during the miniaturization era. This has likely caused the decrease in the number of competitors having advanced node technologies in mass production. Even though, the ever-present need for ultra-low power systems for always-on-standby smart devices such as smartphones, Internet of Things (IoT), Augmented and Virtual Reality (AR / VR) has kept some of the industry fighting its way towards better and smaller transistors. Subsequently, the cost per functionality still seems to be a motivation to develop the 10 nm and 7 nm nodes although Intel has already announced a slowdown of their two-year tick-tock roadmap opting for a three-years development scheme. On their side, TSMC and Globalfoundries also have a FinFET roadmap including 16 nm, 14 nm and 10 nm technologies while Samsung recently announced a 4 nm node roadmap. In parallel, STMicroelectronics has developed its 28 nm FDSOI technology in collaboration with CEA LETI and Grenoble Minatec research laboratories such as IMEP-LAHC. In 2016, Globalfoundries and Samsung have also started working on this technology giving promising perspectives for the development of the FDSOI ecosystem.

Need of 3D-channels in CMOS technology

The purpose of this chapter is to assess the cumulated benefits of nanowire-based architectures through the evolution of their elders. Their apparition and current methods of fabrication are introduced through a detailed explanation of the historical context. Through the years, many different devices, processes and integrations were investigated. Observing how and when these development efforts helped in the adoption of new technologies is expected to provide some perspectives and a better comprehension of the choices made today. In the following first subchapter, scaling needs are seen as the main drivers for technology and device physics research ( §1.1). nanowire and stacked-nanowire FETs history and fabrication methods are intimately linked to double-gate (DG) and multi-gate (MG), fully-depleted transistors on silicon-oninsulator (FDSOI) and silicon-on-nothing (SON) technologies. Figure 1.1 therefore maps several of these architectures picturing the stacked nanowires FETs (SNWFETs) as a potential outcome of CMOS downscaling. With the ambition of introducing SNWFETs as a new alternative, the second sub-chapter intends to provide some insights on how both major substitutes to bulk that are FDSOI and FinFET managed to find their way to mass production and how the other technologies helped or will help new ones to emerge ( §1.2). The status of the next 7 nm and 5 nm technologies nodes remain uncertain: even if FinFETs have good chances to be part of 7 nm [WuSY 2016 IEDM], [XieR 2016 IEDM], there is still some room and time for a new architecture to be inserted. With this standpoint, the third and last sub-chapter sets the nanowire-based technology as a good candidate for substituting to FinFET ( §1.3). This initial revision concludes on SNWFET development perspectives along with the thesis objectives. In this section, the physics and historical apparition of multi-gate architectures are explained in order to understand the reasons why the addition of one or several gates had been the most promising concept for an ultimate scaling of transistors. The first section concerns electrostatics and scaling lengths ( §1.1.1). The second section discusses the advantages of DG devices through the finding of volume inversion ( §1.1.2). In the last section, the preempted enhancements in carrier mobility due to the additional gates are finally introduced ( §1.1.3).

CMOS scaling.

The understanding of the underlying physical phenomena taking place during downscaling has never stopped to grow. Dennard et al. [START_REF] Dennard | Design of ion-implanted MOSFET's with very small physical dimensions[END_REF]] introduced scaling rules for MOSFET suggesting that if devices dimensions and applied potentials are scaled down by a common factor 1/k < 1 while impurity concentration is increased by k, the shape of the electric field should remain constant. This was believed to provide a steady increase of performance with constant power consumption. However, short channel effects (SCE) and mobility degradation with the increase of channel doping were not addressed yet. In 1980, Brews et al. [START_REF] Brews | Generalized guide for MOSFET miniaturization[END_REF]] improved this scaling law to offer more flexibility in the geometry and to set some room for new architectures. In 1984, Dennard and his team added the impact of finite inversion layer, mobility degradation effects, drift velocity saturation and source and drain (SD) contact resistances [START_REF] Baccarani | Generalized scaling theory and its application to a &#188; micrometer MOSFET design[END_REF]]. For sub-micrometer technologies, the previous scaling rules led to excessively high doping requirements causing mobility degradation and increased junction capacitances. By introducing a natural length, [Yan 1992] defined a new and unique criterion for the scaling of both SOI and bulk devices. A year later, [START_REF] Suzuki | Scaling theory for double-gate SOI MOSFET's[END_REF]] defined another natural length to unify this value for different gate lengths across different architectures including undoped channels and SOI transistors with back-gate control. It was concluded that the SOI thickness needs to be decreased along with the gate length and the gate oxide to preserve the performances. A dependence in permittivity was added in [Frank 1998] to take into account the apparition of high-k gate insulators. As gate-all-around (GAA) devices were attracting the attention, [Auth 1997] adapted the scaling length found in [Suzuki 93] for vertical surrounding gate (SGT). In 2009 and 2010, Bangsaruntip et al, showed the universality of SCE in GAA-FETs, FinFET and FDSOI [Bangsaruntip 2009 IEDM], [Bangsaruntip 2010 EDL]. Interestingly, this last scaling length can also be used to extract the effective channel length. The voltage doping transformation (VDT) suggested that the potential barrier height is physically equivalent to and can be replaced by a reduction in channel doping concentration derived from the Poisson equation in a simple function of channel length, source to drain bias and source to bulk bias [Skotnicki 1988]. The VDT model was later introduced in the Model for Analog and digital Simulation of mos TrAnsistoRs (MASTAR) in 1994 [Skotnicki 1994] and used to compute the impact of scaling since the International Technology Roadmap for Semiconductors of 2005 (ITRS). with Vbi the source to drain built-in potential and VDS the source to drain potential.

This gives the threshold voltage roll-off in between a long channel device (Vth∞) and its short channel counterpart (Vth):

𝑉 𝑡ℎ = 𝑉 𝑡ℎ∞ -𝑆𝐶𝐸 -𝐷𝐼𝐵𝐿 (Eq. 1-3)

In turn, the EI factor depends on the architecture so that its characteristic equation for either a bulk, FDSOI or double gate architecture is given in equations (1-4) to (1-6). The electric field lines propagation can hereby be controlled by adding a buried oxide layer under the channel or one or several gates impacting the EI factor: If EI can be reduced in a bulk device by shrinking the junction depth xj and the depletion depth tdep, one need to downsize the silicon film tsi and BOX tBOX thicknesses in a fully depleted SOI device. The double gate (DG) MOSFET brings another significant improvement in DIBL as displayed in Figure 1.4 and according to (Eq. 1-6), channel thickness must be reduced to limit SCE and DIBL. In a sense, this graph was a prelude to the introduction of FDSOI and double gate devices constrained by the difficulty or the impossibility to scale down usual bulk devices under the 32-nm node technology without suffering of severe degradations in subthreshold behavior.

𝐸𝐼 𝑏𝑢𝑙𝑘 = (
Although electrostatic integrity of the device is of big concern, carrier transport must be at least preserved or improved after each generation of transistor. In the following, the discovery of volume inversion is revised and used as a base to analyze electron and hole mobility in multi gate devices. 1.1.2. Double gate device physics: volume inversion.

Interest for transistors on SOI was growing in the 80s and several groups started to use the silicon back side to control the electric field in the channel. By using the buried oxide (BOX) as a gate oxide and the silicon substrate as a back gate, the silicon channel surface in contact with the BOX could be designed as a back channel to achieve accumulation, depletion and inversion at this interface. Front and back gates coupling were studied in [Lim 1983] evidencing a front and back channel conduction and a threshold voltage VT affected by the biasing of the two gates. This effect turned out to be a great advantage of FDSOI transistors ( §1.2.1), [Fenouillet-Beranger 2009], [Planes 2012].

Playing with low doped SOI MOSFETs and biasing voltages, Balestra, Cristoloveanu et al, first introduced the concept of volume inversion (VI-MOSFET) [Balestra 1987] (Figure 1.5). The VI concept induces the best electrostatic control of the channel by the gates and allow 2G, 3G and 4G MOSFETs to be scaled down in the sub-10nm gate length range. While in bulk silicon MOSFETs the minority carriers are confined in a very narrow triangular potential well at the gate oxide and channel interface, instead, the potential becomes parabolic and sometimes flat in SOI MOSFETs, allowing the minority carriers to spread into the film volume [START_REF] Cristoloveanu | Adjustable confinement of the electron gas in dual-gate silicon-on-insulator mosfet's[END_REF]]. Promises were a current flow at least doubled compared to single gate (SG) MOSFETs. A mobility enhancement is expected due to a reduced influence of the interfacial defects on the minority carriers that are no longer confined in the vicinity of the oxide interface [Balestra 1987], [Colinge 1990]. [START_REF] Tanaka | Analysis of p/sup +/ poly Si double-gate thin-film SOI MOSFETs[END_REF] proposed a model to fit their 60 nm thin un-doped channels [Tanaka 1991]. Since on a range of high gate voltages the potential does not change at the center of the silicon channel, and while it is bent at the insulatorchannel interface, they divided the drain current in two parts: one part is constant at the center and dominant in between the subthreshold and saturation regimes and the second is a surface current which varies with the gate voltage as soon as the difference of potential between the interface and the center causes the band to bend. [START_REF] Venkatesan | Dual-gate operation and volume inversion in n-channel SOI MOSFET's[END_REF]] confirmed the existence of volume inversion measuring a slight transconductance boost -below 10% -around threshold in 100 nm double gate structure (Tox = 20 nm). However, their simulation claimed that the enhancement is strictly restricted to the near threshold operation. By comparing the drain currents at constant VG -VT in DG and SG transistors on SOI, they could not find more than twice the current in the DG, which is also the gain in effective width compared to a SG. According to the authors, this proves that surface inversion layers shield bulk inversion charges under high gate biases and therefore that carrier density does no longer increase with gate voltage. They also found the electron concentration in the center of the film to be the third of the one in both surface channels at high voltage. Baie and Colinge studied the behavior of inversion layers in 40 nm thin DG channels as a function of gate voltage and related it to energy band diagrams [START_REF] Baie | Two-dimensional confinement effects in gate-all-around (GAA) MOSFETs[END_REF]]. For low voltages, only one permitted energy level is being populated (Figure 1.6.A.a) and most of the free electrons are located at the center of the silicon film illustrating the concept of VI (Figure 1.6.B.a). As the transverse electric field is increased, a second permitted level is being populated (Figure 1.6.A.b). Finally, the two first levels tends to pair up with VG > VT as they become degenerated into a single energy level (Figure 1.6.A.c). One wave function is symmetric while the second is antisymmetric leading to the formation of two inversion channels next to the Si/SiO2 interfaces (Figure 1.6.B.b and B.c) [START_REF] Baie | Two-dimensional confinement effects in gate-all-around (GAA) MOSFETs[END_REF]]

Considering that in such device, the impact of VI seems to be relatively limited to low gate voltage, one can think that the claimed benefits of VI are limited to low and moderate inversion. However, Gamiz and Fischetti completed the understanding of VI layers by studying the impact of channel thickness [Gamiz 2001]. If the film thickness is higher than the sum of the two depletion layers, the device operation is similar to two conventional MOSFETs in parallel (as in the case of [START_REF] Baie | Two-dimensional confinement effects in gate-all-around (GAA) MOSFETs[END_REF]). However, if the silicon slab is thin enough, VI can be maintained over a large range of effective electric fields (Figure 1.7.A and B). Similarly to SG SOI devices and consistently with [START_REF] Baie | Two-dimensional confinement effects in gate-all-around (GAA) MOSFETs[END_REF]], Figure 1.7C shows the population of non-primed sub-bands with lower conduction effective masses (mc,primed > mc,non-primed) is increased as silicon thickness is reduced. As a result, the global effective mass is reduced and the electron mobility is therefore increased. (C) Sub-band relative population [Gamiz 2001].

Consequently, the thinnest channels should be advantaged in terms of electron distribution. However, in such highly confined structures, a significant part of the electron distribution extends into the oxide. This raises the question of carrier scattering intensity in such devices including surface roughness and Coulomb scattering due to trapped charges into the oxide. This may balance the advantages of VI as initially expected.

1.1.3. Multi-gate device physics: carrier transport in thin films.

Electron-phonon scattering

Gamiz and Fischetti used the form factor defined in [START_REF] Price | Two-dimensional electron transport in semiconductor layers. I. Phonon scattering[END_REF]] which links phonon scattering rates with the transversal envelope of the electron wave function. A greater confinement enhances the overlapping of the electron wave function so as the scattering rate. Figure 1.8 compares DG and SG on SOI devices as a function of effective transverse field and silicon thickness. For thick channels, the two inversion layers behave almost independently as seen in §1.1.2, so that the form factor and the phonon limited mobility is near the one in SG on SOI. For thinner channels, VI occurs and the dispersion of electron throughout the whole channel reveals its advantage in terms of phonon scattering. However, as confinement is increased this advantage is quickly lost and no longer depends on the electric field but only on geometric considerations. A peak clearly appears in the 3 nm to 4 nm region (Figure 1.8b) and can be explained by the behavior of conduction effective mass. In this region, the reduction of conduction effective mass dominates over the increase of phonon scattering rate.

As the silicon thickness is reduced, the reverse happens and therefore the mobility drops.

Surface roughness scattering

Surface roughness scattering comes from a perturbation of the potential well perpendicularly to the interface caused by a variation of that interface from an ideal plane. In Figure 1.9 the peak in the 3 to 4 nm range is now wipped out as surface scattering limits the mobility in such thin channels. Only remains an improved mobility in the range 3 to 15 nm -modulated by effective electric field intensity -due to VI which keeps a significant amount of electrons appart from the interfaces (Figure 1.9).

Coulomb scattering

Coulomb scattering is due to charges trapped at the Si-SiO2 interfaces affecting the low inversion mobility (at the High-k-metal interface as well in modern technologies). As the effective field is increased, electrons become to screen these charges and this effect no longer limits electron mobility. Figure 1.10 reveals that the screening effect is more effective for thinner channels as the mobility increases faster for these confirming one more time the role of VI. Figure 1.10 emphasizes even more the advantage of DG and VI with low transverse field mobility plot -low enough to prevent any screening effect. Figure 1.9 -Electron mobility as a function of silicon thickness: influence of phonon and surface roughness only [Gamiz 2001]. [Gamiz 2001].

DG are one-dimensional confined structures but carrier transport in trigate and Ω-gate constrained by a two-dimensional confinement can be studied similarly. For example, in [Niquet 2012 ULIS], [Niquet 2012 Nano Lett.] and [Niquet 2012 TED], Non-Equilibrium Green's Functions (NEGF) band structure calculations are realized for various silicon nanowires with different size and crystallographic orientations for the channel. This will be more discussed in trigate NWFETs in the last subchapter §1.3.2.

Conclusion

Finally, this sub-chapter presented the multi-gates architectures as the only option to keep scaling down silicon CMOS devices while preserving electrostatic integrity ( §1.1.1). In thin double-gate devices, electrons extend throughout the entire channel under threshold and near threshold. Yet if the channel is thin enough, this volume inversion can be maintained over a wide range of effective electric fields hoping for an enhanced carrier mobility ( §1.1.2). However, with such confined structures, the impact on mobility can be significant and may limit the advantages of VI ( §1.1.3). Even though, this comprehension had been a motivation for fabricating ultrathin channels and ultimately the nanowires devices described in the two next sub-chapters.

Double-gate devices: from FDSOI and FinFET to nanowires

In an attempt to study and to eventually benefit from the precited advantages of adding extra gates around the channel, double-gate (DG) devices have been realized from many ways. Recent FDSOI technologies with back-biasing abilities consist in a first family of asymmetric DG presented in the first section ( §1.2.1). The symmetric DG kind is then analyzed: starting with horizontal DG devices obtained from wafer bonding ( §1.2.2) or from Silicon-On-Nothing (SON) fabrication processes ( §1.2.3). Finally, a last family of vertical symmetric DG well known as FinFETs is presented in §1.2.4.

FDSOI

Fabrication of CMOS transistors on wafers including a buried oxide (BOX) was studied since the 60s. SOI MOSFET was first recognized for its improved resistance to radiation [START_REF] Davis | Transient Radiation Effects in SOI Memories[END_REF]. By the end of the 80's several publications have shown their advantages over bulk CMOS in terms of short channel threshold voltage scalability [Colinge 1987], subthreshold slope [Colinge 1986], hot electron immunity [Colinge 1986] and drive current [START_REF] Smith | Increased drain saturation current in ultra-thin silicon-on-insulator (SOI) MOS transistors[END_REF]]. However, and as summarized in [Colinge 1989], these advantages could not be implemented until the extra wafer cost became lower than the added processing cost for improving bulk. If the first SOI wafers were silicon on sapphire (SOS), they were rapidly replaced by more traditional and cheaper silicon wafers with the apparition of techniques such as Separation by IMplantation of OXygen (SIMOX) [Smith 1956], [Watanabe 1966], [START_REF] Izumi | devices fabricated on buried SiO2 layers formed by oxygen implantation into silicon[END_REF]], [START_REF] Bruel | Formation of buried insulating layers by high dose oxygen implantation under controlled temperature conditions[END_REF]] and Bond and Etch back SOI (BESOI). A significant achievement towards the democratization of SOI, was the publication of the Smart-cut process to produce Unibond wafers [START_REF] Bruel | Smart cut': a promising new SOI material technology[END_REF]]. FDSOI first appearance on ITRS roadmap was in 2001, about 25 years after the first fully depleted MOSFET named the "deep depleted" with undoped SOS films [Balestra 1985 SSE] and the first demonstration of an ideal subthreshold slope (SS) of 60mV/dec by numerical simulation [Balestra 1985 PhD thesis], [Balestra 2015 Wiley].

The first STMicroelectronics full platform using FDSOI was presented in 2012 [Planes 2012]. [Grenouillet 2012 IEDM]. Un-doped channels improve stochastic mismatch so that random VT variations are mostly coming from dipoles in the high-k and local TiN metal gate workfunction variations [START_REF] Weber | Loïc Gaben 2015[END_REF]]. Weber and al. showed a negligible impact of local variations of TSi and that its scaling compensates LG variations contributing to a better matching. The process being simpler than bulk FinFET, this compensates for extra cost due to SOI substrates. FDSOI is qualified of "low-cost" process by STMicroelectronics and Globalfoundries compared to FinFET. FDSOI scaling would require thinner TSi to overcome SCE increase with LG reduction for 14 nm and 10 nm nodes. However, quantum confinement effects will dominate VT as TSi reaches 3 nm. FDSOI technology scaling then consists in scaling the BOX and integrating boosters such as SiGe channels formed by Ge condensation [START_REF] Cheng | High performance extremely thin SOI (ETSOI) hybrid CMOS with Si channel NFET and strained SiGe channel PFET[END_REF]], raised source and drain (RSD), strained SOI [Andrieu 2010], [Fenouillet-Beranger 2012 VLSI], [LiuQ 2013 IEDM]. In 2014, a 0.55x area scaling and 30% speed boost 

Horizontal Double-gate devices

Scaling requirements for high electrostatic control and later the interest in volume inversion devices had likely set up the research efforts toward highly confined structures such as double gate devices. In 1984, Sekigawa and Hayashi presented one of the first concept of DG structure suitable for 3D integrated circuits (IC). The so-called XMOS transistor was supposed to benefit from reduced channel thickness and lower doping since the channel length is decreased as required by the industry roadmap [START_REF] Sekigawa | Calculated threshold-voltage characteristics of an XMOS transistor having an additional bottom gate[END_REF]]. In the 80's, most of the first planar DG transistors were realized on a single SOI wafer using the BOX as a back-gate oxide. This is the reason why DG transistors were also referring at this time to SG transistors on SOI with a back-gate control over the channel. Unfortunately, the BOX thickness was a parameter hardly scalable: even if it was possible to balance the front and back biasing voltages to compensate a thicker back-gate oxide [Balestra 1987], it seemed impossible to comply with extremely thin oxide layers within the nanometric range required for the most advanced nodes gate stacks [ITRS 2001]. Consequently, new techniques using wafer bonding were developed in order to form separately the front and back gates [Tanaka 1991]. One of the best performances of the year 1994 on 0.19 µm gate lengths was obtained with these devices due to low VT and steep subthreshold slope (SS) at low voltages [Tanaka 1994]. Whereas traditional bulk or FDSOI MOSFETs featured a self-aligned gate and junctions, front and back gates alignment issue arose in the specific case of DG; especially when realized after wafer bonding. This was discussed in [Wong 1994], [Allibert 2001] and [START_REF] Chunshan Yin | Fabrication of raised S/D gate-all-around transistor and gate misalignment analysis[END_REF] where the use of an oversized back gate was recommended to reduce the constraints on the alignment despite of an increased device delay. [START_REF] Lolivier | Experimental comparison between double gate, ground plane, and single gate SOI CMOSFETs[END_REF]], [Widiez 2004], [Widiez 2005] and [Vinet 2005] presented promising results for these devices realized with a bonding process in comparison with bulk and single gate devices with back biasing (Figure 1.13). Many alternatives to wafer bonding were suggested using selective epitaxial growth (SEG) and epitaxial lateral overgrowth (ELO) [START_REF] Denton | Fully depleted dual-gated thin-film SOI P-MOSFETs fabricated in SOI islands with an isolated buried polysilicon backgate[END_REF]]. To solve the misalignment issue, [Wong 1997] proposed a self-aligned DG using a sacrificial amorphous silicon channel. An aperture is realized into the BOX in order to use the bulk Si underneath as a seed for SEG/ELO to build the drain, Figure 1.12 -14 nm FDSOI transistors featuring strained channels thanks to Si:C and SiGe:B in situ doped RSD [Weber 2014].

the channel and the source in that order. Several integrations are proposed using other recrystallization techniques such as Metal Induced Lateral Crystallization (MILC) [Zhang 2003], [Lin 2004]. However, devices based on recrystallized channels have performances severely impacted by crystalline defects. Many of these devices featured independent gates to realize either a front, a back or a double-gate conduction, or else to take advantage of VT modulation [START_REF] Denton | Fully depleted dual-gated thin-film SOI P-MOSFETs fabricated in SOI islands with an isolated buried polysilicon backgate[END_REF]], [Lin 2004]. [START_REF] Guarini | Triple-Self-Aligned , Planar Double-Gate MOSFETs : Devices and Circuits[END_REF]] presented a self-aligned DG using bonding, front end CMP and specific CoSi masks. Schulz et al, presented a concept of plane-FET (Figure 1.14) where SiN is used as a sacrifial material to form the gate around a suspended plate of silicon and RSD realized in trenches [Schulz 2002]. However, this technique requires a specific SOI substrate made of Si/SiN/SiO2 BOX/bulk instead of SOI. [LiuH 2002] presented a derivative using lateral phase solid epitaxy (LSPE). [Zhang 2004] also derived this concept of multilayers with sacrificial gate to propose a monolithic integration of stacked DG to realize an inverter. It was claimed that these devices were good candidates for low power applications thanks to a lower VT and a better SS so the results had sustained many developments. Frank et al. predicted a scalability of double-gate MOSFETs down to 30 nm gate length at least but warned about the need of a precise control of the channel thickness (5 nm in the simulation), dual gate alignment, abrupt doping profiles, and gate work function control so as a new heat extraction technique [Frank 1992].

Finally, DG transistors on SOI at that time had to compose either with misalignment due to wafer bonding or with complex integrations [Poiroux 2006], [Poiroux 2009]. Although improved integrations with aligned DG were later proposed [START_REF] Vinet | [END_REF]], the introduction of Silicon-On-Nothing (SON) concept in the beginning of the 00's was a prelude to the fabrication of self-aligned features. 

Silicon-On-Nothing (SON)

Silicon-On-Nothing (SON) evolved from the SilicON Cut-off juncTION (SONCTION) [START_REF] Skotnicki | [END_REF]] to become an alternative to FDSOI. The process, as first described in [START_REF] Jurczak | [END_REF]] and [Jurczak 2000], features a selective epitaxy of SiGe on STI patterned active area followed by a non-selective epitaxy of silicon. SiGe allows the crystalline continuity of the lattice for the epitaxy of the silicon channel and also acts as a sacrificial layer. Once the SiGe is selectively removed, the silicon membrane remains suspended being attached to the gate which is itself attached on both ends to the STI oxide. The cavity is then filled with an oxide and the S/D regions are formed (Figure 1.15). The same advantages as with FDSOI are found in this device, and besides, this local SOI no longer requires expensive SOI substrates. A co-integration with bulk devices is also permitted [Huguenin 2010 VLSI]. Additionally, insulation and channel thicknesses are defined by epitaxy which allows to perform extremely thin BOX and channel down to 20 nm and 5 nm with a good controllability as reported in [Jurczak 2000]. This turned out to be an advantage when decreasing the BOX and SOI thicknesses remained a significant challenge on commercial SOI substrates [START_REF] Fenouillet-Beranger | Requirements for ultra-thin-film devices and new materials on CMOS roadmap[END_REF]. Self-heating was also believed to be less important than for FDSOI since only the channel area is insulated from the substrate [Jurczak 2000]. The technology was further developed in [START_REF] Monfray | First 80 nm SON (Silicon-On-Nothing) MOSFETs with perfect morphology and high electrical performance[END_REF]] which presented for the first time 80 nm gate length transistors with promising projections for advanced nodes, with 9 nm thick channel [Monfray 2002 SOI] and fully operational SRAM [Monfray 2004]. A review of this architecture was realized in [Skotnicki 2006]. The derivation of the SON process to realize DG FETs is interesting in the framework of this thesis: the bottom local insulation was replaced by gate material in both [Monfray 2002 VLSI] and [Harrison 2003] reporting the first variants with top LG and TSi down to 40 nm and 15 nm respectively. Yet the bottom gate remains defined by the shallow trench isolation (STI) and therefore are in the micrometric range (Figure 1.17a). It was later improved using a near-damascene process named "Poly Replacement Through Contact Hole (PRETCH)" in order to introduce a high-k and a metal gate stack (Figure 1.17a), [Harrison 2004], [Coronel 2004], [START_REF] Cerutti | Metal gate-all-around CMOS integration using poly-gate replacement through contact hole (PRETCH)[END_REF]]. This process naturally led to self-aligned DG and, because SiGe/Si epitaxies can be repeated several times to produce a super-lattice alternating multiple channels and sacrificial layers, to multi-channel devices (Figure 1.17c), [Shenoy 2004], [Hartmann 2005]. Stacked channel devices will be discussed in the next sub chapter ( §1.3.4). Nevertheless, the first attempts were reported in [KimSM 2004], [LeeSY 2004], [Yoon 2004] and [Ernst 2006] Figure 1.17 -(a) SON procsess where the local insulation is replaced by gate material to realize a back gate [Monfray 2002 VLSI]. (b) PRETCH concept as proposed in [Harison 2004]. (c) Stacked DG FETs fabrication as presented in [Shenoy 2004] 1.2.4. Vertical double-gate: towards FinFET Along with the development of horizontal planar DG, vertical channels -with still horizontal conduction -were researched. One advantage over planar DG is to propose an increased channel width with limited wafer area occupation. Although tridimensional devices increased the process flow complexity, the FinFET architecture met mass production requirements in 2010 [Yeh 2010 IEDM].

A novel structure named fully depleted lean channel transistor (known as DELTA) was proposed to take advantage of volume inversion [START_REF] Hisamoto | A fully depleted lean-channel transistor (DELTA)-a novel vertical ultra thin SOI MOSFET[END_REF]] [Hisamoto 1991]. In this assembly, a vertical silicon fin is realized and SIMOX isolation is replaced by selective oxidation of the silicon substrate. However, this was accused to generate too much defects at the edges of the field oxides (W = 200 nm, LEff = 150 nm, Tox = 8.5 nm, SS = 62 mV/dec). A new device was realized on SOI with a gate last process but without using a sacrificial gate and named Folded Channel MOSFET [Hisamoto 1998]. Low DIBL was experimentally measured along with a reduction of SS as fin width is decreased down to 15 nm for a minimal gate length of 30nm. The terminology finFET appeared for the first time in 1999 when Huang et al, presented a gate-last process to realize P-MOSFET devices with gate length down to 18 nm, fin width down to 15 nm with excellent performances (288µA/µm to 410µA/µm with channel effective width normalization) [Huang 1999], [Hisamoto 2000], (Figure 1.18). Multi-fins devices where linked together with SiGe pads, their spacer patterning process removed the SiN from the fin sidewalls and their data and projections for 7 nm node fins turned out to be relatively good predictions [Hashemi 2016 VLSI] FDSOI devices, their simulations also showed that the main source of VT variation comes from LG variations more than from the fin width -respectively, the SOI thickness in FDSOI. Although Lindert et al. fins were doped, the use of intrinsic channel improves reliability as for planar DG and FDSOI devices and also increases carrier mobility with the reduction of channel transverse effective field. In this case, VT may be then adjusted by using appropriate gate material: either with usual heavily doped polysilicon gates or with an asymmetric polysilicon doping of the two gates [Kedzierski 2001], or else, by using metal gate to avoid any poly-depletion issue with fully salicided gates and dopant segregation [Kedzierski 2004], or even metallic gates [START_REF] Ha | Molybdenumgate HfO/sub 2/ CMOS FinFET technology[END_REF]], [Mistry 2007], [Auth 2012]. When proceeding with the CMP supposed to remove the gate material on top of the fin -often covered by an insulating hard mask -both gates can be isolated to make them working independently [LiuYX 2003]. In the same idea, a four gates transistor (4T-FinFET) was also proposed to enhance VT control [LiuY 2004]. In order to increase devices drive current, several fins can be grouped into a single transistor. Spacer patterning was therefore introduced to double the lithography pitch and reduce the device footprint [Choi 2001], ( §1.3.2). Channel stress is also being used as a performance booster [Maitra 2011 EDL], ( §1.3.2). FinFET was qualified in [Poiroux 2009] as the most studied and the most mature of the multiple gate technologies as IBM was presenting their 22 nm technology [Kawasaki 2009 IEDM]. Still, it was only more than two years later that TSMC announced the firsts FinFETs fabricated on an industrial scale in December 2010 [Yeh 2010 IEDM] followed by Intel in May 2011 featuring strained silicon channels enabled by Si0.5Ge0.5 RSD and enhanced by a gate-last process [Auth 2012]. This was the third version of their High-k metal gate process which also featured self-aligned contacts (SAC). The fin width was 8 nm and gate length was scaled down to 30 nm. The transistors were called trigates to emphasize the fact that the top of the fin was also conducting. In 2014, the second generation of FinFET had improved fin patterning and doping techniques dividing by two the VT dispersion while a 0.7x device scaling was achieved with 8 nm fin width and 42 nm fin height channels [START_REF] Natarajan | A 14nm logic technology featuring 2 nd -generation FinFET, air-gapped interconnects, self-aligned double patterning and a 0.0588 &#x00B5;m 2 SRAM cell size[END_REF]]. Fin design is always a trade-off between manufacturability (fin height and width), parasitic capacitances and access resistances. To limit current loss in the bulk substrate, the IBM, SOITEC and STMicroelectronics alliance also presented FinFETs on SOI [Khakifirooz 2013 S3S]. If FinFET scaling was recommended to be executed with maintaining an aspect-ratio of ~2.5 [Kawasaki 2009 IEDM], Chang et al. pointed out that fin width reduction will be ultimately limited by quantum confinement [START_REF] Chang | Scaling of SOI FinFETs down to fin width of 4 nm for the 10nm technology node[END_REF]]. Their 4 nm narrow fins presented increased VT due to band splitting and reduced mobility which cannot be solely attributed to an increased influence of interface states (Dit). This is one of the reasons why some of the recent developments concerning FinFET are focused on new channel materials with potentially higher carrier mobility such as germanium rich fins [Hashemi 2016 VLSI], and III-V [Czornomaz 2016 VLSI]. One of the main challenge with these materials remain the interface trap density which limits the actual mobility [Hiblot 2016 PhD].

The 10 nm FinFET technologies are a combination of state-of-the-art patterning, advanced gate stack engineering with multi-VT abilities [Cho 2016 VLSI] and S/D doping engineering especially concerning the suppression of the bottom fin conduction [Kikuchi 2016 IEDM]. By the end of 2016, the race for the 7 nm has been started with several related publications. Among them, TSMC achieved a 256 Mb 0.027µm² 6-T SRAM by optimizing its DUV immersion lithography process [WuSY 2016 IEDM] while the IBM -GF -Samsung alliance substantiate EUV with a 7 nm process featuring 44 nm contacted polypitch (CPP) and 36 nm metallization pitch with dual strained channels for current enhancement and trench epitaxy to reduce access resistances 

Conclusions

Currently, manufactured horizontal double gate technologies consist in FDSOI ( §1.2.1). The main advantage is the asymmetric back gate polarization which can be used dynamically to boost either the performances (forward back bias) or to lower the power consumption (reverse back bias). Fabrication process being closer from planar bulk technologies is another benefit for the cost of FDSOI.

Driven by the potential of volume inversion, many other advances were achieved concerning the fabrication of symmetric double-gate devices ( §1.2.2) and SON ( §1.2.3). Although none of them reached an industrial maturity, the experience accumulated during these developments provides information about the processes and feasibility. To illustrate this point within this thesis framework, the selective removal of SiGe developed for SON technology can be adapted for the critical step of forming the suspended silicon nanowire channels in SNWFETs as it will be observed in the next and last subchapter ( §1.3.4). Vertical double gate or FinFET technology ( §1.2.4) on the other hand offers the best device compacity at the price of increased access resistance and parasitic capacitances. At the beginning of 2017, FinFET scaling remain crucial for the sub 7 nm nodes technologies.

With one or two additional gates, the nanowire geometry can be considered as a new step forward in transistor scaling. The following sub-chapter states the actual positioning of NWFETs and SNWFETs before concluding on the thesis objectives.

1.3. The nanowire technology: down to the end of the roadmap?

By using tri-gates, Ω-gates or ultimately gate-all-around (GAA) configurations, NW channels benefit from increased electrostatic control of the gate over the channel. The first section describes the stateof-the-art of NWFET technology ( §1.3.1). This is followed by several studies of NWFETs confirming their compatibility with usual technology improvements. The impact of channel strain and channel orientation optimization are first measured in §1.3.2. To improve integration density and transistor performance, advanced double patterning techniques are also investigated in §1.3.3. The following section is then dedicated to the possibility of increasing the drive current of such devices at no cost in device footprint -wafer area occupation -by vertically stacking several NW channels ( §1. 3.4). This sub-chapter concludes with the thesis objectives, setting SNWFETs as a potential evolution of FinFET technology by means of a performance evaluation and device fabrication processes as close as possible from the existent ( §1.3.5).

1.3.1. Tri-Gates, π-gate, Ω-gate and gate-all-around (GAA) nanowire FETs

In the 80's, trench isolation was investigated to remove the bird's-beak shape due to selective oxidation in structures such as DELTA [START_REF] Hisamoto | A fully depleted lean-channel transistor (DELTA)-a novel vertical ultra thin SOI MOSFET[END_REF]]. In the process named BOX for buried oxide [START_REF] Kurosawa | [END_REF]], the gate was also in contact with the sidewall of the silicon channels creating two extra vertical "parasitic" channels along with the horizontal one. A double hump in the I-V characteristics of devices revealed the presence of the two different channels having their own different threshold voltages. This was attributed to the sharp corners where the electric field is higher, lowering VT locally [START_REF] Iizuka | [END_REF]]. First considered as parasitic, it was suppressed by using lateral doping. These gate extensions were finally found to be interesting to increase controllability over the channel especially when the sidewalls are brought close enough to merge the depletion regions [START_REF] Hieda | [END_REF]]. Improvements were reported in [START_REF] Hieda | [END_REF]] where sidewall gates were then used to control sidewall channels. This was one of the first tri-gate transistor which was named at that time trench-isolated transistor using sidewall gates (TIS). Subthreshold swing was improved by 30 mV/decade over LOCOS insulation MOSFET. The double hump in the I-V characteristics was also found to be reduced with channel width. This was confirmed in the devices fabricated by Doyle et al. (30 nm to 60 nm thick bodies under LG = 30 nm tri-gates) [START_REF] Doyle | Tri-Gate fully-depleted CMOS transistors: fabrication, design and layout[END_REF]]. Their simulations preconize the use of rounded corner edges to limit the VT lowering. Besides, [START_REF] Yang | [END_REF]] presented a 10 nm diameter NW with 5 nm gate length named the "nanowire FinFET". As channel dimensions were reduced, the trigate transistor became a nanowire FET only differentiated from a FinFET by an aspect-ratio (A/R) close to one. The absence of remaining hard mask on top of the fin makes the top of the fin also conducting and FinFETs are sometimes called trigates.

Similarly to FinFETs and other 3D architectures, current in tri-gate NW FETs is often normalized by the effective width Weff = 2xH + W (Figure 1.21a). The NWs must be arranged in multi-finger arrays of pitch smaller than W+H/2 for competing with single gate devices in terms of effective width (Figure 1.21b). Although tall fins present higher Weff, electrostatic control is found to be better in near-to-one aspectratio tri-gates NWs ( §1.1.1) which can additionally benefit from body effect for VT control when fabricated on SOI [Coquand 2013], [Hiblot 2015]. To increase even more the electrostatic control in such NW, Park et al. proposed the π-gate concept where the gate enters in the BOX to increase its control over the channel [START_REF] Park | Pi-gate SOI MOSFET[END_REF]]. This concept goes even further with the Ω-gate where an isotropic etch of the BOX offers some space under the channel for the gate stack to be deposited [START_REF] Jahan | [END_REF]]. The process must then feature an isotropic step during which the gate stack is etched away from under the nanowire in the extension regions. Instead of BOX over etch, the rounded nanowire can also be obtained from a square shape tri-gate NW using hydrogen annealing [START_REF] Hashemi | [END_REF]]. This technique had also been previously employed to improve channel mobility by smoothing the channel surface [Dornel 2007 APL].

Rounding the sharp corners again prevents VT and SS lowering [Ritzenthaler 2005].

From an electrostatic point of view, the ultimate nanowire device would be the gate-all-around (GAA) structure. It was realized for the first time from a BOX over etch [Colinge 1990]. Samsung in 2005 announced one of the first NW MOSFET with a "highly manufacturable" process, proposing their However, the GAA configurations and in a certain way the Ω-gate ones involves an overetch of the gate. The resulting trimming of the gate may ultimately limit the scaling of such devices as the gate length is shrunk. 1.3.2. Technology boosters: channel orientation and strain in trigate nanowire FETs.

During the design and fabrication of such devices, the transistor channels can be orientated in diverse ways to benefit from the anisotropy of the carrier mobility in silicon. Strain can also be introduced into the channel to modify the band structure and the effective masses and thereby improve carrier mobility. Although these effects are now well known in bulk silicon, the quantum confinement induced by the nanowire geometry may alter the usual conclusions. This section revises the current knowledge on such matters and brings several updates concerning hole transport with measurements realized on PMOS devices.

Channel orientation

Industry commonly use (001) surface silicon wafers. The fabricated devices are typically oriented in the <110> direction but the <100> direction is accessible by a 45° rotation (Figure 1.24). Device properties and more specifically carrier mobility will strongly depend on these crystallographic planes and orientations [Yang 2003], [START_REF] Andrieu | [END_REF]], [START_REF] Bidal | Planar Bulk+ technology using TiN/Hf-based gate stack for low power applications[END_REF]], [BenAkkez 2012]. [START_REF][END_REF]] proposed a fully proportional relationship between ( 110) and ( 100) mobilities (Eq. 1-7). This relation was successfully applied in [START_REF][END_REF]], [Coquand 2012 ULIS], [Coquand 2013 SSE] and [Coquand 2013 TED] to confirm the advantage of (110) sidewalls for the transport of holes and the (001) top surface for the transport of electrons (Figure 1.24). As a consequence, electron effective mobility is found to be decreased with decreasing NW width as the relative contribution of the top channel is also decreased. The opposite is observed in the case of hole transport. Up to +38% had been obtained when increasing the vertical sidewall contribution by switching from a large channel to a 10 nm narrow by 24 nm tall NW. This points out again the advantage of the (110) sidewalls for the transport of holes. For a given HNW = 11 nm, Figure 1.26 summarizes the impact of channel width on electron and hole mobility from measurements realized in [Coquand 2012], [Barraud 2013 VLSI] and [Gaben 2015]. Non-Equilibrium Green's Functions (NEGF) calculations in cylindrical and square Si NWs provide further insights into the dependence of hole mobility on NW width [Niquet 2012 ULIS], [Niquet 2012 Nano Lett.], [Niquet 2012 TED]. The valence bands are degenerated -brought together -in <100> Si NWs and presents heavy effective masses while in <110> oriented channels, light holes sub-bands gets separated from heavier ones due to quantum confinement. As a result, hole mobility is considerably degraded by the enhancement of electron-phonon and surface roughness scattering in small <100> Si NWs, while it continues to increase down to very small sizes in <110> Si NWs. In other words, the anisotropy in hole mobility is explained by the difference in effective masses which are impacted differently by structural confinement according to the transport direction. Confinement in Si NWs At the same time, the phonon-limited mobility extracted from Matthiessen's rule and temperature dependent measurements of mobility, is invariant regardless of NW width (Figure 1.28b) consistently with [START_REF] Fischetti | [END_REF]] and [Niquet 2012 TED]. This suggest the mobility in smallest NWs to be surfaceroughness limited. Channel orientation was also studied in [START_REF] Saitoh | [END_REF]. By opting for <100> over <110> channels +25% and +14% increase of ION was achieved in N and P-FETs respectively. Noticing the ~8% Tinv reduction in <100> is not sufficient to increase ION by itself, they conclude on a carrier velocity improvement in their short channel devices. The decrease of µe with WNW shrinking is also found on long channel devices and despite of the (110) side channels, the ION for the PFETs is much lower than for the NFETs. They also found a deviation from the linear relationship they attributed to an additional scattering in narrow PFETs. They extracted from charge pumping, the density of interface defects (Dit) and isolated each contribution with Mathiessen rule and they concluded that surface roughness is the main contribution to the carrier mobility degradation in NWs. Accessorily, higher Dit was found for the side channels due to RIE patterning. The contribution of gate induced stress was also studied. Transverse compressive and vertical tensile strain on the side channel largely decrease µe of <110> NFETs and moreover, NFETs seem to be more sensitive to stress than PFETs.

Channel stress

The benefits of strained channels were briefly presented in the section concerning FDSOI [Andrieu 2010], [Fenouillet-Beranger 2012 VLSI], [LiuQ 2013], [Weber 2014], ( §1.2.1). With SON technology ( §1.2.3), leaving the SiGe layer under the channel as a stressor [START_REF] Chanemougame | Conception et fabrication de nouvelles architectures CMOS et étude du transport dans les canaux de conduction ultra minces obtenus avec la technologie SON[END_REF]] has been investigated. SiGe raised source and drain (RSD) were introduced to boost the performances of 90 nm node silicon bulk devices [START_REF] Ghani | A 90nm high volume manufacturing logic technology featuring novel 45nm gate length strained silicon CMOS transistors[END_REF]], [Mistry 2007]. They are still used on FinFET with enhanced effects due to the gate-last process [Auth 2012], [START_REF] Natarajan | A 14nm logic technology featuring 2 nd -generation FinFET, air-gapped interconnects, self-aligned double patterning and a 0.0588 &#x00B5;m 2 SRAM cell size[END_REF]], ( §1.2.4). Other techniques are available to introduce some stress in the channel such as the strain memorization technique [Chen 2004] or the use of a contact etch stop layer (CESL) [Thompson 2002]. A gate-last process is also known to enhance strain [Morvan 2013 IEDM].

The introduction of biaxial or uniaxial strain in the silicon channel modifies its band structure (splitting and/or degeneracy) which impacts electron and hole transport consequently [START_REF] Skotnicki | [END_REF]].

Quantum confinement also adds up to the equation which makes the behavior of NW based devices extremely complex. Fully atomistic semi-empirical calculation of [Niquet 2012 ULIS] and [START_REF] Neophytou | [END_REF]] have shown uniaxial tensile strain lowers the ground state valleys respectively towards the heavier ones. The proportion of fast electrons is increased and inter-valley scattering is reduced which translate into a higher µe. Concerning hole transport, biaxial tensile strain removes the degeneracy of the valence bands increasing the number of light holes so as the mobility. Moreover, as the NW width is reduced, the strain becomes uniaxial which was found in [Niquet 2012 TED] to lift upwards the heavy holes sub-bands resulting in a degradation of the mobility. The transition biaxial towards uniaxial can be observed experimentally in VT measurements of [Coquand 2013 TED] and was predicted in [LimJS 2004 EDL]. On the contrary, uniaxial compressive strain seems preferable to improve hole transport in narrow channels. Uniaxial tensile-strained Ω-gate strained SOI (sSOI) n-FET NWs down to 10nm gate length were realized [Barraud 2013 VLSI] as well as high-performance Ω-gate p-FETs on compressively-strained-SiGeOI substrates obtained by Ge enrichment [Nguyen 2014 S3S]. These were later successfully co-integrated to offer -50% delay reduction in fan-out 3 ring oscillators [Nguyen 2014 IEDM]. No electron mobility degradation due to co-integration was noticed but +135% in hole mobility was obtained in strained SiGe narrow channels benefiting from uniaxial stress -only +60% in the largest devices embedding biaxial stress. [Coquand 2012 VLSI] measured +40% increase in saturation current for LG = 45 nm long and 11 nm large uniaxially stressed channels of NMOS NWFETs. Capacitive measurements on devices realized with strained-SOI substrates showed +70% electron effective mobility improvement over standard SOI devices. This enhancement drops down to +55% on 10 nm narrow NWs as the biaxial strain becomes uniaxial. This was confirmed on 45 nm short channel with +40% drive current improvement.

Another way to bring compressive stress into the NW channels is to proceed with a selective epitaxial growth (SEG) of the RSD. The impact of Si0.7Ge0.3 RSD thickness on P-type trigate NW FETs has been reported at the beginning of this thesis [Gaben 2015]. In this work, various SOI thicknesses from 11 nm to 24 nm were patterned into NWs in between 10 nm and 10 µm large. This was followed by the process already used for previous publications of the group: high-k/metal gate (HfSiON/TiN) was patterned in a gate-first process and, after the etching of a 10 nm large spacer, a SEG of either 20 nm or 30 nm of Si0.7Ge0.3 Boron in situ doped was realized to form the RSDs. A high dose doping (HDD) implant, an activation spike annealing and a NiPt salicidation followed before the back-end. Figure 1.29 summarizes the key process steps along with a cross-section TEM and Energy Dispersive X-ray spectroscopy (EDX) images of a 25 nm tall and 10 nm narrow device. The effect of Si0.7Ge0.3 RSD is evaluated in Figure 1.30 for gate lengths down to 25 nm -the effect on long gate lengths is negligible. Up to +86% improvement in drive current is obtained for the introduction of SiGe RSD on the smallest 12 nm NWs. This advantage drops at +58% only for the 24 nm tall NWs. Influence of strain induced by SiGe RSD can be further improved by increasing the RSD SEG thickness: +36% is obtained by increasing the epitaxy from 20 nm to 30 nm (Figure 1.30.a). SiGe RSDs are confirmed to be an effective way to increase channel compressive strain and to enhance hole mobility. Although it seems to be more efficient on the smallest NWs, an increase in the epitaxy thickness is expected to bring more stress in the tallest NWs. A rise in the Ge portion is also likely a way to transfer more stress into the channel [Auth 2012], [START_REF] Natarajan | A 14nm logic technology featuring 2 nd -generation FinFET, air-gapped interconnects, self-aligned double patterning and a 0.0588 &#x00B5;m 2 SRAM cell size[END_REF]]. SiGe SD stressors may compensate for the hole mobility loss due to the use of a sSOI substrate which usually embeds tensile stress to boost the NMOS devices. The effect of SiGe RSDs is enhanced when the NW extensions are first recessed before to proceed with the SEG [Barraud 2013 VLSI]. Similarly, SiC RSD can be introduced to induce tensile strain [Ang 2005], [START_REF] Liow | N-Channel (110)-Sidewall Strained FinFETs With Silicon&#x2013;Carbon Source and Drain Stressors and Tensile Capping Layer[END_REF]], [START_REF] Togo | Phosphorus doped SiC Source Drain and SiGe channel for scaled bulk FinFETs[END_REF]]. Since these electron and hole mobility improvements are due to uniaxial stress which results in a change in effective mass instead of a scattering mechanism reduction, this effect is believed to be preserved when scaling the gate length [Thomson 2004].

Co-integration of local strain engineering techniques is currently under study for making PMOS and NMOS independently benefit from stress. These techniques named Strained Silicon by Top Recrystallization of Amorphized SiGe on SOI (STRASS) and BOX creep, are illustrated in Figure 1.31 [START_REF] Bonnevialle | Smart Solutions for Efficient Dual Strain Integration for Future FDSOI Generations[END_REF]]. After the Shallow Trench Isolation (STI) module, it is possible to induce or to relax stress by carefully optimizing epitaxy and annealing steps. Design co-optimization is also extremely important for a platform technology to fully benefit from each introduced booster [Berthelon 2016 VLSI], [Berthelon 2017 EUROSOI]. Therefore, according to our results, such developments are also of primary interest for enhancing performances of NW technologies. 

Technology boosters: the case of Sidewall Image Transfer (SIT)

The multiple patterning technique was proposed for the first time in [Choi 2001], [Choi 2002 SSE], [Choi 2002 TED] in order to deal with lithography limitations and still divide by two or four the minimum pitch. An interesting derivation of the STI patterning was also used to divide an active area into two silicon fins avoiding the use of core material in [KimSM 2004]. Techniques such as Sidewall Image Transfer (SIT) or Self-Aligned Double or Quadruple Patterning (SADP / SAQP) alleviates any misalignment issues introduced by multiple exposures as explained in Figure 1.32 drawings. These techniques were first industrialized for the first metal layers in back end of line (BEOL) [Hwang 2009 ESSDERC] and are now used in 14 nm node processes to decrease the fin pitch in the active layer [START_REF] Yamashita | Sub-25nm FinFET with advanced fin formation and short channel effect engineering[END_REF]], [Auth 2012 VLSI], [Natarajan 2014 IEDM]. Introduction of SIT for Samsung is planned for the 10 nm node [Cho 2016 VLSI] while IBM presented devices with a 30 nm fin pitch for their 7 nm node FinFET using EUV lithography [XieR 2016 IEDM]. Pitch was limited to 40 nm when using DUV lithography [Basker 2010 VLSI]. The process developed in CEA-LETI for the patterning of silicon nanowires has been described in [Barnola 2014 SPIE]. It was used to produce 35 nm pitch silicon NWs Ω-FETs for which performances were reported at the beginning of this thesis in [Gaben 2015 SSDM]. Figure 1.33 provides an overview of the overall process flow. Starting from 300 mm SOI substrates with a 145 nm buried oxide (BOX), initial silicon thickness was thinned down to 8 nm and 5 nm. Then, a 15 nm thick Titanium Nitride (TiN) layer was deposited. This buffer layer served at the end as a hard mask for the patterning of silicon NWs. It was found to reduce NW width distortion caused by both micro-loading effects due to spacer asymmetry and by silicon consumption during Si-rich anti-reflective coating (Si-ARC) removal and spacer patterning. Then, a spin-on-carbon (SOC) layer and a Si-ARC were deposited for the initial lithography. High end DUV immersion lithography tools can reach 70 nm pitch, however the available Nikon SR1 is limited to 180 nm. Electron beam (e-beam) lithography was required to pattern the 70 nm features in photoresist and SOC aiming for a 35 nm pitch after the SIT process. The resist patterns were trimmed with Cl2/O2 before to transfer them into the Si-Arc and SOC layers using respectively CH2F2/CF4/He and HBr/O2 chemistries. Si-ARC was removed in order to only leave the SOC mandrel. The next step involved conformal deposition of a SiN layer in a process optimized to be highly uniform and controllable. This SiN spacer material was anisotropically etched with CH2F2/O2/CF4 plasma, so that it was completely removed everywhere excepted along the sidewalls of the previously patterned sacrificial material (SOC). A sub-network of hard-mask spacers was left with a spatial frequency two times smaller than obtained with the first lithography (35 nm). Finally, the SOC mandrels were selectively removed using O2 plasma allowing the transfer of the remaining spacers into the TiN and into the silicon layers using TiN as a masking layer. [Barnola 2014 SPIE], [Gaben 2015 SSDM].

Two types of devices with 6 or 250 parallel NWs were realized. The TEM images of Figure 1.34 report NW widths down to 12 nm and NW thicknesses down to 5 nm. Our typical gate-first process was then used to build the transistors ( §1.3.2). The high- metal gate stack consisted in 1.9 nm chemical vapor deposition (CVD) of HfSiON, 5 nm atomic layer deposition (ALD) of TiN and 50 nm polysilicon (EOT =1.3 nm). After patterning, gate lengths as small as 16 nm were obtained as shown in Figure 1.34. A 10 nm thick SiN layer was then deposited and etched to form a first spacer on the sidewalls of the gate. 20 nm-thick Si raised source and drain (SD) were selectively grown at 750°C, 20 Torr prior to the SD extension implantation and activation annealing. At this step, a second offset spacer consisting of a tetraethyl orthosilicate (TEOS) liner and a nitride layer was fabricated before the SD implantations, activation spike anneal and silicidation (NiPtSi silicide), in order to lower the contact resistance. Finally, tungsten contacts and standard Cu back-end-of-the-line process were performed. The adoption of a novel architecture such as stacked-NW FETs (SNWFETs) would be obviously facilitated if the process fabrication could remain as close as possible from the main stream development efforts. A "FinFET-like process" is used in [Ernst 2006] to stack three or four NWs (Figure 1.37). The 70 nm large and 15 nm high suspended NWs were wrapped in HfO2 and TiN high-k metal gates. The gates were either self-aligned in between the SD pads or either defined by an anisotropic etch followed by an isotropic etch in order to remove the material from in between the NWs. As a consequence, the gate is also trimmed. Figure 1.37 c and d illustrates two issues encountered with this integration: beam buckling and void creation during the gate stack deposition. This was subsequently improved in [Bernard 2008 SSE]. The process was later improved to produce 10 nm thin channels showing ION currents of 2.27 mA/µm and 1.32 mA/µm for N and PMOS respectively and IOFF = 16.5 pA/µm [Bernard 2008 VLSI]. The process no longer use suspended channels as the sacrificial SiGe is removed after the SD epitaxy. This however requires additional lithography steps as pictured in Figure 1.38. The bottom channel of the stack can be seen as a common FDSOI transistor, yet it can be turned off by applying proper back bias (VT increase) since this channel features an increased access resistance and poorer performances as compared to the above GAA channels [Dupré 2008 ESSDERC]. [Bernard 2008]. (c) 3D stacked nanowires rounded by hydrogen annealing [Dornel 2007 APL].

In order to increase drive current in FinFETs, one or several parallel channels must be added. This discrete layout limitation is alleviated in SNWFETs by simply tuning NW width [Ernst 2008 ICICDT] or by adding more NWs in the stack (Figure 1.39a). A concept of memory using a common control gate and each layer as a bit lines was early mentioned in [Ernst 2008 IEDM] (Figure 1.39b&c). It was sustained by the idea that the number of vertically stacked channels is almost unlimited [Hartmann 2008 ECS] (Figure 1.39d). By using selective epitaxy growth (SEG) and appropriate lithography masks, the number of vertically stacked channels can be locally tuned -and therefore the device drive current -bringing even more flexibility in the SRAM stability and density is therefore improved according to [START_REF] Skotnicki | [END_REF]]. Concerning the variability, the use of intrinsic channels removes any random dopant fluctuation issues and channel thickness is precisely controlled by epitaxy. 

Internal spacers

The volume of spacer material in between the stacked NWs is referred to as internal spacers (Figure 1.40). They were found necessary to decrease parasitic capacitances in [LimT 2009] and in [Huguenin 2011 ESSDERC]. Inner spacers were realized in [Shenoy 2004] by SiGe selective oxidation occuring faster than the Si one and by playing with anisotropic etch of SiN spacers in [Bernard 2009 EDL] (Figure 1.40). In the former, after the patterning of the active area, a partial selective etch of SiGe is realized. The cavities formed are then filled when deposing a conformal layer of SiN spacer. An "optimized anisotropic/isotropic etch sequence" of the SiN is then realized so the aforementioned cavities remain filled while the channels edges remain accessible for a merging epitaxy of the S/D. An AFM 3D technique was developed to monitor the cavity depth [Foucher 2008 SPIE] which also defines the internal spacer thickness. Remote plasma (RP) and in situ inductively coupled plasma (ICP) processes were compared for controlling the SiGe recess [Barnola 2008 ECS]. RP process was sensitive to loading effects leading to unequal etch rate depending on the distance from the substrate and ICP was finally preferable. 

Hydrogen Silsesquioxane (HSQ)

Flowable oxides such as hydrogen silsesquioxane (HSQ) can be used as negative tone photoresists.

Once exposed to an electron beam (ebeam) or an extreme ultraviolet light (EUV), the "cage-like" structure changes into a "network-like" structure forming an oxide SiOx [LiouHC 1998]. Unexposed resist can be developed using TMAH solution. A thermal treatment may also be applied to enhance the densification of the remaining oxide. One of the most interesting properties of ebeam and EUV is that silicon is transparent for these sources. Consequently, the resist can be used to realize self-aligned features through silicon layers such as stacked NWs or nanosheets as pictured in Figure 1.42. It is therefore possible to realize either oxide trenches for a damascene process, or sacrificial gates for a damascene and gate-last integration. This idea was patented [US20050037603] and used for the fabrication of self-aligned localized SOI devices and self-aligned DG [Wacquez 2006 SSDM]. TEM images reproduced in Figure 1.42 show 5 nm thin silicon nanoplate channels with self-aligned oxide trenches [Monfray 2010 IEDM], [Coquand 2013 ECST], [Coquand 2013 VLSI] or sacrificial gates. First GAA NWFETs realized from HSQ trenches were reported in [Coquand 2013 VLSI]. Process flow and structural images are provided in Figure 1.43. Once the trench is realized, the HKMG stack is deposited and cleared by CMP. The HSQ oxide around the self-aligned gate is then removed so the spacers and SD can be built around. Yet the gate length is limited by the trench minimal CD achievable which is 30 nm [Coquand 2013 ECS]. Even if gate trimming can be performed, this would prevent to meet the requirements in terms of patterning density. This is the reason why this thesis work focuses on the patterning of HSQ sacrificial gates for a gate-last integration ( §3.1.2, §3.6, §0). 

Conclusion and thesis proposal

Conclusions

The first part of this chapter ( §1.1) consisted in providing an insight of multi-gate device physics.

Original expectations in adding one or several gates to conventional CMOS were first introduced to improve electrostatic control ( §1.1.1). With the apparition of the first double gates, device physics research got interested in volume inversion expecting an increase of carrier mobility in confined structures ( §1.1.2). However, carrier transport in multi-gate FETs turned out to be much more complex than in typical bulk and volume inversion does not hinder completely the effect of surface interactions ( §1.1.3).

Currently, manufactured horizontal double gate technologies consist of FDSOI ( §1.2.1). The main advantage is the asymmetric back gate polarization which can be used to dynamically boost either the performances (forward back bias) or to lower the power consumption (reverse back bias). Moreover, FDSOI announced low cost process flow contributes to its attractiveness, as compared to the significantly more complex one of FinFET.

Driven by the electrostatics improvements and the potential of volume inversion, many other advances were achieved concerning the fabrication of symmetric double gate devices ( §1.2.2) and SON ( §1.2.3). Although none of them reached an industrial maturity, the experience accumulated during these developments provides a useful roadmap on the viability of each technology. For example, the selective removal of SiGe process developed for SON technology can be adapted for the critical step of forming the suspended silicon nanowire channels in SNWFETs ( §1.3.4). Vertical double-gate or FinFET technology ( §1.2.4) on the other hand offers the best device compactness at the price of increased access resistance and parasitic capacitances. In the beginning of 2017, the question of FinFET scaling remains crucial for the sub-7 nm node technologies and below.

Ultimately, trigate, Ω-gate and gate-all-around devices have been considered as the optimal multi-gate architecture that may substitute to current FinFETs for the end of the CMOS roadmap in terms of electrostatic control and because of their similar fabrication process ( §1.3.1).

Tri-gates nanowire devices with various dimensions down to 5 nm were fabricated in order to study carrier transport in such devices. The impact of channel orientations and channel strain -which was induced by raised source and drain -on carrier mobility and consequently on device performances was measured ( §1.3.2). It was shown that the usual surface conduction model is no longer reliable once the NW dimensions are reduced in the 10 nm range and below. Hence, the influence of quantum confinement must be taken into account.

Similarly as with FinFET technology, NWFET output current can be improved by adding several channels in parallel per transistor. As device compacity is of great concern, a multiple patterning technique was developed to increase the number of parallel nanowires ( §1.3.2). The obtained Ω-gate nanowire devices had 35 nm channel pitch and presented with good subthreshold behavior as expected in such a structure along with good performances considering the absence of strain engineering on this batch.

In the same spirit, transistor output current can be further increased by stacking several nanowires in the vertical direction. As compared to the horizontal multi-finger devices, this improvement does not cost any extra wafer surface. As a result, SNWFETs combine both great advantages of having excellent performances inherited from nanowire geometry and of being extremely compact. The various integrations considered in the past ( §1.3.4) revealed common points in the fabrication of SNWFETs such as the use of sacrificial silicon germanium (SiGe) layers to build the NW stacks. The need for an internal spacer between the vertically stacked nanowires to isolate the gate from the source and drain has been identified. Some techniques consisted in using sacrificial oxidation of SiGe, while others introduced with cavities carved into sacrificial SiGe or simply relied on gate oxide and high-k to perform the insulation function. An interesting alternative involving Hydrogen Silsesquioxane (HSQ) nonorganic EUV photoresist and electron beam (ebeam) resist was also investigated. Since the silicon from which are made the stacked NW channels does not hinder EUV wavelengths, this material was used to realize vertical self-aligned features in damascene integrations of SON devices and of SNWFETs. The fact that HSQ can be crosslinked with electron beam lithography is an important advantage as this allows working with more commonly available tools other than EUV steppers.

Thesis proposal

Although SNWFETs have been successfully demonstrated in the past, modern technologies require the use of high-k metal gate (HKMG). Processes involving the use of high-k such as HfO2 are not compatible with the thermal budget of source and drain fabrication. The risk of equivalent oxide thickness (EOT) regrowth due to oxygen scavenging is significant even in the presence of a good barrier. The need of a gate-last integration approach has therefore risen. Polysilicon sacrificial gate is usually patterned and replaced in the final stages -after the source and drain epitaxy and the dopant activation annealwith the final HKMG. Even if low temperature processes are currently developed especially for monolithic applications such as LETI Coolcube TM technology [2015 Pasini VLSI], [2016 Brunet VLSI], a gate-last integration approach provides several other advantages such as enhancing the impact of stressors (the contact etch stop layers (CESL) and the raised source and drains) and allows threshold voltage tuning by varying device gate workfunctions [START_REF] Veloso | Flexible and robust cappingmetal gate integration technology enabling multiple-VT CMOS in MuGFETs[END_REF]], [START_REF] Veloso | [END_REF]].

Subsequently, this thesis intends to provide some insight into modern SNWFET technology. The following chapter presents TCAD simulations performed to evaluate the potential of SNWFETs ( §2).

After describing the models used in this work ( §2.1), a benchmark of SNWFET against FinFET technology is presented ( §2.2). The objective is to determine the conditions for which the NW based transistors are able to compete with FinFETs. The last part of this chapter shows the necessity of implementing internal spacers to reduce parasitic capacitances ( §2.3).

In the light of these results, and based on previous knowledge developed on 200 mm tools in LETI, SNWFET-specific adaptations to LETI gate-last integration of FinFETs in 300 mm line were made. The first part of the third chapter ( §3) consists in evaluating the different options available and their feasibility ( §3.1). Two approaches were finally selected: a first one for its close proximity with existing FinFET integration process and the possible implementation of aligned internal spacers ( §3.1.1) and a second one based on HSQ sacrificial gates providing self-aligned gates and self-aligned internal spacers ( §3.1.2). The chapter therefore enumerates the main process developments realized for one or both integration routes with performance evaluation and perspectives ( §3.2 to §3.7).

Finally, the fourth chapter provides electrical results obtained on SNWFETs ( §4.1). A comparison of the two alternative integrations based on polysilicon sacrificial gate or based on HSQ is done ( §4.2). This last chapter concludes with various proposals of new integration concepts and perspectives for the stacked nanowire technology ( §4.3).

Although it is impossible to predict what kind of electronic gadgets we will be carrying with us in 20 years, we can be sure that the transistors in them will be tiny multigate nanowire devices.

-Isabelle Ferain, Cynthia Colinge, Jean Pierre Colinge, (Nature 2011) 

Benchmarking Stacked Nanowires Technologies with FinFET

The advantages of multi-gate architectures such as nanowire FETs (NWFETs) and stacked nanowire FETs (SNWFETs) have been developed in Chapter §1. However, the capability of SNWFETs to overcome FinFETs performance in the specific context of advanced CMOS technologies still need to be verified. Subsequently in this second chapter, preliminary to any cleanroom development of devices, simulations are performed with 7 nm node design rules. Technology Computer Aided Design (TCAD) is used for the optimization of NW geometries in terms of electrical characteristics and process flow.

After describing the models used in this work ( §2.1), this chapter assesses the electrostatics of various FinFETs and SNWFETs ( §2.2). A comparison of SNWFETs against FinFET technology is then made ( §2.3). Finally, the need for internal spacers in between the stacked nanowires is described in the last section ( §2.4). Hence, the purpose of the present chapter is to justify and to provide guidelines for the fabrication of stacked nanowire/nanosheet devices.

TCAD Model: Simulation Parameters and Extraction

Several levels of precision cohabit in microelectronic simulations (Figure 2.1). Advanced simulations target specific phenomena using highly precise approach such as band structure computation. A level of precision lower, the components and the technological processes simulations help predicting the devices performance with simplified algorithms and faster computation times. Finally, the compact modeling are dedicated to circuit evaluations involving a significantly higher number of devices. All of these domains complement each other, not to mention experimental characterization which is essential to build a global comprehension of the physics behind the devices and complex architectures. TCAD Sentaurus SDE tool [Sentaurus 2013] is therefore the most efficient way to set up an exhaustive analysis of FinFET and SNWFET. In the following, the key design rules and devices models that fits projections for the 7 nm node technology are first presented ( §2.1.1). Transistor intrinsic delay is then defined in §2.1.2 as this value can be used to compare performances in between the different devices.

The definition includes an equivalent capacitance model which is therefore simplified in the third section ( §2.1.3). 

TCAD model

Geometric parameters

Main geometric parameters are reported in Figure 2.2 in a cross section along with a table. The prediction has been defined in CEA-LETI and based on internal knowledge and state-of-the-art material and patterning abilities according also to the 10nm-node definition from ITRS 2013, [Lacord 2012 TED].

The contacted polysilicon pitch (CPP) defines the pitch between two neighboring gates and LG is the gate length. The equivalent oxide thickness (EOT) is calculated from the formulae recalled in the inset and considers the presence of a high-k layer -HfO2 for instance -above the chemically oxided inter layer (IL): their thickness and dielectric permittivity are respectively THK, εHK, TIL and εIL. The gate spacers are Lspa12 large and isolate the gate over its entire height Tgate. The raised source and drain (RSD) thickness is Tepi and the width and height of the contact above are respectively Lcont and Tcont. Finally, a hard mask (HM) isolating the gate from the source and drain contacts which thickness is TM0. The number of parallel stacks is tunable as well as the number of NW in each stack. The gate configuration can be either fully composed of GAA or alternatively composed of a trigate and one or several GAAs. A vertical space Hspace = 8 nm is kept constant in between the NWs unless mentioned otherwise. The value is in accordance with cleanroom developments and the thickness of the HKMG layers ( §3). 

Doping levels

Concerning the doping levels, intrinsic silicon channels only are used for the simulations. Source and drain are heavily doped with 10 23 atoms/cm 3 and can be considered metallic -low access resistancewhich emphasizes the junction and channel intrinsic resistances. Vertical junction lines are located under the spacer at Lspacer/2. As explained in the third chapter ( §3), RSD are in-situ doped. The activation anneal that follows distributes the dopants from the RSD uniform reservoirs to the intrinsic channel following the Gaussian distribution pictured in Figure 2.5 according to Fick's diffusion law.

GAA structure confines the electric field within the channel: there is no need to simulate more than one NW in this configuration and the total output current can be obtained by multiplying by the number of channels. In other words, the normalized current does not depend on the number of channels, only on their geometry. This effect was verified with a few experiments on trigate devices and FinFETs. This helps saving precious simulation time. This is a consequence of having uniform and very high doping of the S/D region, allowing to neglect the problematic of S/D access resistance and to focus on the intrinsic architectures themselves. In future work, models including doping nonuniformity and more realistic concentrations will have to be added. However, it is possible to imagine that SNWFET technology could benefit from the same state-of-the-art than FinFETs as their fabrication process and their dimensions are very close ( §3). 

Electrostatic and carrier transport models

The present chapter focuses on the electrostatic behavior of FinFETs and SNWFETs which dominates their performance. Carrier transport is described with a Drift-Diffusion model based on Boltzmann semi-classical transport. A constant mobility of 100 cm²/V.s and a saturation velocity of 1.07x10 7 cm/s are set along with a supply voltage VDD = 0.7 V. As a consequence of this carrier transport model, no quantitative projection can be realized, especially concerning the above threshold current. Subsequently, the results presented in this chapter evidence mostly the differences in electrostatics under threshold.

Quantum confinement effects in such narrow structures must be considered. The density-gradient model proposed by [START_REF] Ancona | Quantum correction to the equation of state of an electron gas in a semiconductor[END_REF]] includes this effect inside a Drift-Diffusion approach thanks to a calibration of the parameters previously obtained in [START_REF] Pons | Density Gradient calibration for 2D quantum confinement: Tri-Gate SOI transistor application[END_REF]]. The computation of Poisson-Shrodinger is then avoided and quantum effects are simulated through the charge density thanks to a correction of the potential. In the present conditions, Pons et al. calibration is valid down to W = HNW = 6 nm. Consequently, the simulated channels have been restricted to fin widths larger than 7 nm and NW thicknesses higher than 6.33 nm. A channel cross-section is presented in Figure 2.6 where the difference in between a classical model and a density gradient model can be observed. The quantum correction shifts the pic of carrier concentration from the interface by a distance so called the dark space (DS). 

Intrinsic delay approximation

The intrinsic delay can be approximated using the effective current Ieff in the expression (Eq. 2-1) according to [Wei 2011 TED]. Ieff is defined by equations (Eq. 2-2) to (Eq. 2-4). In the present case, the extraction is realized at +VDD = 0.7 V from the gate voltage VG0 required to reach the fixed off state current IOFF = 100 nA/µm (for high performance applications: this value has been defined in ITRS 2013). This is intended to suppress the effect of threshold voltage variation in between the different architectures in comparison with an extraction at fixed gate voltage.

𝜏 =

𝐶 𝑒𝑞 . 𝑉 𝐷𝐷 𝐼 𝑒𝑓𝑓 (Eq. 2-1) 

𝐼 𝑒𝑓𝑓 = 𝐼 𝐻 + 𝐼 𝐿 2 (Eq. 2-2) 𝐼 𝐻 = 𝐼 𝐷𝑆 (𝑉 𝐺 = 𝑉 𝐷𝐷 + 𝑉 𝐺0 , 𝑉 𝐷 = 𝑉 𝐷𝐷 2 ) (Eq. 2-3) 𝐼 𝐿 = 𝐼 𝐷𝑆 (𝑉 𝐺 = 𝑉 𝐷𝐷 2 + 𝑉 𝐺0 , 𝑉 𝐷 = 𝑉 𝐷𝐷 ) (Eq. 2-4)

Parasitic capacitances -inverter equivalent capacitance

The equivalent capacitance Ceq for an inverter as defined in [Wei 2011 TED] is reported in equations (Eq. 2-5) to (Eq. 2-7) with M = 2 the Miller Effect in an inverter and FO = 3 the fan-out number. Therefore, Ceq is a combination of all the parasitic capacitances illustrated in Figure 2 Gate-to-source Cgs0 and gate-to-drain Cgd0 capacitances being dominants in the off state capacitances, the approximation of (Eq. 2-8) for an underlapped channel (Cov = 0 fF) is justified.

𝐶 𝑔 𝑜𝑓𝑓 = 𝐶 𝑔𝑔0 ≈ 2. 𝐶 𝑔𝑑0 (Eq. 2-8)
Once the transistor is on, the inversion capacitance noted Cinv or Cgc and gate-to-source Cgs and drain Cgd capacitances dominate as the inner-fringe capacitances become shielded by the charge of the inversion layer. As a result, and if the inversion capacitance is approximated by a planar capacitor, the expression of the Cg,on capacitance is used (Eq. 2-9).

𝐶 𝑔 𝑜𝑛 = 𝐶 𝑔𝑐 = 𝐶 𝑖𝑛𝑣 = 𝜀 𝑆𝑖𝑂 2 . 𝑆 𝑡 𝑖𝑛𝑣 = 𝜀 𝑆𝑖𝑂 2 . 𝐿 𝑔 . 𝑤 𝑒𝑓𝑓 𝑡 𝑖𝑛𝑣 (Eq. 2-9)
The inversion layer thickness tinv includes the equivalent oxide thickness (EOT) and the dark space (DS) and its expression is given in (Eq. 2-10). In first approximation for tinv, the DS can remain constant: 0.4nm for NMOS and 0.6nm for PMOS.

𝑡 𝑖𝑛𝑣 = 𝐸𝑂𝑇 + 𝜀 𝑆𝑖𝑂 2 𝜀 𝑆𝑖 . DS (Eq. 2-10)
Finally, Ceq can be defined as: with M = 2 the coefficient for Miller effect, FO = 3 the electric fan-out, Weff the effective width -or device perimeter -tinv the inversion layer thickness and Cgd0 the gate-to-drain parasitic capacitance extracted at VG = 0 V and VD = 0 V. Another capacitance is added to take into account the effect of the back-end: CBE = 2 fF is a common value used internally for the back-end capacitance.

𝐶 𝑒𝑞 = (𝑀 + 2 × 𝐹𝑂) × 𝐶 𝑔𝑑0 + 3 4 × 𝜀 𝑆𝑖𝑂2
This derivation simplifies the computation of the intrinsic delay since only the 0 V gate-to-drain parasitic capacitance needs to be extracted from the simulation and not the entire C-V plot. This is in accordance with the level of precision needed for this preliminary study as well as with the basic mobility model employed.

Electrostatics of 3D-architectures

One way to increase the drive current is to increase transistor effective width. This translates for FinFETs and SNWFETs by an increase of channel height or width. Subsequently in the following subchapter, electrostatic behavior of FinFET and NW devices having different channel geometries and configurations is analyzed.

Subthreshold behavior

As discussed in §1.1, the main interests of 3D architectures is the gain in electric width -or effective width WEff -per device area -or footprint -which translates in much more compact designs [WuSY 2016 IEDM]. Besides, multi-gates devices also bring a substantial improvement in the electrostatic control over the channel -which justifies all the developments from bulk transistors up to FDSOI, FinFET and stacked NWs revised in the first chapter. This is evidenced through the values of the subthreshold slope (SS), the short channel effects (SCE) and the drain induced barrier lowering (DIBL). The effective width WEff can be enlarged by increasing the channel height and width. This is not without consequences on electrostatic control and the following subchapter intends to expose the impact of increasing WEff on electrostatic control and parasitic capacitances when playing with fin and NW dimensions. For fabrication purposes, the mixed configurations of Figure 2.11 including a trigate may be required, the bottom NW laying on the BOX serving as a seed for S/D epitaxy ( §3). In this case, DIBL increases significantly as NW width W is increased. This effect can be attenuated similarly as with FDSOI devices by decreasing the channel thickness. Adding GAA NW channels balances the impact of the trigate channel. Considering LG = 16 nm, and aiming a DIBL of 60 mV/V, NW width is therefore limited at W = 16 nm in the case of the thinnest channel (HNW = 6.3 nm). For optimizing the bottom tri-gate behavior, a BOX over etch can be performed in order to obtain an Ω-gate ( §1.3.1). Figure 2.12 displays the advantages of such structure for different recess depths. However, as NW width is increased, the influence of the omega gate is less and less beneficial as the gate loses its control over the center part of the NW. Besides, etch depth is limited on the longitudinal direction by the spacer width: by carving too deep under the NW, the risk is to shortcut the gate with the source and drain under the spacer -or even a lift-off of the whole structure ( §3, §4.2). Another option is an increase of the doping concentration of this specific channel in order to deactivate it by an increase of its threshold voltage. The Figure 2.14 gives the effective width enhancement that can be expected when switching from fins to NS within a given device footprint.

Considering the example of a space of 8 nm in between the different NW vertically stacked, the total height of a structure including three 7 nm thick NS is 45 nm. In a FinFET device composed of two 45 nm tall fins this would grant a +36% advantage in effective width to the SNWFET technology for the same footprint. Thus, increasing NW width or fin height to enlarge effective width is an interesting option. However, the impact of parasitic capacitances still needs to be evaluated with the risk of cancelling any potential benefits of the Weff increase.

Parasitic capacitances

As explained in the previous sub-chapter, gate-do-drain capacitance (Cgd0) is the dominant parasitic capacitance involved in the transistor switching delay. The following part is focused on the impact of the geometry on parasitic capacitances.

If the entire ID-VG plot was required for the previous extractions, the extraction of Cgd0 only requires the simulations of the first step of the C-V plot which decrease significantly the computation time. The whole structures are always simulated with all the stacks and all the channels unlike in the previous section since the geometries and the surfaces at play have a real impact on parasitic capacitances. Gate-to-drain capacitances of GAA NWFET have a linear behavior on a large panel of NW width as revealed in the example of Figure 2.16a. Hence, the values of the capacitances for more than three vertically stacked channels can be easily extrapolated. Figure 2.16b reveals that increasing the number of vertically stacked channels increases Weff and likely contributes in reducing the impact of Cgd0 on the intrinsic delay. 

Conclusion

Finally, increasing the effective width Weff for improving the drive current must be realized by an increase of fin height in the case of FinFET or by adding several parallel fins per transistor with a fin pitch FP. Indeed, increasing the fin width is not an option due to the degradation of the electrostatics. Similarly, in the case of SNWETs, the increase of Weff is expected from enlarging WNW and not from increasing HNW in order to maintain a good immunity to SCE. Likewise, adding several channels in the stack or adding several stacks in parallel per transistor is also possible. In the special case of a mixed configuration of SNWFET including a tri-gate or an Ω-gate laying on the BOX, the width is limited by the NW thickness.

Concerning the parasitic capacitances, all the architectures seem to benefit from the increase of Weff.

Ultimately, large and thin stacked NWs or stacked nanosheets (SNSFETs) is the most interesting geometry when considering a replacement for the FinFET. They have the advantage of an excellent double gate-like electrostatic control and a higher effective width per footprint.

On this basis, the following sub-chapter suggests a set of recommendations for a proper benchmarking of both FinFET and SNWFET technologies.

Constant footprint and height comparison using TCAD simulation

If SNWFETs are considered as the main alternative to FinFET technology, it remains unclear if using the same technology constraints as for FinFET fabrication, the stacked NW architecture is able to overcome FinFET performances in the context of the 7 nm technology node and beyond. Besides, on one hand, the occupied space on the wafer -or footprint -is of great concern for the designers. On the other hand, the previous sub-chapter ( §2.2) has shown stacked nanosheets (SNS) to provide a significant improvement of channel effective width; subsequently at the expense of a loss in device footprint.

In the following, guidelines for accurate benchmarking of stacked NW and FinFET architectures are suggested including restrictions on device footprint ( §2.3.1). Parasitic capacitances and effective current are extracted from TCAD simulations for both architectures to estimate the NMOS switching delay ( §2.3.2). The last section concludes on the advantages of SNSFETs as presented in [Gaben 2015 SSDM.b]. As device footprint is also decisive in the selection of a technology, any benchmarking must be done within a constant footprint. In other words, two FinFETs or SNWFETs should always be compared when having the same envelope or cross section as pictured in the example of Figure 2.18. 

Comparison guidelines

Results and discussion

Assuming a FinFET technology characterized by WFin = 7 nm and FP = 30 nm, with a supply voltage VDD = 0.7 V and a minimum gate length fixed at LG = 16nm. A 157 nm footprint which corresponds to 6 silicon fins was used as an example. The electrostatic control is investigated for FinFETs and two types of SNWFETs. Figure 2.19 shows that in a full GAA configuration, more than 46% wider effective width Weff can be obtained within the same transistor section while keeping the same DIBL as the FinFET. The mixed configuration presents only 15% improvement in Weff at constant DIBL due to the impact of this bottom tri-gate NW even if HNW is thinned down to 6.3 nm ( §2.2). 

W Fin =7nm H Fin =H tot =30nm « FULL-GAA » W NW =7nm 13nm 157nm 22nm T NW =7nm H tot =30nm « MIXT-GAA » 67nm FinFET W Fin =7nm H Fin =H tot =35nm W NW =7nm 13nm 22nm 37nm T NW =6.3nm H tot =35nm 67nm 37nm
Similarly as in ( §2.2.2), parasitic capacitances are extracted but for several multi-fins and multi-stacks configurations. With a 157 nm footprint example, Figure 2.20 shows that normalized gate-to-drain capacitance Cgd0 grows slower than Weff. As a result, switching delay might not be penalized when trying to increase the drive current by an increase of Weff through HFin or WNW for FinFET and stacked NW respectively. Figure 2.20b also shows a similar trend when stacking one or more NWs: in other words, Weff increases more than Cgd0 as Htot is increased. Various FinFET and SNWFET configurations are therefore compared using the intrinsic delay (Eq. 2-1).

The effective current IEff is extracted from the simulations and the expression of Ceq is calculated from Cgd0 also extracted from C-V simulations as explained in §2.2. The precision of the transport model is limited to relative comparisons in between the various devices and architectures. Consequently, the advantage of SNWFET architecture over FinFET will be characterized by using the delay reduction formulae of (Eq. 2-12).

𝐷𝑒𝑙𝑎𝑦 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝜏 𝐹𝑖𝑛𝐹𝐸𝑇 (𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡, 𝐻 𝑡𝑜𝑡 ) -𝜏 𝐺𝐴𝐴 (𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡, 𝐻 𝑡𝑜𝑡 ) 𝜏 𝐹𝑖𝑛𝐹𝐸𝑇 (𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡, 𝐻 𝑡𝑜𝑡 )

(Eq. 2-12)
Figure 2.21 shows the delay reduction obtained by switching for a full GAA NW technology with two NWs per stack as a function of the footprint. Each SNWFET configuration is compared to FinFETs having the same HFin = Htot and the same footprint as well. In this example, the FinFET devices have the following characteristics: WFin = 7 nm, HFin = 30 nm and fin pitch FP = 30 nm inducing a space between two fins or between two NWs of WS = 23 nm. NW thickness is HNW = 7 nm and vertical space between two NWs is Hspace = 8 nm for a total height Htot = HFin = 30 nm. NW width takes incremental values in between 7 nm and 157 nm to match at the same time the footprint of the FinFET devices and WS = 23 nm. Highest improvements are obtained for the largest nanowires confirming the advantages of nanosheets in terms of effective width improvement. This advantage is increased as larger footprints are considered. Up to -44% delay time could be saved by preferring the configurations where WNW = Footprint.

Additionally, delay reduction seems to depend only on NW width WNW. For example, the three configurations embedding WNW = 37 nm large NWs present a delay reduction of -26%, -25% and -24% for 37 nm, 97 nm and 157 nm footprints respectively. As a result, even in case of an improvement of the patterning technology allowing taller fins to be fabricated, taller NW stacks can also be performed ( §2.3.1) and therefore the advantage of SNWFET technology is preserved depending only on NW width. Subsequently, this plot can be used as a figure of merit in order to evaluate the other main technology parameters. Figure 2.23 shows the influence of the fin pitch which also determines the space WS in between two fins or two stacks of NWs ( §2.3.1).

For WS = 18 nm (FP = 25 nm) the delay reduction over FinFET technology is less significant due to a lower gain in effective width: in other words, the ratio Weff_FinFET/Weff_NW decreases. By using thinner NWs (HNW = 6 nm), the performance gap is enlarged in favor of SNWFETs thanks to better electrostatic control of the gate (reduced DIBL) when comparing with the same 7 nm large fins. 

Towards stacked nanosheets?

The benchmark methodology developed in this sub-chapter compares FinFET and SNWFET technologies having identical footprint and total height. This appeared to be one of the best solution to take into account all the fabrication advances that both architectures would benefit in the near future ( §2.3.1).

Large and thin stacked NWs or stacked nanosheets (SNS) present increased effective width per footprint unit and limited parasitic capacitances providing them with a significant advantage over FinFETs. This advantage is mostly related to the NW widths no matter the number of stacks nor the total height of the stacks.

In order to increase FinFET output current, several fins per transistor need to be added. Consequently, current, performances and therefore footprint are quantified in FinFET [2012 Lacord SSDM]. In opposition, SNWFET technology is more flexible as drive current can be easily tuned by changing the NW width.

Besides, the performance advantage of SNWFET for a given footprint can be turned to lower the transistor footprints with identical performances. Both performances and footprint can also be balanced through appropriate NW width.

Internal spacer and gate alignment is key to reduce parasitic capacitances

Most of the fabrication steps of staked-NW devices can be derived from the gate-last fabrication of FinFETs ( §3.1). The main differences reside in the release of the suspended silicon channels and the fabrication of internal spacers in between the NWs of the stack ( §3.4). Figure 2.24 illustrates a two GAA SNWFET with internal spacers located under the main spacer isolating the HKMG from the S/D. In the later, SNWFETs were simulated with aligned internal spacers having the same thickness and dielectric constant as the main spacers. However, when following the standard gate-last integration process flow of FinFETs, only the 1.8 nm thin layer of gate dielectric isolates the metallic gate from the S/D epitaxies which may result in increased gate-to-drain parasitic capacitances. This subchapter evaluates the negative impact on SNWFET performances of removing these low-k internal spacers in order to justify the development of this SNWFET-specific integration module in the following chapter.

No specific fabrication knowledge is needed for the understanding of the following section. Thus, insights into these architectures are provided in the following next chapter ( §3.1) and [Gaben 2016 ECS]. Similarly to the previous subchapter ( §2.3), these values can be wrapped up in the delay reduction. Figure 2.26, shows from -15 % to -20 % of advantage over FinFET can be lost if internal spacers are removed, up to the point that there is no longer any advantages to use SNWFET. Taking into account some variability in the fabrication process, this optimum might not be the "aligned" position considering the higher slope on the side of a too thick spacer. However, considering the precision of the models used here, it is not possible to draw a general conclusion outside of this perspective. Finally, adding internal spacers is necessary to at least preserve and increase the advantage of SNWFETs over FinFETs estimated in ( §2.3). Even if the space between the vertically stacked NWs is reduced, parasitic capacitance reduction induced by the low-k material remains significant enough to justify the added fabrication steps described in the next chapter ( §3.1). The alignment of these internal spacers was shown to be important. Although self-aligned spacers are preferable, simulations suggest the existence of a sweet point when considering a non-self-aligned fabrication process with some intrinsic variability.

Discussions

The current chapter is focused on electrostatic behavior of FinFETs and stacked-NW FETs which is known to dominate their performances. As revised in ( §1.1.2) and as studied in ( §1.3.2), confinement may have a significant impact on transport properties and computing the band structures of each different confined geometry can improve the benchmark accuracy.

In the previous section, only the NMOS were simulated with a constant mobility model (µe = 100 cm²/V.s). This strong simplification restricted the study to relative comparisons in between the two architectures, especially concerning the intrinsic delay. Again, as observed in ( §1.1.2) and in ( §1.3.2), the mobility strongly depends on transverse electric field and is also influenced by channel geometry and orientation, surface roughness, gate stack (EOT, Dit…), residual stress and confinement which are all technology dependent. Implementing an improved mobility model would bring significant improvements; although actual devices are required for accurate parameter calibration of any advanced model and were not available at the time of this preliminary study.

As noticed in ( §1.3.2), transport of holes in PMOS seems advantaged along (110) vertical sidewalls of trigate NW transistors while electron transport is fastened in (100) horizontal planes when considering standard <100> oriented channels. Since the inverter delay -often used for device benchmarking along with ring oscillators -is an average of the NFET and PFET delays, an evaluation of the weight of each surface channel contribution would be interesting. Although the facet dominated transport model seems significantly impacted by quantum confinement in such narrow NWs and fins, a hybrid integration may worth consideration. In such concept, stacked nanosheet technology would be likely preferable for building NFETs whereas vertical FinFETs may provide improved mobility for the realization of PFETs. The previous simulations also do not account for channel strain introduced by SiGe RSD and enhanced by the gate-last process, nor SiGe channels strained on SOI after epitaxy as measured in the later fabricated devices ( §4), [Barraud 2016 IEDM].

In the present simulations, S/D were considered uniformly and highly doped. However, as already observed in FinFET technology, access resistance may be different from the bottom of the fin to the top: an accurate model taking this effect into account is likely needed to study the impact of the integration flow chosen for the S/D. In this thesis, the in-situ doping realized after a vertical recess of the NW extensions provides a configuration very close from the simulated case and only junction abruptness may need attention in the model likely with calibrations ( §3.1). Hopefully, strong similarities with FinFET fabrication process let expect that SNWFET technologies will benefit from recent developments on FinFET [Kikuchi 2016 IEDM].

Conclusion

The present chapter presents simulation studies that were realized with the objective of identifying the most promising structures with better chances to compete with FinFET and eventually to replace this architecture for the 7 nm node technologies and beyond.

Although a basic transport model has been used, the conclusions were mostly drawn from subthreshold behavior of the transistors which itself relies on a calibrated quantum confinement model. Moreover, the results are also consistent with other data published by IBM [KimSD 2015 S3S].

Thin and large vertically stacked nanowires or nanosheets seem to provide better performances as compared to FinFET devices while having an equivalent or smaller overall footprint. Subsequently, this study has pointed out the flexibility of such NW based structure since device footprint can be finetuned through NW width while FinFET technology must deal with discrete values of the footprint depending on how many parallel fins are used.

Finally, the interest of building internal spacers in between the vertically stacked-NWs have been evaluated. The risk of wiping out any performance advantage of SNWFETs over FinFETs has been identified and is specifically attributed to the increase of parasitic capacitances when removing these internal spacers. As a result, in this work, efforts have been put into proposing devices that will decrease parasitic capacitances by employing internal spacers. This will be described in the following next chapter ( §3).

3. Stacked nanowire FETs: integration challenges and process optimization.

As discussed in the first chapter ( §1), SNWFETs must be fabricated within a gate last integration flow. Therefore, and despite of the similarities, the typical FinFET integration must be adapted to the specificities of stacked channels and more specifically, internal spacers must be fabricated as concluded in the simulation of the second chapter ( §2). In a first part of this chapter, two main alternatives for the integration of SNWFETs with internal spacers and regarding a gate last process are first described ( §3.1). A brief comparison with few other discarded alternatives is made to understand the advantages of these two selected ones. Afterwards, the following subchapters focus on five major process developments: the Si/SiGe superlattice epitaxy ( §3.2), the Si/SiGe fin patterning ( §3.3) and the selective etching of SiGe ( §3.4) are first discussed, which then introduces the S/D module fabrication with internal spacers ( §3.5). Another subchapter is dedicated to the lithography of HSQ sacrificial gates ( §3.6). Finally, the last subchapter points out the challenges of such gate last approaches for chemical mechanical planarization processes ( §3.7). Thanks to this insight on these specific processes and their cross-dependency, SNWFET technologies can be built with selected options such as the two examples that are provided in the chapter 4.

Gate last integration flows of stacked nanowires

As show in Figure 3.1, and as already introduced in §1.3.4, top-down fabrication of NW stacks is usually starting from a superlattice epitaxy of Si and SiGe (Figure 3.1a). Then the Si/SiGe fins are patterned using a process derived from silicon fin patterning (Figure 3.1b). Finally, the sacrificial SiGe is removed selectively towards Si leaving the silicon NW channels suspended. However, this etching can be carried out at different step of the integration: if the Si NW are released prior to the sacrificial gate patterning, the approach is named "NW first" (Figure 3.1c-d). If the Si/SiGe fins are kept for remaining as close as possible from a FinFET integration, this option is referred to as "NW last" (Figure 3.1c-d) since the NWs are then suspended only after the sacrificial gate removal. A polysilicon sacrificial gate is preferred for NW last integration to rely on a FinFET integration base while an HSQ sacrificial gate is definitely preferred for the NW first approach to benefit from self-aligned lithography as introduced in §1.3.4.

Hence the present subchapter presents these two alternatives and their specificities. The last third section explains the reasons for the abandon of the other combinations. 

NW Last: polysilicon sacrificial gate

The NW last approach can be considered as the "mainstream" option due to high similarities with FinFET integration since the silicon fins are here replaced by Si/SiGe ones [Mertens 2016 VLSI], [Barraud 2016 IEDM]. As highlighted in dark blue in Figure 3.2, only four key process steps are specific to the SNWFETs as compared to FinFET technology: the superlattice epitaxy, the fabrication of the Si/SiGe fins, the internal spacers fabrication during the RS/D epitaxy and the sacrificial SiGe selective removal (within the removed gate cavity after the sacrificial gate etching). The following sub-section describes one possible integration following this approach with a specific focus on the internal spacer fabrication and the self-aligned contacts (SAC). 

Initiation

As explained previously, the NW last integration starts with the superlattice epitaxy of Si/SiGe following the process described in ( §3.2). To achieve different order and thickness of NW stacks, optional steps of Ge condensation and SOI thinning can be introduced. Si/SiGe fins are then patterned ( §3.3) prior the deposition and the planarization of a conformal layer of polysilicon. A SiN hard mask and a tri-layer optimized for the DUV lithography are then deposited prior to the patterning of the sacrificial gates. SiN gate spacers are finally deposited and patterned along the gate with an anisotropic etch.

Source and drain (S/D) fabrication with aligned internal spacers

As concluded from simulations in the previous chapter ( §2.4), the addition of internal spacers contributes in reducing parasitic capacitances. 

Sacrificial gate removal and NW stack release

Next to the S/D fabrication, a protective contact-etch-stop layer (CESL) and an oxide capping are deposited right above as described in Figure 3.3g. This oxide pre-metal dielectric (PMD) consists in a first oxide atomic layer deposition (ALD) ensuring a slow but conformal deposition on these high aspect-ratio features before finishing the encapsulation with a high-density plasma (HDP) oxide with higher deposition rate. A CMP is then performed to reach the top of the polysilicon sacrificial gate stopping selectively on the remaining SiN hard mask above it. Once the SiN material and the polysilicon gate are etched away with a peroxide and a hot TMAH solutions respectively, the sacrificial SiGe can therefore be selectively removed to leave the suspended Si channels (Figure 3.3g).

HKMG

Finally, the surface of the channels is chemically oxidized in preparation for a 2 nm HfO2 ALD. A nitridation can additionally stabilizes the high-k prior to a 3 nm deposition of a TiN barrier. Tungsten is deposited to achieve the gate contact. Then, a metal CMP selective to the PMD oxide is performed to remove any gate stack material from outside of the gate cavity (Figure 3.3h).

Self-aligned contacts

A self-aligned contact (SAC) module can be implemented following the steps of Figure 3.6f illustrates the interest of SAC in case of lithography misalignment: SAC allows to relax the requirements in overlay on very aggressively scaled layouts such as in SRAMs.

Other techniques such as self-assembly of copolymer blocs seem also promising for contact patterning however the technology is not mature enough to be considered in the framework of this thesis. Hence only the CMP of tungsten will be described in the last subchapter ( §3.7). 

NW First: HSQ sacrificial gate

As explained in the first chapter ( §1.3.4), hydrogen silsesquioxane (HSQ) is a non-organic resist which is turned into a silicon oxide when exposed to an electron beam (ebeam) or an EUV light. Silicon being transparent to such sources, HSQ can be therefore used for building self-aligned features through the suspended silicon nanowires. Besides, the fabrication of sacrificial gates with HSQ appears relevant since the presence and the alignment of internal spacers have significant impacts on SNWFET performances according to the conclusion of the previous chapter ( §2.4). The integration presented in Figure 3.7 features HSQ sacrificial gates replacing the typical polysilicon material. The integration scheme corresponds to a "NW first" approach since the suspended NW channels are obtained before the sacrificial gate patterning.

Initiation

As for the NW last approach, the integration starts with the superlattice epitaxy of Si/SiGe (Figure 3.7a) with optional steps of Ge condensation and SOI thinning. After the Si/SiGe fin patterning (Figure 3.7b), the sacrificial SiGe is selectively removed leaving suspended NWs (Figure 3.7c). Unlike with the NW last approach, anchor points are required on both ends of the NW stacks. Hence, SiGe etching depth must be optimized according to the NW width and relatively to the width of the anchors so enough SiGe will remain within the anchors to maintain the structure. Mechanical resistance of these stacks will be discussed in ( §3.4).

Sacrificial gate patterning

HSQ is then spincoated with adjusted viscosity and spinning speed to obtain the desired film thickness which is also the height of the future sacrificial gates (Figure 3.7d). An ebeam or an EUV exposure is then performed (Figure 3.7e) and the HSQ oxide sacrificial gates remain after developing in TMAH without requiring any etching or stripping step since the non-organic polymer resist turns itself into the desired oxide features (Figure 3.7f). Since Si does not hinder ebeam exposure, the HSQ gates are vertically self-aligned through the NWs of the stack.

S/D fabrication with self-aligned internal spacers

Afterwards, the first SiN spacer is patterned along the sides of the HSQ gates (Figure 3.7g). Since this highly conformal layer also fills the space in between the suspended silicon NWs, self-aligned internal spacers are formed at the same time. Several vertical anisotropic etchings are then performed to recess the S/D extensions composed with several layers of Si and SiN (Figure 3.7h). A nanometric seed layer of silicon is left of the bottom NW so a Si:P or a SiGe:B in-situ doped SEG of the S/D can be performed to reconnect the silicon NW channels around the self-aligned internal spacers (Figure 3.7i).

HKMG

Therefore, the S/D are capped with a SiN CESL layer and a polysilicon layer (instead of oxide in the NW last approach). CMP of the polysilicon is then performed to open an access to the HSQ sacrificial gates (Figure 3.7j). HSQ oxide is then removed with hydrofluoric acid (HF) selectively towards polysilicon capping and SiN spacers (Figure 3.7k). The sacrificial SiGe had already been removed before HSQ lithography, the suspended NWs are directly covered with 2 nm of HfO2 high-k dielectric ALD after surface preparation. A nitridation can additionally stabilizes the high-k prior to a 3 nm deposition of a TiN barrier. Tungsten is then deposited to make the gate contact and a metal CMP selective to polysilicon is performed to remove any gate material from outside of the gate cavity.

Contacts

Polysilicon can be removed with TMAH and finally, a SAC module can be implemented similarly as described for the NW last integration ( §3.1.1). 

Alternatives?

The objective of this section is to provide a better understanding of the two integration flows that were retained in the last two sections through the examples of the combinations of NW last/first approaches and polysilicon/HSQ that were rejected for cleanroom developments.

NW last without internal spacers

Although the advantages of internal spacers in terms of parasitic capacitance reduction was demonstrated in ( §2.4), one may want to avoid the increased complexity of such process ( §3.1.1). Therefore, few limitations appear in the gate last and nanowire last configuration when removing the sacrificial SiGe. As imaged in Figure 3.8, the absence of internal spacers also implies the absence of etch-stop layers in between the NWs. If large NWs or nanosheets are used following the simulation conclusions of the previous chapter ( §2), the etch front cannot be uniform since the SiGe is accessed and etched longer at the edges than in the center of the nanosheet. Ultimately, the isotropic etch occurs deep under the SiN spacer and even into the S/D. Thicker spacers would be required to compensate, however, this is in opposition with the recommendations for the 7 nm node design. A solution to this issue [Mertens 2016 VLSI] is to etch vertically the extensions and to proceed with a merging Si SEG (Figure 3.9a-c). Once the sacrificial gate is taken away (Figure 3.9d), the sacrificial SiGe can be removed selectively towards the Si RS/D with a safe over-etch margin (Figure 3.9e). Finally, the HKMG is isolated from the doped RS/D by the high-k layer (Figure 3.9f). However, this approach prevents the use of SiGe RS/D for inducing compressive strain advantageous for PMOS. Thus, reversing the etch selectivity and combining locally SiGe channels and SiGe S/D for PMOS is a solution to explore. 

NW last with HSQ sacrificial gate

Using HSQ in a NW last approach is also possible (Figure 3.10). However, the internal spacers then have to be built in the exact same way as with using a polysilicon sacrificial gate as revealed by Figure 3.10. Besides, the advantage of using HSQ for building self-aligned gate is lost in this case and thus, this approach presents less interest. Moreover, an integration based on HSQ introduces much larger differences with typical gate last integrations of FinFET. Consequently, increasing the complexity of the previously described NW last approach, by introducing HSQ sacrificial gates, was not justified at the beginning of this thesis project. Nevertheless, the modules independently developed for each integration can be assembled together in order to achieve this option. This will be discussed along with several other concepts in the following next chapter ( §4.2). 

NW first with polysilicon sacrificial gate

Two reasons prevent to combine polysilicon sacrificial gates with NW first option. First, in this configuration the polysilicon replaces the SiGe in between the suspended Si NWs resulting in a "NW last-like" structure. Thus, internal spacers fabrication remains similar to the NW last approach presented in §3.1.1. Secondly, the realization of suspended NWs in a NW first approach requires anchors on both sides of the NWs with extra cost in wafer surface occupation. Consequently, this combination seems non-optimized due to an increased complexity without any additional advantages such as self-aligned gates and internal spacers. 

Conclusion

In summary, the two integrations recalled in Figure 3.12 remains interesting to develop. On one hand, the NW last approch due to its close proximity with a FinFET process flow has only four modules specific to SNWFETs (in blue on Figure 3.12). The NW first approach on the other hand, benefits from selfaligned gate and spacers, however at the price of one major additionnal development concerning the HSQ lithography (bold yellow on Figure 3.12). The other main developments are inherited from the NW last approach (blue) along with other minor adaptations from FinFET process flow (light yellow).

Yet, the development of the HSQ lithography has offered to build several promising concepts to be developed in the last chapter ( §4.2). The following subchapters focus on five major process developments:

-first, the Si/SiGe superlattice epitaxy is provided in ( §3.2) followed by -Si/SiGe fin patterning ( §3.3) both used in the two approaches (Figure 3.12) -SiGe selective etching is described in ( §3.4). Although the process is used in both alternatives (Figure 3.12), the selective removal of SiGe happens two times in NW last: first during the internal spacers fabrication and then for suspending the Si NWs within the gate cavity. Concerning the NW first, SiGe etching is usually performed only once and before the HSQ sacrificial gate patterning. -the S/D with internal spacers for the NW last approach combining both epitaxy and sacrificial SiGe etching concerns is explained in ( §3.5). -the development of HSQ lithography to achieve self-aligned sacrificial gates and internal spacers is then presented in ( §3.6).

Finally, the last subchapter is pointing out the specificities of the various CMPs for gate last integration, even though these are not specific to SNWFET ( §3.7).

Si/SiGe superlattice

As observed in the introduction to SNWFETs ( §1.3.4), silicon (Si) and silicon germanium (SiGe) materials are essential for the fabrication of stacked nanowires channels. On one hand Si and SiGe have similar lattice parameters allowing the heteroepitaxy of one above the other. On the other hand, a good etching selectivity can be achieved in between the two materials allowing SiGe to be used as a sacrificial layer for later forming the suspended Si NWs. In the following sub-chapter, Si/SiGe superlattice fabrication is related. However, to achieve on SOI the different "full GAA" and "mixed GAA" configurations proposed in the previous simulation chapter ( §2), additional steps of SOI thinning and Ge condensation may be required first.

SOI substrates with a 145 nm BOX and 16 nm thick silicon layer are used. If the first layer of silicon is intended to be used in order to create the SNWFET bottom channel (trigate or Ω-gate), the Si layer must be thinned down below 10 nm to obtain the performances required by the simulation of Chapter 2. Therefore, a cycle of thermal oxidation and of HF etching is performed.

The ellipsometry measurements in Figure 3.13 shows the 10 nm target was reached with a thickness variation below 1 nm. Although the impact of channel thickness variability still needs to be fully evaluated on SNWFETs electrical performances, the present variation should have very limited impact on performances as compared to other processes variability. Also, few wafers increase the range of the batch since 3 over 25 are slightly below 9 nm. This might be due to a tool ramping up effect (for reaching a stable temperature) or due to a slight non-uniformity of the temperature in the furnace affecting differently the wafers depending on their position in the holder. Finally, although SOI wafers with thin BOX and thin SOI layer are already available for manufacturing, the higher cost of these substrates is not relevant for the present demonstrations. Once the SOI has been thinned to the proper dimension, the successive epitaxies of Si0.7Ge0.3 can be carried out on top. As shown in Figure 3.14, the number of Si layers also determines the final number of NWs in the stacks once the sacrificial SiGe is etched away. As discussed in §1.3.4 and in §1.2.3, the epitaxy of such superlattice have been previously studied in LETI for the fabrication of MCBFETs [Ernst 2006], and SON [START_REF] Skotnicki | [END_REF]]. These processes have been successfully transferred on the recent 300 mm tool available in LETI (Centura 300). Epitaxy process consists in the deposition of a single-crystalline layer onto another crystalline structure. Hence, the new layer is forced to take the exact same lattice parameter as the one underneath. Consequently, in the case of heteroepitaxy, for example when growing SiGe on Si, the naturally higher lattice parameter of SiGe induces a compressive stress into the SiGe when adapting to the relaxed crystalline Si as shown in Figure 3.15. As observed on trigate NWFETs in §1.3.2, inducing stress into the channel highly improve carrier mobility. This is the reason why strain mappings are closely monitored in this thesis especially concerning the compressive strain for PMOS improvement. A downside is the plastic relaxation effect that happens once the apparition of misfit dislocations becomes energetically favorable to minimize the elastic energy introduced by the lattice mismatch [Hartmann 2016]. Therefore, this can be a limitation to the maximal thickness of the epitaxy and to the number of channel that is possible to stack [Hartmann 2008 ECST]. In the framework of this thesis, the Si and SiGe layers are in between 7 nm and 12 nm stacked up to 5 levels with no significant defects. As shown in Figure 3.14, the release of the stacked NW channels is carried out by removing the sacrificial SiGe. As it will be observed in the following next section, SiGe versus Si etching selectivity can be enhanced by increasing the Ge content in the SiGe alloy ( §3.4). However, increasing Ge concentration may also generate crystalline defects due to high lattice mismatch and therefore this limits the number and the total thickness of the NW stacks. Thus, the Ge percentage becomes a tradeoff in between etching selectivity and epitaxy quality. Consequently, the Ge content was restrained to Si0.7Ge0.3 and Si0.5Ge0.5 and total epitaxy thickness limited to 60 nm to fit under a given gate height.

In this thesis project, we remind that SOI substrates are used. Bulk wafers could also be used but the absence of BOX must be taken into account as both the epitaxy growth speed and the internal strain are then influenced. Although intrinsic channels are preferred according to Chapter 1, in-situ doping with boron, phosphorus or carbon can also be performed to obtain doped channels [Hartmann 2005 jCG], [Hartmann 2008 ECST]. Finally, one can notice that the epitaxy process is influenced by partial pressures, temperature, precursors, doping precursors in case of in-situ doping and by the nature of the substrate and of the surfaces.

Since SOI substrates are used, and since according to the simulations of Chapter 2 the most favorable gate configuration is the full GAA, then the superlattice epitaxy must be started from a SiGe layer as shown in Figure 3.16. To this purpose, a Ge condensation technique can be performed prior to the Si/SiGe superlattice epitaxy. A first epitaxy of Si0.7Ge0.3 is carried out on top of the thinned SOI. An annealing is then performed so the atoms of Ge are pushed into the Si underneath as the Si is preferentially oxidized. A final HF-based process removes the created SiO2 layer above the new SiGe layer and then only the superlattice epitaxy is performed on top of the SGOI. For all these epitaxy process, the growth chemistry involves SiH2Cl2 + GeH4 for the SiGe layers and SiH4 for the Si ones at 20 Torr and 650°C [Hartmann 2012 TSF]. Figure 3.17 reports the statistical results of a full batch of 25 wafers used in the fabrication of dual GAA devices after Ge condensation and successive epitaxies of Si/SiGe/Si. The Ge condensation process increased the thickness variation over the wafer to 1.4 nm. The wafer to wafer variability is similar to what was obtained after the SOI thinning step. Due to extra consumption of silicon during thermal oxidation for Ge condensation, the final SGOI layer is 8 nm thick while the SOI was initially 10 nm thick (Figure 3.13). As shown in the TEM image of the inset in Figure 3.17, 14 nm Si, 8 nm SiGe and 15 nm Si have been epitaxied on top of the 8 nm SGOI seed layer. The thicker than required by simulation Si layers were intended to endure a low selectivity process of sacrificial etching. Figure 3.17 presents a 45 nm thick Si/SiGe stack with a thickness range increased to 5 nm as compared as SGOI thickness variation. Monitoring measurements were realized with ellipsometry for process control of 14 to 49 points per wafer. Although the precision of such method is lower than the X-ray diffraction (XRD) technique, ellipsometry is also much faster. XRD is therefore reserved for epitaxy tool process calibration.

Figure 3.17 -Effect of Ge condensation into a 10 nm thick SOI aiming for a 8 nm SGOI and after the epitaxy of the Si/SiGe/Si layers for a targeted total height of 45 nm.

The Ge condensation technique have been commonly used in the fabrication of 14 nm technology devices on SOI with SiGe channels for PMOS [START_REF] Cheng | High performance extremely thin SOI (ETSOI) hybrid CMOS with Si channel NFET and strained SiGe channel PFET[END_REF]] as well as for building trigate NWFETs [Nguyen 2014 S3S]. By masking selected areas of the wafer and using selective epitaxial growth (SEG), various combination of Si and SiGe devices can be cointegrated. For example, trigate NWFETs have been fabricated in such a way with no penalty on the electrical performances [Nguyen 2014 IEDM]. Therefore, this technique can be safely used for an industrialization of SNWFETs.

As previously shown in Figure 3.15, the lattice mismatch in between Si and SixGe1-x layers induces stress. As measured and discussed in the first chapter with non-stacked NWFETs ( §1.3.2), appropriate strain improves carrier transport in NW channels. Based on this idea, multiple combinations can be obtained favorizing either tensile Si for NMOS channels when starting from strained SOI (sSOI) substrate (Figure 3.18a) or else compressive SiGe channels for PMOS after Ge enrichment of the SOI layer (Figure 3.18b). As previously written, no defects are visible in the layers. For verification, strain mappings can be extracted by precession electron diffraction (PED) on a TEM. A 3D finite element method (FEM) was developed in order to fit the Ge fractions and to take into account the lamellae thicknesses, some elastic relaxation in between the different layers and the influence of free surfaces at the edges of the samples [Reboh 2013 APLM], [START_REF] Lubk | Dynamic scattering theory for dark-field electron holography of 3D strain fields[END_REF]]. Figure 3.19 presents the results for the configuration of Figure 3.18a starting from sSOI substrate. Si layers all present -0.4% vertical stress and a 0.8% in-plane deformation. The measurements show a complete report of the lattice parameter and of the strain throughout the identical layers in the entire superlattice. Hence, these results are promising for the SNWFET technology but only if the strain is not fully relaxed during the integration, especially after the Si/SiGe fin patterning and SiGe sacrificial removal. Therefore, the following next subchapter focuses on the etching of the Si/SiGe fins.

Si/SiGe fins patterning

The Si/SiGe fin patterning process has been developed in [Barnola 2008]. The developed resist must be trimmed in Cl2/O2 plasma prior to HBr curing in order to bypass the 80-nm minimal feature limitation of the tool. The nitride-oxide hard-mask (HM) is then opened using CF4/CH2/F2/O2/He plasma. Once the top of the Si/SiGe superlattice is reached, the stack is patterned using Cl2/HBr/O2.

The etching process can be monitored following the emission ray of germanium in Ge-based reaction byproducts (265 nm wavelength). Figure 3.20 shows the strong delimitation of each Si-SiGe layer interface. This figure also underlines the importance of epitaxy uniformity. Epitaxy process "A" presents a 20-nm wafer range which contributes to enlarge the Ge emission lines respectively to the process "B" having a 3-nm range. Failure in detecting the bottom of the Si/SiGe superlattice may result in a significant BOX over etch. Any range and variability is detrimental as it is cumulated through the future process steps such as CMP and gate patterning. To limit BOX consumption, a two-step process was evaluated in [Barnola 2008]. The main etch step is stopped during the etch of the bottom Si layer and a "soft landing" step is added to stop on the SiO2 underneath. However, this approach led to Si/SiGe fin profiles resulting in a difference of 8 nm in between the top and the bottom NW CDs. In order to obtain vertical etching profiles, the main etch was applied all the way down to the BOX sacrificing a few nanometers of SiO2. Therefore, this was turned into an advantage for turning the bottom trigate channel into an Ω-gate as recommended by simulations for improving gate control over this channel.

As also mentioned in chapter 2, device footprint is critical in SNWFET technology. In order to overcome the performances of FinFETs, the NW stacks must be arranged as closely as possible. Hence, an adaptation of the process developed in [Barnola 2014 SPIE] and already used to perform the 35-nm pitch Ω-gate NWFETs presented in §1. Finally, various Si/SiGe fin dimensions were obtained from 15 nm to 100 nm large and from 100 nm to 1 µm long as designed on the lithography mask. However, SiGe remain sacrificial and the question of its selective etch remain crucial for both NW first and NW last approaches.

SiGe selective removal

As recalled in Figure 3.23, the selective etching of SiGe is performed in different steps of the two investigated integrations: to suspend the Si NWs in both NW first and NW last approaches as well as inside the NW last S/D module in the NW last integration. In the latter, cavities are etched into the Si/SiGe stacks for placing the internal spacers (see next subchapter §3.5). Hence, the selective etching of sacrificial SiGe towards Si must be investigated. Etching selectivity in such superlattices is crucial and tunnel enlargement may result in Si channel thickness variation as shown in Figure 3.24 due to the tunnel entrance enlargement. For process characterization purposes, only large pads of Si/SiGe superlattice are observed under SEM and TEM cross sections. The etching from can also be observed by transparency on top view SEM images. The present section provides an overview of the three different approaches for the selective etching of SiGe that have been developed in LETI during the past decade. Plasma and wet etching are then experimented on the actual NW stacks. The performance of optimized process is then observed for both NW last and NW first integration schemes.

Dry etch of SiGe: plasma etching

After a wet pre-treatment for removing native oxide, Si/SiGe stacks are placed in a remote plasma chamber. Active species are brought into the etching chamber without any ion bombardment (anisotropic etching) and isotropic etching can take place. Using pure CF4, Si and Ge atoms are etched from the surface forming SiFx and GeFy volatile products [Borel 2004]. Since Si-Si binding energy is higher than Si-Ge one (2.31 eV and 2.12 eV respectively), Ge atoms are preferentially removed. Etch rate is therefore increased with Ge content quadrupling when opting from 25% instead of 15% Ge. However, SiGe etch rate slows down and saturates above a concentration of 30%.

The selective c-Si1-xGex alloy etching is piloted by the CF4 flow, the chamber pressure and the plasma source power. The optimized process presented in [Salvetat 2008 ECST] also showed with AFM measurements that this process does not introduce any additional roughness. Besides, etch rate is also confirmed to be poorly dependent on Ge concentration above 20% concentration up to 40% (Figure 3.25a). Finally, selectivity depends on etching time since the tunnel entrance is not enlarged as much as the tunnel depth is increased once a permanent regime is reached. Besides, the etch is not affected by the crystallographic plane orientation according to the SEM image of Figure 3.25b. 

Dry etch of SiGe: gaseous HCl etching

Gaseous HCl etching can be performed in-situ with the epitaxy tool [Salvetat 2008 ECST]. The selectivity is obtained thanks to the differences of chemical activity in between Si and SiGe depending on the pressure and temperature conditions [Destefanis 2008 ECST]. Ge fraction or increasing temperature both improve the Si and SiGe etch rate. However, the extracted activation energies evidence a decrease of the selectivity with increasing the temperature. Concerning the Ge percentage, 20% appears too low to achieve the required selectivity for carving 300 nm deep cavities. In contrast, 30% (40%) concentration provide a selectivity of 100 (150 respectively) much higher than with plasma etching (60). This is the opposite of the etch rate which falls from 100 nm/min with plasma down to 10 to 30 nm/min with HCl. In Figure 3.26a, the cross-sectional SEM image evidences a slight bottom-up effect: deeper cavities are obtained at the bottom of the stack as the opposite top-down effect was obtained with plasma etching. Moreover, the process evidence a strong anisotropy regarding crystalline orientation: the <100> directions are etched about 10 times faster than the <110> directions (Figure 3.26b). 

Wet etch of SiGe

Selectivity is based on the different oxidation and etching kinetics of SiGe and Si [Salvetat 2008 ECST]. Therefore, the mixture must contain at least one etch agent such as HF and one oxidant agent such as H2O2 or HNO3. Adding an organic acid such as acetic acid increases both the etch rate and the selectivity [Carns 1995]. Increasing the dilution in deionized water improves the selectivity. After an optimum point, the etching of Si and SiGe decrease again until totally stopped [Salvetat 2008 ECST]. A bottom-up effect has been also observed with about 20% higher etch rate for the bottom cavity. Two specific points require investigation when working in wet chemistry. Firstly, the etch rate neither the selectivity are significantly affected by bath aging even after 26 days. Secondly, capillarity forces seem too week to cause collapsing of the 40 nm thick silicon slabs even with 450 nm tunnel depths. 

Updated results

The previous results obtained for hundreds of nanometers deep cavities are good indications for the potential of each process. Nevertheless, switching for large and thin nanosheets requires further investigation. Indeed, for such thin NWs (HNW = 6 nm to 12 nm), the tunnel entrance enlargement (Figure 3.24) becomes of the order of magnitude of the Si NW thickness. Moreover, the processes must be adapted to 300 mm tools. Silicon NW release was studied in dry and wet chemistry on NW stacks with the following thicknesses: Si 14 nm/SiGe 8 nm/Si 14 nm/SiGe 8 nm/BOX 145nm.

Thicker than required silicon layers were epitaxied (7 to 8 nm thick channels are recommended by the simulations of chapter 2) in anticipation for some unwanted silicon consumption. A Lam Versys tool was used with CF4 chemistry and optimized conditions after removing the native oxide in a 1% HF solution. TEM images of Figure 3.28 after 8s and 10s of main etch show that the bottom NW thicknesses are reduced from 14 nm down to 7 nm and 6 nm respectively. Etching rate also seems slightly slower for the top SiGe layer than for the bottom one in opposition with the observations of [Salvetat 2008 ECST] for plasma etching likely due to the presence of the BOX. In parallel, a wet chemistry was proposed with a new mixture optimized from accumulated experience on related structures (see previous subsections). Wafers are manually dipped into the mixture, rinsed in deionized water and dried in neutral atmosphere. 30% and 45% Ge concentrations were studied in Si 7 nm/Si1-xGex 8 nm/Si 7 nm/Si1-xGex 8 nm/Si 7 nm/BOX 145 nm superlattices. Etch rates are reported in Figure 3.29 along with a cross-sectional SEM image. In accordance with previous work [Salvetat 2008 ECST], SiGe etch rate is increased with Ge content. The etching depth is usually measured with top view SEM imaging since the SiGe etch front is visible through the top silicon layer as shown on Figure 3.30. In this example, the stack is Si 14 nm/Si0.7Ge0.3 8 nm/Si 14 nm/Si0.7Ge0.3 8 nm /BOX 145 nm. Hence, measurements shows that the wet etch rate is slightly affected when switching for different layer thicknesses since 39 nm/min has been observed on the structure of Figure 3.30. Subsequently, the question of the collapsing arises: what is the influence of the NW geometry and environment on the stacks integrity?

Structural integrity of the NW stacks

Collapsing may be a limitation in such architectures featuring suspended features. The NW first approach is obviously more sensitive to this effect as the length of the suspended NWs is longer than in the NW last approach. Indeed, the maximal length in NW last alternative where the NW are suspended corresponds to the gate length ( §3.1.1). Within the NW first approach, hundreds of nanometer long NWs are released in the early stages of the integration, suspended in between SiGe lateral anchors. To minimize the wafer area lost for these anchors, the NW must be as long as possible (see chapter 4). Figure 3.31 show SEM images of 150 nm and 800 nm long stacked channels. Nevertheless, the results of the observations are often affected by SEM charging which occurs during image acquisition with elevated acceleration voltages causing pattern collapsing. A complete study with TEM images is therefore required for an extended comprehension of the collapsing mechanisms.

In the meantime, an analytic model was used to describe the behavior of these stacked silicon slabs by means of the non-linear Euler equation (Eq. 3-1), [Gaben 2016 ) . 𝑤 = 0

(Eq. 3-1)
The structure is described by clamped-clamped NWs (Figure 3.32), with HNW, LNW the NW height and length respectively, LSiGe the initial support length, ENW the Young modulus, σNW the in-plane compressive stress and w(x) the vertical deformation of the beam as a function of the position x. The NWs remain straight as long as σNW stays below the critical value, known as the first Euler load σEuler (Eq. 3-2), corresponding to the eigenvalue of (Eq. 3-1).

𝜎 𝑁𝑊 ≤ 𝜎 𝐸𝑢𝑙𝑒𝑟 = 𝐸 𝑁𝑊 . 𝜋² 3

𝐻 𝑁𝑊 ² 𝐿 𝑁𝑊 ² (Eq. 3-2)
Assuming the NW stress is induced by SiGe stress relaxation, we have the following relation (Eq. 3-3):

∆𝐿 𝑁𝑊 = ∆𝐿 𝑁𝑊 ⇔ 𝜀 𝑆𝑖𝐺𝑒 . 𝐿 𝑆𝑖𝐺𝑒 = 𝜀 𝑁𝑊 . 𝐿 𝑁𝑊 Hence, it comes the following condition on SiGe stress (Eq. 3-4):

𝜎 𝑆𝑖𝐺𝑒 ≤ 𝐸 𝑆𝑖𝐺𝑒 . 𝜋² 3 
𝐻 𝑁𝑊 ² 𝐿 𝑁𝑊 . 𝐿 𝑆𝑖𝐺𝑒 Once σSiGe, exceeds this critical value, the deflexion of the buckled nanowire is given by the following equation: . 3-5) This shows that NWs can buckle in two opposite directions once the critical stress is reached [START_REF] Fang | Post buckling of micromachined beams[END_REF]], as illustrated in Figure 3.33. Consequently, Figure 3.34 can be plotted evidencing the maximum stress accepted by the NWs before buckling: the longer and the thinner the NWs, the more sensible they become to residual stress. Besides, several other trade-offs can be evidenced from this model and hence from the 3D-plots presented in Figure 3.35:

𝑤 𝑁𝑊,𝑚𝑎𝑥 2 = 𝐿 𝑁𝑊 2 𝐸 𝑁𝑊 . 𝜋 2 (𝜎 𝑁𝑊 -𝜎 𝐸𝑢𝑙𝑒𝑟 ) (Eq
• In the case of dense layout integration, the number of SiGe supports has to be minimized in order to maximize the number of gate and devices in between. In other words, the ratio LNW/LSiGe must be increased. However, increasing LNW also decreases σEuler and increase the sensitivity to internal stress according to Figure 3.34 and Figure 3.35a. • LSiGe can also be reduced in order to decrease σSiGe. Considering that NW width need to be maximized for performance optimization ( §2), the low limit of LSiGe is therefore fixed by the NW width since SiGe etching also occurs within the lateral anchors. • A thicker HNW can improve the NW resistance to buckling, however, a negative impact on electrostatics and performances has been demonstrated by simulations ( §2). • Alternatively, a lower concentration of Ge can reduce σSiGe and σNW but at the expense of a lower Si1-xGex etching selectivity towards Si. Finally, in both NW last and NW first approaches, the NW channel end up suspended once the sacrificial gates are removed and prior to the HKMG stack deposition. As noticed in simulations [Reboh 2016], highly compressive stress can be introduced by means of SiGe RS/D. Consequently, the longest channels in the longest gate length cavities may be affected by buckling issues. The strain level will be evaluated in the following next section concerning the SEG of S/D.

Conclusion

Among the three techniques available for the selective etch of SiGe versus Si, the wet chemistry is the more promising in terms of selectivity. Even if the edges of the silicon NW channels are consumed by a few nanometers, their overall thickness remains uniform as compared with tunnel enlargement resulting from plasma etching. At least W = 70 nm large suspended nanosheets -as required to enhance SNWFET performances -were obtained. Besides, the process is sufficiently controlled to carve nanometric cavities in between the NWs for placing the internal spacers in the alignment of the principal gate spacers for a NW last approach. The good selectivity therefore preserves the shape of the NW channel cuts. Subsequently, pattern collapse has been identified as an important risk when working with suspended features. Residual stress due to SiGe anchors (NW first) and due to SiGe RS/D (NW last and NW first) is the main cause of NW buckling. If at least few hundreds of nanometers long 7 nm thick suspended NWs were observed, an extended study is required with TEM imaging to avoid any twisted conclusion about collapsing due to SEM-induced surface charging.

Source and drains (S/D) and internal spacers fabrication

Epitaxy must be often selective, targeting a growth onto crystalline materials without any deposition on surroundings dielectrics. This is the case for the S/D epitaxy where Si or SiGe often in-situ doped with phosphorus, boron or carbon must grow from a Si or SiGe seed and not on the sidewall of the gate spacers or onto the insulation (BOX or shallow trench insulation). On top of the first epitaxy parameters precited in §3.2, surface preparation prior to the epitaxy has also a significant importance in determining the epitaxy quality and therefore the electric performances. This is especially true as the fabrication of SNWFETs with internal spacers -as required to minimize the parasitic capacitances ( §2) and to serve as an etch stop layer ( §3.1) -requires several steps of etching that might damage the surface. This sub-chapter starts with the recent improvements made in surface preparation and selective epitaxy growth (SEG) on SOI devices. Then, optimized results are presented for SNWFETs having internal spacers formed with both NW last and NW first approaches. Finally, SiGe S/D are evaluated to induce compressive channel stress in order to improve hole mobility as already observed in trigate NWFETs ( §1.3.2).

Surface preparation

The presence on the surface of amorphous silicon oxide layers, polymers or etching residues has a strong impact on the epitaxy quality. Typically, high temperature bake must be applied under hydrogen flow to desorbs the contaminants and to passivate the surface. However, the minimum required of 1050°C is often not compatible with usual patterned wafers, thin SOI layers or ion implanted materials, causing thin film islanding, shape change and dopant migration. In order to avoid high thermal budgets, a combination of "HF-last" wet cleaning and in-situ H2 can be used [Abbadie 2004]. The wafers are dipped in HF diluted in deionized and deoxygenated water (typically between 0.2% and 1%) to remove the native SiO2 prior rinsing, in deionized and deoxygenated water, and drying. The wafers must be then loaded as quickly as possible in an inert atmosphere (N2) to preserve the surface passivation. 85% of the silicon dangling bonds are occupied by hydrogen atoms according to [Hartmann 2016] and the last 15% that are bound to oxygen, fluorine and carbon must be removed with the H2 in-situ annealing. Nevertheless, Y. Bogumilowicz et al. results reported in [Hartmann 2016] show a correlation of baking temperature increase and surface contamination decrease and therefore the significant impact on epitaxy quality (Figure 3.36). The number of defects is reduced by nearly two orders of magnitude when increasing the temperature from 775°C to 825°C. However, >800°C remains too high for the targeted applications since, for example, the NWs are rounded after 2 min at 750°C [Dornel 2007 APL]. NWs can also be pinched at their base and even detach. In ion implanted devices, an elevated temperature can cause the migration of the dopants. In gate first integration schemes, a detrimental oxide regrowth in between the channel and the gate high-k dielectric occurs. Consequently, innovative surface preparation schemes had to be investigated to obtain high crystalline quality epitaxial layers with lower thermal budgets. On thin SOI (3 nm typically), H2 bake is typically carried out at 650°C and 20 Torr for 2 min prior to the SEG of Si RS/D [START_REF] Jahan | [END_REF]]. The impact of such a low temperature appears limited on ( 001) surfaces [Destefanis 2008 SST] and electrical performances of FDSOI devices with dual channels [Le Royer 2011 IEDM] with Si [Andrieu 2007 VLSI] or SiGe:B [Baudot 2010 EDL] RS/D are excellent. However, epitaxy of (110) contaminated surfaces is catastrophic [Destefanis 2008 SST].

Four different surface preparation strategies are compared in Figure 3.37 [Lu 2016] starting from a simple "HF-last" process (Figure 3.37a). In Figure 3.37b, a "Siconi" process is partially performed: etchants are generated in a remote plasma cavity (NH3 + NF3  NH4F + NH4F.HF) and SiO2 is then transformed into a salt at 30°C. The salts are then sublimated in the epitaxy chamber prior to the epitaxy. In Figure 3.37c, a "HF-Last" wet cleaning is performed before and in the last SEM of Figure 3.37d, the full Siconi process is performed including the last salt sublimation in the Siconi chamber before an HF-last cleaning and the epitaxy. No matter the order, combining HF-last and Siconi leads to significant improvement of the epitaxy quality. In any case, specific care must be taken during lithography and the following etch steps to remove all polymers and other residues especially in the case of NW last and NW first integrations where the epitaxy of S/D is performed after several deep reactive ion etching (DRIE) steps.

Selective epitaxial growth (SEG)

SEG is obtained from dichlorosilane (SiH2Cl2) precursor with SiO2 and SiN masking layers. Si and SiGe:B RS/D have been successfully realized in the past [Hartmann 2011 JCG], [Barraud 2013] as well as SiGe/Si bilayers [Monfray 2010]. Besides, patterned wafers are affected by loading effects: a variation of the growth rate and of the Ge concentration is observed with an amplitude related to the mask opening [Hartmann 2016]. The growth rate itself depends on surface orientation and increase exponentially with the temperature while Ge content increases linearly with the GeH4 flow.

Although, the Si precursor dichlorosilane has a low growth rate at low temperature [Hartmann 2007], low temperature SEG (650°C) have been achieved on 3 nm-thin FDSOI transistors [Le Royer 2011 IEDM] and trigate NWFETs [START_REF] Barraud | [END_REF]]: a simple HF-last and in-situ H2 bake at 650°C and 20 Torr for 2 min has been used prior the epitaxy of 2x10 20 cm -3 in-situ doped of SiGe:B RS/D at 650°C with SiH2Cl2+GeH4+HCl+B2H6 chemistry. State-of-the-art electric performances were measured, advantaged by reduced access resistances (high doping concentration) and increased hole mobility due to compressive channel stress. The same process is therefore used for the S/D SEG of SNWFETs fabricated in this thesis.

Otherwise, low growing rate issues can be addressed by using silane and disilane having higher rates at low temperature (650°C and lower). Their use has been developed especially for monolithic 3D application requiring very low thermal budget [Lu 2016], [Hartmann 2016]. However, those gases are not selective towards dielectrics and therefore require the use of the Cyclic Deposition/Etch (CDE) technique [START_REF] Bauer | Highly tensile strained silicon-carbon alloys epitaxially grown into recessed source drain areas of NMOS devices[END_REF]], [START_REF] Bauer | Highly tensile strained silicon-carbon alloys epitaxially grown into recessed source drain areas of NMOS devices[END_REF]]. As described in [Hartmann 2016], few nanometers of Si or SiGe are deposited: single crystalline layers are arranged on silicon active areas (the S/D surface) while dielectrics (BOX, STI, SiN spacers) are covered with amorphous or polycrystalline material. A selective etch is therefore performed with chlorine chemistry in order to remove any non-crystalline material. Besides, low temperature process allows SiGe:B layers for instance to remain fully compressively strained [START_REF] He | High strain embedded-SiGe via low temperature reduced pressure chemical vapor deposition[END_REF]]. Subsequently, even if CDE have not been used for NWFET and SNWFET fabrication in this thesis project, this technique remains promising for further improvements of SNWFET.

3.5.3. S/D in a NW last approach with aligned internal spacers.

As recalled in Figure 3.38, in the NW last approach for making internal spacers before the S/D epitaxy, the NW extensions are first etched down to the bottom NW (Figure 3.38b). During this etch an isotropic and selective etch of the sacrificial SiGe is realized in-situ for carving cavities aligned under the gate spacers (Figure 3.38c, §3.4). Highly conformal SiN spacer material is deposited filling the cavities (Figure 3.38d). A last optimized anisotropic / isotropic etch removes SiN from the NW cuts (Figure 3.38e) allowing the Si or SiGe merging SEG in-situ doped with phosphorus or boron (Figure 3.38f). Source-drain longitudinal TEM images of Figure 3.38g display a mixt configuration with a trigate and a single GAA channel. The internal spacers present a good alignment with the main gate spacers and the merging SEG of the RS/D does not exhibit any significant lattice defect. Similarly, SEG of SiGe:B was also performed. The SEM images of Figure 3.39 of both SiGe:B and Si:P S/D do not present any noticeable defects. PED mappings reveal that no residual stress is present in the Si S/D (NMOS), in contrary SiGe:B RS/D injects significant amount of compressive strain into the Si NW channels with near to -1% in-plane deformation (PMOS). As a result, SNWFET technology is compatible with this usual strain management technique in order to improve hole transport in PMOSFETs. This will be confirmed by the electrical measurements provided in the following next chapter ( §4.1). 

S/D in a NW first approach with self-aligned internal spacers

The case of NW first approach with HSQ lithography is recalled in Figure 3.41 for two suspended NWs (dual GAA configuration). After exposure and developing of the HSQ self-aligned sacrificial gates (Figure 3.41a), a conformal layer of SiN is deposited (Figure 3.41b) and anisotropically etched in order to let emerge the NW stack (Figure 3.41c). In this case, SiN occupies the space in between the NWs. Then, the Si NW extension anisotropic etching is combined with a SiN anisotropic spacer etching in order to recess the Si/SiN stack and to stop into the bottom NW (Figure 3.41d). Si:P and SiGe:B merging SEG are then performed from the remaining nanometric layer of Si (Figure 3.41e). Consequently, self-aligned spacers are obtained and the process can be continued up to the sacrificial gate replacement with no subsequent SiGe selective etch (Figure 3.41f-g) leading to self-aligned HKMG (Figure 3.41h). The absence of a protective SiN stopper on top of the HSQ gate is a potential issue as compared to the NW last integration flow. In the later, a SiN hard-mask remains after the polysilicon gate patterning. Therefore, HSQ oxide is directly exposed during the S/D extension etchings and the HF-based preepitaxy surface cleaning. Hence, the impact of plasma deep reactive ion etching (DRIE) needs to be evaluated. According to SEM and TEM images of Figure 3.42, no HSQ recess is observed in between the SiN spacers implying that HSQ is removed at the same speed than SiN. Consequently, the sacrificial gate height is shortened by the thickness of the SiN spacer that needs to be removed around the Si NW stack. In Figure 3.42, an over etch margin has been applied to remove the SiN all the way down to the BOX: SiN is absent on the side of the active areas according to the SEM image and thus, SiN remains only in between the Si NWs. As a side note, the schematic of Figure 3.42 evidence the SiGe lateral anchors required to suspend the NWs while the Figure 3.41 relates a general case where several gates are patterned in parallel on the same NW stack and where the SiGe anchors are "far" on the edges of the active area. This will be further discussed in the following next chapter ( §4.2). Then, the NW extensions must be etched down to the bottom NW prior to proceed with the merging SEG of the S/D. Figure 3.43 presents the result of this sequence with HF wet cleaning and H2 in-situ bake at 650°C prior to perform the epitaxy of a Si:P S/D. No significant recess of the HSQ gate was revealed by AFM, however, the SEM image of Figure 3.43 presents a S/D epitaxy with an important rugosity. Besides, the alternative surface preparation schemes proposed in a previous subsection to improve the epitaxy quality have been experimented with a focus on the impact on HSQ. Figure 3.44 presents a combination of SEM and TEM images with AFM measurements evaluating the HSQ consumption in between the spacers during a partial and a complete Siconi. The Siconi consumes "only" 10 nm of HSQ and slightly improve epitaxy quality. Since the HSQ sacrificial gate remains 170 nm high after spacer patterning and S/D recess, loosing ~10 nm of HSQ over the 125 nm remaining above the 35 nm high stack of NWs is then acceptable. Besides, no impact of such a small recess on the following steps have been noticed. Indeed, a step of non-selective CMP is performed to reach the buried HSQ surrounded by SiN spacers as observed in the dedicated subchapter ( §3.7).

Finally, after these tests, the remaining wafers of the NW first dedicated batch were processed with standard HF-last pre-epitaxy cleaning prior to Si:P and SiGe:B merging SEGs: this standard process appears to be simpler and therefore faster. This is in accordance with the objectives of this specific batch dedicated for the development and the demonstration of the NW first approach.

Electron beam lithography of HSQ

HSQ resist has been used as a sacrificial gate material itself in the NW First integration ( §3.1.2) as this inorganic resist can be turned into a dense oxide. HSQ appears as an interesting alternative to polysilicon for the fabrication of sacrificial gates for its ability to be exposed by EUV or electron beam through silicon leading to self-aligned gates and spacers through the suspended silicon NW channels. In the following, the deployed efforts in finding the proper conditions for lithography and developing of HSQ are detailed. Figuring what is the minimum gate pitch achievable and prospecting scaling potential is essential to determine if HSQ material can replace the typical polysilicon sacrificial gates.

Conditions

EUV stepper being not available in LETI at the time of this project, a SB3054 electron beam from VISTEC has been used. The shaped beam tool is able to model rectangular beams with dimensions from 30 nm and up to 1600 nm with an acceleration energy of 50 keV. Spin coating and developing were realized in a DNS RF3 tool. A XR-1541 (also labelled as "FOX 13") was provided by Dow Corning whose datasheet is reproduced in Figure 3.45a: contaminants level is compatible with front end of line (FEOL) specifications. Figure 3.45b shows for this dilution of HSQ that up to 212 nm thick layers can be obtained leading to features having the same height after developing. Although the spin coating was realized manually, wafer uniformity was in the 5% range. Those resists have a shelf time of 6 months and are known to crystalize quickly after the first use. To minimize this impact, experiments were conducted within few days after the first opening and the resist was preserved at 5°C. Spincoating itself is done at room temperature (the cleanroom is stabilized at 21°C). Few defects may randomly appear during manual spincoating (Figure 3.45c) but wafers can be recycled with TMAH developer. 

Layouts description

A new layout was designed specifically for the investigation of HSQ properties. Single and arrays of lines were placed and separated from one to another by 50 µm to avoid any proximity effect. Critical dimensions (CD) -or linewidth -were targeted in between 6 nm and 30 nm. Various line array pitches were included such as 46 nm and 64 nm, the 7 nm and 10 nm nodes technology predicted specifications, and up to 100 nm pitch. Different geometries were considered to improve the mechanical resistance of such high aspect-ratio (A/R) lines. Adding one or two lateral anchors as illustrated in Figure 3.46 is expected to reduce collapsing. Typical lithography mask set used in LETI for advanced devices is codenamed "SNO2". A variant of this layout is presented in Figure 3.48 featuring most of the usual single gate devices used for transistor tests in a large variety of gate length from 6 nm up to 10 µm placed on active areas (the NW stacks) having widths and length from 10 nm up to 10 µm. Few modifications on these devices were introduced: several gate lengths were scaled from 15 nm down to 6 nm and attached on both end to prevent collapsing (Figure 3.48 left). For dense integration demonstration purpose, "multigate" devices were added to mimic aggressively scaled devices (Figure 3.48 right). They are not electrically functional as they share the same gate contact. But major change was to remove the gate dummies usually covering the majority of the chip in order to significantly reduce the exposure time. The active layer dummies (SiGe/Si/SiGe/Si) exposed with DUV lithography still remain. 

Resist developing

Tetramethylammonium hydroxide (TMAH) is the usual developer for HSQ. Even though 25% concentration provides the best contrast [Coquand ECS 2013], [Monfray 2010 IEDM], regulations have recently limited it at 2.38%. Analysis of such various and numerous structures was conducted on a Hitachi automated critical dimension scanning electron microscope (CD SEM) Hitachi CG4000. Since the resist once developed seemed not sensitive to electron beam anymore (no CD contraction), voltage was set to 800 V with a current of 8 pA for maximum contrast and resolution. First statement is that single isolated devices are easily resolved. Figure 3.49a shows the slight dependence of CD with exposure dose. Besides, CD does not depend on developing time: when turned into a dense oxide, HSQ becomes entirely selective towards the TMAH developer and no resist trimming effect is observed even if the puddle time is doubled (Figure 3.49a). Gate lengths down to 6 nm were achieved with 200 nm high HSQ line and 400 nm long maintained at the extremities by two gate contacts as proved in SEM and TEM inset of Figure 3.49b. Finally, the variability on a 300 mm wafer is within the 2 nm range over the whole wafer and for all the devices (Figure 3.49c). The value is limited by tool precision. The case of arrays of gates is more complex. Exposure-dose experiments analysis revealed that very specific conditions of dose, gate CD, gate pitch and gate height were required in order to a proper restitution of the targeted layout. Figure 3.50 shows the effect of exposure dose on a 64 nm pitch array of 200 nm and 400 nm long lines. If the dose is too small, transformation of the resist is not sufficient for the narrow features to remain. As the dose is increased, the CD is enlarged and 200 nm long lines can be resolved. 400 nm long lines needs a higher dose and CD in order to prevent collapsing -either due to capillarity forces and/or centrifuge acceleration. Spincoated resist in this example was 200 nm thick but similarly, a study on 120 nm thick resist shown an improved mechanical resistance, allowing narrower CD and pitch. In each case, when the dose becomes too high, some residual material remains at the bottom in between the lines. Finally, a process window of 400 µC/cm² was found centered on 1200 µC/cm².

The experimental protocol of Figure 3.51 was set up to improve pattern resolution and investigate HSQ minimal pitch achievable within the LETI cleanroom context. Two tools were available at the time of the study. The DNS RF3 dispenses the TMAH developer and remain still during the puddle time needed to dissolve the unexposed resist. In an attempt to remove more of the residues at the feet of the lines, puddle time was first increased, then two consecutives developing where evaluated and a Sokudo Duo tool was used with its spin-on dispenser which may improve reactants extraction from the cavities. Results on 60 nm pitch array and 16 nm large lines are displayed in Figure 3.52 showing that a higher developing time very slightly increases resolution. Since the exposed HSQ is selective towards TMAH, nothing prevents to increase as much as needed the puddle time. Conversely, the use of spin-on developer tool or double developing has not significant impact on the result. 

Observations

Top view SEM images of Figure 3.53 show 60 nm pitch with 18 nm gate length for 200 nm high line arrays -measured with AFM -and 46 nm pitch with 8 nm CD when decreasing the feature height down to 120 nm high. The TEM images realized later on, revealed that resolution is a matter of space between two features independently of the line pitch and the line CD: 35 nm in the TEM image of Figure 3.53d was observed several times and seem to be the minimum achievable within the conditions employed in this thesis framework. Once the HSQ lithography of sacrificial HSQ gates is performed above the two NW stacks, the previous results remain unchanged. Since silicon does not hinder the ebeam exposure, HSQ is transformed through the two suspended silicon NWs leading to self-aligned sacrificial gates as proven by SEM and TEM images of Figure 3.54 where the 200 nm high oxide line remain vertical and perfectly aligned. Previously shown results are likely dependent on the specific conditions available for the tests and different tools, resist or environment conditions may result in slightly improved or altered outcomes. However, it is safe to expect that the enumerated trends remain valid.

Limitation and perspectives

The 35 nm minimal space in between two features may be seen as a first limitation when considering the use of HSQ sacrificial gates. However, when two HSQ features are brought close enough, only the bottom of the line start to enlarge and to merge as imaged in Figure 3.55. Three options are conceivable to remove the oxide feet. First an isotropic trimming using HF solution or plasma etching can be considered at the expense of some gate length reduction -which can be anticipated in the layout design. Secondly, an anisotropic plasma etch can preserve the features width, however the oxide height will be reduced as it is not protected by a hard mask. Last option is based on the hypothesis that bridging appears due to a proximity effect: energy level for crosslinking is reached only because of the superposition of the background level of the close HSQ gates. By optimizing the exposure ordering or by realizing two successive exposure and developing steps it may be possible to get rid of this bottom oxide. Conversely, instead of being an issue, this effect may be turned into a local insulation when considering a bulk integration: the suspended NWs need to be raised higher above the bottom oxide [Gaben patent number 1658042].

Such high aspect ratio (A/R) features, are found to be extremely fragile. In order to prevent collapsing of the most scaled features, lateral anchors may need to be added. In our SNO2HSQLG ebeam layout, the lines below 15 nm CD were supported on both end by larges blocs of HSQ later used as gate contacts. This may first seem to appear as a waste of wafer area as compared with usual layouts, yet these anchors can be turned into a lateral device insulation (Figure 3.56), [Gaben 0693FR01]. HSQ lithography requires, ebeam or EUV lithography which have significant costs in processing time and in investment respectively. An extended discussion of pros and cons for the use of both techniques will be developed in the next chapter once the complete picture will be drawn, including the mainstream NW last integration. are vital as well as the uniformity of these parameters throughout the wafer surface. Yet the removal rate R is proportional to the applied pressure P as related in Preston equation (Eq. 3-6) with K the Preston constant and V the relative speed: . 3-6) This may be an issue as pictured in Figure 3.59 when designs involve different patterns density. The smaller the patterns, the lower the contact surface with the pad and the higher the pressure so as the removal rate. This is the source of residues or over-erosion if an over polishing (OP) is applied to remove these. Consequences for the subsequent CMP steps are short-circuits and non-connected vias in case of arcing. Erosion is a physical effect related to pressure while dishing is a selectivity issue encountered when polished material is removed faster than its counterparts. 

𝑅 = 𝐾 × 𝑃 × 𝑉 (Eq

Polysilicon sacrificial gate CMP (NW Last approach)

In the NW last approach, the active layer consists in 35 nm tall Si/SiGe fins and dummies. As observed in the previous section, most of the defects in CMP process result from the lack of uniformity in the subsequent patterns. As the present layout is composed with many single and isolated devices, most of the chip layout is therefore covered with dummy patterns as shown by the SEM image of Figure 3.60. In order to pattern the sacrificial gates, a 189 nm thick polysilicon conformal layer is deposited. Hence, the objective of the following CMP is to planarize the polysilicon surface in preparation for the sacrificial gate lithography. Figure 3.60 includes cartographies of the whole wafer surface before and after CMP showing a wafer range below 5 nm. AFM measurement of Figure 3.60 was performed after CMP on a 10 µm x 10 µm surface centered in the exact same area than for the SEM image. The step due to the conformal deposition of polysilicon above 35 nm active areas and dummies is properly planarized. Local range is about 5 nm with a rugosity of 0.6 nm (RMS). Figure 3.61 shows the wafer to wafer derivation obtained on a single batch of 25 wafers. Process variation in CMP can be due to pad self-heating or pad and chemistry aging. In order to prevent the first, several dummy wafers are first processed for warming up the pad (pad conditioning). In the present demonstration, the slight variation is not of a big concern however, this would need to be corrected for matching production requirements.

Polysilicon CMP was performed with a constant time per wafer which can also be very precisely controlled by the number of pad rotations at a given speed. Therefore, any process parameter derivation is likely causing a variation of the removal rate (RR) and thus, a variation of the final thickness as observed in Figure 3.61. For improving process robustness, several feedbacks can be implemented on a CMP tool to follow the material removal rate. Directly on the pad, pressure and resistance to rotation can be monitored. In the case of metallic material, Foucault currents can be measured (see §3.7.4). If the CMP is selective towards one or several materials, the pad can stop onto specific features ( §3.7.3, §3.7.4).

Unfortunately, the development test layout used in this thesis have several areas empty of dummies such as the peripheral parts needed for metrology purposes presenting either positive or negative topography as shown on Figure 3.62a-b. Thus, the SEM images of Figure 3.62c and d show two sections of the same 2 cm wide chip distant from 1.6 mm: a variation of the polysilicon thickness of 26 nm is observed. Since, polysilicon thickness is monitored by ellipsometry in dedicated metrology boxes, the on-chip thickness variation cannot be properly quantified and such cross-section SEMs are required. The lithography and etch of these polysilicon features requires only few comments in the framework of this thesis. First of all, the higher the gate the more space is available in the vertical direction to endure the numerous CMP and overpolishing, while keeping a safe margin above the NW stack for placing a SiN stopper in a SAC approach. However, the higher the gate the more sensitive the process is to collapse due to high aspect ratios. Keeping a vertical profile on higher gates is also more difficult. Therefore, the polysilicon sacrificial gates were etched into a 105 nm thick polysilicon layer with a 35 nm thick SiN hard mask. The SEM image of Figure 3.63 shows a 70 nm tall polysilicon sacrificial gate above a NW stack with a minimal length of 25 nm. The polysilicon layer uniformity, and thus of the polysilicon CMP, must be excellent to prevent any issue during lithography and etch. The SEM image of Figure 3.64a is an example of an active area that have been damaged due to a too long exposition to ion bombardment and etching. Indeed, while the polysilicon in this area was completely consumed, other areas were still not entirely etched down to the BOX. This can be monitored by following the emissive ray intensity specific to one chemical specie associated to the etched layer and/or reaction byproducts concentration. Figure 3.64b is a schematic that compares the signal provided by different wafers: the transition for a very uniform layer is much faster than a non-uniform layer which signal extend longer. In conclusion, significant efforts must also be deployed concerning the CMP as explained later in the last subchapter ( §3.7). 

Sacrificial gate opening CMP

Poly-Open-Polish: gate last CMP of the oxide capping for the NW Last approach.

Usual gate last processes feature a step of high density plasma (HDP) oxide pre-metal dielectric (PMD) CMP. Once the transistors S/Ds are built around the sacrificial gates, a protective CESL is deposited above as well as an oxide capping. Therefore, the objective of this CMP -next to planarizing the PMD for the latter patterning of the contacts -is to reach the polysilicon sacrificial gates buried under so they can be removed and replaced by an HKMG. A high selectivity towards SiN is required to have both a complete stop on the top of the gates and a uniform gate height across the chip. Nitride polish rates are adjusted through the pH which govern kinetics of the hydrolysis of the nitride film [Dysar 2010 ECST]. High silicon nitrides removal rates might be required in gate last processes to also get rid of the nitride hard mask (HM) and of the spacers along with tunable selectivity on oxide. However, in the present case, for the integration of SNWFET within a NW last approach, the whole height of the SiN HM needs to be preserved as this space will be later required for building the final SiN stopper above the HKMG.

The SEM images of Figure 3.66 show a single device surrounded by active and gate levels dummies before the oxide capping and after a successful CMP: the SiN HM have been reached and no additional wafer range have been introduced according to ellipsometry measurements of the PMD oxide thickness. The excellent selectivity of the process allowed the application of an overpolishing for deacreasing the chances of failure in opening the gates. Finally, for accessing the gate, an optimized step of SiN etching needs to be performed. Thereafter, the sacrificial polysilicon gate can be removed with a TMAH solution.

NW First alternative with HSQ oxide sacrificial gate and polysilicon filling.

Unlike with the NW Last option, the NW First approach with HSQ sacrificial gates is not compatible with an oxide capping. Indeed, to remove HSQ oxide with a significant selectively, the material used for filling cannot be also an oxide no matter the relative densities. To overcome this issue, flowable oxide such as HSQ (non-conformal) was suggested for obtaining an as-deposited planar oxide filling [Coquand USXXXXXX] prior to the addition of a SiN conformal capping intended to protect the oxide during the removal of the HSQ sacrificial gate (Figure 3.67). Instead, another option was proposed and tested in the framework of this thesis: by using only polysilicon for the capping, the HSQ oxide can be selectively removed with some HF. This avoids developing the complex capping with the two layers suggested above. Besides, the polysilicon CMP process as previously described in §3.7.2 can be adapted which avoids developing and maintaining an additional specific process for the NW first approach.

Figure 3.68 shows the layout configuration, with SEM images of the devices and of the dummies. An AFM mapping also shows the topography of a single transistor with S/D and a double contact pads HSQ gate which remains 170 nm tall. The epitaxy of the S/D has already been made adding in between 45 nm to 65 nm to the original 35 nm thick active layer. Besides, as the HSQ sacrificial gates are made patterned with ebeam lithography, the gate level dummies have been removed from the layout to drastically reduce the exposure time. Hence, the oxide sacrificial gates are extremely rare on a chip which makes the CMP process almost insensitive to their presence. AFM shows the actives dummies have been raised by 45 nm and 65 nm by the Si:P or SiGe:B epitaxies respectively as compared with NW last approach. Therefore, this extra step height must be anticipated for the CMP by depositing a thicker polysilicon capping: instead of 189 nm for planarizing a 35 nm step and targeting a 90 nm final thickness above the BOX, in the present case, 180 nm + 165 nm = 345 nm of polysilicon have been deposited, 180 nm being the targeted thickness above the top of the sacrificial gate while 165 nm are consumed during the planarization process. Unfortunately, the pad/chemistry system used for this planarization is highly selective to both SiN and oxide. Hence, as shown on Figure 3.69, the first polysilicon CMP planarization step must be stopped in the gate vicinity (~180 nm) to avoid dishing once the pad is stopped onto SiN and oxide. Afterwards, the slurry is replaced by a non-selective one and the CMP is performed in the last 10 to 15 nm. The switch must be carefully adjusted: if the selective step is pushed too far down, erosion would alter the uniformity. On contrary, if the CMP is stopped too far above the gates, the slow non-selective CMP becomes too long and generates non-uniformity. The two-steps CMP process presents excellent thickness uniformity across the 300 mm wafers according to Figure 3.70. Moreover, the CMP also manages to reduce the range inherited from the HSQ manual spincoating. The first cartography has been obtained out of AFM measurements performed on HSQ sacrificial gates just after developing and presents a range of 11 nm in HSQ feature height. The second cartography shows that the presence of HSQ gates does not modify the performance of CMP as compared with previous results in NW last approach. The third one shows that the last non-selective gate opening CMP does not introduce additional range. And finally, the AFM measurement performed on a 10 µm by 10 µm surface presents a surface roughness of 0.6 nm RMS and no trace of the dummies neither of the devices underneath: planarisation range is therefore excellent and undetectable which makes this solution suitable for very low density layouts (often encoutered when using ebeam lithography for exposure time management purposes) 

HKMG CMP

Once the polysilicon or the HSQ oxide sacrificial gate are selectively removed, the HKMG can be installed in the empty cavities. A first layer of HfO2 is deposited and stabilized eventually with a nitridation step followed by a titanium and a titanium nitride barrier. Finally, the gate cavity is filled during the 200 nm deposition of tungsten. The HKMG CMP consists in clearing the gate stack material from outside the gate cavities stopping either on oxide or polysilicon filling as shown on Figure 3.71. Metal CMP process is often followed by measuring the Foucault induced currents. A first planarization step is stopped in the vicinity of the metal/polysilicon or metal/oxide interfaces involving a first hard pad in order to quickly remove most of the 200 nm thick tungsten layer. In a second step, a soft pad is used for improving the surface quality and land selectively on the interface. A large over polishing time is applied to remove any residues of HfO2 taking advantage of the slurry excellent selectivity towards oxide and polysilicon. Consequently, a limited degradation of the planarization range has been observed according to Figure 3.72. The degree of planarization remains excellent. The risk of such an important over polishing time is to cause a significant dishing in large features and metal erosion in dense and narrow areas. The images of Figure 3.73 are obtained after the HKMG CMP process stopping on polysilicon (NW first approach) and after TMAH removal of the polysilicon. In the present case, no SiN protective stopper has been built above the HKMG. The TEM cross-sections present a limited dishing of 5 nm. The EDX mapping also shows the good conformality of the deposited layers as well as the absence of voids in the tungsten contact in cavities as narrow as 16 nm with a 160 nm / 16 nm = 10 aspect-ratio. The case of NW last approach with HDP oxide filling instead of polysilicon is shown in Figure 3.74 with again almost no dishing. 

Self-aligned-contact (SAC) CMP (NW Last & NW First options)

As introduced in §3.1, SAC is required for the most advanced and compact integration approaches to prevent misalignment issue during contact patterning which could cause the short-circuit of the gate with the S/D contacts. In both NW last and NW first approaches, a SiN stopper is required on top of the HKMG. Figure 3.75 presents two TEM cross-section images after a recess of the tungsten in between the gate spacers and after the deposition of a conformal SiN layer (left) and after the SiN CMP stopping on HDP oxide leaving a small amount of SiN above the HKMG (right). The thickness of the HKMG and therefore of the initial sacrificial gate relatively to the stack of NW is crucial. Indeed, the remaining space above the NW stack and the tungsten gate contact is limiting the amount of SiN that can fit in the cavity. Thus, the sacrificial gates (HSQ or polysilicon) must be built initially tall enough to endure all the CMPs and to absorb any range created during these successive CMPs. A similar CMP process can be implemented in the case of a NW first process flow and a polysilicon filling ( §3.1.2) since the selectivity in between SiN and polysilicon has already been demonstrated to be tunable [Dysar 2010 ECST]. However, this could not be developed in this thesis project timeframe and the SAC patterning had to be performed without SiN stopper as shown in the SEM images of Figure 3.76. Since the contact patterning pitch is relaxed, no short circuit is therefore expected. The process flow starts with the patterning of the negative mask of the active layer into a SiO2 hard mask (Figure 3.76a). The polysilicon is then removed with a hot TMAH solution with an adjusted time to limit material recess under the HM edges (Figure 3.76b). The previous Figure 3.73 represents a configuration closer from a real layout as suggested in the next chapter ( §4.2). In that case, polysilicon can be removed with a usual over etch since the etching is stopped in between the array of features. And finally, contact salicidation is performed prior to the tungsten deposition and CMP (Figure 3.76d). 

Conclusion

The present chapter has been focused in providing information about specific building blocks of SNWFET technology. In comparison with the gate first integrations of NWFET and SNWFETs fabricated in the past ( §1.3), a gate last approach requires several adaptations. Besides, although FinFET technologies are already in production with such an integration mode, opting for NW stacks instead of fins also imposes several specific steps. This was recalled in the first subchapter ( §3.1) where two options were proposed to fit the technology requirements pointed out by simulations ( §2):

-In the NW last approach, Si/SiGe fins replace usual silicon fins in a FinFET integration. Only four steps differ from FinFET: the epitaxy of the Si/SiGe superlattice, the patterning of the Si/SiGe hybrid fins, the S/D fabrication with internal spacers and the sacrificial SiGe removal for suspending the NW channels ( §3.1.1).

-In the NW first approach, the sacrificial SiGe selective removal for suspending the NW channels is performed before the sacrificial gate patterning ( §3.1.2). By using a HSQ flowable oxide sensitive to electron beam lithography, oxide sacrificial gates can be obtained. With this nonorganic resist, no etching is required since the exposed material crosslinks into an oxide SiOx. Since silicon does not hinder ebeam, HSQ sacrificial gates are self-aligned through the NWs of the stack and subsequently so as the internal spacers.

A few other alternatives and combinations were also described, however, their interest in terms of integration complexity and cost was found limited ( §3.1.3).

The second part of this chapter described five essential process developments that were achieved specifically for building SNWFETs:

-SiGe is used as a sacrificial layer for suspending the Si NW channels for several reasons. First, the Si and SiGe lattice parameters are close enough so the epitaxy of Si/SiGe superlattices is possible ( §3.2). Secondly, some strain resulting from this lattice mismatch has been observed into the Si and SiGe layers. This could be used to improve mobility in NMOS (tensile) or in PMOS (compressive) transistors. Optionally, when using SOI substrates, the first Si layer can be thinned and doped with Ge allowing to begin the superlattice with SGOI layer (SiGe on insulator). This way, the bottom channel ends up fully suspended to achieve a GAA configuration.

-Si fin patterning has been successfully adapted to pattern Si/SiGe hybrid fins. The SIT process developed previously for non-stacked NW devices can be adapted to achieve 60 nm tall and 20 nm large Si/SiGe fins in 40 nm pitch arrays ( §3.3). This enables the fabrication of multifingers devices as proposed in the simulation chapter ( §2.3) but also makes the SNWFET technology suitable for the very high density of integration required in advanced nodes. Moreover, the stress mappings performed on these structures have shown a full report of the longitudinal stress throughout the entire superlattice after fin patterning. This seems promising to enable channel strain optimization and carrier mobility enhancement in the stacked channels.

-Since the Si-Ge chemical bond is different enough from the Si-Si one, several approaches can be implemented to etch selectively the SiGe regarding to the Si NWs. In §3.4, the wet chemistry was found to provide the best selectivity. Hence, this process was preferred for both carving the internal spacers cavities in between the Si NW channels and for suspending the NWs either in NW first or NW last approach. However, the model developed in the last part of §3.4 raised the attention on the risk of NW buckling which is mainly driven by internal stress.

-In §3.5, the S/D fabrication with internal spacers was explained. In both NW last and NW first approaches, the NW extensions must be first recessed. Therefore, the surface preparation becomes essential for obtaining defect-free S/D epitaxy. Low thermal budget techniques inherited from monolithic application developments have been observed to be compatible with SNWFET integration and to improve the quality of the epitaxy. A low temperature process preserves the NWs from deformation and prevents the stressed materials to relax. SiGe in-situ doped epitaxy of the RS/D was shown to introduce significant channel stress and let expect electrical performance improvement. Regarding the case of a NW first approach, the selfaligned internal spacers are already present when the epitaxy is performed. In a NW last integration, additional steps are added in order to selectively etch cavities in the SiGe in between the Si NWs and a cycle of SiN conformal deposition and etching is performed to achieve the internal spacers.

-The ebeam lithography of HSQ flowable oxide has been evaluated in §3.6 for the fabrication of self-aligned sacrificial gates. Significantly high aspect-ratio have been obtained with 6 nm linewidth for 200 nm height. Sub-60 nm pitch arrays have been achieved and the spacing was found limited to 35 nm in the present conditions. However, promising suggestions have been proposed to either surpass this restriction or to take advantage of it.

The last part of this chapters ( §3.7), has shown that the success of these two gate last integrations relies significantly on CMP:

-Since the thickness uniformity is known to affect patterning performances, the polysilicon CMP prior to the sacrificial gate patterning needs to be carefully optimized. In the present case, a specific lithography mask and a patterning step had to be introduced to deal with a nonoptimized layout embedding significantly non-uniformities (large areas without any dummies features for example).

-Excellent performances have been obtained for the gate opening CMPs for both NW last and NW first approaches with a wafer range of 4 nm and a nanometric degree of planarization locally. Concerning the later, an innovative approach with polysilicon capping instead of HDP oxide has been proposed: by re-using the polysilicon planarization and adding a non-selective step, the HSQ oxide sacrificial gates could be opened and removed selectively towards the polysilicon fill.

-Once the sacrificial gates are removed and the HKMG stack is deposited, a metal CMP is performed to remove all this material from outside the gate cavity. This CMP must stop either onto polysilicon (NW first approach) or onto PMD oxide (NW last approach). Similar CMP is again performed for the fabrication of self-aligned contacts. However, a SiN stopper must be introduced first by slightly recessing the HKMG and by depositing SiN into this cavity prior to clear out SiN from outside the cavity with another SiN CMP.

In summary, since the available space for the final gate around and above the NW stack is slightly consumed during all the successive CMP, optimizing their performances is imperative: any additional range and selectivity loss adds up and can significantly affects the integration flow.

The present chapter has provided a toolset of techniques for fabricating SNWFETs along with many warnings about the principal variables affecting the processes, the modules and the overall integration flow. By picking and assembling several of these building blocks, SNWFETs have been successfully fabricated. Their electrical performances are analyzed in the following next chapter ( §4).

Achieved integrations and optimization perspectives

The first chapter has given a motivational context behind the development of new SNWFET technologies adapted from existing gate last FinFET process flow and gate first SNWFET. The second chapter has shown the importance of internal spacers for maintaining superior performances above FinFET while the third chapter has provided a toolbox for the fabrication of SNWFETs. Finally, the present chapter is wrapping up this knowledge to analyze electrical performances of a batch of SNWFETs and to suggest improvements for the future of the architecture. In a first part, electrical measurements performed on gate last and NW last SNWFETs are related to physical considerations relying on previous chapters ( §4.1). The second section is dedicated to the lessadvanced results obtained with the NW first process flow. At the light of several observations and concerns raised during the experiments and the process developments, several ideas and projections are proposed regarding the potential of HSQ material ( §4.2).

Electrical characterization of SNWFETs fabricated in a NW last approach

The present section reports the fabrication of PMOS SNWFETs obtained with a NW last approach assembled from the modules described in the previous chapter. Since this very first electric lot is also a route opener, the integration slightly differs from the optimized one proposed in the beginning of chapter 3 ( §3.1.1). The first part thereby consists in providing a detailed process flow along with the related physical characterization results ( §4.1.1). The second part focusses on the electrical characterization of these functional devices ( §4.1.2). Thus, the results are linked to the process performances with the help of simulations and of previous NWFET characterizations already related in chapter 1.

Device fabrication

The overall process flow of the very first lot of SNWFET is presented in Figure 4.1 to Figure 4.6. This lot is a route opener and does not embed all the parallel learning contained in the chapters 2 and 3. The transistors have been built on 300 mm SOI substrates. The SOI layer was first thinned from 16 nm down to 12 nm ( §3.2) prior to perform an epitaxial growth of 12 nm of Si0.7Ge0.3 and of 12 nm of Si. A tri-layer hard mask was then deposited prior to the DUV exposure of the usual "SNO2" lithography mask without multiple patterning. Etching was performed in a LAM VERSYS following the process explained in ( §3.3). A slight over etch was applied to obtain vertical profiles and therefore identical NW width with a wafer range of about 3 nm as shown in Figure 4.1. A slight isotropic etching of the BOX was applied for forming an Ω-gate around the bottom NW as recommended by the simulations performed in §2.2. A broad range of NW width was achieved in between 17 nm and 70 nm to also have nanosheets. The (Si/SiGe/Si) fins were then capped with 189 nm of polysilicon. The 35 nm step height due to the presence of the stacks was then planarized aiming for 105 nm above the BOX ( §3.7.2). A 40 nm SiN and 27 nm oxide hard mask were deposited prior to the usual tri-layer for DUV patterning of the sacrificial gates. As shown in Figure 4.2, a minimal CD of 26 nm has been achieved. The 11.5 nm thick SiN gate spacers were then patterned alongside the sacrificial gate. Some spacer material was also left on the sidewalls of the (Si/SiGe/Si) fins in order to preserve the SiN HM on top of the gates. The NW last approach described in ( §3.5) was then conducted for fabricating the S/D with aligned internal spacers. As shown in Figure 4.3, the NW extensions were anisotropically etched down to the bottom NW. The etching was monitored in order to only leave a thin crystalline silicon layer of the bottom NWs which has been used later as an epitaxial seed. The wet process described in §3.4 was then performed for recessing the SiGe in between the Si NW channels. Another 6 nm thick SiN layer was then deposited to fill these cavities and a second anisotropic etch of SiN was performed to clear the silicon NW channels entrances. Finally, a HF last cleaning was performed prior to the selective epitaxial growth of 40 nm of Si0.7Ge0.3 boron in-situ doped (2x10 20 cm -3 ). After patterning the second spacers (15 nm large), doping was improved with an additional implantation of boron followed by a 1050°C activation spike annealing. For this first lot, a silicide first approach was chosen for improving access resistance without having to develop a SAC module as proposed in §3.7.4. This consisted in the salicidation process described in Figure 4.4. After a Siconi surface preparation, a first layer of NiPt was deposited. An annealing diffused the metal into the SiGe S/D. The BOX as well as the SiN spacers were slightly affected by the cleaning which has a high selectivity towards these materials. SiN prevented the polysilicon gates to be also silicided. Finally, a 15 nm CESL layer was deposited prior to the PMD oxide capping (350 nm of HDP). Since metallic contamination was now embedded on the wafers, a serious care has been taken when using FEOL tools and processes. Dedicated chemical batches were prepared outside of the usual FEOL cleaning equipment and tool qualifications had to be carried out after processing these wafers before authorizing again a normal operating. The sacrificial gate opening CMP of the oxide capping as described in ( §3.7.3) was then performed, stopping selectively onto the SiN HM. The SiN HM was then removed with a chemical wet process for accessing the polysilicon sacrificial gate (Figure 4.5). The difficulty has resided in controlling the etching when having two distinct types of SiN material in presence: the two SiN IRAD spacers fabricated at 650°C and the PECVD HM deposited at 400°C may be etched differently. After engineering the etching process, the integrity of the spacers could be successfully preserved while removing the HM as shown on the cross section TEMs of Figure 4.5. A solution of TMAH was then used to etch away the polysilicon sacrificial gate selectively towards the PMD oxide, the SiN spacers and internal spacers. Sacrificial SiGe was then removed selectively towards Si NW channels, internal spacers and spacers using the same wet process already described in ( §3.4).

The two NW channels were then wrapped into HfO2 and TiN prior to fill the gate cavity with tungsten.

The metal CMP was performed as described in ( §3.7.4) but was not followed by a SAC module which could not be developed at that time. Figure 4.6 shows that the HKMG material has been cleared out of the HDP oxide and also that the deposition was conformal around the NWs within the gate cavity. Standard 65 nm process for contact patterning was realized by STMicroelectronics Crolles at the exception of the etching step. Indeed, a specific care had to be taken when etching the PMD and opening on tungsten gate contact and NiPtSi silicided RS/D. In other words, the Ni and Pt contamination level were not appropriate for the middle end of line (MEOL) etching tools in this specific production environment. Finally, back-end of line (BEOL) consisted in a single layer of metal and the copper pads. No additional metal lines have been needed since no complex circuit was designed on this mask set.

Electrical measurements

A collection of PMOS SNWFETs was electrically characterized through capacitive C-V and current I-V measurements. These transistors were made of one or several parallel stacks of two NWs with one suspended GAA NW channel above one Ω-gate NW channel laying on the BOX. NW width was in between W = 25 and 45 nm and gate length was in the range of LG = 25 to 500 nm.

Figure 4.7 provides the gate to source capacitance dependence on NW width. The measurement was performed on devices having 30 parallel gates and 120 parallel stacks of NWs which therefore averaged the variations. Figure 4.7c shows that the normalized capacitance does not depend on NW width. This extraction made at -1 V allows to extract an EOT of 1.8 nm. The DIBL and the subthreshold slope SSsat are provided in Figure 4.9 and show the impact of decreasing NW width and gate length on electrostatic control. With a 25 nm gate length, DIBL and SSsat are limited to 60 mV/V and 88 mV/dec in average. The results are in accordance with the simulations of chapter 2. Thus, significant improvements can be expected after reducing the thickness of the NW channels and by opting for full GAA devices. As expected from the NW stack and from the sacrificial gate patterning processes variabilities observed in §4.1, a significant spread of the values is noticeable on Figure 4.9. To summarize these characterizations, a single SNWFET with LG = 25 nm and W = 30 nm has been selected and its current-voltage characteristic has been plotted in Figure 4.11. A good SSsat of 80 mV/dec and an excelent DIBL of 50 mV/V are measured along with a 400 µA/µm effective widthnormalized on current at VDD = 0.9 V. 

3D SAC and STI: HSQ the ultimate resist?

Although a complete electrical characterization could not be performed at the time of writing this thesis, a NW first integration with HSQ sacrificial gates has been carried out up to the contact patterning. Thus, these fabrication steps along with the related physical characterizations are first described ( §4.2.1). Based on the observations made during fabrication of these experimental devices, several concepts and innovative approaches are proposed in the second part ( §4.2.2).

SNWFETs fabricated in a NW first approach

In parallel of the NW last approach, a NW first process flow was conducted. Starting from 8 nm SGOI after SOI thinning and Ge condensation, a 12 nm Si / 8 nm Si0.7Ge0.3 / 12 nm Si superlattice epitaxy was performed following the processes described in §3.2. The LETI SNO2 lithography mask was exposed for patterning the SiGe/Si fins as described in §3.3 without performing multiple patterning. A selective etch of the sacrificial SiGe was conducted with the available dry plasma process described in §3.4. Figure 4.12 shows two 10 nm large and 300 nm long stacked NWs suspended on both ends by the Si/SiGe anchors. The suspended two-NW stacks were then covered with HSQ. The spincoating speed was 2000 RPM leading to 180 nm thick resist. The adaptation of the SNO2 layout described in §3.6 was then exposed with a VISTEC SB3054 ebeam. A slight dose correction on the smallest gate widths (6 to 12 nm) was applied as these small features required a higher than nominal dose to be achieved. After developing, the self-aligned gates remained 212 nm tall in average according to AFM measurements (Figure 4.13).

Minimal CD was measured at 6 nm. A SiN CESL layer of 2 nm was deposited prior capping with 345 nm of polysilicon. The polysilicon CMP as described in ( §3.7.3) was then performed: a first planarization step brought the layer down to 180 nm before to switch for a non-selective slurry able to equally remove polysilicon, SiN and HSQ oxide. Unfortunately, even if excellent wafer uniformity was obtained (5 nm range when according to the measurements performed in dedicated metrology boxes), the on-chip variation of the polysilicon suffered from the layout uniformity issues described in ( §3.7.2). Although 20 to 30 nm variations were observed, and considering the absence of alternatives at that time, the entire batch has been processed without the improvement described in ( §3.7.2).

The sacrificial HSQ removal was then performed in 2% diluted HF. However, a variation of the etching speed depending on gate CD was observed. Besides, a beneficial use of this effect is presented in the next part. However, the selectivity towards the BOX was not high enough to absorb both the difference in between the etching speed in all the different gates and at the same time the additional amount of HSQ to etch due to gate height variation because of the on-chip CMP non-uniformity. Figure 4.15 (top) shows SEM cross sectional images of gate cavities at distinct stages of the HF etch: several gates in the chip center were not opened by the polysilicon CMP while other shorter gates in the edge of the chip had HF etch occurring. The BOX over etch is visible in Figure 4.15 (bottom): this proves that a robust integration of SNWFET using HSQ sacrificial gates requires silicon bulk substrates instead of SOI to have an etch stop layer. The channel surface was then prepared by chemically growing a thin oxide interlayer prior to the deposition of 2 nm of HfO2. The gate stack was completed by a layer of Ti (5 nm) before to fill the cavity with tungsten. All these materials were then polished away from the surface outside of the gate (Figure 4.16). In order to reach the S/D and to make the contacts, a 45 nm oxide hard mask was deposited above the polysilicon filling and was patterned using the inverse of the active area lithography mask. A hot TMAH wet etch was then performed with a controlled time to remove the polysilicon above the S/D. Although the etching direction cannot be controlled in such polycrystalline material (etch rates can vary from 1 to 100 ratio depending on the grain orientation), the double gate contact design prevented any future short circuit by the top of the gate with enough margin. This palliative approach is not suitable in an industrial process with a high device pitch: a realistic selfaligned contact process would require to recess the HKMG and to place a SiN stopper on top by means of an additional SiN CMP ( §3.7.4). This SiN stopper is intended to isolate and to protect the HKMG during the anisotropic plasma etching after the inverse active mask lithography and during the S/D salicidation.

In order to finalize the contacts, S/D salicidation must be performed. However, since no SiN stopper was implemented, the usual wet cleaning of the unreacted metal residues could not be performed with the risk to empty the metal gate. An alternative approach relying on metal CMP was preferred: in this case, the NiPt layer is expected to be entirely transformed into NiPtSi near the Si or SiGe S/D while the unreacted metal is left on the side of the SiN spacers. Then, tungsten was deposited to fill the cavity and another metal CMP was performed to clear the NiPt and the tungsten from outside the contact cavities (Figure 4.18). Finally, a TMAH wet etch was used to clear the polysilicon off the wafer and a usual BEOL process have been performed starting by the deposition of a HDP oxide PMD. Finally, SNWFETs were obtained with a NW first approach and with HSQ sacrificial gates. However, BEOL could not be performed at the time of writing these lines. Usually, millimetric sized copper pads are fabricated for linking the transistors metal interconnects with usual probing tools. Performing characterization when this step is not feasible or when targeting specific devices, the nanoprobing technique can be used. Such method allows to approach nanometric electrical probes onto transistors with no back-end (or after digging an access into the metal interconnects). This technique guided under SEM imaging has been conducted on a few samples during this thesis as shown in Figure 4.19. Unfortunately, the available devices at the time of the measurement were in short-circuit likely due to the BOX over etch observed previously (Figure 4.15). By realizing this integration on bulk substrates, this issue could be solved and functional devices could be fabricated following an identical process flow.

Alternative approach with HSQ sacrificial gates and lateral insulation

HSQ has proved in the last part to be able to replace polysilicon sacrificial gates of typical gate last integration processes. In a NW first approach however, one downside is the loss in layout due to the lateral anchors required for suspending the NWs. The need of EUV for the lithography of HSQ or the a priori slower electron beam lithography raises also some question of the cost effectiveness of this approach. Therefore, several propositions and concepts are suggested in the following subchapter to provide further perspectives for HSQ and to balance with these concerns. Although no devices could be fabricated following these concepts, most of them have been submitted for patenting.

Lateral insulation and SAC

A similar process as the one described in ( §3.1.2) and followed in ( §4.2.1) is proposed in Figure 4.20.

As shown in §1.3.3 and in §3.3, sidewall image transfer can be used to etch arrays of Si/SiGe fins as shown in Figure 4.20a-b. Following a NW first integration approach, the sacrificial SiGe is removed before the sacrificial gate patterning (Figure 4.20c). Anchors must be therefore included in the matrix to maintain the NWs suspended on both ends. The frequency of these anchors depends on NW thickness and Ge concentration in SiGe as pointed out in §3.4.

These suspended NWs are then immersed into a first HSQ resist layer whose thickness t1 depends on both spincoating speed and solvent viscosity. Ebeam through-silicon exposure is then performed as described in §3.6 to define the self-aligned sacrificial gates (Figure 4.20d). No conventional etching or stripping is needed since the exposed and developed material becomes an oxide used as a sacrificial gate. As shown in Figure 4.20d, several gates can be placed on the same silicon rod. This is a way to avoid separating physically the devices from one another. Consequently, this approach requires less lateral anchors. Let's now use one of the HSQ property demonstrated in §3.6: HSQ is entirely selective to its developer (TMAH) once exposed. Therefore, a second layer of HSQ with a thickness t2 < t1 can be spincoated, exposed and developed. A second population of HSQ features is obtained smaller than the first group of dummy gates (Figure 4.20e). This second population of HSQ structures features smaller sacrificial gates (t = t2) parallel to the first ones in addition of HSQ walls in between and parallel to the NW stacks (Figure 4.20e). These walls will serve as a lateral separation and isolation for the sources and drains of the adjacent devices. As shown in §3.6, the pitch of such features is of the order of magnitude of the NW stack array pitch realized by SIT ( §3.3) and sub 40 nm device pitch can be expected. At this point, the local insulation principle determined in §3.6 and Figure 3.55 could be used. By diverting the bridging effect observed during lithography and developing when two HSQ features are brought too closely, the device pitch could be further decreased while offering a complete insulation from the bulk.

The process described in §3.1.2 and demonstrated in §4.2.1 can be followed: the gate lateral spacers are patterned on the side of all HSQ features. The S/D are then fabricated following the process proposed in §3.5, before to implant and to encapsulate the devices into a SiN CESL and into polysilicon (Figure 4.20f).

The CMP of the polysilicon capping described in §3.7.3 is then performed and stopped selectively onto the highest HSQ oxide sacrificial gates. Subsequently, the second population of smaller HSQ features remain encapsulated under polysilicon. The HSQ in the as opened sacrificial gates is then etched away (Figure 4.20g) and replaced with the high-k metal gate stack. The extra metal is then polished away from the top of the polysilicon fill (Figure 4.20h,§3.7.4) prior to be itself removed by a hot TMAH solution (Figure 4.20i).

Eventually, SiN stoppers can be inserted to encapsulate the HKMG: this involves a metal etch-back and another CMP of SiN with a stop onto polysilicon as described in §3.7.4 for SAC module process flow.

Finally, salicidation is made within the S/D contact cavities which are therefore filled with tungsten. A last metal CMP is performed stopping onto the buried HSQ oxide features. SACs are then achieved through the separation by the SiN spacers and the HSQ features isolating the devices from one another (Figure 4.20j). As shown in Figure 4.20k, some HSQ oxide may be left at the bottom of the gate cavity, under the suspended silicon NW channels, in order to suppress the bulk parasitic channel with this localized insulation.

State of the art MEOL and BEOL can now be applied to interconnect the devices and to finally build a complete chip. 123

Multi-VT approach

In the previous example, the second population of HSQ oxide sacrificial gates could also be replaced by an alternative HKMG stack with adjusted workfunction in order to realize a multi-threshold design (VT flavoring). The polysilicon and HKMG CMPs can be cycled in order to reach several populations of buried HSQ features with different heights as shown in Figure 4.21. Subsequently, a third population of HSQ sacrificial features with a height t3 < t2 < t1 is prerequired to finally isolate the devices after the SAC CMP (Figure 4.21k). As shown in Figure 4.21I, the last remaining HSQ can also be removed to access and to cut the NW extensions for suppressing any current leakage through this channel. Alternatively, a third gate stack can be deposited to maintain a near zero leakage current by shifting the VT. 

Nearest contact bridging

Similarly, after the multi-VT option, the device lateral insulation is also tunable in a sort of "3D-STI" and "3D-SAC". As show in Figure 4.21e, smaller HSQ lines parallel to the NW channels can be implemented. By tuning locally the height of these insulation features, the first connections stage in between the nearest devices can be achieved without requiring additional patterning step (Figure 4.22). 

3D lithography concept

Although such approaches pave the way for building ultra-compact tri-dimensional devices, in the former descriptions the various populations of sacrificial feature heights are obtained through multiple lithography and developing cycle steps. When considering the use of EUV exposure tool, several lithography masks must be designed. Even if the number of masks is similar to what can be expected in a FinFET technology, this approach does not have the flexibility of an electron beam tool. By contrast, the electron beam lithography has a much lower throughput as each feature have to be written one by one. Following the approaches previously proposed, if several HSQ lithography steps are considered, processing time is tremendously increased and the alternative is not time and cost competitive.

The SEM cross section of Figure 4.23 reveal another property of HSQ oxide: the HF etch speed is highly dependent on crosslinking and exposure conditions. The images of Figure 4.23 were obtained after polysilicon CMP for HSQ sacrificial gate opening. On this wafer, identical exposure dose was applied to obtain all the HSQ patterns. A partial HF etch has been applied to measure HSQ etch speed and the results features a higher etch rate in narrower features. This can be attributed to the electron beam energy diffusion: the larger the structures, the more energy is absorbed and the denser is the oxide. If several annealing techniques could be used to uniformize the curing of the HSQ features, this effect can be derived for building the tri-dimensional sacrificial HSQ structures previously presented. The latter results show the possibility to play on exposure dose to modify the HSQ density locally. Subsequently, for a unique spincoated layer of HSQ, the post-developing feature size and density of oxide can be tuned in a way that after a HF trimming, various heights can be obtained to reproduce the conditions of 

Compatibility with NW last approach and FinFET technology

Finally, nothing intrinsically prevents to use HSQ and these concepts with FinFETs and SNWFETs with a NW last approach to replace polysilicon sacrificial gates. Additionally, using HSQ and "3D-STI" and "3D-SAC" concepts, the use of a specific mask to remove the Si or SiGe channel extensions would no longer be required for isolating the devices from one another.

Conclusion

Subsequently, these observations suggest that a single exposure with precise control of the dose and an adapted design may be adequate to realize multi-level features including sacrificial gates, lateral device separation, SAC and several of the first interconnects. By skipping several patterning steps, these concepts could provide a definitive advantage of using multi electron beam lithography for innovative VLSI technology and sub 7 nm nodes platforms.

General Conclusion

As of today, the question of FinFET and FDSOI downscaling is still open and SNWFET is a potential candidate for the next generation of CMOS. In the first chapter, the addition of one or several gates per channel is observed to improve electrostatic control over the channel. This became a requirement to counter the effect of decreasing the gate length in the most advanced technology nodes. After the double gates such as FinFET and FDSOI, the NW channels with three (trigate) or four (GAA) gates is likely the ultimate solution in terms of electrostatic optimization.

Although these properties were verified in the past, trigate NWFETs were fabricated in a gate first approach with different channel orientations and with raised source and drain. Measurements have shown that a compressive stress brings a significant improvement of hole mobility and performances. The observations of a large variety of channels size and orientation, has also shown that carrier transport in multigate FETs turns out to be deeply affected by quantum confinement and devices dimensions. Consequently, in addition of all the benefits in terms of electrostatic control, increased drive current and compactness, the complexity of performance prediction and of compact modeling is likely increased for NW architectures.

The NW channels with multiple gates folded around is another significant advantage of the NWFET technology. The high device effective width per unit footprint translates into a high drive current. To further improve device compactness and current density, an optimized sidewall image transfer patterning was developed for producing multi-finger devices. A slight BOX overetch during NW patterning was applied to obtain Ω-gate NWFETs with a 35 nm channel pitch and excellent performances. However, ultimately the GAA configuration remains the optimal configuration. Nevertheless, the NW channels must be ultimately stacked on top of each other for fully competing with FinFET technology in terms of effective width and current drivability. As a prelude to any cleanroom developments, a technology benchmarking has been performed in the second chapter. FinFET architecture is therefore the base for comparison with SNWFET. Using TCAD simulation, large and thin NW channels or nanosheets have been found to overcome FinFET performances when comparing devices with similar footprints and total heights in both technologies. Besides, the SNWFET or SNSFET technologies introduce more design flexibility since the NW width can be tuned to obtain either more current or lower footprint than its FinFET counterpart.

Since the benefits of SNWFETs was verified, the second part of this chapter has focused on one particularity of this technology. The source and drain-to-gate spacer is the low-k dielectric insulation ensuring a proper functioning of the MOSFET. When fabricating SNWFET in a gate last approach, the surface of the gate between the NWs may not be covered by such a material. Therefore, the electric insulation is only achieved by the high-k dielectric. The simulations performed on dual GAA SNWFETs have shown first a significant reduction of the gate-to-source and drain parasitic capacitances when internal spacers are introduced. Furthermore, the position of these internal spacers under the gate presents an optimum when considering process variability. Consequently, two process flows including aligned and self-aligned internal spacers have been suggested.

Even though SNWFETs were produced in the past, the fabrication flow must be adapted for state-of-the-art gate stacks and their limited acceptable thermal budget. Therefore, two gate last integrations derived from FinFET technology are suggested in the first part of the third chapter.

The so-called NW last approach relies on Si/SiGe fins instead of silicon fins. The sacrificial SiGe is only removed within the gate cavity after the sacrificial polysilicon gate is etched away. The internal spacers are obtained during the recessed and raised source and drain module, by carving cavities into the sacrificial SiGe aligned under the main gate spacer. Two steps of SiN conformal deposition and of anisotropic etch is then performed to place the SiN material into these cavities.

In the second process flow, the sacrificial SiGe is removed before the patterning of the sacrificial gate. Hence this approach is referred as NW first. Since the silicon NW channels are suspended, the use of an innovative sacrificial gate material is proposed to replace polysilicon: HSQ flowable oxide is spincoated and transformed into silicon dioxide features under an electron beam. No etching nor striping are required by using this patterning technique as the resist material is turned into the final structure. Since silicon does not hinder such exposure source, the sacrificial gates are selfaligned through the channels. Once the SiN conformal deposition is performed, self-aligned internal spacers are therefore obtained.

These integrations rely on several key processes such as the heteroepitaxy of Si and SiGe materials, the patterning of the NW stacks, the selective etching of the sacrificial SiGe and the patterning of the sacrificial gates. Hence the second part of chapter 3 provides details about these processes developed specifically for SNWFET integration.

Si and SiGe heteroepitaxy of one above the other is permitted either for the fabrication of the superlattices leading to the Si/SiGe fins after patterning or for the Si or SiGe in-situ doped sources and drains. Moreover, strain mappings have shown that the stress of the under layers can be transferred to the upper layers throughout the superlattice. Subsequently, optimized channels under tensile or compressive stress can be expected when starting respectively from a strained SOI substrate or from SiGe on insulator substrates obtained by (localized) Ge condensation. Although the same mappings after Si/SiGe fin patterning have shown that the longitudinal strain is preserved, the risk of relaxation due to the free edges have also been pointed out.

The selective removal of SiGe leading to the suspended channels has been investigated through different wet and dry approaches. Even though the CF4 plasma and chlorine chemistries where good enough in the past, their intrinsic selectivities are no longer compatible with current NW dimensions. Indeed, as shown by TCAD simulations, the 6 to 8 nm thick channels must be fully preserved. Therefore, a H2O2/HNO3 wet chemistry has been successfully optimized to obtain up to 70 nm wide suspended nanosheets.

However, when considering suspended silicon channels, the question of mechanical robustness becomes crucial. An analytical model has been used to show that NW buckling is dominated by internal stress which is itself induced by the relaxation of the SiGe in the Si/SiGe lateral anchors maintaining the suspended NWs. Therefore, several trade-offs have been identified in between NW widths, thicknesses and anchor lengths and with Ge concentration and SiGe etch depth and selectivity.

Concerning the sources and drains, boron and phosphorus in-situ doped epitaxies were successfully performed after the anisotropic plasma etch for recessing the NW extensions. The epitaxy quality on a surface damaged and contaminated by the etching and by the reaction byproducts was improved by a Siconi surface preparation instead of usual HF last cleaning. A specific process has been developed to insert aligned internal spacers in a NW last approach for reducing the parasitic capacitances and for providing an etch stop layer when removing the sacrificial SiGe in between the suspended NWs. Additionally, significant compressive strain induced by SiGe source and drain has been measured. Lithography of HSQ flowable oxide has been studied for patterning sacrificial gates in a NW first approach. Since EUV lithography was not available, an electron beam lithography has been calibrated to achieve self-aligned gates through two suspended Si NWs with gate lengths down to only 6 nm. In the provided conditions, minimum spacing in between HSQ features have been measured at 35 nm in sub-60nm pitch arrays.

The last part of this third chapter showed that the control and uniformity of FEOL CMPs are crucial. Layout and design integration co-optimization importance has been demonstrated with the polysilicon CMP. Since large areas of the test chips were not covered in dummies while some other large positive features were present, significant on-chip thickness variation was observed post planarization although the wafer uniformity and local planarization range was excellent. By using an additional lithography mask to etch away the highest features, the dishing of the lowest areas has been avoided. The selectivity in between silicon, oxide, silicon nitride and metal is also important in such gate last integrations. The gate opening CMP of the HDP oxide capping stopping onto the SiN hard mask on top of the polysilicon sacrificial gates have been successfully performed. In the case of a NW first approach, the selectivities have also been effectively reversed to planarize the polysilicon capping and to land into the HSQ oxide sacrificial gates. The last CMPs concerned the HKMG stack and the SACs. The latter case underlines the importance of nanometric precision in all the previous CMP. Indeed, the cumulated planarization range may result in a detrimental reduction of the gate height leaving not sufficient space for inserting a SiN stopper to protect and isolate the gate during the SAC module.

In the final chapter, this toolset of processes and knowledge was successfully assembled to achieve SNW PMOSFETs within a gate last and NW last approach. Electrical characterization presented excellent performances in accordance with the TCAD simulations, with the process conditions and with several previous references. The introduction of SiGe raised source and drain induced significant compressive stress also enhanced by the gate last integration model for promising improvement of hole transport in stacked NW technology.

The integration of SNWFETs based on a NW first approach and HSQ sacrificial gates was also conducted up to the SAC module. Although electrical characterizations using nanoprobing were not conclusive and although the BEOL could not be performed on time, the proof of concept and the accumulated learning allows to draw stimulating perspectives for this technology. Based on the observation that transformed HSQ is entirely selective to its developer (TMAH), several HSQ feature heights can be obtained by multiple spincoating, exposure and developing cycles. Such oxide structures can be turned into sacrificial gates and lateral isolation for separating the adjacent devices and perform a "3D-SAC". Furthermore, by adding one or several cycles of CMP, multi-VT and nearest transistor contact bridging concepts could be suggested. Although these concepts are promising for further shrinks of SRAMs and other standard cells, the question of low throughput of electron beam lithography and therefore of its cost effectiveness arises. Even if HSQ could also be exposed with an EUV equipment, this material presents another interesting property: its etch rate under HF varies according to the exposure dose. Subsequently, by using multi-electron beam lithography and adjusting the exposure doses the 3D-lithography previously described could be achieved in one single and maskless lithography step. Therefore, the design flexibility, the decreased number masks and of patterning steps could make this alternative competitive as compared to the polysilicon sacrificial gate. Besides, HSQ is also compatible with SNWFET fabrication within a NW last approach and FinFET integrations.

In the light of this work, the SNWFET technology is foreseen as an evolution of FinFET. Indeed, in following the NW last approach, very few process steps are introduced in comparison with recent gate last integrations of FinFETs. Besides, both simulations and device measurements gives promising perspectives in outperforming FinFETs. Furthermore, observations on trigate NWFETs and SNWFETs have shown NW channels to benefit from carrier transport strain enhancement techniques by means of strain report in the superlattice and by the raised SiGe source and drain. Opting for large and thin stacked nanosheets provide an additional advantage over FinFET technology in terms of device effective width per footprint unit. While FinFET is intrinsically limited by fin patterning and consequently a quantified device footprint, TCAD has shown that NW width can be tuned to advantage device compactness and performances. This is sustained by advanced process engineering by providing highly selective sacrificial SiGe removal.

However, electrical measurement and TCAD have also confirmed that the bottom NW is limiting the overall device performances. Even though an Ω-gate can slightly improve the electrostatic control of this bottom NW, enlargement of NW width will still be limited for optimizing the immunity to short channel effects. From this statement two options remain: either the integration must focus on GAA square cross-section NWs or the devices must be integrated on bulk substrates. In the latter, the bottom channel must be "killed" by using proper doping to shift the threshold voltage of the parasitic channel.

The question of NW buckling is essential for both NW last and NW first approaches as the process repeatability and stability relies on the robustness of the integration, and hence, in the present case, on mechanical resistance of the suspended NWs. NW last is less impacted by such issue due to shorter NW length corresponding only to the gate length inside the gate cavity. State-of-the-art characterization tools such as 3D-CD SEMs are intended to provide a metrology for such concerns but were not operational during the realization of this thesis work.

Finally, the SNWFET technology as derived from FinFET appears close to a possible industrialization. Besides, further advanced simulations and device characterizations can still provide a better understanding of the transport properties in such confined channels. Subsequently, further optimizations can be expected for several node generations of SNWFETs.

Figure 1 . 1

 11 Figure 1.1 Expected timeline for the emergence of new technologies: from bulk to FinFET, FDSOI and stacked NW.
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 1 Physics of multi-gate devices: scaling length volume inversion & mobility.
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  Figure 1.2 -Electric field illustration in a bulk device annoted for VDT transformation model as in [Skotnicki 1988].

  SCE and drain induced barrier lowering (DIBL) can be computed in various devices geometry by introducing the Electrostatic Integrity factor (EI):
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 1 Figure 1.4 -Impact of the architecture on DIBL as predicted by MASTAR [Colinge 2008].
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 13 Figure 1.3 -DIBL and SCE displayed on (a) a transitor I-V characteristic and (b) on a band diagram.

  Figure 1.6.C reports the considerations of Figure 1.6.B on a single electron concentration scale.
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 1 Figure1.5 -Potential profiles inside the 300 nm silicon film[Balestra 1987] 
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 1 Figure 1.7 -(A) Potential well and electron distribution in a DGSOI for Ninv = 1.3 x 10 12 cm -2 (solid line) and Ninv = 8.5 x 10 12 cm -2 (dashed). (B) Electron distribution for different thicknesses and electric effective field. (C) Sub-band relative population [Gamiz 2001].
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 1 Figure 1.8 -(a) Form factor evolution for the ground subband and (b) Phonon-limited mobility as a function of silicon thickness.
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 1 Figure 1.10 -Electron mobility curves in a DGSOI with phonon, surface roughness and Coulomb scattering included: (a) as a function of transverse effective field and (b) as a function of silicon thickness [Gamiz 2001].
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  Figure 1.11 -Cross sectional TEM image of 28 nm FDSOI with LG = 25 nm and TSi = 7 nm [Planes 2012].
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 1 Figure1.14 -Plane FET concept as proposed in[Schulz 2002].
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 1 Figure 1.13 -(a) Process description: 1) top gate patterning and oxide encapsulation, 2) bonding, 3) initial substrate and BOX removal and 4) back gate patterning. (b) TEM cross section of a 10 nm gate length device with 10 nm channel thickness, raised nickel silicided source and drain and poly-TiN gate [Vinet 2005].
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 1 Figure 1.16 -SON transistor fabrication steps up to the sacrifial SiGe removing as presented in [Monfray 2002].
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 1 Figure1.15 -SEM image of a SON suspended channel after SiGe selective removal[Jurczak 2000].

  Figure1.18 -First FinFET process[Hisamoto 2000] 
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 1 Figure 1.20 -(a) Intel 22 nm FinFET [Auth 2012], (b) Intel 14 nm FinFET [Auth 2014] and (c) IBM 7 nm node FinFET [XieR 2016 IEDM].
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 1 Figure 1.19 -80 nm / 8.5 nm fin realized by anisotropic wet etching [LiuY 2004].
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 1 Figure 1.21 -(a) cross-section of a trigate NW channel (TEM) and (b) tri-gate NW array (SEM).

  "parallel Twins Silicon NW (TSNWFET)" [Suk 2005]. The 10 nm diameter n and p-FETs presented extremely low DIBL (31 mV/V NMOS and 15 mV/V PMOS), high SS (71 mV/dec NMOS and 66 mV/dec PMOS) at 30 nm gate length and impressive ON/OFF currents (2.64 mA/µm / 3.1 nA -diameter normalized). The NW FETs fabricated in the recent years confirm these interesting properties [Tachi 2010 IEDM], [Bangsaruntip 2009 IEDM], [Saitoh 2010 VLSI], [Barraud 2012 EDL], [Bangsaruntip 2013 IEDM]. Similarly to planar architectures, their compatibility with high-k metal gate [Barraud 2013 VLSI], strain engineering [Coquand 2012 VLSI], Ge channels [Suh 2011 APL], [WanCC 2016 SSDM] or SiGe channels [Woo 2012 APL], [Hashemi 2013 VLSI], [Nguyen 2014 IEDM] have been studied with aggressively scaled NW width and gate length down to 10 nm and 15 nm respectively or with surrounding gates (GAA) [Chen 2008], [Chen 2010].
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 1 Figure 1.23 -NFET and PFET with Si and SiGe NW channels and Ω-gate succesfully cointegrated [Nguyen 2014 IEDM].
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 1 Figure1.22 -Cross section of a silicon nanowire obtained by a selflimited oxidation to achieve a sub-5nm channel[Hubert 2008 ECST] 
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 1 Figure 1.24 -Trigate NW interfaces orientations and proportionality of the sidewall mobility [Coquand 2012 ULIS]. Another example is measured in [Gaben 2015 EUROSOI-ULIS]. Split C-V measurements [2004 Romanjek EDL] on arrays of 50 NWs having 10 µm gate lengths confirmed an improvement of the hole effective mobility as the NW width is reduced and as the NW height is increased (Figure 1.25).Up to +38% had been obtained when increasing the vertical sidewall contribution by switching from a large channel to a 10 nm narrow by 24 nm tall NW. This points out again the advantage of the (110) sidewalls for the transport of holes.
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 1 Figure 1.25 -Effective mobility as a function of NINV for different NW width and height [Gaben 2015].
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 1 Figure 1.26 -(a) Electron and (b) hole effective mobility as a function of NINV for different NW widths and for HNW = 11 nm as synthetized in [Barraud 2017 TED]. Let's consider devices oriented along the [100] direction instead. Supposing a facet-dominated transport model, a constant carrier mobility would be expected when reducing NW width since this time both sidewalls and top surface are {100} planes. However, when decreasing the width below 25 nm, an electron mobility degradation is observed (Figure 1.27a). Although it is slightly less important than in the [110]-oriented channel, this invites reconsidering the facet dominated transport model in narrow devices. This is also confirmed by the small hole mobility degradation observed in the narrowest [100]-oriented channels (Figure 1.27b).

Figure 1 .

 1 Figure 1.27 -(a) Electron and (b) hole effective mobility as a function of nanowire width at Ninv = 10 13 cm -2 for [110] and [100] channels (HNW = 11 nm and LG = 10 μm). Solid line represents NEGF calculation.

  enhances carrier-phonon and surface roughness interaction when decreasing NW width or height [Niquet 2012 ULIS], [Neophytou 2011], [JinS 2007]. Low temperature measurements of Figure 1.28 confirm this stronger surface roughness scattering in the narrowest NWs consistently with [JinS 2007].

Figure 1 .

 1 Figure 1.28 -(a) Surface-roughness limited mobility (Ninv = 10 13 cm -2 ) as a function of NW width at T = 10 K and (b) phonon-limited mobility as a function of temperature at Ninv = 10 13 cm -2 for different NW widths.
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 1 Figure 1.29 -Main process flow steps and TEM/EDX images of a 10 nm narrow and 25 nm tall NW channel [Gaben 2015].
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 1 Figure 1.30 -ION-IOFF curves at VG = VDD = 0.9V for different RSD nature and thicknesses for three NW thicknesses: (a) 12 nm, (b) 18 nm and (c) 24 nm [Gaben 2015].
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 1 Figure 1.31 -(a) Need of strained channels for sub-14 nm node FDSOI. (b) Principle of Strained Silicon by Top Recrystallization of Amorphized SiGe on SOI (STRASS) and (c) BOX Creep. (d) Dual strained channel can be co-integrated using proper masking [Bonnevialle 2016].
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 1 Figure 1.32 -Top view illustrations for the need of self-aligned patterning (SIT).
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 1 Figure1.33 -CEA-LETI SIT process flow[Barnola 2014 SPIE],[Gaben 2015 SSDM].
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 1 Figure 1.34 -Cross-section TEM into 6 and 250 parallel NWs realized through SIT and longitudinal section TEM of a 16 nm gate.

Figure 1 .

 1 Figure 1.35 -(a) and (b) I-V characteristics for 250 NW NMOS and PMOS devices, (c) and (d) mobility measurements, (e) and (f) DIBL for all devices (VDD = 0.9 V). Recent improvements of this SIT process led to the fabrication of Si/SiGe fins for the realization of stacked NWs ( §3.3). Other SADP techniques concerns pillar duplication for symmetric and antisymmetric standard cells such as memories [HongJ 2016 SSDM]. Self-assembly of polymers is also a promising technique to push forward the limitations of DUV [TsaiH 2014 ACS Nano]. TSMC recently managed to extend the use of DUV lithography to 7 nm node [WuSY 2016 IEDM].
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 1 Figure 1.36 -MCFETs realized with sacrificial SiGe in a damascene process [LeeSY 2003].
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 1 Figure1.37 -(a) FinFET-like adapted process for stacked NWs as in[Ernst 2006], (b) TEM cross-section after gate stack deposition. (c) Illustration of beam buckling risk attributed to wet process for surface cleaning before Highk deposition and (d) TEM cross-section of such effect and also for the illustration of the risk of void apparition if the deposition is not conformal enough.
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 1 Figure 1.38 -(a) New process for stacked NW and (b) TEM cross-section after gate stack deposition[Bernard 2008]. (c) 3D stacked nanowires rounded by hydrogen annealing[Dornel 2007 APL].
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 1 Figure 1.39 -(a) FinFET design limitations are not present in stacked NWs since NW width is tunable [Ernst 2008 ICICDT] so as the number of vertically stacked channels [Thomas 2008] (b). (c) A concept of stacked NW matrix for memory in [Ernst 2008 IEDM] and (d) TEM cross-section of 19 period of 19 nm thick SiGe and 32 nm Si layers [Hartmann 2008].
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 1 Figure 1.40 -MCFET fabrication process featuring internal SiN spacers [Bernard 2009 EDL].The introduction of the SiN spacer resulted in -32% reduction in gate-to-drain capacitance (Figure1.41a) and in a decrease of -39% in the intrinsic CV/I delay (Figure1.41b). Although, the series resistances were increased due to lightly doped drain (LDD) resistivity under the internal spacers [LimT 2009], the devices presented a drive current of 2.33 mA/µm (NMOS) / 1.52 mA/µm (PMOS) and ultralow IOFF currents compatible with LSTP ITRS requirements: 27 pA/µm (NMOS) / 38 pA/µm (PMOS). The resistance could still be improved by further junction engineering.
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 1 Figure 1.41 -(a) Reduction in gate-to-drain parasitic capacitance (CGG) due to the introduction of internal spacers and (b) the effects on intrinsic CV/I delay with Cwire the interconnection capacitance.
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 1 Figure 1.42 -HSQ self-aligned features exposed through silicon.
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 1 Figure1.43 -GAA NW FET process featuring the use of HSQ trenches issued from[Coquand 2013 VLSI].
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 2 Figure 2.1 -Simulation in microelectonics.
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 2 Figure 2.2 -7nm-node device description as defined by LETI.
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 2 Figure 2.3 represents an example of FinFET with three parallel fins. The number of parallel fins is tunable as well as their dimensions (HFin and W the height and width respectively) and the fin pitch (FP).
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 23 Figure 2.3 -TCAD device description for FinFET architecture [Lacord 2016 TED].

Figure 2 .

 2 Figure 2.4 represents a SNWFET featuring three stacks of NWs with a specific "mixed" configuration with one gate-all-around (GAA) suspended NW on top of a trigate NW laying on the buried oxide (BOX).The number of parallel stacks is tunable as well as the number of NW in each stack. The gate configuration can be either fully composed of GAA or alternatively composed of a trigate and one or several GAAs. A vertical space Hspace = 8 nm is kept constant in between the NWs unless mentioned otherwise. The value is in accordance with cleanroom developments and the thickness of the HKMG layers ( §3).
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 2 Figure 2.4 -TCAD device description for stacked-NWs architecture [Lacord 2016 TED].
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 2 Figure 2.5 -Gaussian distribution of dopants in the channel: source-drain longitudinal-section of a GAA nanowire device with LG = 16 nm and LSpacer = 4.2 nm.
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 2 Figure 2.6 -Improvements brought by density-gradient correction: the electron density peak is no longer at the interface channel-insulator.
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 2 Figure 2.7 illustrates the extraction of Ieff according to the equations (Eq. 2-2) to (Eq. 2-4). VG0 is extracted on the ID-VG curve at VD = VDD = 0.7 V, and consequently, the off current IOFF,VD=VDD/2 considered for the extraction of IH in the ID-VG plot at VD = VDD/2 is lower than 100 nA/µm depending on DIBL.

Figure 2

 2 Figure 2.7 -ID-VG plots illustrating effective current extraction.

Figure 2

 2 Figure2.9 shows the dependence of DIBL on fin height HFin for different gate lengths LG and different fin widths W. In each case, the lowest DIBL is obtained for a tri-gate with near-to-one aspectratio (A/R). As the fin height is increased, A/R increases so as DIBL. Once the A/R reach approximately three, the device exhibits a double gate behavior and DIBL is no longer increased with HFin. However, fin height is ultimately limited by the patterning capability ( §1.2.4, §1.3.3). As expected, an increase of the gate length also provides a better electrostatic control. Targeting a DIBL of 60 mV/V at LG = 16 nm for the 7 nm-node, Figure2.9 suggests the use of a fin narrower than 8 nm. This is in accordance with recent demonstrations of 10 nm and 7 nm node technologies based on FinFET[Hashemi 2016 VLSI], [WuSY 2016 IEDM], [XieR 2016 IEDM].

Figure 2

 2 Figure 2.9 -DIBL in FinFETs as a function of fin height HFin for different gate lengths LG and fin widths W.

Figure 2 .

 2 Figure2.10 shows the DIBL dependence of gate-all-around NW devices on NW width W for different gate lengths and NW thicknesses HNW. DIBL increases with NW width and a saturation is reached once the sidewall gates -or more precisely the effect of corners ( §1.3.1) -no longer have a significant impact on the overall current, the device being close from a double gate. Considering the target LG = 16 nm for the 7 nm node specifications and a DIBL of 60 mV/V, NW width is not limited as long as the NW thickness is kept below HNW = 8 nm.

Figure 2 .

 2 Figure 2.10 -DIBL as a function of NW width for different gate lengths and NW thicknesses for a single GAA structure.

Figure 2 .

 2 Figure 2.11 -DIBL as a function of NW width for different gate lengths and NW thicknesses: (a) HNW = 6.3 nm, (b) HNW = 7 nm and (c) HNW = 8 nm

Figure 2 .

 2 Figure 2.12 -Improvement of electrostatic control by the introduction of an Ω-gate for the bottom trigate which translates into a decrease of DIBL.

Figure 2 .

 2 Figure 2.13 compares the DIBL and the subthreshold slope of different MOSFET architectures. The potential of full GAA over the other architectures is confirmed even with large NWs. Besides, Figure 2.13c interestingly reveals the possibility to tune the threshold voltage VT by varying the NW width. Only full GAA devices can entirely benefit from this effect since their subthreshold performances are moderately impacted by the variation of channel width.

Figure 2 .

 2 Figure 2.13 -(a) DIBL, (b) subthreshold slope and (c) threshold voltage comparison of FinFETs with only an increase of fin height HFin (top horizontal axis) and SNWFETs with only an increase of NW width W (bottom horizontal axis) at LG = 16nm but with same critical dimensions (WFin = HNW = 7 nm).

Figure 2 .

 2 Figure2.14 provides the effective width of FinFET and SNWFETs as a function of device footprint for a given technology (WFin = 7 nm and fin pitch = 30nm). FinFET devices (square points on the graph) features one, two or three parallel fins with heights varying from 20 to 60 nm. They are compared with large NW devices or nanosheet (NS) having their width equal to their footprint (a single NW stack per device). The effective width of one, two or three suspended NW or NS is plotted as a function of WNW. The Figure2.14 gives the effective width enhancement that can be expected when switching from fins to NS within a given device footprint.

Figure 2 .

 2 Figure 2.14 -The different ways to increase the effective width Weff for SNWFETs and multi-fingers FinFETs for different fin heights and 1 to 3 NWs per stack (with HNW = WFin = 7 nm and 30 nm fin pitch patterning technology).

Figure 2 .

 2 Figure 2.15 displays the variation of Cgd0 normalized by Weff for every architecture. An increase of Weff through HFin or W for FinFET and stacked NW respectively, reduces the normalized capacitance. Consequently, Cgd0 can be expected to weight less in the intrinsic delay.

Figure 2 .

 2 Figure 2.15 -Normalized gate-to-drain parasitic capacitance for (a) FinFET, (b) GAA NWFET and (c) mixed trigate and GAA NWFET as a function of fin width and height or NW width and thickness for LG = 16 nm.

Figure 2 .

 2 Figure 2.16 -(a) Linear curve fit of parasitic capacitances and (b) normalized parasitic capacitances with extrapolation more than three stacked GAA.

  Significant advances have been made in recent years in advanced patterning of FinFET ( §1.2.4). Multiple patterning techniques has led to 40nm fin pitch (FP) with DUV[Basker 2010 VLSI] for FinFET and down to 35 nm NW pitch for NWs[Barnola 2014 SPIE],[Gaben 2015 SSDM2] ( §1.3.2). Recently, several demonstrations of sub-30 nm fin pitch were realized with quadruple patterning for 7 nm technology [XieR IEDM 2016]. In the case of gate last integration of SNWFETs presented in this thesis ( §3), silicon fins of the FinFET technology are replaced by Si/SiGe fins as illustrated in Figure 2.17a. The suspended silicon channels are then obtained after a selective etch of the SiGe sacrificial layers. Besides, an adaptation to the SNWFETs of the SIT technique presented in [Barnola 2014 SPIE] has led to 60 nm tall Si/SiGe fins in a FP = 40 nm pitch array (Figure 2.17b). Consequently, the fabrication of SNW can be reasonably expected to benefit from the same patterning advances as FinFET enabling SNW architectures having a total height Hstack = HFin and with a space between the stacks WS = FP -WFin equal to the one in FinFETs.

Figure 2 .

 2 Figure 2.17 -(a) Process adapted from FinFET fabrication for stacked-NW patterning: Si Fins are replaced by (Si/SiGe/Si/SiGe/Si) Fins. SiGe is then selectively etched leaving suspended Si-channels. (b) TEM cross section of such Si/SiGe fin patterned with an adaptation of the SIT process presented in §1.3.3: 40 nm pitch array is obtained with a 60 nm high stack of three NWs [Gaben 2015a].

Figure 2 .

 2 Figure 2.18 -Guideline for benchmarking FinFET and stacked-NW architectures. Several stacked-NW configurations match the envelope defined by the FinFET configuration. In this example labeled "FULL-GAA" with two GAA vertically stacked, several NW width (WNW) meet the condition Footprint = 157 nm for Htot = HFin.

Figure 2 .

 2 Figure 2.19 -DIBL as a function of effective width Weff in the case of footprint = 157 nm: several WNW are allowed increasing Weff over the reference FinFET configuration (LG = 16 nm).

FinFET

  

Figure 2 .

 2 Figure 2.20 -Normalized gate-to-drain capacitance as a function of HFin and WNW within a 157 nm footprint for (a) FinFET and (b) stacked-NW architectures.

FinFETFigure 2

 2 Figure 2.21 -Delay reduction over FinFET technology for different footprint and WNW.

Figure 2 .

 2 Figure 2.22 -Delay reduction over FinFET technology for different WNW independently of the number of stacked GAA channels or footprint: delay reduction depends mainly on WNW

Figure 2 .

 2 Figure 2.23 -Figure of merit: delay reduction over FinFET technology for two different FinFET technology fin pitch (FP = 25 nm and FP = 30 nm) and for two different stacked NW channel thicknesses (HNW = 6 nm and HNW = 8 nm).

Figure 2 .

 2 Figure 2.24 -Adaptation of the original deck: inner spacers are removed.

Figure 2 .

 2 Figure2.25 shows the increase of gate-to-drain parasitic capacitance Cgd0 as internal spacers are removed. Difference is even increased as the NW width is enlarged which is particularly detrimental when considering nanosheets. A decrease of the vertical space Hspace in between the NWs of the stack also contributes in reducing Cgd0 as a consequence of the proportionality of the capacitances with the surfaces at play.

Figure 2 .

 2 Figure 2.25 -Impact on parasitic capacitances of removing the internal spacers.

Figure 2 .

 2 Figure 2.26 -Impact on delay of removing the internal spacers.

Figure 2 .

 2 Figure 2.27 -Spacer alignement issue for a dual GAA SNWFET: (left) under etch case and (right) overetch case.

Figure 2 .

 2 Figure2.28 presents the impact of misalignment on SNWFET performances for several NW widths. Although a thicker spacer reduces the parasitic coupling between the gates and the S/D (Figure2.28b), this is counter balanced by the reduction of the gate surface in contact with the channel and DIBL increases (Figure2.28c). On the contrary, reduction or absence of internal spacers improves the electrostatic control as several of the gates extend slightly more over the channel. This points out the existence of an optimum for the thickness and for the location of the internal spacer to maximize performances (Figure2.28d). Taking into account some variability in the fabrication process, this optimum might not be the "aligned" position considering the higher slope on the side of a too thick spacer. However, considering the precision of the models used here, it is not possible to draw a general conclusion outside of this perspective.

Figure 2 .

 2 Figure 2.28 -(a) Spacer alignement issue for a dual GAA SNFET and its impact on (b) the parasitic capacitances, (c) on the electrostatic control and (d) on the intrinsic delay.

Figure 3 .

 3 Figure 3.1 -NW first and NW last integration schemes [Gaben 2016 ECS].

Figure 3 .

 3 Figure 3.2 -Gate last NW last integration of stacked NWs with polysilicon sacrificial gate and SAC.

Figure 3 .

 3 3 shows schematics of a source-to-drain longitudinal section presenting the S/D fabrication steps including these internal spacers. The process flow relies on the selective etching of SiGe for carving cavities in between the Si NWs. The first step consists in a vertical anisotropic etch of the Si/SiGe extensions (Figure3.3a-b). If the transistors are fabricated on SOI substrates, a nanometric seed layer of silicon must be left at the bottom of the stack on the BOX for the later in-situ doped selective epitaxy growth (SEG) of the S/D. The isotropic partial etch of SiGe is then carried out selectively towards the Si NW channels leaving small cavities aligned under the first gate spacers (Figure3.3c). Selectivity is therefore extremely important to preserve the entrance of the channel. A second conformal deposition of SiN fills these cavities as shown on Figure3.3d. Another anisotropic etching similar to the spacer patterning is then performed. A small isotropic component is maintained in order to reveal the silicon channels entrances (Figure3.3e). A phosphorus in-situ doped Si or a boron in-situ doped SiGe SEG is finally performed from the bottom epitaxy seed layer to the top NWs for merging the stacked channels around the internal SiN spacers (Figure3.3f). As observed in Figure3.3g, the SiN internal spacers serve also as a etch-stop during the sacrificial SiGe removal.

Figure 3 . 3 -

 33 Figure 3.3 -Internal spacers fabrication steps, sacrificial gate removal and stacked NW release.

Figure 3 .

 3 6. SACs are used to reduce misalignment issues during contact patterning thanks to a protective SiN stopper above the gate[Niebojewski 2014 SSE]. Access resistance is also improved since the contacts are patterned as close as possible from the channel entrance. However, one side-effect is the increase of the gateto-contact parasitic capacitances. First step consists in recessing the tungsten gate contact as shown in Figure3.4a. A conformal SiN is then deposited inside the remaining cavity (Figure3.4b) and a CMP stopping on the oxide filling is performed. Therefore, the SiN stopper only remains to protect the top of the HKMG (Figure3.4c). As shown in Figure3.4d, the negative of the active level lithography mask is used for patterning the S/D SAC contacts. Hence, a portion of the gate is exposed during the etch and needs the stopper protection.

Figure 3 .

 3 Figure 3.4 -Self-align contact (SAC) module: inverse active patterning.

Figure 3 . 5 -

 35 Figure 3.5 -Self-align contact (SAC) module: silicidation.

Figure 3 . 6 -

 36 Figure 3.6 -Self-align contact (SAC) module: contact patterning.

Figure 3 .

 3 Figure 3.7 -Gate last NW first integration of stacked NWs with HSQ sacrificial gate and SAC.

Figure 3 .

 3 Figure 3.8 -Non parallel SiGe etch front is problematic in case of the absence of an etch stop layer [Gaben 2016 ECST].

Figure 3 .

 3 Figure 3.9 -Silicon S/D can be used as an etch stop layer during SiGe removal.

Figure 3 .

 3 Figure 3.10 -NW Last option with HSQ sacrificial gates.

Figure 3 .

 3 Figure 3.11 -NW First option with polysilicon sacrificial gate: polysilicon fills the space in between the NWs.

Figure 3 .

 3 Figure 3.12 -NW last and NW first process flows. In blue the four major developments specific to the SNWFETs integration and in yellow the additionnal variation introduced by the NW first alternative.

Figure 3 .

 3 Figure 3.13 -Effect of SOI thinning on an entire lot of 25 wafers: initial SOI was 16 nm and target was 10 nm.

Figure 3 .

 3 Figure3.14 -Schematic of mixt trigate and 1 or 2 GAA configurations formed from thin SOI layer (In the case of gate last integration of SNWFET, sacrificial removal is not necessarily performed just after Si/SiGe fin patterning).

Figure 3 .

 3 Figure 3.15 -Heteroepitaxy of SiGe on Si: lattice mismatch, strain and misfit dislocations introduced once the elastic energy of SiGe is higher than the critical energy ec[Hartmann 2016].

Figure 3 .

 3 Figure3.16 -Schematic of Ge condensation process followed by Si/SiGe/Si epitaxies to form a dual GAA configuration (in the case of gate last integration of SNWFET, SiGe sacrificial removal is not necessarily performed just after Si/SiGe fin patterning).

Figure 3 .

 3 Figure 3.18 -TEM and Energy Dispersive X-ray spectroscopy mapings of Si/SiGe superlattices with (a) three levels of tensile strained Si layers and (b) three levels of compressive strain SiGe layers [Barraud 2016 IEDM].

Figure 3 .

 3 Figure 3.19 -In and out of plane deformation maps of Si/SiGe stacks on full 300 mm wafers starting from 1.4GPa sSOI substrates. The extracted and simulated values also show good corelation [Barraud 2016 IEDM].

Figure 3 .

 3 Figure 3.20 -Ge emission lines and supperlatice thicknesses for a good uniformity in the epitaxy thickness(process B) and a bad uniformity (process A) as in[Barnola 2008].

  3.3 has been conducted. The TEM images of Figure 3.21 show 60 nm high Si/SiGe fins with 3 level of Si NWs organized in arrays of 40 nm pitch.

Figure 3 .

 3 Figure 3.21 -Cross-sectional TEM images of 60 nm high fins of Si/SiGe/Si/SiGe/Si patterned in arrays of 40 nm pitch using SIT process [Gaben 2015 SSDM].

Figure 3 .

 3 Figure 3.22 shows the Precession Electron Diffraction (PED) deformation mappings of a Si/SiGe/Si/SiGe/Si fin post etching. A deformation of 0.8% (1.4 GPa stress) is still observed in the strained Si layers (a strained SOI substrate has been used for this demonstration). Even if relaxation is observed in the cross section (Figure3.22.right) due to free edges, the longitudinal strain is maintained after fin patterning according to Figure3.22.left. This result is promising for SNWFET technology which is likely able to benefit from stress engineering to enhance carrier mobility.

Figure 3 .

 3  In-plane (εxx) PED deformation maps of Si/SiGe/Si/SiGe/Si fins post etching. A deformation of 0.8% in the sSi layers is maintained (1.4 GPa stress) and (right) Deformation mappings and profile for (εzz). Strain relaxation effects are observed in this direction due to free edges[Barraud 2016 IEDM].

Figure 3 .

 3 Figure 3.23 -Steps involving SiGe selective removal in NW first and in NW last approaches (red color).

Figure 3 .

 3 Figure 3.24 -Tunnel entrance enlargement in Si/SiGe superlattice.

Figure 3 .

 3 Figure 3.25 -(a) Tunnel depth and selectivity as a function of etching time and Ge content for a bulk Si/SiGe 20 nm/Si 40nm/SiGe 20nm/Si 40nm/SiGe 20nm/Si 40nm superlattice. (b) top view SEM showing a uniform etch front by transparency (isotropic etch) [Salvetat 2008 ECST].

Figure 3 .

 3 Figure 3.26 -bulk Si/SiGe30% 20 nm/Si 40nm/SiGe30% 20nm/Si 40nm/SiGe30% 20nm/Si 40nm superlattice after HCl etching of SiGe: (a) cross-sectional SEM image showing the bottom tunnel is deeper than the upper ones and (b) a top view SEM image in which the cavities carved into SiGe are visible by transparency through the top silicon layer [Salvetat 2008 ECST].

Figure 3 .

 3 Figure 3.27 -Cross section SEM images after 2 min wet etching of SiGe in a bulk Si/SiGe 20 nm/Si 40nm/SiGe 20nm/Si 40nm/SiGe 20nm/Si 40nm superlattice with (a) 20%, (b) 30% and (c) 40% of Ge fraction. (d) top view SEM image showing the isotropy of this process.

Figure 3 .

 3 Figure 3.28 -TEM images of Si/SiGe stack inside the anchor (left) and at the edge of the stack (right) after 8 sec and 10 sec of main etch. (For demonstration purposes, SiN spacer was also deposited and anisotropically etched away from the top NW and a Si:P SEG epitaxy was performed)

Figure 3 .

 3 Figure 3.29 -SiGe selective etching: SEM cross-sectional image of a superlattice after SiGe etching (left). Etch rate as a function of Ge content in SiGe layer (right). The stack is made of Si 7 nm/Si1-xGex 8 nm/Si 7 nm/ Si1-xGex 8 nm/Si 7 nm/BOX 145 nm layers.

Figure 3 .

 3 Figure 3.30 -SiGe selective etching: SEM top view of a NW stack (left) and measured etch rate (right).The 70 nm large stack is made of Si 14 nm/Si0.7Ge0.3 8 nm/Si 14 nm/Si0.7Ge0.3 8 nm /BOX 145 nm.

Figure 3 .

 3 Figure 3.31 -SEM images of arrays of stacked NW: 800 nm long dual channels maintained by Si/SiGe anchors.

Figure 3 .

 3 Figure 3.32 -Suspended NW channels modeled as clamped-clamped beams.The SiGe relaxation can induce the deformation of the beams.

Figure 3 .

 3 Figure 3.33 -Evolution (a) of compressive stress and (b) of deflexion as a function of strain and geometry [Gaben 2016 SNW].

Figure 3 .

 3 Figure 3.34 -Euler load as a function of LNW and HNW: example for a given SiGe anchor.

Figure 3 .

 3 Figure 3.35 -NW maximum deflexion as a function of structure geometry for different SiGe residual stresses.The plans wNW,max = 0 correspond to acceptable straight stable positions

Figure 3 .

 3 Figure 3.36 -Effect of H2 in-situ baking temperature (2 minutes) on (a) haze (surface roughness)after 100 nm epitaxy of Si and (b) corelation with interface contaminents[Hartmann 2016].

Figure 3 .

 3 Figure 3.37 -Effect of different surface preparation on 18 nm thick Si0.7Ge0.3:B S/D epitaxy quality [Lu 2016].

Figure 3 .

 3 Figure 3.38 -(left) NW last integration scheme for the fabrication of the aligned internal spacers. (right) TEM longitudinal section images of a phosphorus in-situ doped SD with internal spacers.

Figure 3 .

 3 Figure 3.39 -SEM of single transistors after RS/D epitaxy of SiGe:B and Si:P.

Figure 3 .

 3 Figure 3.40 presents in and out of plane deformations associated with Si and SiGe:B RS/D epitaxy. If PED mappings reveal that no residual stress is present in the Si S/D (NMOS), in contrary SiGe:B RS/D injects significant amount of compressive strain into the Si NW channels with near to -1% in-plane deformation (PMOS). As a result, SNWFET technology is compatible with this usual strain management technique in order to improve hole transport in PMOSFETs. This will be confirmed by the electrical measurements provided in the following next chapter ( §4.1).

Figure 3 .

 3 Figure 3.40 -HAADF STEM images along with in and out of plane deformations maps acquired by PED after Si and SiGe:B RS/D epitaxies.

Figure 3 .

 3 Figure 3.41 -NW First integration scheme for the fabrication of the self-aligned internal spacers.

Figure 3 .

 3 Figure 3.42 -SEM and TEM images of a single gate transistor with HSQ sacrificial gate after spacer patterning in a NW first integration scheme.

Figure 3 .

 3 Figure 3.43 -(a) Spacer patterning with SEM and TEM showing the SiN present in between the NWs, (b) the extensions recess and (c) the S/D merging SEG: no significant recess of the HSQ is observed on SEM and AFM images after the epitaxy and the sacrificial gate remain 170 nm high.

Figure 3 .

 3 Figure 3.44 -Comparison of various pre-epitaxy surface preparations and their impact on HSQ.

Figure 3 .

 3 Figure 3.45 -(a) XR-1541 datasheet (HSQ), (b) spincoated layer uniformity over 300 mm diameter wafer.

Figure 3 .

 3 Figure 3.46 -Layout "HSQGABEN" for studying HSQ properties.

  Figure 3.47 shows two types of devices with single stack of NWs (Figure 3.47c) and with 10 to 50 parallel NW stacks (Figure 3.47d). For layout uniformization purpose (see the subchapter related to CMP: §3.7), dummies features for active and gate level are often placed as visible on Figure 3.47a-b.

Figure 3 .

 3 Figure 3.47 -SEM images of the wafer with active and gate level patterns: (a) and (b) low zooming (micrometric scale), (c) single stack transistor and (d) parrallel stacks transistor (multi-fingers device).

Figure 3 .

 3 Figure 3.48 -SNO2HSQLG layout with modifications to include ultra-scaled gate lengths down to 6 nm and multigate devices. Gate dummies were removed in order to lower the exposure time.

Figure 3 .

 3 Figure 3.49 -(a) CD dependence on exposure dose and puddle time during developping in TMAH. (b) SEM top view and (inset) TEM cross section of one the best scaled gate: 200nm high and 6nm large. (c) CD uniformity measured on 14 chips over a 300 mm wafer.

Figure 3 .

 3 Figure 3.50 -Exposure dose results on silicon bulk substrates for a 64 nm pitch array.

Figure 3 .

 3 Figure 3.51 -Experiment plan for HSQ developing optimization.

Figure 3 .

 3 Figure 3.52 -Effect of puddle time during developing on 60 nm pitch and 16 nm CD line arrays.

Figure 3 .

 3 Figure 3.53 -a) and b) top view SEM images of best scaled devices. TEM images post spacer patterning of c) 60 nm pitch and 8 nm CD line array and d) 35 nm space in between 16 nm large and 200 nm high lines.

Figure 3 .

 3 Figure 3.54 -HSQ lithography of self-aligned sacrificial gates. TEM image shows the perfect alignement through the two suspended silicon NWs [Gaben 2016 SSDM]. Si NWs are W = 15 nm larges and HNW = 8 nm thicks, HSQ sacrifcial gate is 200 nm high and 16 nm large after 4 nm SiN spacer patterning in the 35 nm thick TEM lamelae.

Figure 3 .

 3 Figure 3.56 -HSQ sacrificial gates anchors used as lateral device insulation for the separtion of S/D.

Figure 3 .

 3 Figure 3.55 -TEM image of two HSQ lines close enough to evidence bottom bridging

Figure 3 .

 3 Figure 3.59 -CMP topological defects: related sources and issues.

Figure 3 .

 3 Figure 3.60 -Results of polysilicon CMP erasing an active layer to BOX step height of 35 nm.

Figure 3 .

 3 Figure 3.61 -Process derivation with constant time: average thickness is increased by 5 nm in between the first and the last wafer processed.

Figure 3 .

 3 Figure 3.62 -(a) Optical photograph of the chip surface showing the peripheral part with metrology boxes. (b) Nanometrics eplisometer measurement windows with the optical view centered on a measurement box, the chip selectors on a wafer map and the correlation graph. (c) and (d) are two SEM crossectional images of two points distant from 1.6 mm showing a difference of 26 nm in the polysilicon thickness.

Figure 3 .

 3 Figure 3.63 -SEM image of a 70 nm tall sacrificial polysilicon gate after etch.

Figure 3 .

 3 Figure 3.64 -(a) SEM image of an active area damaged by a too long plasma etching: this will cause important defects in the following S/D epitaxy. (b) Schematic of a emissive ray signal obtained during plama etching of different wafers: the better the thickness uniformity of the etched layer, the faster the transition

Figure 3 .

 3 Figure 3.65 -(a-d) Principle of high area patterning in order to facilitate CMP. (e) SEM top view of one of the chip.

Figure 3 .

 3 Figure 3.66 -SEM images before and after CMP of the PMD oxide

Figure 3 .

 3 Figure 3.67 -Alternative to polysilicon filling with flowable oxide and SiN protection for oxide sacrificial gate selective removal.

Figure 3 .

 3 Figure 3.68 -(a) Chip surface (SEM) with active layer dummies and an isolated device after S/D epitaxy, (b) zoomin of the device and (c) three dimensional build of an AFM measurement.

Figure 3 .

 3 Figure 3.69 -Polysilicon CMP for HSQ oxide sacrificial gate opening.

Figure 3 .

 3 Figure 3.70 -300 mm wafer thickness uniformity post HSQ lithography and developing (sacrificial gate height measured by AFM) and post the two-steps polysilicon CMP. AFM measurement performed on a 10 µm by 10 µm surface shows a surface roughness of 0.6 nm RMS and no trace of the dummies neither of the devices underneath.

Figure 3 .

 3 Figure 3.71 -HKMG CMP in NW last and NW first approaches.

Figure 3 .

 3 Figure 3.72 -Polysilicon thickness uniformity after HKMG CMP selectively stopped on polysilicon.

Figure 3 .

 3 Figure 3.73 -100 nm pitch array of 16 nm large HKMG after polysisilicon CMP. For demonstration purposes, polysilicon filling (NW First approach) has been removed with TMAH and the stacked and suspended NWs are not present. The gates inclination in the EDX mapping is intrinsic to the characterisation technique. (a) SEM image before TEM lamelae preparation (b) with Pt deposition. (c) Cross-sectional TEM image and (d) EDX mapping showing the excellent conformality of the HKMG stack in between the SiN spacers.

Figure 3 .

 3 Figure 3.74 -SEM of single isolated device and gate dummies filled with HKMG stack after CMP stopping on PMD oxide (case NW last). The RS/D and active layer dummies are visible by transparency through the oxide. The SEM along a longitudinal section of the HKMG shows the active area crossing the metalic gate (inset: EDX mappings).

Figure 3 .

 3 Figure 3.75 -Cross-sectional TEM images before and after the SiN stopper CMP.

Figure 3 .

 3 Figure 3.76 -SEM images of a single transistor in a SAC process flow: (a) HM patterning and TMAH removal of polysilicon, (b) HKMG CMP and (c) complete removal of polysilicon prior to contact patterning.
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 41 Figure 4.1 -Active area patterning: 36 nm high Si 12nm/SiGe 12nm/Si 12nm fins are obtained.

Figure 4 . 2 -

 42 Figure 4.2 -Polysilicon sacrificial gate patterning: 90 nm high polysilicon and 35 nm high hard mask.

Figure 4 . 3 -

 43 Figure 4.3 -NW extension recess (SEM image on the left) and internal spacer fabrication followed by S/D epitaxy (TEM image on the right and inset SEM image).

Figure 4

 4 Figure 4.4 -S/D silicidation first module.

Figure 4

 4 Figure 4.5 -SEM and TEM images post poly-open-polish CMP and SiN hard mask removal.

Figure 4

 4 Figure 4.6 -(a) SEM top view image and (b) TEM cross sectionnal image after the HKMG CMP.

Figure 4

 4 Figure 4.7 -(a) device layout for the (b) C-V measurements for W = 25, 35 and 45nm stacked NWs. (c) Normalized gate to channel capacitance at -1V as a function of NW width. Gate lenth is LG = 500nm, the array is constitued of 120 parallel NWs and 30 parallel gates.

Figure 4

 4 Figure 4.8 -(a) Linear evolution of the on current (normalized by channels perimeter) with the saturation threshold voltage and (b) saturation voltage roll-off with W.

Figure 4

 4 Figure 4.9 -DIBL and SSSAT as a function of gate length and NW width.

Figure 4 .

 4 Figure 4.10 -ION-IOFF trade-off for [100] and [110] P-type SNWFETs[Barraud 2016] compared to devices reported in[START_REF] Foucher | Paving the way for multiple applications for the 3D-AFM technique in the semiconductor industry[END_REF]] and[START_REF] Mertens | Gate-All-Around MOSFETs based on Vertically Stacked Horizontal Si Nanowires in a Replacement Metal Gate Process on Bulk Si Substrates[END_REF]] (channels perimeter-normalized).

Figure 4 .

 4 Figure 4.11 -I-V characteristics of a 30 nm large P-type SNWFET with one Ω-gate and one GAA stack NW channels. Gate length is LG = 25 nm and VDD = 0.9 V.

Figure 4 .

 4 Figure 4.12 -SEM image of two suspended NWs after sacrificial SiGe removal.

Figure 4 .

 4 Figure 4.13 -SEM image of an HSQ sacrificial gate onto two suspended NWs and wafer mapping of gate height mesured by AFM.

Figure 4 .

 4 Figure 4.14 -SEM and AFM images of the device after spacer patterning, and S/D fabrication.

Figure 4 .

 4 Figure 4.15 -SEM images of HSQ saccrificial gates removal.

Figure 4 . 16 -

 416 Figure 4.16 -Top view SEM image of a HSQ sacrificial gate replaced by HKMG after CMP stoping onto polysilicon filling.

Figure 4 . 17 -

 417 Figure 4.17 -Contact opening in a self-aligned like process.

Figure 4 . 18 -

 418 Figure 4.18 -Silicidation and tungsten contact filling in a self-aligned-like process.

Figure 4 .

 4 Figure 4.19 -Nanoprobing of a SNWFET: device approach is realized under SEM imaging.

Figure 4 .

 4 Figure 4.20 -Proposal for a HSQ based process flow for the fabrication of SNWFETs.

Figure 4 .

 4 Figure 4.21 -Longitudinal cut along suspended NW channels: three different population of sacrificial HSQ gate heights are represented and used to fabricate transistors with two different gate stack and isolate the three groups of two transistors in series by leaving HSQ dummy gates (a-k). Options to remove any leakage current are either to remove the NW extensions or to place a third gate stack to shift the parasitic channels Vth once the last HSQ material is removed (j).

Figure 4 .

 4 Figure 4.22 -Concept of 3D-STI and 3D-SAC: cross-sectional view into the source and drain regions (NW extensions). With two populations of insulator heights, 3D SAC allows to connect two neighboring devices and to isolate the others.

Figure 4 .

 4 Figure 4.23 -(a) SEM image after HSQ sacrificial gate removaland (b) SEM cross-sections images during HSQ sacrificial gate removal showing the etch rate dependance on gate CD.

  Figure 4.20 to Figure 4.22. Moreover, the aforementioned results of Figure 4.23 show that the difference of etch rate is maintained even after exposed HSQ has endured the whole FEOL thermal budget (including S/D epitaxy, SiN and polysilicon deposition steps). Consequently, if the selectivity is high enough a selected group of sacrificial gates could alternatively or complementarily be replaced by HKMG while the rest remains available for lateral insulation without performing the CMP cycles described in Figure 4.20 and Figure 4.21.

  [XieR 2016 IEDM]. An interesting comparison with FDSOI is detailed in[Weber 2015 VLSI] which results came to challenge state-of-the-art 14 nm FinFETs showing similar performances when normalized by the devices effective width. Although FinFET provides large drive current per footprint unit, this is balanced by a larger gate and parasitic capacitance. More than competing technologies, FinFET and FDSOI may actually address different and complementary markets: "Instead of FinFET versus FDSOI, let's talk about FinFET and FDSOI"[Andrieu 2016].

  .8. 𝐶 𝑔 𝑜𝑓𝑓 = 𝐶 𝑔𝑏 𝑜𝑓𝑓 + 2. 𝐶 𝑜𝑣 + 2. 𝐶 𝑖𝑓 + 2. 𝐶 𝑜𝑓 + 2. 𝐶 𝑝𝑐𝑐𝑎 + 2. 𝐶 𝑐𝑜𝑟𝑛𝑒𝑟 𝐶 𝑔 𝑜𝑛 = 𝐶 𝑔𝑐 + 2. 𝐶 𝑜𝑣 + 2. 𝐶 𝑜𝑓 + 2. 𝐶 𝑝𝑐𝑐𝑎 + 2. 𝐶 𝑐𝑜𝑟𝑛𝑒𝑟

	𝐶 𝑒𝑞 = M. 𝐶 𝑔𝑑0 + 𝐶 𝑗 + ( 1 4 ⁄ 𝐶 𝑔 𝑜𝑓𝑓 + 3 4 ⁄ . 𝐶 𝑔 𝑜𝑛 ) . FO	(Eq. 2-5)
		(Eq. 2-6)

(Eq. 2-7) Figure 2.8 -Illustration of the different parasitic capacitances present in a planar bulk transistor

  SNW].
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Chemical mechanical planarization (CMP)

Gate last integration flows requires several steps of Chemical Mechanical Planarization (CMP) and both NW last and NW first approaches for the fabrication of SNWFETs confirms this statement ( §3.1). In the present subchapter, the main challenges of CMP are first introduced ( §3.7.1) prior to relate some major results. Observations are linked to the process performances of the other modules, revealing the key elements of these integrations. First of all, the polysilicon CMP in preparation of the sacrificial gate patterning in NW last approach is presented ( §3.7.2). Then, the sacrificial gate opening CMPs for both NW last and NW first alternatives are described ( §3.7.3). Finally, the metal CMPs for HKMG fabrication and self-aligned contacts are shown ( §3.7.4).

Introduction to CMP

Chemical mechanical planarization, [IBM Patent US4944836 1990] was first introduced to solve backend alignment issues due to the multiplication of interconnecting metal layers. When patterning new interconnections into a capping oxide which is too conformal, -not planar enough -all the topological variations are cumulated in the top layer (Figure 3.57a). This may cause defects in lithography steps limiting the interconnection density and any efforts for scaling the transistors could be lost. Introduction of CMP for copper interconnects enables designs with up to 11 metal layers as in the 28FDSOI chip of Figure 3.57b. Ever since, CMP has evolved to tackle numerous challenges from the original back end of line (BEOL) down to the front end of line (FEOL) [START_REF] Zantye | Chemical mechanical planarization for microelectronics applications[END_REF]], [Dysard 2010 ECST], [START_REF] Balan | Deep depleted SOI MOSFETs with back potential control: A numerical simulation[END_REF]. Shallow trench isolation (STI), gate last based integrations (Figure 3.57c), [Mistry 2007], [Dysard 2010 ECST], self-aligned contact (SAC) (Figure 3.57d), [Niebojewski 2014 SSE] all needed in sub-7nm nodes technologies require state-of-the-art CMP processes with nanometric precision and ranges not only across the chip but also all across the whole 300 mm diameter wafer. The two gate last processes developed in this thesis framework are not an exception and the success of these integrations considerably relies on CMP quality level as shown in the present subchapter. CMP consists in a double action of a polymer pad in collaboration with a chemical slurry (Figure 3.58). Optimizations reside first in the chemical composition of the slurry which selectivity is tuned towards designed materials by playing on a chemical additive. Sometimes, abrasive nanoparticles are added to enhance mechanical interaction with the wafer surface. The pad is optimized with different stripes and geometries to facilitate the intake of slurry and the evacuation of byproducts. Precise control of the mechanical pressure, rotation speed and temperature