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Challenges for high performance and very low power operation at the end of the Nanoelectronics Roadmap

Future Nanoelectronic devices faces substantial challenges, in particular increased power consumption, saturation of performance, large variability and reliability limitation. In this respect, novel materials and innovative device architectures will be needed for Nanoscale FETs. This paper presents some promising solutions for the end of the roadmap with Multigate Nanodevices, Nanowires, Tunnel transistors, Ferroelectric FET, and Hybrid Nanocomponents using Phase Change materials or nanofilament. Other alternative materials, as ultra-thin films, 2D and 1D nanostructures, Heterostructures using strained or III-V materials, will also allow to boost these advanced nanotransistors.

Introduction

The significant increase of power consumption and heating is one of the main limitation of IC integration and performance, [START_REF] Balestra | Nanoscale CMOS: Innovative Materials, Modeling and Characterization[END_REF][START_REF] Balestra | Beyond CMOS Nanodevices (tomes 1 et 2)[END_REF]. Innovative technologies, materials, and devices are needed for the next technology nodes. In particular, NanoCMOS and Steep Switch Nanoelectronics Devices will require disruptive concepts, nanomaterials and architectures in order to reach the ambitious targets of the new IRDS Roadmap. The paper will focus on the main challenges and solutions for very low power and high performance nanoscale FETs in the CMOS and Beyond CMOS domains.

Nanoscale CMOS

Future ICs are facing dramatic challenges in performance as well as static and dynamic power consumption, which could be overcome using disruptive concepts, device architectures, technologies and materials. Promising solutions for nanoCMOS include III-V/Ge channels, 2D layers, multi-gates structures, and nanowires (NWs). In this field, several very interesting advances have been recently shown. Nanowire FET and 2D channels can boost ultimate CMOS node performance and greatly decrease short channel effects.

Figure 1 shows the subthreshold slope for different architectures of ultimate FET nanodevices (Omega gate nanowires, GAA carbon nanotubes, 2G Si MOSFET for gate lengths beyond the end of IRDS roadmap down to 5 nm). We see that multigate nanowires with volume inversion [START_REF] Balestra | Double-gate silicon-on-insulator transistor with volume inversion: A new device with greatly enhanced performance[END_REF] can overcome short channel effects down to ultimate lengths while maintaining very good switching between the OFF state and the ON state (S ≈ 70 mV / decade) [START_REF] Luisier | Ultimate device scaling: Intrinsic performance comparisons of carbon-based, InGaAs, and Si field-effect transistors for 5 nm gate length[END_REF].

Fig. 1 -Comparison by quantum simulation of the subthreshold swing for sub-10 nm gate lengths: strain Silicon and Indium Gallium Arsenide Ω-gate nanowire (NW) FET with a diameter of 3 nm, double gate (DG) strain Si (s-Si) MOSFET with 3 nm Ultra Thin Body (UTB) Silicon film, Gate-All-Around (GAA) Carbon NanoTube (CNT) FET with a diameter of 1 or 0.63nm (from [START_REF] Luisier | Ultimate device scaling: Intrinsic performance comparisons of carbon-based, InGaAs, and Si field-effect transistors for 5 nm gate length[END_REF])

The swing and DIBL are evaluated for DG and SOI structures from one layer to three layers of MoS 2 as well as Si UTB DG FETs. It is shown that MoS 2 FETs have better electrostatics than Si devices. SOI topology can only sustain good electrostatics for 1Layer TMDs (Transition Metal Dichalcogenides), while DG topology can present interesting performance for up to 3 layers. The best performance is obtained for a double gate MOSFET with a single layer of MoS 2 , with a similar swing as the previous Ω-gate Nanowires in the 5nm gate length range (Fig. 2) [START_REF] Cao | Performance evaluation and design considerations of 2D semiconductor based FETs for sub-10 nm VLSI[END_REF]. 

Nanoscale TFET, FE-FET and Hybrid Devices

In order to reduce static and dynamic power consumption in nanoscale FETs at the end of the Roadmap, sub-60mV/dec subthreshold swing (e.g. Tunnel FET (TFET), NC (Negative Capacitance)/FE-FET) are needed (Fig. 3) [START_REF] Balestra | Tunnel FETs for ultra low Power Nanoscale Devices, Nanoelectronic Devices[END_REF]. There are two ways for reducing the swing S, given by: i) decrease of the transistor body factor m, using Ultra Thin Body SOI, Multi-gate or Nanowire MOSFETs, Carbon Nanotube or 2D channels (leading to m~1), and Negative Capacitance FETs, or MEMS/NEMS structures (leading to m<1) ii) reduction of n, using a low temperature operation, which cannot be applied for traditional applications, or using a modification of the carrier injection mechanisms with Impact Ionization (large bias) or Band To Band Tunneling.

In the domain of small slope switches, TFETs, FE-FETs and Hybrid devices seem very promising. Thus far, no one has demonstrated a TFET that has simultaneously both a CMOS-competitive Ion and a sub-60 mV/decade subthreshold swing over several decades. But recently, a substantial improvement of TFET performance has been experimentally reported in a vertical InAs/GaAsSb/GaSb NW TFET (Fig. 4) [START_REF] Memisevic | with S = 48 mV/decade and Ion = 10μA/μm for Ioff = 1 nA/μm at VDS = 0.3 V[END_REF]. The maximum current for which a 60mV/dec swing is obtained (I 60 ) is 0.056 μA/μm and 0.31 μA/μm at Vds = 0.1 and 0.3 V, respectively, which represented an experimental record. The minimum is Smin~50mV/dec at 300K (Fig. 4a), and the best Ion for is obtained for these NWs for Vg<0.25V, compared with other TFETs and MOSFETs (Fig. 4b).

Very good simulated performances have also been obtained for double-gate 2D TMD TFETs based on WTe 2 [START_REF] Jiang | How good is mono-layer transition-metal dichalcogenide tunnel field-effect transistors in sub-10 nm? -An ab initio simulation study[END_REF], WTe 2 /MoS 2 heterojunctions [START_REF] Cao | Designing band-to-band tunneling field-effect transistors with 2D semiconductors for next-generation low-power VLSI[END_REF], and van der Waals-bonded materials [START_REF] Cao | A computational study of van der Waals tunnel transistors: Fundamental aspects and design challenges[END_REF].

Figure 5 shows the integration limits of Tunnel FETs made on a 2D WTe 2 layer. Indeed, a TMD WTe 2 dual gate TFET shows a possible integration down to 7 nm gate length, with an excellent theoretical value of the current in the ON state obtained by quantum simulation. Below this value, a substantial degradation of the slope S is obtained, with a value that goes back above 60 mV / dec [START_REF] Jiang | How good is mono-layer transition-metal dichalcogenide tunnel field-effect transistors in sub-10 nm? -An ab initio simulation study[END_REF]. The combination of a ferroelectric gate material and an advanced MOSFET architecture also improves the subthreshold slope below the 60 mV / dec limit of traditional MOSFETs. FinFETs using a ferroelectric gate (HfZrO 2 ) and a Ge channel, and therefore a negative capacitance, have recently experimentally exhibited a sub-60 mV slope, down to 43 mV/dec, which could lead to larger driving current than TFETs (Fig. 6) [START_REF] Si | Sub-60 mV/dec ferroelectric HZO MoS2 negative capacitance field-effect transistor with internal metal gate: The role of parasitic capacitance[END_REF]. Fig. 6. Ge channel FE-FET with HfZrO ferroelectric gate showing sub-60mV/dec subthreshold swing in forward and reverse modes (from [START_REF] Si | Sub-60 mV/dec ferroelectric HZO MoS2 negative capacitance field-effect transistor with internal metal gate: The role of parasitic capacitance[END_REF]) SOI MOSFET realized with PZT and HfO 2 /SiO 2 gate in order to obtain a non-hysteretic Ferroelectric SOI FET with positive Ctotal has recently been fabricated. A swing down to 20mV/dec has been demonstrated (Fig. 7) [START_REF] Saeidi | Negative Capacitance as Performance Booster for Tunnel FETs and MOSFETs: An Experimental Study[END_REF]. Fig. 7. Large surface SOI MOSFET, tsi=30nm, tox 2 =145nm, with PZT + HfO 2 /SiO 2 gate for non-hysteretic FE SOI FET with positive Ctotal (from [START_REF] Saeidi | Negative Capacitance as Performance Booster for Tunnel FETs and MOSFETs: An Experimental Study[END_REF]) Hybrid devices have also recently shown interesting properties, such as a swing of 4 mV/dec in phase-change TFET with a vanadium dioxide layer in the gate undergoing a metal-insulator transition under electrical excitation (Fig. 8) [START_REF] Casu | Hybrid phase-change -Tunnel FET (PC-TFET) switch with subthreshold swing < 10mV/decade and sub-0.1 body factor: Digital and analog benchmarkin[END_REF]. Fig. 8. Phase change Tunnel FET with S~4mV/dec at 300K for 3 decades of drain current, using a vanadium dioxide exhibiting a metal-insulator transition by electrical excitation (from [START_REF] Casu | Hybrid phase-change -Tunnel FET (PC-TFET) switch with subthreshold swing < 10mV/decade and sub-0.1 body factor: Digital and analog benchmarkin[END_REF])

Another hybrid device using a metal filament (Ag or Cu) formed at the drain of a Si MOSFET under sufficient applied bias, led to a sharp subthreshold slope for several decades of drain current [START_REF] Lim | Excellent threshold switching device (Ioff ∼ 1 pA) with atom-scale metal filament for steep slope (< 5 mV/dec), ultra low voltage (Vdd = 0.25 V) FET applications[END_REF].

Discussion

In summary, multi-gate (Ω-gate, GAA) Nanowires are very promising for scaling down MOSFETs down to at least 5nm gate length for high performance and/or low power applications. Multi-gate 2D-TMD MOSFETs have the same potential as NWs, but technological improvements are needed, they are also suitable for high performance and low power applications. In the field of Small Slope Switches, FE FETs seem very interesting to possibly go beyond the electrical properties of ultimate MOSFETs, in terms of high performance and ultra low power consumption, using the sub-60mV/dec subthreshold swing, if the hysteresis in the I-V characteristics can be overcome and the potential speed of the devices is confirmed. TFETs are presently limited by the maturity of the technology, even if theoretically multi-gate III-V heterojunction or 2D Tunnel devices could lead to very good performance, leading mainly to potential applications in the field of ultra low power. Hybrid devices, combining different concepts, are facing substantial technological challenges, but could also become a longer term solution to overcome the main challenges of ultimate nanoelectronic devices, and could be useful for both high performance and low/ultra low power ICs.

Conclusion

We are facing dramatic challenges for future performance and power consumption of nano-scale devices, needing disruptive approaches for ultimate ICs. This paper reviewed recent advances and promising solutions for ultra low power devices combining novel materials and innovative device architectures, including 2D and 1D layers, heterostructures, strain Si and alternative channel materials, as well as multi-gates, nanowires, CNTs, tunnel FETs, FeFET and hybrid nanodevices.
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 2 Fig. 2. (a) Subthreshold swing (SS) and (b) Drain induced barrier lowering (DIBL) with gate length scaling for MoS 2 MOSFETs realized with various number of layers, and Si based UTB double gate MOSFETs with a symmetrical top and bottom gate dielectric ; in SOI the bottom dielectric is 50 nm thick SiO 2 and bottom gate is grounded (from [6])
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 3 Figure 3 presents the comparison of the theoretical subthreshold swing for the most advanced nanoscale FET architectures and materials of the literature as the function of the gate length. The IRDS (new International Roadmap for Devices and Systems) needs for logic devices are also shown vs time horizons. The best performance for the swing of CMOS devices at the end of the Roadmap close to 60mV/dec) are obtained for Multi-gate (Omega Gate in the figure) Nanowire FET with very small wire diameter (3nm) and Double Gate MOSFET with TMD (MoS 2 in the figure) channel. However, at the end of the next decade, sub-60mV/decade swing is needed, which can only be obtained with small slope switches (Tunnel FET with III-V or 2D channels in the figure).
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 3 Fig. 3. Advanced simulations of subthreshold swing (mV/decade) vs. gate length (beyond the IRDS Roadmap) or time horizon for various device architectures (Bulk Si, FinFET, Double Gate, Nanowire with various diameters, Carbon NanoTube, MOSFET on Insulator, Nanosheet, Tunnel FET) and channel materials (Si, InGaAs, InAs, Heterojunction GaSb-InAs, Graded AlGaSb, MoS 2 , WTe 2 ), compared with IRDS needs for the next 15 years
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 4 Fig. 4. (a) Subthreshold swing vs Ids and temperature for InAs/GaAsSb/GaSb NW TFET (d=20nm, Lg~100nm), (b) Driving current vs gate bias for varions TFET and MOSFET architectures (from [7])
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 5 Fig.5 Id(Vg) transfer characteristics of TFET with double gate WTe 2 layer as a function of the gate length
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