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The concept of electrostatic doping and related devices

Electrostatic doping aims at replacing donor/acceptor dopant species with free electron/hole charges induced by the gates in ultrathin MOS structures. Highly doped N + /P + terminals and virtual P-N junctions can be emulated in undoped layers prompting innovative reconfigurable devices with enriched functionality. The distinct merit is that the carrier concentration and polarity (i.e., electrostatic doping) are tunable via the gate bias. After presenting the fundamentals, we review the family of electrostatically-doped devices fabricated with emerging or mature technologies (nanowires, nanotubes, 2D materials, FD-SOI). The multiple facets of the Hocus Pocus diode are discussed by underlining the difference with classical physical diodes. Electrostatic doping gave rise to a number of band-modulation devices with outstanding memory and sharp-switching capability. The concept, intrinsic mechanisms and typical applications are described in detail.

Introduction

The notion of 'electrostatic doping' can be easily understood by counting the number of diodes in Fig. 1. Panel (a) does show a conventional P-N diode with physical doping engineered by ion implantation, thermal diffusion, or in-situ dopant incorporation during material growth. In panel (b), we contemplate a simple semiconductor layer with two ohmic end-contacts (highly doped or silicided). Even after implementing top and bottom MOS gates (panel (c)), the device is still not a diode. However, the gate biasing can induce distinct populations of free electrons and holes, located next to each other such as to form a virtual diode (panel (d)). The N and P regions have gate-controlled carrier concentration referred to as 'electrostatic doping'. The alignment of top and back gates guarantees a sharp P-N junction. The back gate can actually be replaced by a second top gate; however, the mandatory lateral separation of the two gates results in a less abrupt junction. The fascinating aspect of electrostatic doping is the possibility to emulate junctions and corresponding devices, out of nothing, in a body that was initially undoped or even fully depleted. The essence of electrostatic doping is further elaborated in Fig. 2. In a conventional MOS capacitor, the gate produces a 2D inversion layer (electrons in Fig. 2a) that is separated from the neutral part of the substrate by a depletion region. The situation is totally different in a semiconductor film much thinner than the depletion depth. There is no neutral region any longer and, more importantly, the minority carriers spread from the gate interface down to the bottom interface (Fig. 2b). This effect, named 'volume inversion', has been unveiled 30 years ago by Balestra et al in double gate SOI MOSFET [START_REF] Balestra | Double-gate silicon-oninsulator transistor with volume inversion: A new device with greatly enhanced performance[END_REF]. At that time, it was merely a curiosity but nowadays all advanced CMOS transistors (FinFET, fullydepleted SOI, and nanowire) operate in volume inversion mode. The reciprocal effect is 'volume accumulation' which means that the whole body is filled with majority carriers (Fig. 2c). The same description holds for nanowires and FinFET (Fig. 3). If the cross-section of the device is large, the minority carriers are confined at the interface whereas 10 nm-size devices benefit from volume inversion and accumulation. At this point, we make distinction between the interface charge (inversion layer or 2D gas) and the volume charge. The electrostatic doping is the byproduct of volume inversion and accumulation. In thin layers, a single gate is sufficient. The thinner the film, the more uniform the vertical distribution of carriers within the body. N * and P * denote the virtual doping as opposed to the chemical N + and P + doping levels. In summary, the electrostatic doping consists of free carriers, the polarity and the concentration of which can be adjusted at demand via the gates. An obvious application is the advent of reconfigurable electronic devices.

The gate-controlled diode structure, described by Grove in his admirable book [START_REF] Grove | Physics and technology of semiconductor devices[END_REF], does not belong to what we call electrostatically-doped devices. Indeed, this diode is formed in bulk semiconductor with a P-N junction between a physically-doped region and an inversion layer confined at the interface rather than extending down in the bulk. Literature search indicates that the name of 'electrostatic doping' was first introduced in 1999 by Antonov and Johnson in the context of carbon nanotube (CN) diode [START_REF] Antonov | Subband Population in a Single-Wall Carbon Nanotube Diode[END_REF]. It has rapidly been adopted in graphene and nanotube devices, as the simplest solution to achieve reasonably good end contacts [START_REF] Tans | Room-temperature transistor based on a single carbon nanotube[END_REF]- [START_REF] Lee | Carbon nanotube p-n junction diodes[END_REF], albeit alternative names have also been proposed: charge plasma [START_REF] Hueting | The charge plasma P-N diode[END_REF], gate-induced doping, etc. At the same time, in the SOI domain, Allibert et al [START_REF] Allibert | Double-Gate MOSFETs: Is Gate Alignment Mandatory?[END_REF] promoted the idea of extending the back-gate underneath the source and drain terminals such that their physical doping is reinforced by electrostatic doping, with benefit for series resistance lowering. Two recent papers have been dedicated to this topic. Hueting et al [START_REF] Gupta | Electrostatic Doping in Semiconductor Devices[END_REF] present the theory of electrostatic doping induced by metal workfunction or gate bias as well as the physics of Schottkybarrier devices, including their charge plasma diode [START_REF] Hueting | The charge plasma P-N diode[END_REF]. The role of electrostatic doping in TFETs and reconfigurable multi-gate MOSFETs is discussed by Knoch et al [START_REF] Riederer | Alternatives for Doping in Nanoscale Field-Effect Transistors[END_REF]. In this paper, we review the state of the art of electrostatic devices from a different angle. In order to minimize overlap with [START_REF] Gupta | Electrostatic Doping in Semiconductor Devices[END_REF], [START_REF] Riederer | Alternatives for Doping in Nanoscale Field-Effect Transistors[END_REF], we highlight alternative devices fabricated on FD-SOI (LDMOS, IMOS, etc) with special interest for virtual diodes and band-modulation transistors. Chapters 2 and 3 present applications in nanowires, 2D materials and fully-depleted SOI (FD-SOI). In Chapter 4, we focus on the properties and metamorphosis of the Hocus-Pocus diode. Finally, Chapter 5 describes the operation and performance of bandmodulation devices for applications in the domains of memory, electrostatic protection (ESD), fast logic and sensing.

The family of electrostatically-doped devices

Typical devices are shown in Fig. 4. The charge plasma diode was fabricated on undoped SOI film covered by oxide (Fig. 4a) [START_REF] Hueting | The charge plasma P-N diode[END_REF]. Two different metals that serve as end ohmic contacts extend on top of the dielectric. Their workfunctions are properly selected such as to induce, at zero bias, N and P regions with constant concentrations of electrons and holes. The I-V characteristics are diode-like with high ON/OFF ratio depending on the metals combination [START_REF] Hueting | The charge plasma P-N diode[END_REF], [START_REF] Gupta | Electrostatic Doping in Semiconductor Devices[END_REF]. [START_REF] Hueting | The charge plasma P-N diode[END_REF], (b) lateral bipolar transistor [START_REF] Kumar | Bipolar Charge-Plasma Transistor: A Novel Three Terminal Device[END_REF], (c) carbon nanotube reconfigurable transistor [START_REF] Lee | Carbon nanotube p-n junction diodes[END_REF], and (d) graphene diode [START_REF] Williams | Quantum Hall effect in a gate-controlled p-n junction of graphene[END_REF].

This idea is pursued to achieve a bipolar transistor (Fig. 4b). The metals at extremities are selected to create N + and N emitter and collector regions whereas a third metal gate serves as contact to the P-type base [START_REF] Kumar | Bipolar Charge-Plasma Transistor: A Novel Three Terminal Device[END_REF].

Compared with the workfunction-induced fixed doping, the gate-bias-induced doping is more versatile because both the polarity and concentration of carriers can be easily adjusted. The carbon nanotube device in Fig. 4c comprises two buried gates that define the polarity of the overlapped source and drain regions attached to the metal contacts. For opposite polarities of the gates, the I-V curves reveal a P-N diode. However, when the gates are interconnected and positively biased, the diode turns into an N-channel MOSFET. Conversely, a P-channel MOSFET is emulated with negative bias on the two gates [START_REF] Kumar | Bipolar Charge-Plasma Transistor: A Novel Three Terminal Device[END_REF].

Figure 4d shows the schematic of a graphene P-N diode used for quantum Hall effect measurements [START_REF] Williams | Quantum Hall effect in a gate-controlled p-n junction of graphene[END_REF]. Graphene sheet was deposited on a SiO2/Si stack and covered with Al2O3. A local top gate controls the electrostatic doping (N or P) underneath. The highly doped Si substrate plays the role of global back gate which defines the type of carriers in the ungated section. This device, strikingly similar to the SOI version presented later in Fig. 11a, is viewed as pioneering the graphene-based bipolar technology. [START_REF] Lahgere | Electrically doped dynamically configurable field-effect transistor for low-power and high-performance applications[END_REF], (e) implementation in stacked nanowire [START_REF] Zhang | Polarity-Controllable Silicon Nanowire Transistors With Dual Threshold Voltages[END_REF], (f) MOSFET with two top junction gates that control the injection rate at source and program the polarity of carries at drain [START_REF] Heinzig | Reconfigurable Silicon Nanowire Transistors[END_REF].

Another set of nanotube and nanowire devices with Schottky contacts is illustrated in Fig. 5. The simplest embodiment (Fig. 5a) was inspired from the SOI pseudo-MOSFET [START_REF] Cristoloveanu | A review of the pseudo-MOS transistor in SOI wafers: operation, parameter extraction, and applications[END_REF]. The Si substrate was used as back gate VGB while source and drain were prepared by metal deposition [START_REF] Antonov | Subband Population in a Single-Wall Carbon Nanotube Diode[END_REF]- [START_REF] Martel | Single-and multi-wall carbon nanotube field-effect transistors[END_REF]. The transfer characteristics show the activation of both N-channel (for VGB > 0) and P-channel (for VGB < 0) transistors. Unlike the pseudo-MOSFET with ohmic pressure-induced ohmic contacts, the carbon nanotube FET deals with Schottky barriers which are responsible for high leakage current in OFF state. Note that the carbon nanotube diameter is so small (~1nm) that the inversion charge is no longer 2D, as in a regular MOSFET, and can be regarded as 'volume' charge. This is actually the origin of 'electrostatic doping' definition [START_REF] Antonov | Subband Population in a Single-Wall Carbon Nanotube Diode[END_REF], before being extended to thicker structures.

An evolved configuration consists in adding a local Al/Al2O3 gate beneath the nanotube, as shown in Fig. 5b [START_REF] Bachtold | Logic Circuits with Carbon Nanotube Transistors[END_REF], [START_REF] Lin | High-Performance Carbon Nanotube Field-Effect Transistor With Tunable Polarities[END_REF]. This local gate steers the conduction of carriers, as in a regular MOSFET, while the substrate voltage modulates the Schottky barrier to allow the injection of electrons or holes [START_REF] Lin | High-Performance Carbon Nanotube Field-Effect Transistor With Tunable Polarities[END_REF]. In Figure 5c, the local gate is placed on top surface which is more convenient, at least for Si nanowires [START_REF] Wessely | CMOS without doping: Multi-gate silicon-nanowire field-effect-transistors[END_REF].

On the other hand, since the operation of the back gate requires high voltage, it can be replaced by two additional gates located on top of the Schottky junctions (Fig. 5d). The central gate is called 'control' gate (CG) of current density and the side ones are 'program' gates (PG) manipulating the Schottky barriers. Zhang et al [START_REF] Zhang | Polarity-Controllable Silicon Nanowire Transistors With Dual Threshold Voltages[END_REF] have successfully demonstrated N-and P-MOSFET operation in an advanced version comprising a stack of 4 silicon nanowires with gate-all-around configuration (Fig. 5e). If the two side gates are oppositely biased, the device can be operated as a PIN diode or TFET [START_REF] Lahgere | Electrically doped dynamically configurable field-effect transistor for low-power and high-performance applications[END_REF].

This triple-gate implementation may restrict the downscaling of the channel length and the highfrequency performance due to inter-gate parasitic capacitance. According to Heinzig et al [START_REF] Heinzig | Reconfigurable Silicon Nanowire Transistors[END_REF], the central control gate can be suppressed by conferring different roles to the Schottky gates: the gate on the source side controls the amount of injected carriers while the drain gate filters the type of carriers allowed to pass (Fig. 5f). Typical characteristics of N-channel and P-channel MOSFETs were measured for positive or negative PG-gate bias, respectively. This reconfigurable transistor is considered as the building brick for a new class of logic circuits [START_REF] Mikolajick | The RFET-a reconfigurable nanowire transistor and its application to novel electronic circuits and systems[END_REF].

Even more revolutionary approach is to provide the nanowire with very many back gates which can control independent segments of the body. The transistor will become a piano. Up to 20 buried TiN/Al2O3 gates have actually been fabricated by patterning the Si substrate [START_REF] Riederer | Alternatives for Doping in Nanoscale Field-Effect Transistors[END_REF]. An ambitious objective is to demonstrate coupled quantum dots and resonant tunneling diodes.

Most of these structures can be accommodated in vertical nanowires. The future will tell us how many will eventually succeed. But, they already opened an avenue for lateral thinking about innovative nano-devices. A certainty is that technologies like carbon nanotubes and 2D materials are not compatible with ion implantation and desperately need electrostatic doping. The capability to upgrade the Schottkybarrier contacts into electrostatically-doped ohmic contacts is just a matter of survival.

Regarding more mature technologies, where physical doping is routine, the electrostatic doping is an invaluable tool for conceiving new types of reconfigurable MOS structures with enhanced functionality. Examples of FD-SOI devices will be described in the next sections.

Electrostatic doping in FD-SOI devices

TFETs

The operation mechanism of tunneling FETs relies on electrostatic doping. The idea is to trigger the band-to-band tunneling (BTBT) of electrons from the valence band of P + region into the conduction band of N + region. To this aim, gated PIN diodes are used. In OFF-state (Fig. 6a), although the bands are favorably aligned, the distance between the P + and N + end contacts is too long for tunneling to occur. In ON-state (Fig. 6b), the gate is biased negatively (as the drain) to create P* electrostatic doping which extends the P + contact next to N + junction. BTBT supplies the drain current which is not affected by the thermal Maxwell-Boltzmann tail of carriers (thermionic limit) as in MOSFETs. The subthreshold swing should, in principle, be less than 2.3 kT/q (60 mV/decade of current at room temperature). The Nchannel TFET is operated in the same structure with positive bias on source and gate. FD-SOI TFETs retain full compatibility with CMOS process, including back-biasing scheme, and are robust against OFF-state leakage current, interface/bulk defects and short-channel effects. The injection rate depends exponentially on junction electric field, tunneling distance, bandgap and effective mass. In this respect, silicon is less suitable than Ge, III-V semiconductors or some 2D materials. A profusion of architectures and process boosters have been proposed and optimistic simulations predict glorious performance … that is still waiting for experimental validation. Little progress has actually been achieved in the last decade [START_REF] Lu | Tunnel Field-Effect Transistors: State-of-the-Art[END_REF]- [START_REF] Convertino | Complementary III-V Heterojunction Tunnel FETs Monolithically Integrated on Silicon[END_REF]. The ON current remains too small and subthreshold swing below 60 mV/decade has scarcely been observed and only in very limited ranges of current.

The ON current can obviously be enhanced by enlarging the tunneling area. In Fig. 7, the lateral point-tunneling is replaced by vertical line-tunneling from a highly doped, nanometer-thick pure-Boron layer (or other kind of chemical doping) into the gate-induced N + channel [START_REF] Llorente | New prospects on high on-current and steep subthreshold slope for innovative Tunnel FET architectures[END_REF]. It has been speculated that the bottom P + layer could also be formed with electrostatic doping controlled by the back gate [START_REF] Lattanzio | EHB TFET for Steep SS and Improved On Current[END_REF]. This electron-hole bilayer TFET (EHB-TFET) is an illusion as demonstrated by uncontestable experimental and theoretical facts [START_REF] Lattanzio | EHB TFET for Steep SS and Improved On Current[END_REF][START_REF] Eminente | Ultra-thin fully-depleted SOI MOSFETs: Special charge properties and coupling effects[END_REF][START_REF] Athanasiou | Ultrathin FDSOI four-gate transistors (G4-FETs)[END_REF]. The fatal problem is that the device cannot work: for vertical tunneling to occur, the two bilayers need to be in close proximity, which would be a violation of the super-coupling principle. The hypothesis of electron and hole layers stacked on each other by opposite gates is denied in films thinner than 10 nm because one type of carriers displaces the other [START_REF] Eminente | Ultra-thin fully-depleted SOI MOSFETs: Special charge properties and coupling effects[END_REF]- [START_REF] Revelant | Electron-hole bilayer TFET: Experiments and Comments[END_REF]. The failure of the EHB concept reveals one limit of electrostatic doping: electrons and holes can coexist in laterally adjacent regions controlled by distinct gates but cannot be stacked vertically in double-gate configuration. The case of vertical nanowires (imagine Fig. 7 rotated by 90°) is obviously symmetrical. Fig. 7. Schematic of TFET with vertical line-tunneling. The top N + channel is electrostatically doped by the gate and the bottom P + layer features chemical doping. Electrostatic P + doping cannot be implemented in films thinner than 10 nm due to the super-coupling law.

An alternative idea for improving the ON current is to amplify the small BTBT current. The Bipolar-Enhanced Tunneling FET (BET-FET, see Fig. 8a) is a bipolar transistor where the base is floating and partially covered by the gate [START_REF] Wan | Novel Bipolar-Enhanced Tunneling FET With Simulated High On-Current[END_REF]. For negative gate bias, an electrostatically doped P * layer is formed underneath and tunneling occurs at the P * -N + collector junction. While the electrons are attracted to the collector, the holes flow backwards into the floating base, where their positive charge lowers the emitter-base barrier. It turns out that a relatively modest amount of holes produced by BTBT (i.e., small base current) successfully triggers a large number of electrons to flow from emitter into the collector (high collector current). According to simulations, this in situ amplification mechanism may increase the ON current by 3 orders of magnitude and maintain a sub-60 mV/decade swing over 6 decades of current (Fig. 8b) [START_REF] Zhang | CMOS-compatible FDSOI bipolar-enhanced tunneling FET[END_REF]. 

Ultrathin LDMOS LDMOS (or EDMOS

) is a transistor with long underlapped drift region (Fig. 9a), aimed at sustaining high drain voltage. Even a low-voltage technology such as FD-SOI requires components capable of at least 5 V operation, for power management, USB ports, etc [START_REF] Litty | Towards High-Voltage MOSFETs in Ultrathin FDSOI[END_REF]. Without doping, the device fails simply because the drift region is fully depleted and impedes the current flow. The doping tuning via ion implantation (Fig. 9b) is a difficult approach in sub-10 nm thick films that fortunately can be avoided using electrostatic doping. The LDMOS version presented in Fig. 9c takes advantage of the double ground-plane option available in standard FD-SOI technology. The role of the N-doped GP is to adjust the electrostatic doping of the drift region for meeting the target performance in terms of series resistance, drive current, ON (output) resistance and breakdown voltage, as illustrated in Fig. 9d. The P-doped GP located under the gated region serves for controlling the threshold voltage, leakage current and subthreshold swing.

The implementation of electrostatic doping has transformed the unusable single-gate LDMOS into a triple-gate device (one top gate and 2 bottom GPs) with high performance [START_REF] Litty | Towards High-Voltage MOSFETs in Ultrathin FDSOI[END_REF].

Impact ionization MOS

The IMOS is a partially gated PIN diode operated at high reverse drain voltage. In OFF state (Fig. 10a), the body underneath the gate is fully depleted and the N + and P + terminals are too far apart for impact ionization to take place. As the gate is negatively biased, the P* electrostatic doping builds up, virtually expanding the P + terminal under the gate. The device becomes 'shorter' which suddenly increases the lateral electric field, triggers impact ionization and turns it ON. The measured transfer characteristics are indeed very sharp (~2 mV/decade) [START_REF] Mayer | Co-integration of 2 mV/dec Subthreshold Slope Impact Ionization MOS (I-MOS) with CMOS[END_REF]. The reason we do not believe this device is viable for low-power sharp-switching CMOS is two-fold: (i) the drain voltage is excessively large (~10 V) and (ii) early aging results from the high electric field. Fig. 10. Schematics of (a) IMOS [START_REF] Mayer | Co-integration of 2 mV/dec Subthreshold Slope Impact Ionization MOS (I-MOS) with CMOS[END_REF] and (b) GDNMOS [START_REF] Conti | GDNMOS and GDBIMOS devices for high voltage ESD protection in thin film advanced FD-SOI technology[END_REF].

Merged gated-diode and N-MOSFET

This novel device (GDNMOS, Fig. 10b) comprises a gated-diode and a MOSFET connected in series and sharing the N + middle contact. The electrostatic doping makes it reconfigurable: N* doping under the diode gate results in a lateral PIN diode whereas P* doping transforms it into a thyristor [START_REF] Conti | GDNMOS and GDBIMOS devices for high voltage ESD protection in thin film advanced FD-SOI technology[END_REF]. In thyristor configuration (Fig. 10b), the breakdown voltage is large enough for ESD protection. Note that the common N + region can also be electrostatically doped (by ground plane or an additional top gate), leaving more room for flexible operation.

The Hocus Pocus diode

The Hocus Pocus (HP) diode is an illuminating example of the fascinating potential of electrostatic doping. The device schematically shown in Fig. 1d has been fabricated with FD-SOI technology. The simplest variant (Fig. 11a) features 7 nm thick Si film, 25 nm thick BOX, high-k/metal gate stack and a P-doped ground plane that extends all the way from cathode to anode. The cathode and anode have been raised by additional epitaxy to reduce the series resistance. Other versions include a raised ungated region and/or dual ground-planes. Negative front-gate bias and positive back-gate (ground-plane, GP) bias lead to the formation of a virtual P-N junction, similar to those in Fig. 4. The charge plasma diode (Fig. 4a) is a two-terminal device where the electrostatic doping is defined by the metal workfunctions and thus is constant. By contrast, the HP diode benefits from 4 terminals where the two gates can materialize infinite combinations of doping concentrations. The P * -N * junction, located at the left edge of the gate is perfectly abrupt whereas, in charge-plasma diodes, the inherent spacing between the two metals emulates a 'shallow' junction like in short PIN diodes.

The name Hocus Pocus was chosen to reflect the magic capability of our structure to change appearance from one embodiment to many others. The multiple facets of the HP diode will be discussed in section 4.2.

The virtual P-N diode

It was not obvious to us that the proximity of free electrons and holes populations would result in a P-N junction which behaves as a physical diode and complies, to some extent, with the classical theory. Typical experimental characteristics, shown in Fig. 11b, are indeed diode-like. As expected, they differ according to the doping concentration but remain well behaved. The forward current is high and the ON/OFF ratio reaches 10 orders of magnitude.

The reverse current (Fig. 12a) is normally extremely low, within the noise level of the equipment, but starts increasing rapidly at a given anode bias. The reason is that a negative anode voltage weakens the front-gate action and therefore reduces the P * doping. For VA ≤ VGF-VTFp, where VTFp is the front threshold voltage for holes, the gated region becomes fully depleted, which triggers massive carrier generation in the body and, in particular, at the interfaces. Band-to-band tunneling (BTBT) adds to the reverse current. The forward current (Fig. 12b) exhibits the four segments expected from a diode: recombination current (IA ~ e qV/nkT with ideality factor n ≈ 2) at low VA, followed by diffusion current (n ≈ 1), high injection and series resistance effect. The extension of the diffusion-and recombination-dominated regions can be adjusted by modifying the electrostatic doping.

Unlike the conventional P-N diode with constant chemical doping, the HP diode features different characteristics according to the grounded terminal. When the anode is biased, the P * doping is modulated whereas, for cathode biasing, it is the N * doping that changes dynamically with VK. Another marked difference arises from the 2D nature of the HP diode where the in-depth profile of free carriers is inhomogeneous. P * doping decreases downwards from the top gate and the N * doping decreases upwards from the bottom interface. This distribution causes the barrier height and depletion width to vary along the vertical direction. Numerical simulations reproduced in Fig. 13 show the unusual contour of the depletion region. The depletion develops in the region with lower carrier concentration, as it should be in a diode. Further results also indicate that the barrier height at each position is given by the classical theory: ΦB = kT/q ln (N * P * /ni 2 ), where the free carrier concentrations N * and P * replace the physical doping. The HP diode serves for evaluating the carrier lifetime, which reflects the material quality and governs the performance of bipolar and power devices. Unfortunately, the well-known optical and capacitance techniques [START_REF] Ioannou | Characterization of carrier generation in enhancement-mode SOI MOSFET's[END_REF]- [START_REF] Arora | Electrical Characterization of Silicon-on-Insulator Wafers Using Photo-Conductance Decay (PCD) Method[END_REF] prove inefficient in ultrathin fully depleted films. We proposed a simple method which consists in measuring the anode voltage corresponding to the transition between the recombination and diffusion regimes [START_REF] Arora | Electrical Characterization of Silicon-on-Insulator Wafers Using Photo-Conductance Decay (PCD) Method[END_REF]. Simulations of P-N diodes with variable physical doping teach us that the recombination IR and diffusion ID currents are equal for an ideality factor n = 1.3 [START_REF] Lee | Carrier lifetime evaluation in FD-SOI layers[END_REF]. We use elementary diode equations:
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where ni is the intrinsic concentration, τ is the carrier lifetime, Lp is the diffusion length of holes, WD is the depletion width, W is the length of the ND region and other notations are conventional. The doping levels are assumed to be given by the average carrier concentrations: COX is the gate oxide capacitance, CBOX is the BOX capacitance and VT is the threshold voltage for electron (n) and hole (p) channels.

For the experimental conditions of Fig. 12b, the average depletion width is WD ≈ 10 nm. We determine n(VA), find VA for n = 1.3, and equate the two currents (Eqs. 1 and 2). This strategy yields a lifetime of 1-10 ns depending on the carrier concentrations [START_REF] Lee | Carrier lifetime evaluation in FD-SOI layers[END_REF]. Another method applicable with the HP diode is the reverse recovery transient [START_REF] Grove | Physics and technology of semiconductor devices[END_REF]. The diode is sharply pulsed from ON to OFF state. The stored minority carrier charge (for example, holes in the N * region) keeps the reverse current high during a transient time tSD, as shown in Fig. 14. The effective carrier lifetime τeff is determined from the ratio between forward IF and reverse IR currents [START_REF] Grove | Physics and technology of semiconductor devices[END_REF], [START_REF] Streetman | Solid state electronic devices[END_REF].
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Detailed measurements, documented elsewhere [START_REF] Lee | Carrier lifetime evaluation in FD-SOI layers[END_REF], confirm the very short effective lifetime in FD-SOI. We incriminate the prevailing role of recombination velocities S1, 2 at the interfaces rather than the volume lifetime τv:
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For example in a 10 nm film, a reasonable surface recombination velocity of 100 cm/s imposes an effective lifetime of 10 ns, much shorter than τv in bulk silicon.

Metamorphosis of the HP diode

In response to the polarity of the front-gate voltage (positive, negative or null), the electrostatic doping beneath is N*, P* or 'intrinsic' (full depletion). The ungated region can also undergo such transformations (N*, P* or i) subject to the ground-plane bias. It follows that the HP diode can take 9 different facets with highly different properties [START_REF] Cristoloveanu | A reconfigurable silicon-on-insulator diode with tunable electrostatic doping[END_REF].

The virtual diodes can have the junction located at the left, at the right or in the center of the body. The comparison of their I-V characteristics (Fig. 15a) sheds light on the quality of the N + and P + junctions independently. PIN diodes with full-or half-body are presented in Fig. 15b. The diode length modulation, via electrostatic doping, impacts the ON current and further the breakdown voltage. A very interesting configuration N + IN * P + is shown in Fig. 16. In reverse mode (VA < 0), the I-V characteristic identifies a TFET with band-to-band tunneling at the N * -P + junction. In forward mode, the curve is totally different with the current increasing abruptly at a given voltage. Here the device operates as a virtual thyristor, in band-modulation regime. The description of this remarkable sharp-switching device forms the subject of the next section. 

Band-modulation devices

A band-modulation device is actually a PIN diode where two gates emulate a thyristor-like PNPN structure. The two gates can be accommodated on the top surface (Field Effect Diode [START_REF] Salman | Field Effect Diode (FED): A novel device for ESD protection in deep sub-micron SOI technologies[END_REF], [START_REF] Nemati | A novel thyristor-based SRAM cell (T-RAM) for high-speed, low-voltage, giga-scale memories[END_REF], Fig. 17a), on the top and bottom (Z 2 -FET [START_REF] Wan | A Compact Capacitor-Less High-Speed DRAM Using Field Effect-Controlled Charge Regeneration[END_REF], Fig. 17b), or just on the bottom (Z 3 -FET [START_REF] Dirani | Sharp-switching band-modulation back-gated devices in advanced FDSOI technology[END_REF], Fig. 17c). An enhanced version of Z 2 -FET, comprising two ground-planes [START_REF] Dirani | Novel FDSOI bandmodulation device: Z 2 -FET with Dual Ground Planes[END_REF], is presented in Fig. 17d. Fig. 17. Configuration of several band-modulation devices: (a) Field Effect Diode [START_REF] Salman | Field Effect Diode (FED): A novel device for ESD protection in deep sub-micron SOI technologies[END_REF], [START_REF] Nemati | A novel thyristor-based SRAM cell (T-RAM) for high-speed, low-voltage, giga-scale memories[END_REF], (b), Z 2 -FET [START_REF] Wan | A Compact Capacitor-Less High-Speed DRAM Using Field Effect-Controlled Charge Regeneration[END_REF] , (c), Z 3 -FET [START_REF] Solaro | Innovative ESD protections for UTBB FD-SOI technology[END_REF], and (d) dual ground-plane Z 2 -FET [START_REF] Dirani | Sharp-switching Z 2 -FET device in 14 nm FDSOI technology[END_REF].

Operation mechanisms and I-V characteristics

We consider the Z 2 -FET biased in forward mode (VA > 0). No current flows as long as the injection of holes from the P + contact is impeded by the energy barrier at the P + -N * junction. Similarly, the injection of electrons from the N + contact is blocked by N + -P * energy barrier (Fig. 18a, left panel). Any increase in VA is essentially absorbed by the central virtual junction P * -N * . When the maximum reverse voltage sustainable by the central junction is reached, a small rise of VA reduces slightly the P + -N * barrier height. A few holes can escape and flow into the P * region, increasing the potential and lowering the electron injection barrier. The few electrons flowing into the N * region further reduce the hole barrier. This positive feedback process results in a sudden collapse of the two injection barriers (Fig. 18a, right panel) that switches abruptly the current to the normal value in PIN diode [START_REF] Wan | A Compact Capacitor-Less High-Speed DRAM Using Field Effect-Controlled Charge Regeneration[END_REF]. Typical IA-VA characteristics are shown in Fig. 18b. The leakage current is insignificant, the ON/OFF current ratio is 10 8 -10 10 , and the apparent swing is less than 1 mV/decade. For reverse scan direction, the device is prolonged in ON state, with flat energy bands, until VA becomes too small and the gates regain control, restoring the injection barriers. The hysteresis in Fig. 18b corresponds to an Sshaped characteristic that can be measured by forcing the current [START_REF] Wan | A Compact Capacitor-Less High-Speed DRAM Using Field Effect-Controlled Charge Regeneration[END_REF]. Numerical simulations unveil the difference with a regular PNPN thyristor. In Z 2 -FET, the bandmodulation illustrated in Fig. 18a is the fundamental mechanism whereas impact ionization is irrelevant [START_REF] Wan | A Compact Capacitor-Less High-Speed DRAM Using Field Effect-Controlled Charge Regeneration[END_REF], [START_REF] Taur | A comprehensive model on field-effect pnpn devices (Z 2 -FET)[END_REF], enabling the device to operate at low voltage (~1 V). This explains the acronym Z 2 which means Zero subthreshold swing and Zero impact ionization. Details on the operation mechanisms (band modulation, positive feedback and current conservation) are documented in the exhaustive model elaborated by Taur [START_REF] Taur | A comprehensive model on field-effect pnpn devices (Z 2 -FET)[END_REF].

The gate voltage is a very sensitive knob to tune the turn-on voltage VON which basically defines the width of the hysteresis window: ΔVON/ ΔVGF ≈ 0.8 V/V [START_REF] Taur | A comprehensive model on field-effect pnpn devices (Z 2 -FET)[END_REF]. For higher VGF, the hole injection barrier is taller and causes VON to increase. The back-gate voltage controls the electron injection barrier but in the meantime weakens the front-gate action. A promising solution is to use two adjacent ground planes (Fig. 17d): the left one (VGP-P < 0) for electron barrier modulation and the right one (VGP-N > 0) for reinforcing the front-gate mission [START_REF] Dirani | Sharp-switching Z 2 -FET device in 14 nm FDSOI technology[END_REF].

The large and tunable hysteresis is key for memory, ESD protection and sensing applications. It is marginally affected by temperature rise or device cycling [START_REF] Wan | A Compact Capacitor-Less High-Speed DRAM Using Field Effect-Controlled Charge Regeneration[END_REF].

A similar sharp-switch is observed on the transfer characteristics IA-VGF, measured by scanning the gate voltage at constant anode bias (Fig. 18c). The Z 2 -FET shows quasi-vertical switch unrivalled for fast and low-power logic circuits [START_REF] Cristoloveanu | A review of the Z 2 -FET 1T-DRAM memory: Operation mechanisms and key parameters[END_REF].

Memory applications

The down-scaling of DRAM is mainly obstructed by the difficult miniaturization of the storage capacitor which must retain a certain area. The paradigm of single-transistor 1T-DRAM was developed with the aim of suppressing the storage capacitor. A floating-body SOI transistor is able to store majority carriers and to read the corresponding current [START_REF] Bawedin | Innovating SOI memory devices based on floating-body effects[END_REF].

The Z 2 -FET stands as the best-in-class 1T-DRAM, with potential for implementation as embedded memory in FD-SOI technology [START_REF] Wan | A Compact Capacitor-Less High-Speed DRAM Using Field Effect-Controlled Charge Regeneration[END_REF], [START_REF] Cristoloveanu | A review of the Z 2 -FET 1T-DRAM memory: Operation mechanisms and key parameters[END_REF]. The memory operation relies on the presence or absence of electrons under the gate. '1' state is programmed in ON mode (no barriers, VGF = 0 and VA > 0, see Fig. 19a) such as electrons are available in the body. An electron charge ΔQG is retained under the gate when the injection barrier is built-up in HOLD mode (VGF > 0 and VA = 0). For '0' state programming, the gate is pulsed to high voltage keeping VA = 0. Since no electrons are spontaneously available to form the inversion layer, the energy barrier is prompted to a height higher than in steady state. This non-equilibrium condition reminds the well-known deep-depletion (Zerbst) effect in MOS capacitors [START_REF] Grove | Physics and technology of semiconductor devices[END_REF]. As a result, VON is larger in '0' state than in '1' state; this difference is accentuated using pulses with very short rise time on the gate. Memory reading is performed by pulsing the anode voltage to a value in between; otherwise, for higher VA the device always turns ON (no state'0') whereas for too small VA it remains OFF (no state '1'). A fast VA pulse enables to lower the reading voltage because the discharge current (ΔQG/Δt) is able to trigger the device ON even if ΔQG is small. Figure 19a demonstrates the excellent memory performance: '0' state current is extremely low and '1' current is respectable offering a high current margin I1/I0. The gate voltage has little impact on I1 which is primarily defined by VA. However, increasing VA requires VGF to increase simultaneously in order to enhance the barrier and avoid the deterioration of state '0' (Fig. 19b).

The '1' state write is possible even with VA = 0.4 V which means that energy consumption occurs only for '1' READ and is greatly minimized [START_REF] Dirani | Ultra-low power 1T-DRAM in FDSOI technology[END_REF]. Since '1' state is stable and does not require refresh, the memory retention is defined by the time taken by electrons to populate the gate region in '0' state. A very short lifetime jeopardizes the retention time and '0' current, but too long lifetime inhibits the sharp switch and overall device functionality. The carrier lifetime governs the diffusion and generation-recombination mechanisms which play a pivotal role in all stages of device operation [START_REF] Parihar | Insight into carrier lifetime impact on band-modulation devices[END_REF].

Long retention time nearing 1 s has been measured [START_REF] Dirani | Competitive 1T-DRAM in 28 nm FDSOI technology for low-power embedded memory[END_REF]. Another remarkable advantage is that memory reading is non-destructive. Frequent reading actually consolidates (refreshes) the '0' state and improves the retention time [START_REF] Wan | A Compact Capacitor-Less High-Speed DRAM Using Field Effect-Controlled Charge Regeneration[END_REF].

The barrier blocking effect is adversely affected by shrinking its width. Z 2 -FET down-scaling is a matter of trade-off with the retention capability. Devices with LG = 70 nm are functional and simulations show design space down to 30 nm [START_REF] Wan | A Compact Capacitor-Less High-Speed DRAM Using Field Effect-Controlled Charge Regeneration[END_REF], [START_REF] Dirani | Competitive 1T-DRAM in 28 nm FDSOI technology for low-power embedded memory[END_REF].

Finally, it is worth noting that the hysteresis window is perfectly stable and opens a path towards non-volatile memory and single-transistor SRAM. States '1' and '0' correspond respectively to the ON and OFF currents measured in the memory window of Fig. 18b.

ESD protection

The expensive core of a chip needs to be protected against sudden electrostatic discharges (ESD) events arising on the pads. A protection device is expected to turn on rapidly, carry large current and comply with the common operating voltage. An ideal I-V characteristics is S-shaped with tunable ON voltage and extremely low leakage for transparency, meaning no power consumption in sleeping mode. These assets are exactly what the Z 2 -FET offers for the protection of FD-SOI integrated circuits.

Prototypes have been fabricated and successfully benchmarked against classical grounded-gate MOSFETs that are necessarily implemented in the bulk substrate after breaking the BOX locally. A robust variant is the Z 2 -FET with physically-doped ungated region [START_REF] Solaro | Innovative ESD protections for UTBB FD-SOI technology[END_REF].

Sensing applications

A negative charge deposited on the surface of the ungated region mimics the back-gate effect building up an N + -P * barrier. The high sensitivity of turn-on voltage to the concentration of surface charges encourages applications as chemical and bio sensor, kind of ISFET [START_REF] Bergveld | Development , Operation , and Application of the Tool for Electrophysiology[END_REF] with improved capability (Fig. 20a). Not only can very small charges below 10 11 cm -2 be easily detected but also the sensitivity range can be modulated (between 10 11 and 10 13 cm -2 by modifying the device size and biasing) to match the target of the sensing domain [START_REF] Wan | A systematic study of the sharpswitching Z 2 -FET device: from mechanism to modeling and compact memory applications[END_REF]. Furthermore, the operation of band-modulation devices relies on mechanisms that are easily altered by light. For example, a Z 2 -FET in dynamic OFF mode (i.e., no electrons under the gate and high VON) is sharply turned on when light-generated carriers collect under the gate and reduce VON. The mechanism is conceptually similar to the one used to write '0' state in 1T-DRAM. In practice, the device is biased with VGB and VGF pulses to form over-sized non-equilibrium barriers, and then a bias of 1V is applied on anode. This VA is not sufficient to turn on the device in the dark. However, the device turns on sharply after shining light for a certain period of time (Fig. 20b). With stronger light intensity, the waiting time for the device to respond is shorter [START_REF] Liu | A New Photodetector on SOI[END_REF]. The ratio between photo-current and dark current is outstanding (10 8 -10 10 ) compared to other types of photo-detectors. Even more revolutionary prospect is to combine sensing and memory functions within a single device.

The Z 3 -FET device presented in Fig. 17c has been conceived for maximizing the sensing area. Z 3 stands for Zero gate, Zero swing and Zero ionization. There is no top gate, so the barriers are formed by the two ground planes. This device can also be viewed as an upside-down Field Effect Diode (Fig. 17a). The doping polarity and the disposition of the two ground planes have been selected to keep their junction reverse biased: VGP-P ≤ 0 and VGP-N > 0. Systematic experiments reveal very sharp IA-VA characteristics, like in Fig. 18b, except that the bias range can be extended to a few volts. The absence of the top-gate stack makes the device perfectly resilient to dielectric degradation while offering more real-estate for sensing.

Fast logic

The transfer IA-VFG characteristics measured in steady-state (DC) feature very sharp turn-ON switch (Fig. 18c). Once the barriers have collapsed, to rebuild them requires higher gate voltage since many carriers flow through the body. Above certain anode voltage (1.1 V in Fig. 18c), the device just cannot be turned OFF. Hysteresis and latch are not favorite assets for circuit design. This dilemma is totally solved in dynamic mode (AC), where fast pulses on the gate succeed to turn OFF the Z 2 -FET and eliminate the hysteresis (Fig. 21a). The switching performance reflects the importance of biasing conditions [START_REF] Lee | Sharp switching, hysteresis-free characteristics of Z 2 -FET for fast logic applications[END_REF]. The ON current is obviously increased with VA at the expense of a higher VGF demanded for turn OFF. Performance optimization is facilitated in the Z 2 -FET with dual ground planes (Fig. 17d). While the left-hand ground plane (P-type) is always biased negatively, the right-hand one (N-type) can be polarized positively to consolidate the gate-voltage control of the hole injection barrier, enabling VGF voltage lowering.

Another crucial parameter for device switching is the rise/fall time of the gate pulse. Figure 21b demonstrates that shorter rise times improve considerably the turn-OFF capability. It follows that for high performance the Z 2 -FET logic switch requires fast operation, exactly what we expect from advanced circuits.

Conclusions

The electrostatic doping is a tremendous opportunity in ultrathin structures, either planar (FD-SOI, 2D materials, nanotubes) or vertical (bottom-up nanowires, FinFETs, etc). Well-known devices such as diodes, MOSFETs and bipolar transistors can be reproduced by replacing the physical doping with gate-induced electron and hole charges.

A necessary benefit is the possibility to achieve N + and P + terminals even in materials immune to chemical doping techniques. Most exciting is the manipulation of the doping polarity and concentration in the same body region that incites the design of reconfigurable integrated circuits. The endless metamorphosis of the Hocus Pocus diode is an elucidating example.

The ultimate advantage of electrostatic doping is for conceiving new types of devices with enriched performance and functionality. The band-modulation concept is actually the fruit of electrostatic doping. We have reviewed several variants of Z 2 -FET, prototyped with FD-SOI technology and exhibiting high performance for promising applications.

Other innovative devices, where P-N virtual junctions are emulated or abolished to match userdefined specifications, will certainly be conceived soon. Given the enormous potential of electrostatically-doped devices, their dedicated modeling is a need. The challenge is to account for gatetunable doping with 2D or 3D profile and dynamic variation. Whether billions of minuscule gates will terminate the dinosaur-like ion-implanters is a question to be contemplated in the future.
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 1 Fig. 1. (a) Standard P-N diode with physical doping, (b) fully depleted layer with ohmic contacts, (c) same with two adjacent top and bottom gates, (d) virtual diode emulated by gates biasing.

Fig. 2 .

 2 Fig. 2. (a) Conventional bulk MOS structure featuring a surface inversion layer above the depletion and neutral regions. In ultrathin film, the gate induces electrons (b) or holes (c) in the full body according to the principle of volume inversion/accumulation.

Fig. 3 .

 3 Fig. 3. (a) Large nanowire where the inversion layer is confined at the surface. (b) Small nanowire and (c) FinFET with volume inversion/accumulation.

Fig. 4 .

 4 Fig. 4. (a) Selected electrostatically-doped devices. (a) Plasma diode[START_REF] Hueting | The charge plasma P-N diode[END_REF], (b) lateral bipolar transistor[START_REF] Kumar | Bipolar Charge-Plasma Transistor: A Novel Three Terminal Device[END_REF], (c) carbon nanotube reconfigurable transistor[START_REF] Lee | Carbon nanotube p-n junction diodes[END_REF], and (d) graphene diode[START_REF] Williams | Quantum Hall effect in a gate-controlled p-n junction of graphene[END_REF].

Fig. 5 .

 5 Fig. 5. (a) Carbon nanotube ambipolar transistor with back-gate action [4], [5], (b) carbon nanotube MOSFET with local and global back-gates [6], [14], (c) Si nanowire MOSFET with control top gate and program back-gate [15], (d) Si nanowire transistor with one central control gate and two adjacent side gates that program the Schottky barriers to form N-channel and P-channel MOSFETs or TFET[START_REF] Lahgere | Electrically doped dynamically configurable field-effect transistor for low-power and high-performance applications[END_REF], (e) implementation in stacked nanowire[START_REF] Zhang | Polarity-Controllable Silicon Nanowire Transistors With Dual Threshold Voltages[END_REF], (f) MOSFET with two top junction gates that control the injection rate at source and program the polarity of carries at drain[START_REF] Heinzig | Reconfigurable Silicon Nanowire Transistors[END_REF].

Fig. 6 .

 6 Fig. 6. Configuration of P-channel TFET and energy bands showing how the electrostatic doping enables the switch from OFF to ON state.

Fig. 8 .

 8 Fig. 8. (a) Configuration of BET-FET on FD-SOI. Electrostatic P * doping underneath the gate causes BTBT current that is amplified by the lateral bipolar transistor. (b) Comparison of ON current and subthreshold swing in BET-FET and regular TFET [33].

Fig. 9 .

 9 Fig. 9. (a) Schematic of LDMOS, (b) conventional single-gate architecture of SOI LDMOS, (c) triplegate LDMOS with one top gate, two ground-planes and electrostatic doping in the drift region fabricated in advanced FD-SOI technology, and (d) experimental output characteristics showing improved breakdown voltage, drive current and ON resistance as the electrostatic doping is manipulated by the N-doped ground plane [34].

Fig. 11 .

 11 Fig. 11. (a) Hocus Pocus diode fabricated in 28nm and 14nm nodes FD-SOI technology and (b) current-voltage characteristics. N + and P + regions are ion implanted whereas N * and P * denote electrostatic doping.

Fig. 12 .

 12 Fig. 12. (a) Reverse and (b) forward I-V characteristics of Hocus Pocus diode for different concentrations of virtual doping.

Fig. 13 .

 13 Fig. 13. 2D profiles of free carrier distributions and junction depletion region (black contours) simulated for an HP diode with VGF = -2.5 V, VGB = + 2.5 V, tsi = 7 nm, tOX = tBOX = 3 nm.

Fig. 14 .

 14 Fig. 14. Reverse recovery current measured on an electrostatic P-N diode. The grey area shows the region with high reverse current. tox = 3.4 nm, Lin = Lg = 500 nm, width = 100 µm.

Fig. 15 .

 15 Fig. 15. Characteristics of various types of electrostatic (a) P-N diodes and (b) PIN diodes emulated in a single device.

Fig. 16 .

 16 Fig. 16. Current-voltage characteristics of TFET and a band-modulation devices emulated in a single device by the polarity of the anode voltage.

Fig. 18 .

 18 Fig. 18. Band diagrams in Z 2 -FET operated in OFF and ON modes. (b) Output characteristics showing abrupt switch and hysteresis. (c) Sharp-switch transfer characteristics.

Fig. 19 .

 19 Fig. 19. (a) Sequence of memory operation (HOLD '0' H0, PROGRAM '0' P0 or '1' P1, READ R0 and R1) and corresponding anode current measured in Z 2 -FET 1T-DRAM memory [52]. (b) Impact of gate bias on '0' and '1' state currents. For given anode voltage (here VA = 1.1 V), there is a minimum gate voltage (VGF > 1.3 V) which defines the memory window.

Fig. 20 .

 20 Fig. 20. (a) Turn-on voltage versus surface charge density deposited in the ungated region LIN of a Z 2 -FET used as chemical sensor (adapted from [58]). (b) Z 2 -FET as photo-detector: anode current versus with time after exposure to light with 520 nm wavelength and variable intensity (0-15 µW/cm 2 ) [59].

Fig. 21 .

 21 Fig. 21. Z 2 -FET operation as sharp logic switch. (a) Turn ON and OFF characteristics demonstrating that the anode current follows the gate pulse. (b) Impact of the rise time on switch sharpness.
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