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Abstract/ Résumé Title: Conception, fabrication and characterization of innovative FD-SOI devices for advanced protection against electrostatic discharge damage

This thesis is dedicated to the study of innovative ESD protection devices on ultra-thin film FD-SOI technology. These devices are critical for protecting the core circuits from electrostatic discharges (ESD) and enable expanding the industrialization of state-of-the-art process technology. In this context, four devices were studied through simulations, fabrication and measurements in order to evaluate their performance. Chapter 1 documents the evolution of CMOS industry, the motivations of SOI technology while ESD protection devices and testing methodology are thoroughly presented. Chapter 2 is dedicated to the BiMOS transistor that combines MOS and bipolar modes of operation. Simulations and experimental results show attractive results, in particular an apparent bipolar amplification gain in excess of 10 7 . The device is versatile and can be operated as MOSFET, bipolar transistor or in hybrid mode while maintaining an excellent performance during the ESD measurements. Chapter 3 introduces an original device, the GDnMOS, that merges a gated PIN diode and a MOSFET. The structure takes advantage of the 'electrostatic doping' that can be induced via appropriate gate biasing. The ESD evaluation verifies the device use as a high voltage ESD protection element, where true thyristorlike behavior can be achieved with lower doping values. Chapter 4 is focused on the operation of the four-gate transistor (G 4 -FET). Fabricated with 28 nm and 14nm node FDSOI technology for the first time, the device is ultrathin and exhibits unusual characteristics compared to the earlier version in partially depleted SOI. The device is evaluated and is used to experimentally demonstrate the super coupling effect in ultra-thin films. Chapter 5 presents another highly innovating device belonging to the family of tunneling transistors. The bipolar amplified tunneling FET is designed such as the band-to-band tunneling current acts as the base current in a bipolar transistor. The concept is similar to that of the BET-FET, i.e., amplifying the small tunneling current by the intrinsic gain of the bipolar. Experimental data compared with simulation results indicate the avenue for device optimization.
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Titre: Conception, fabrication et caractérisation de nouveaux dispositifs FD-SOI avancés pour protection contre les décharges électrostatiques

Cette thèse est consacrée à l'étude des dispositifs de protection ESD innovants sur les films ultraminces FD-SOI. Ces dispositifs sont essentiels pour protéger les circuits contre les décharges électrostatiques (ESD) et permettre l'industrialisation de la technologie FD-SOI de pointe. Quatre composants sont étudiés. Leur performance est évaluée de par leur simulation, leur fabrication et des mesures. Le chapitre 1 documente l'évolution de l'industrie CMOS, les motivations de la technologie SOI ainsi que les dispositifs de protection ESD existants et la méthodologie de test. Le chapitre 2 est consacré au transistor BiMOS qui combine MOS et modes de fonctionnement bipolaire. Les simulations et les résultats expérimentaux montrent des résultats intéressants, en particulier un gain apparent d'amplification bipolaire supérieur à 10 7 . Le dispositif est polyvalent et peut être commandé en MOSFET, en transistor bipolaire ou en mode hybride tout en conservant une excellente performance pendant les mesures ESD. Le chapitre 3 introduit un dispositif original, le GDnMOS, qui fusionne une diode PIN et un MOSFET. La structure profite du «dopage électrostatique» qui peut être induit par une polarisation de grille appropriée. L'évaluation ESD vérifie que le dispositif est un élément de protection contre les décharges électrostatiques à haute tension, tandis qu'un vrai comportement de thyristor peut être obtenu avec des valeurs de dopage inférieures. Le chapitre 4 se concentre sur le fonctionnement du transistor à quatre grilles (G 4 -FET). Fabriqué pour la première fois avec une technologie FDSOI noeuds 28 nm et 14nm, le dispositif est ultra-fin et présente des caractéristiques inhabituelles par rapport à sa version précédente, fabriquée avec la technologie SOI partiellement déserté. Le dispositif est évalué et utilisé pour démontrer expérimentalement l'effet de super-couplage dans des films ultra-minces. Le chapitre 5 présente un dispositif très innovant appartenant à la famille des transistors à effet tunnel. Le FET à effet tunnel amplifié par effet bipolaire est conçu de sorte que le courant tunnel de bande à bande agit comme le courant de base dans un transistor bipolaire. Le concept est similaire à celui du BET-FET, c'est-à-dire que le petit courant tunnel est amplifié par le gain intrinsèque du bipolaire. Les données expérimentales sont comparées aux simulations. Ces résultats fournissent des indications pour optimiser les composants étudiés.

Mots-clés: FD-SOI, CMOS avancé, Caractérisation électrique, ESD, TCAD, Fabrication.

Chapter 1: Introduction 1.1 MOSFET downscaling and evolution

In this paragraph we will present a brief overview of the history of microelectronics. We will continue with the challenges faced during the miniaturization process as well as the current solutions to overcome them. Future device trends will be presented with an emphasis on the type of structures that resemble our own work.

In 1930 Julius Edgar Lilienfeld filed a patent for a semiconductor transistor based on a film of copper sulphur compound [1], while in 1947 Bardeen, Brattain [2] and Shockley [3] built the first bipolar transistors. Integrated silicon circuits first appeared in 1958 [4], and the MOSFET in 1960 [5]. Thus two of the most popular devices for logic applications were born. Over the years the use of them diversified: Bipolar transistors are easier to manufacture, offer low input impedance and are more linear than MOSFETs. They dominated the field of analog electronics, specifically as amplification elements. MOSFETs on the other hand, with their high input impedance and switching characteristics, prevailed in the digital market. In 1965 the magazine Electronics presented a forecast by Gordon Moore on the development of integrated circuits [6]. According to this prediction (now known as the Moore's Law), the number of transistors per chip double every year and this would continue for at least ten years. The next important milestone in the evolution of Microelectronics was the invention of the Complementary Metal Oxide Semiconductor (CMOS) logic by Wanlass in 1967 [7]. Finally the emergence of Very Large Scale Integration (VLSI) in 1980 with typical values of 10 5 transistors per chip boosted the industry and created today's 300 billion dollar market [8]. original prediction [6].

Although Moore's Law was valid in general and without special changes, the projected rate (doubling every year, Fig. 1.1) changed in the mid-1970s, with a doubling of transistors per chip every 2 years and for more than 30 years the density of devices continued under this exponential growth. This prediction was updated more than once, additionally taking into account different technologies used for memory elements compared to logic functions (Fig. 1.2). But what is the benefit of this continuous miniaturization? The answer to this question is mainly the cost. The ongoing miniaturization leads to cost reduction per integrated circuit, and thus drops the cost per logic function (Fig. 1.3). The reduction of the silicon surface occupied by the circuit leads to more functions on the same area. This scaling trend reduces at the same time the operating voltage and allows operation with lower power consumption.

Fig. 1.2: Number of components per integrated function for minimum cost per component extrapolated vs time,

updated prediction [9]. [6].

Fig. 1.3: Estimated relative cost per component versus complexity of a typical integrated function for different years

The advantages exhibited by the continuously smaller circuits led to a flourishing of microelectronics industry since the early 70s' with digital systems and particularly microprocessors mainly driving this advancement. This very rapid development created the need for deeper understanding of the natural phenomena that manifest in the micro and nano-scale. Understanding the manufacturing challenges and operational limits of such devices is critical to the continuation of this technology growth. In order to monitor these activities the NTRS (National Technology Roadmap for Semiconductors) was established in 1990 in the US, which was later replaced by the ITRS (International Technology Roadmap for Semiconductors. The current edition of the ITRS is the version of 2015. The ITRS objective is to answer the question; "What techniques are needed to be developed by the industry in order to continue to apply the Moore's Law?" [9].

Continued miniaturization reveals new technological difficulties and physical limitations along with the benefits of reduced dimensions. Silicon based technology has prevailed due to the smaller power consumption of CMOS compared to competitive architectures, and because it is possible to process high quality silicon and SiO2 crystal structures. The need for good electrostatic control over the channel area, has led to very thin gate oxides that through direct or Fowler-Nordheim tunneling can increase the leakage currents. This can negatively affect the low power consumption advantage of CMOS. With polysilicon gate electrodes, Boron penetration into the channel area can change the subthreshold slope of the device and the device becomes normally on. The shrinking of gate length degrades the device performance due to short channel effects:

 Drain-induced barrier lowering [10], can reduce the threshold voltage (VTH) for higher drain voltages since the electrostatic control of the gate is lost due to the small barrier width (Fig. 1.4).

 Velocity saturation [11] occurs when a strong electric field is applied and the carrier reaches a maximum velocity known as saturation velocity (vSAT). Increasing the electric field ceases to control the carrier velocity since carriers collide with the crystal lattice and lose their extra energy.

 Impact ionization [12], [13] occurs at high electric field and high energy carriers create new electron-hole pairs. This can result in avalanche breakdown that generates very high currents.

 Hot carrier injection, (HCI) [14]- [16] occurs when carriers with high energy overcome the potential barrier and enter the gate dielectric, increasing leakage currents and defects (Fig. 1.4). Some of these effects will be described in detail since they can seriously affect the behavior of our devices on the nanometer scale. [10] (left), HCI effect demonstrating the electron injection inside the oxide [14] (right).

Despite the above problems, the continued miniaturization is necessary and this trend is referred to as More Moore. Specifically, the More Moore trend dictates:

1) The miniaturization of vertical and horizontal feature sizes in order to improve the density, performance and reliability.

2) Equivalent miniaturization leading to geometric factor shrinking new fabrication processes or new materials that affect the electrical behavior of the devices.

We can see some of the challenges presented in Fig. 1.5 for regular type of MOSFETs. Gate stack is very important since the materials used need to be selected carefully in order to reduce leakage currents arising from very thin oxide formation while maintaining a low Equivalent Oxide Thickness (EOT). The gate needs to provide high capacitance and a strong vertical electric field is required to reduce VTH and decrease power supply (VDD). The solution to this is High-K Metal Gate technology which increases the capacitance while decreasing the tunneling current. The low-field mobility of the MOSFET is dependent on the channel materials, as well as on the doping. Thus, materials that enhance the mobility without any significant need to change the process are investigated, such as stressed silicon or SiGe alloys. Furthermore the increasing need for good electrostatic control by the gate, leads to recent device structures such as Fully Depleted SOI (FD-SOI), Gate All Around (GAA) or FinFETs. For the implementation of More than Moore strategy, a wide range of devices exist, some of which are presented below (Table 1.1). The Table 1.1 focuses on emerging technologies in the field of logic devices. The devices presented are divided into different categories, depending on the state variable used to operate as well as the materials used. The main difference between them, except their physical operation mechanisms, is their ability of integration and their compatibility with existing fabrication processes. For industrial purposes this is a major factor. Research type devices with exceptional performance can be fabricated but if the industrial standards for reliability yield and variability cannot be reached the devices cease to be of interest for application. In our study we are focusing on conventional charge based devices: Si-FET, TFET, SiGe-FET as well as bipolar based devices, expanding the table with new novel structures. [17].

SOI Technology

Within this paragraph we will give a general overview of most aspects of SOI technology. We will present the fabrication processes used and we will focus the analysis on the behavior of a typical MOSFET. More detailed analysis of the structures we investigated will be presented in the relevant chapters.

Introduction to SOI

Historically, MOSFETs as well as bipolar transistors were fabricated in silicon wafers with a thickness of some hundred micrometers. Only the top of this pure silicon material is used to fabricate the devices while the rest of the wafer leads to a number of parasitic effects that can negatively affect the device behavior. On the other hand, devices built on SOI wafers achieve better characteristics by mitigating these undesirable effects. To better understand the benefits of SOI structures we can provide the example of an inverter built with both technologies and compare its behavior. [18].

Fig. 1.6: Cross section of bulk (top) and SOI (bottom) CMOS inverter

We can observe (Fig. 1.6) the number of parasitic elements present in bulk-Si structures: capacitances between the implanted N+ or P+ regions with their respective wells, parasitic bipolar transistors forming between the n/pMOSFETs, leakage currents between the different implanted areas. On the contrary, in SOI structures these effects are blocked, and the only parasitic element is the capacitance due the buried oxide. As we will see later, the process of fabricating structures on SOI wafers is simpler and less expensive, while suppressing some yield hazard factors. Additionally SOI structures offer superior performance under radiation, mitigating Single Event Effects as well as Total Ionizing Dose effects, by effectively isolating the transistors via BOX and swallow trench isolation, STI.

SOI Wafers and CMOS SOI Process Technologies

The process of fabricating high quality SOI wafers is paramount to the SOI process technology. The challenge is to produce a single crystal silicon film on top of a high quality silicon dioxide layer across the whole wafer area. Many techniques have been developed to address this problem:

 Epitaxial growth of silicon on a wafer covered by insulated material.  Polysilicon crystallization techniques, by melt and regrowth.  Creating an insulating layer inside a bulk silicon wafer thus isolating the silicon film.  The latest type of approach and now industry standard is the layer transfer technique such as Smart-Cut® (Fig. 1.7) used by SOITEC®. This last technique offers several advantages compared to the other SOI wafer fabrication methods:

i.

The thickness of the transfer layer can be adjusted with high precision by adjusting the implantation energy. ii.

Very low amount of defects are left on the transferred layer. iii. Good uniformity of thickness through the whole wafer via implantation control.

The CMOS process technology for SOI is similar to bulk albeit more simple. Transistors are formed on thick (PD-SOI) or thin (FD-SOI) silicon film that lies on top of the Buried Oxide. There is no need for well doping since the thin silicon film can be lightly doped or undoped. HALO doping is avoided except in PD-SOI. Additionally transistor isolation can be achieved by Local isolation Of Silicon (LOCOS), Mesa isolation technique or Swallow Trench Isolation (STI). In PD-SOI devices with silicon film thick enough (tSI>80nm) two implants can be implemented for adjusting the properties of front and back interface separately. In case of thin films this is not possible since any type of implant results on acquiring only the central part of the Gaussian distribution of doping. The formation of source and drain areas is similar to bulk technology with some additional concerns regarding the series resistances. The source and drain sheet resistance increases as the silicon film thickness is decreasing so methodologies to reduce it have been implemented. Using silicides like TiSi2 or CoSi2 on source/drain areas can significantly reduce the series resistance. Additionally another technique exists where source and drain areas can be raised, either through epitaxial growth or by using thicker silicon film and thinning the channel area by means of LOCOS. Tungsten can be additionally deposited on top of source/drain areas featuring an even lower sheet resistance than silicides. The gate stack in SOI technology is similar to the one in bulk, with the more advanced nodes utilizing High-K Metal Gate technology, as mentioned before.

SOI MOSFET Physics

A general overview of the SOI MOSFET is needed in order to highlight the differences unique to the SOI technology. Two family of SOI technologies exist; Partially Depleted SOI (PD-SOI) and Fully Depleted SOI (FD-SOI). In a typical bulk MOS capacitor biased at VTH a depletion region from the oxide-semiconductor interface is created towards the MOSFET body area. This depletion region length is given by:

𝑥 𝑑𝑚𝑎𝑥 = √ 4𝜀 𝑆𝑖 𝛷 𝐹 𝑞𝑁 𝐴 (1.1)
with the Fermi potential:

𝛷 𝐹 = 𝑘𝑇 𝑞 𝑙𝑛 ( 𝑁 𝐴 𝑛 𝑖 ) (1.2)
In the case of SOI devices the interface between the BOX and the silicon film creates another depletion region extending inside the silicon film. If the two regions do not overlap we have PD-SOI devices, while if they overlap we have FD-SOI devices. Now that this important distinction has been made, it is possible to continue the SOI technology analysis by focusing on the capacitance network. Contrary to the bulk MOSFETs, the SOI MOSFETs have different parasitic capacitances. For both PD and FD-SOI technology due to the isolation of the structure, the number of capacitances is reduced with the BOX capacitance being the dominating component. The reduced capacitance network is a major advantage for the SOI technology compared to bulk in terms of speed.

The threshold voltage of a typical MOSFET can be defined as:

𝑉 𝑇𝐻 = 𝑉 𝐹𝐵 + 2𝛷 𝐹 + 𝑞 𝑁 𝑎 𝑥 𝑑𝑚𝑎𝑥 𝐶 𝑜𝑥 (1.3) with 𝑉 𝐹𝐵 = 𝛷 𝑀𝑆 - 𝑄 𝑜𝑥 𝐶 𝑜𝑥 (1.4)
These equations are also used to calculate the PD-SOI threshold voltage.

For FD-SOI the threshold voltage calculation is more complicated. The main model by Lim and Fossum [20] and its extensions [21]- [23] provide valuable insights of the VTH modulation in FD-SOI devices:

1D Poisson equation 𝑑 2 𝜑 𝑑𝑧 2 = 𝑞𝑁 𝐴 𝜀 𝑠𝑖
is solved along the depth of the film, and integrating two times the potential is calculated through the depth of silicon film:

𝜑(𝑥) = 𝑞𝑁 𝐴 2𝜀 𝑠𝑖 𝑥 2 + ( 𝜑 𝑠2 -𝜑 𝑠1 𝑡 𝑠𝑖 - 𝑞𝑁 𝐴 𝑡 𝑠𝑖 2𝜀 𝑠𝑖 ) + 𝜑 𝑠1 (1.5)
while the electric field is given by:

𝐸(𝑥) = -𝑞𝑁 𝐴 𝜀 𝑠𝑖 𝑥 + ( 𝜑 𝑠2 -𝜑 𝑠1 𝑡 𝑠𝑖 - 𝑞𝑁 𝐴 𝑡 𝑠𝑖 2𝜀 𝑠𝑖 ) (1.6)
at the front surface:

𝐸(0) = 𝐸 𝑠1 = ( 𝜑 𝑠2 -𝜑 𝑠1 𝑡 𝑠𝑖 + 𝑞𝑁 𝐴 𝑡 𝑠𝑖 2𝜀 𝑠𝑖 ) (1.7)
𝜑 𝑠2 and 𝜑 𝑠1 are the potential values at the silicon-BOX and silicon-front oxide interfaces. To acquire these values one must calculate the potential drop across the gate oxide and BOX by applying and solving the Gauss theorem:

𝜑 𝑜𝑥1 = 𝜀 𝑠𝑖 𝐸 𝑠1 -𝑄 𝑜𝑥1 -𝑄 𝑖𝑛𝑣1 𝐶 𝑜𝑥1 (1.8) 
𝜑 𝑜𝑥2 = 𝜀 𝑠𝑖 𝐸 𝑠1 -𝑞𝑁 𝑎 𝑡 𝑠𝑖 +𝑄 𝑜𝑥2 -𝑄 𝑠2 𝐶 𝑜𝑥2 (1.9)
This methodology is very important and a similar method will be presented in the next chapter to calculate BiMOS current. Combining the above equations by taking into account that:

𝑉 𝐺1 = 𝜑 𝑠1 + 𝜑 𝑜𝑥1 + 𝜑 𝑀𝑆1 and 𝑉 𝐺2 = 𝜑 𝑠2 + 𝜑 𝑜𝑥2 + 𝜑 𝑀𝑆2 (1.10)
We can calculate expressions to obtain the relationship between front (back) gate voltage and surface potentials. The front threshold voltage can be thus determined depending on the state of the back interface:

𝑉 𝑇𝐻 = { 𝜑 𝑀𝑆1 - 𝑄 𝑜𝑥1 𝐶 𝑜𝑥1 + (1 + 𝐶 𝑠𝑖 𝐶 𝑜𝑥1 ) 2𝛷 𝐹 - 𝑄 𝑑𝑒𝑝𝑙 2𝐶 𝑜𝑥𝑙 𝜑 𝑀𝑆1 - 𝑄 𝑜𝑥1 𝐶 𝑜𝑥1 + 2𝛷 𝐹 - 𝑄 𝑑𝑒𝑝𝑙 2𝐶 𝑜𝑥𝑙 𝜑 𝑀𝑆1 - 𝑄 𝑜𝑥1 𝐶 𝑜𝑥1 + (1 + 𝐶 𝑠𝑖 𝐶 𝑜𝑥1 ) 2𝛷 𝐹 - 𝑄 𝑑𝑒𝑝𝑙 2𝐶 𝑜𝑥𝑙 - 𝐶 𝑠𝑖 𝐶 𝑜𝑥2 𝐶 𝑜𝑥1 (𝐶 𝑠𝑖 +𝐶 𝑜𝑥2 ) (𝑉 𝐺2 -𝑉 𝐺2,𝑎𝑐𝑐 ) 𝑏𝑎𝑐𝑘 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑖𝑛 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑏𝑎𝑐𝑘 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑖𝑛 𝑖𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑏𝑎𝑐𝑘 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑖𝑛 𝑑𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛 (1.11)
The effect of backplane biasing (VG2 or VBP) on threshold voltage can be directly derived from the above equations by expressing the above equation with respect to VG2:

𝑑𝑉 𝑇𝐻 𝑑𝑉 𝐺2 = { 0 0 - 𝐶 𝑠𝑖 𝐶 𝑜𝑥2 𝐶 𝑜𝑥1 (𝐶 𝑠𝑖 +𝐶 𝑜𝑥2 ) ≅ -𝛼 𝑏𝑎𝑐𝑘 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑖𝑛 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑏𝑎𝑐𝑘 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑖𝑛 𝑖𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑏𝑎𝑐𝑘 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑖𝑛 𝑑𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛 (1.12) 𝛼 ≅ 𝑡 𝑜𝑥1
𝑡 𝑜𝑥2 is called coupling coefficient and the slope can be observed in Fig. 1.8. Additionally short-channel effects can have a negative impact on the gate control of the depletion zone. For small gate lengths the depletion charge controlled by the gate is reduced and the threshold voltage is lowered. FD-SOI devices exhibit better behavior than their bulk counterparts and for ultra-thin silicon film the effect is further mitigated.

The current model for PD-SOI devices is identical to the bulk MOSFETs. For FD-SOI devices it is described once again by the Lim-Fossum model [24], assuming constant mobility along the channel, uniform channel doping and negligible diffusion currents. For an n-type MOSFET the current can be defined as:

𝐼 𝐷 = -𝑊𝜇 𝑛 𝑄 𝑖𝑛𝑣(𝑥) 𝑑𝜑 𝑠1 (𝑥) 𝑑𝑥 (1.13)
Integrating along the channel gives:

𝐼 𝐷 = - 𝑊 𝐿 𝜇 𝑛 ∫ 𝑄 𝑖𝑛𝑣(𝑥) 𝑑𝜑 𝑠1 (𝑥) 2𝛷 𝐹 +𝑉 𝐷 2𝛷 𝐹 𝑑𝑥 (1.14)
By using the above equation for VTH we can calculate the values for 𝑄 𝑖𝑛𝑣(𝑥) as well as 𝜑 𝑠1 (𝑥). Depending on the back interface status we can have different cases for the drain current. The most interesting to analyze here is the case where the whole film is depleted, from source to drain. In this case VBP,acc < VBP < VBP,inv and we have a linear dependence on threshold voltage with respect to VBP (Fig. 1.8).

By using the previous equations we can obtain the drain current as:

𝐼 𝐷,𝑑𝑒𝑙𝑝𝑙2 = 𝑊 𝐿 𝜇 𝑛 𝐶 𝑜𝑥1 ((𝑉 𝐺1 -𝑉 𝑇𝐻,𝑑𝑒𝑝𝑙2 )𝑉 𝐷𝑆 -(1 + 𝐶 𝑖𝑡 𝐶 𝑜𝑥2 𝐶 𝑜𝑥1 (𝐶 𝑖𝑡 +𝐶 𝑜𝑥2 ) ) 𝑉 𝐷𝑆 2 2 )(1.15)
where the threshold voltage is given by the previous equation.

The transconductance of a long channel FD-SOI MOSFET in saturation can be easily obtained:

𝑔 𝑚 = 𝜇 𝑛 𝐶 𝑜𝑥1 (1+𝑎) 𝑊 𝐿 (𝑉 𝐺1 -𝑉 𝑇𝐻 ) (1.16)
with the value of α depending on the state of back interface.

SOI MOSFET Characterization

There are many techniques to characterize a MOSFET. Some of these techniques are used to extract physical or electrical parameters. Since full access to the process was provided the latter type of characterization is of most interest. It was the first time all of the devices presented here were fabricated and no previous work existed, hence most of the work is focused on simple type of measurements for the most important phenomena and parameters of SOI MOSFETs. Future work could continue the characterization of these novel structures by additional electrical analysis including noise, frequency and full variability analysis.

One of the most important intrinsic effects of the SOI technology is the floating body effect. A film build-up charge can be trapped inside a typical SOI MOSFET and, due to the lack of contact to the body it cannot be rapidly evacuated. This can cause a number of parasitic effects. In PD-SOI an abrupt increase in the saturation current can be observed while the interface is in the strong inversion region. This is due to impact ionization that generates electron-hole pairs inside the device. While electrons are collected to the drain, holes travel towards the source increasing the charge inside the body. In FD-SOI the behavior is expected to be different since the sourcebody potential barrier is smaller. On the other hand, the high lateral electric field observed in ultrathin silicon film as well as the recombination into the small silicon volume may lead to different behavior. Further investigation of this effect will be performed in the next chapter. Additionally it is possible during weak inversion of the interface and for high drain voltages, to acquire S-shaped ID(VG) characteristics. This can create a hysteresis-like effect on the measurements while the electrostatic control provided by the gate is lost. The effect is called single transistor latch. [25]. The straight vertical lines show the limits of electrostatic threshold modulation -after a biasing value the front and back VTH cannot be modulated.

Fig. 1.9: Front-channel and back-channel threshold voltages versus opposite-gate bias measured in accumulationmode SIMOX MOSFETs with various thicknesses

As we have seen previously with the Lim-Fossum model on FD-SOI MOSFETs, the threshold voltage is a function of backplane biasing. This effect can be summarized in the Figure 1.9.

There is a number of methods to extract critical parameters of a MOSFET structure such as threshold voltage, transconductance, low-field mobility, effective mobility as well as series resistance.

The Y-Function method [26] is based on analyzing ID(VG) as well as gm(VG) characteristics in order to extract the MOSFET parameters (Fig. 1.10). The MOSFET is operating in the strong inversion and linear region during the measurements and the drain current can be calculated as:

𝐼 𝐷 = 𝑊 𝐿 𝐶 𝑜𝑥 𝜇 𝑒𝑓𝑓 (𝑉 𝐺 -𝑉 𝑇𝐻 ) * 𝑉 𝐷 (1.17)
where effective mobility is:

𝜇 𝑒𝑓𝑓 = 𝜇 0 [1+𝜃(𝑉 𝐺 -𝑉 𝑇𝐻 )] (1.18)
By differentiation we can acquire a relation for the transconductance:

𝑔 𝑚 = 𝑊 𝐿 𝐶 𝑜𝑥 𝜇 0 [1+𝜃(𝑉 𝐺 -𝑉 𝑇𝐻 )] 2 𝑉 𝐷 (1.19)
and by dividing current over the square root of transconductance we have: The McLarty method [27], [28] is an alternative extraction method for ultra-thin SOI MOSFETS. While the drain current relation in the strong inversion region remains the same, the formula for effective mobility is:

𝜇 𝑒𝑓𝑓 = 𝜇 0 [1+𝜃 1 (𝑉 𝐺 -𝑉 𝑇𝐻 )+𝜃 2 (𝑉 𝐺 -𝑉 𝑇𝐻 ) 2 ]
(1.21) with two mobility degradation parameters. By inverting and differentiating two times the drain current we have:

𝜕 𝜕𝑉 𝐺 ( 1 𝐼 𝐷 ) = 1 𝐶 𝑜𝑥 𝜇 0 (𝑊/𝐿)𝑉 𝐷 ( -1 (𝑉 𝐺 -𝑉 𝑇𝐻 ) 2 + 𝜃 2 ) (1.22) 𝜕 2 𝜕𝑉 𝐺 2 ( 1 𝐼 𝐷 ) = 1 𝐶 𝑜𝑥 𝜇 0 (𝑊/𝐿)𝑉 𝐷 ( 2 (𝑉 𝐺 -𝑉 𝑇𝐻 ) 3 ) (1.23)
As a first step threshold voltage is extracted from the second equation then 𝜃 2 parameter is retrieved from the first equation. The mobility degradation parameter 𝜃 1 is obtained from:

𝜃 1 = 𝐺 𝑚 • 𝑉 𝐷 /𝐼 𝐷 -1/(𝑉 𝐺 -𝑉 𝑇𝐻 ) -𝜃 2 • (𝑉 𝐺 -𝑉 𝑇𝐻 ) (1.24)
We need to take into account the series resistance, something that has been previously discussed to be very critical in ultra-thin film technology. This is done by measuring devices with different gate lengths and extracting series resistance by comparing their 𝜃 1 values:

𝜃 1 * = 𝜃 1 + 𝜇 0 𝐶 𝑜𝑥 𝑊 𝐿 * 𝑅 𝑆𝐷 . (1.25)
where 𝑅 𝑆𝐷 is the series resistance.

In the next chapter we will present parameter extraction for the specific process used for fabricating our structures.

UTBB FD-SOI Process

The 28nm Ultra-Thin Body and BOX (UTBB) FD-SOI HKMG process [29] is the first fully depleted SOI process developed and produced by STMicroelectronics. The process flow (Fig. 1.11) is similar to the bulk process for the same node with the notable additions of steps to implant the backplane for adjusting threshold voltage, as well as using an epitaxial layer of silicon for reducing sheet resistance as discussed previously. The channel area is very low doped 'intrinsic' silicon and this is a simplification compared to bulk process. The BOX thickness is 25nm, while the silicon film in the channel area is 7nm. A silicon film is epitaxially formed on top of source and drain areas and a silicide layer is further formed to reduce the sheet resistance. High-K Metal Gate (HKMG) technology allows a very small EOT without the gate leakage issues. An excellent transistor electrostatic control is achieved with FD-SOI, and physical gate length of devices can reach 24nm. HYBRID technology allows removing the top silicon as well as BOX layers and creating bulk devices along with thin-film devices. Critical for the process is the selection of different types of back-plane doping, configuration for threshold voltage adjusting. As previously explained from Lim-Fossum model by changing the back-plane doping the state of back interface for a given biasing can change, between accumulation, depletion and inversion. In the 28nm FD-SOI process 2 options are offered for each MOSFET type (Fig 1 .12). For nMOSFETs:  Standard well, with p-type backplane on p-well.  Flipped well with n-type backplane on n-well.

The opposite is done for pMOSFETs. There are two different options for the HKMG stack. Regular VTH, standard gate (SG) with an EOT of approximately 1.1nm, and extended gate (EG) with an EOT of approximately 3.4nm. The first one is primarily used for the core design process, while the latter one for IO applications, as well as ESD protection elements. The gate stack consists of an interface layer, a high-k insulator, a metal alloy (usually Titanium based) followed by a highly doped poly-gate [START_REF] Andrieu | Comparative scalability of PVD and CVD TiN on HfO2 as a metal gate stack for FD-SOI cMOSFETs down to 25nm gate length and width[END_REF], [START_REF] Park | Metal gate and high-k gate dielectrics for sub 50 nm high performance MOSFETs[END_REF].

The 14nm Ultra-Thin Body and BOX (UTBB) FD-SOI HKMG process [START_REF] Weber | 14nm FD-SOI technology for high speed and energy efficient applications[END_REF] is similar to the 28nm node and is a natural evolution. The thickness of BOX is reduced to 20nm and the silicon film thickness is reduced to 6nm (Fig. 1.13). A dual work function gate-first HKMG integration scheme is used as opposed to single metal in 28nm node. The greatest difference between the two technologies is the use of different channel materials for n-type and p-type devices. Strained-SiGe channel (cSiGe) is used in the pMOSFET devices while typical silicon channel serves for nMOSFET devices. Carbon and Phosphorus doped Si is used as epitaxial layer in nMOSFETs while SiGeB epitaxial layer is utilized for pMOSFEts. 

Electrostatic Discharges (ESD)

Electrostatic discharge is a physical phenomenon which can cause dramatic problems in the ICs. In everyday life it can be observed during a lightning strike, where the great potential difference causes ionization in the air between the ground and a cloud. Another manifestation of ESD is the little shock we feel sometimes when touching a metal surface. In this paragraph we will present the mechanisms that can generate ESD events as well as the methods to mitigate and characterize them.

Generation mechanisms and ESD stress models

There are two main mechanisms for the triggering of an ESD event. Triboelectric charging results when two materials with different electron affinity get into contact and then are separated. The high affinity material can acquire electrons and after separation it will remain negatively charged. The chance to recombine is decreased if the contact separation is fast. Humidity is very important, since surface conductivity is increased thus raising the recombination rate. During field-induced charging (Electrostatic Induction) an external electrostatic field is applied to an IC. Mobile charges are separated under the field influence and if the still neutral IC touches another object with a different potential a very high current pulse will damage the IC. These mechanisms can happen during different stages of an IC lifetime: During manufacturing, assembly process, shipment and component standard life.

The ESD events for a microelectronic component can be described by different models, depending on the specific conditions present when they trigger. There are three basic types of ESD models [START_REF] Amerasekera | ESD in silicon integrated circuits[END_REF] :

 Human Body Model (HBM), describes an ESD event generated when a human interacts with an electronic component.  Machine Model (MM) describes the interaction with an electronic equipment.  Charge Device Model (CDM) describes ESD mechanisms in manufacturing and automatic handling with a charged piece of equipment, a charged IC-package or the charged conductive parts of the IC itself.

All the aforementioned models can be considered as RLC equivalent circuits, with their parameters presented in Table 1.2.

Table 1.2: RLC parameters for each ESD event model [START_REF] Amerasekera | ESD in silicon integrated circuits[END_REF].

Protection devices and protection strategies

One of the simplest elements for ESD protection is the diode. In FD-SOI technology there are two types of diodes, STI diode and PIN diode. STI diodes are exclusively fabricated in hybrid/Bulk SOI substrate while PIN diodes can be fabricated either on hybrid or on SOI substrate. The role of the ESD protection devices is the evacuation of an electrical stress. They are placed in front of the core logic/memory components such as to provide protection for them (Fig 1. [START_REF] Russ | ESD issues in advanced CMOS bulk and FinFET technologies: Processing, protection devices and circuit strategies[END_REF].

The behavior of an ESD protection element is to activate and evacuate the current in the so called ESD protection window (Fig 1 .15). This is a voltage range defined by the circuit operating voltage and the gate oxide breakdown voltage, thus it is strongly linked to the technology and fabrication process parameters. Additionally very low leakage current must be achieved in the IC operating voltage range so the functionality is not disturbed.

Apart from the typical diodes used as ESD protection elements a wide range of devices has been proposed and utilized, depending on the technology and the applications (Fig. 1.16). GGNMOS [START_REF] Dray | ESD design challenges in 28nm hybrid FD-SOI/Bulk advanced CMOS process[END_REF] is a typical nMOSFET device with its gate grounded. It uses the parasitic npn bipolar transistor to activate during high current ESD conditions. A silicon controlled rectifier (SCR) or thyristor [START_REF] Bourgeat | TCAD study of the impact of trigger element and topology on silicon controlled rectifier turn-on behavior[END_REF] is another protection element. It consists of two merged bipolar transistors (an NPN and a PNP) and its ESD behavior is determined by the combined gain of the 2 devices. Z 2 FET [START_REF] Dirani | Sharp-switching Z2-FET device in 14 nm FD-SOI technology[END_REF] BBCT [START_REF] Solaro | Innovative ESD protections for UTBB FD-SOI technology[END_REF] and Z 3 FET [START_REF] Dirani | A sharp-switching gateless device (Z3-FET) in advanced FD-SOI technology[END_REF] are new type of band modulation devices that electrostatically control the injection mechanisms. [START_REF] Bourgeat | TCAD study of the impact of trigger element and topology on silicon controlled rectifier turn-on behavior[END_REF]), Z 2 -FET (middle, [START_REF] Dirani | Sharp-switching Z2-FET device in 14 nm FD-SOI technology[END_REF]), Z 3 -FET (right, [START_REF] Dirani | A sharp-switching gateless device (Z3-FET) in advanced FD-SOI technology[END_REF]).

ESD Characterization Methods

A specific type of set-up is required for ESD qualification of the devices. While the equipment configuration used is similar for HBM and MM models, it is fundamentally different for the CDM model. In our case we will focus on the first type of test systems, since the main aspect is the investigation of integrated devices primarily for HBM protection. Typical DC measurement options are problematic since the transient behavior is not accounted for and additionally self-heating strongly affects the device behavior. A different type of characterization method is used to overcome these problems. Transmission Line Pulse (TLP) characterization techniques and its derivative characterization methods (very fast TLP, VF-TLP) are the main evaluation techniques for ESD protection elements. 1.17: TLP test bench schematic representation [START_REF] Amerasekera | ESD in silicon integrated circuits[END_REF].

During TLP measurement the distributed capacitance of a transmission line (TL) is charged and discharged. A transmission line is a waveguide with an impedance dependent on its materials and geometry. A high-voltage source (Fig. 1.17) is used to charge the capacitance of the transmission line TL1 through a resistor while the switch S1 is open. After the switch S1 closes, the discharge TL1 into TL2 produces a square pulse. The duration of the pulse is equal to the length of the transmission line divided by the signal velocity. The amplitude of the voltage pulse V is determined by the precharge voltage V0 as well as the source and load impedances. In reality the pulse is not ideal due to resistive and dielectric losses and impedance variation along the transmission line.

Chapter 2: BiMOS device

In this chapter we propose a novel variant of the BiMOS device, fabricated with FD-SOI technology and able to facilitate multiple applications while maintaining excellent low power characteristics as well as reconfigurable gain and alternate operation modes. Electrical measurements prove the flexibility, functionalization and robustness of the BiMOS device. Room temperature 3D TCAD simulations reveal the details of the operation mechanisms as well as the potential improvements. The device is proved to be good for ESD protection, with potential use as an amplification element.

DC operation 2.1.1 Principle of operation

The lateral BJT (LBJT) [1] or BiMOS [2] is the hybrid mode of operation (bipolar + MOS) of a typical MOSFET. Bulk BiMOS devices have been utilized in amplifier circuits [3], [4] as well as ElectroStatic Discharge (ESD) elements [5]. In bulk substrates due to the existence of vertical parasitic elements, the BiMOS behavior is modestly modulated; on the contrary in SOI substrates, the lack of vertical p-n junctions yields superior performance. Moreover, the existence of the Back Plane (BP), acting as an extra gate in FD-SOI, allows further control of the device and operation in different regimes.

Fabrication process

Typically in FD-SOI MOSFET [6] there is no direct connection to the body (base) of the device due to the buried oxide (BOX). One (or two symmetrical) P+ body-contact is added laterally (Fig. 2.1), while maintaining the Back Plane biasing (VBP) capability, which results in a 5-terminal (or 6-terminal) device. Depending on the mode of operation, the two lateral contacts can be interconnected or independent, and used to control the base current IB that activates the parasitic LBJT. The devices were fabricated with different gate stack options: Standard Gate (SG, EOT=1.1nm) and Extended Gate (EG, EOT=3.4nm). The process features a 7nm ultrathin silicon film with 25nm thick BOX (Fig. 2.2). The epitaxial regrowth of source and drain regions reduces the series resistance. To form the BP below the BOX and corresponding contact, the thin silicon film and BOX are etched locally followed by a P+ or N+ implantation. The type of BP implantation allows adjusting the threshold voltage VTH. Our fabricated structures feature p-type BP due to better low-field mobility [7] and deep n-well configuration for isolation. The devices using the SG gate stack were fabricated with gate lengths (LG) of 30nm or 100nm while the device using EG gate stack with LG=150nm (30nm and 150nm were the minimum process allowed lengths for each gate type). Multi-finger topology was used with total width of 50μm (10 fingers each of 5μm width).

Devices were fabricated also in ESD configuration with external polysilicon resistors. ESD devices need to conduct large amounts of current so a total width of 100μm (20 fingers) was selected. All our devices were fabricated with 10 metal layers back-end-of-the-line (BEOL) process for pad connectivity. Two original body connections were explored:

pMOS contact

Figure 2.3 shows a pMOSFET-type connection [8] , where a peripheral pMOS structure is used to bias the base of the LBJT. This type of body connection is the most process compliant. The main difference with the standard process is the elimination of specific process steps in the intrinsic silicon (P-) areas:

 epitaxy of silicon  doping implantation  silicide formation All these blocked process steps are related to the sheet resistance of thin silicon film. The physical effects of this type of contact will be discussed in detail in section 2.3. The fork-gate topology (Fig. 2.4) is a type of contact that can mitigate the parasitic behavior [9]. An analysis of the merits of the fork-gate topology can be found on section 2.3. This topology can also be used to completely merge finger structures, significantly reducing the area (~30%) when a large amount of current is needed. More details about this type of contact will be presented paragraph 2.3.1 where BiMOS is used as an amplification element.

Fork-gate contact

Physical mechanisms

The BiMOS device can initially be considered as a MOSFET in parallel with a BJT (in reality both devices are strongly coupled). The two devices share the 7nm thin film body below the gate, where the n-type inversion channel is formed. The body also acts as the BJT base, where carriers injected from emitter flow to reach the collector. The device operation is more complex with several modes: I.

For VBODY floating, the base current IB cannot be controlled and the device conduction is only through MOSFET channel formation. Lateral BJT behavior effect is limited as further discussed in section VI. The behavior is similar to typical FD-SOI nMOSFETs with coupling between the top and bottom interfaces. II.

With VBODY =0 V, there is barrier modulation. a. In case of VDS ≥ 0 V and VGS ≥ 0 V, we have nMOSFET behavior with energy band modulation along the channel length. b. For VBS > 0V, VDS ˃ 0V and VGS ˂ VTH, the LBJT activates. Depending on VG and VBP bias, the BJT action occurs in the whole silicon film (when MOSFET is in depletion) or at the top interface (when MOSFET is in subthreshold or weak inversion). This defines the Hybrid mode. c. For VBS > 0V, VDS ˃ 0V and VGS ˃ VTH, the LBJT is activated together with the strongly-inverted MOSFET channel. III.

With positive body biasing (VBODY ˃ 0V), the forward-biased p-n base-emitter junction activates the LBJT while VTH of the MOSFET is lowered by the body potential. IV.

For VBODY ˂ 0V, the p-n base-emitter junction is reverse-biased and the LBJT is OFF; the MOSFET is still active but with increased VTH.

We rely on the typical equations for the gain of an NPN bipolar transistor to analyze the experimental results presented in the next section. These equations ignore front and back gate modulation as well as the Fermi level alignment due to contacts. Starting from a typical NPN device [10], the common-base current gain can be defined as:

𝛼 = 𝑖 𝐶 𝑖 𝐸 = 𝛾 𝐸 * 𝑎 𝑇 * 𝛾 𝐶 (2.1)
where 𝑎 𝑇 is the base transport factor, 𝛾 𝐶 is the collector efficiency, and 𝛾 𝐸 is the emitter efficiency

𝛾 𝐸 = 𝛼 𝐸 = 𝐽 𝑛 (0) 𝐽 𝑛 (0)+𝐽 𝑝 (0) = 𝐷 𝑛𝐵 𝐿 𝑝𝐸 𝑛 𝑖𝐵 2 𝑁 𝐷𝐸 𝐷 𝑛𝐵 𝐿 𝑝𝐸 𝑛 𝑖𝐵 2 𝑁 𝐷𝐸 +𝐷 𝑝𝐸 𝑊 𝐵 𝑛 𝑖𝐸 2 𝑁 𝐴𝐵 (2.2)
the common-emitter current gain can be defined as: As the base current depends on the body contact topology, we consider the pMOS body contact. The device is divided into several areas with different interfaces and doping concentrations (Fig. 2.5). All donors are assumed to be fully ionized.

𝛽 = 𝑖 𝐶 𝑖 𝐵 = 𝐽 𝑛 (0) 𝐽 𝑝 (0) = 𝐷 𝑛𝐵 𝐿 𝑝𝐸 𝑛 𝑖𝐵 2 𝑁 𝐷𝐸 𝐷 𝑝𝐸 𝑊 𝐵 𝑛 𝑖𝐸 2 𝑁 𝐴𝐵
 Base area 1: Non-degenerate semiconductor for which Ec-EF can be calculated as 0.941eV.  Source and Drain areas 4: Degenerate semiconductor. The Joyce-Dixon approximation is used [11], taking into account band-gap narrowing effect ∆𝐸 𝑔 = 22 (

𝑁 10 18 ) 1/2 𝑚𝑒𝑉.
 For body contacts 2, same conditions as in source and drain areas apply.  For backplane, Ec-EF = 1.06eV  For the MOS gate with given EOT, Ec-EF=0.086eV.

Assuming electron affinities of 4.05eV and 0.95eV for silicon and silicon dioxide respectively we determine the Fermi levels:

 Region 1: Ψbp=5.11eV, Ψb0=4.99eV, Ψng=4.13eV  Region 2: Ψbp=5.11eV, Ψn=3.98eV  Region 3: Ψbp=5.11eV, Ψb0=4.99eV  Region 4: Ψbpn=4.13eV, Ψp=5.31eV Using these values,

We can calculate the flat-band voltages for each interface:

 Region 1: VFB2=0.11V, VFB1=-0.85V  Region 2: VFB2=-0.06V  Region 3: VFB2=0.11V  Region 4: VFB2=0.84V
The calculations above will be used in the section 2.1.5 to perform the TCAD simulations. VBP which is common for all interfaces affects differently each area of the device. BP biasing modulates the threshold voltage, hence the hybrid mode of operation (where the MOSFET needs to be in subthreshold regime).

DC measurements

Systematic characterization was performed to evaluate the DC behavior of the devices. The measurements were performed on a Cascade Elite300 semi-automatic probing station using the Agilent B1500 semiconductor analyzer with 6 probe configuration. All measurements were performed at room temperature and were processed with custom automatic scripts.

MOSFET mode of operation

In MOS mode with floating or grounded body, ID(VG) curves are well behaved (Fig. 2.6) VTH extraction [12] indicates excellent variability (inset). Output ID(VD) characteristics for floating body are reproduced in Fig. 2.7. For positive BP bias, the saturation current is enhanced and the pinch-off voltage reduced as a result of VTH reduction via integrate coupling. The lack of saturation in moderate inversion (VG ~ VTH) is due to threshold voltage lowering with VD (DIBL effect) that is typical in FD-SOI nMOSFETs. The VTH for the front channel is 360-400mV while for the back channel (Fig. 2.8) VTH is 3-4V. The output ID(VD) curves with floating or grounded body in MOSFET mode are compared (Fig. 2.9) for the devices featuring gate length, LG=30nm. The curves are similar with a little higher current for floating body. This is due to potential modulation caused by the body contact to the MOSFET body (this will be explained in paragraph 2.1.5 more extensively). This effect is additionally linked to the body access resistance and is also dependent on the type of body contact we use (pMOSFET/Fork Gate). 

Hybrid mode of operation

In order to perform Gummel plots in hybrid mode and evaluate the current gain, a negative bias VBE is applied to source terminal. The body is grounded, in order to maintain constant VCB for an unaltered vertical MOS field during the sweep. The Emitter-Base n-p junction is forward biased and the LBJT is activated. Collector (drain) current and base (body) current show excellent gain (Fig. 2.10A) in subthreshold MOS region. This makes the device ideal for low-voltage applications.

For VG ≥ 0V, the MOSFET operates in weak or strong inversion according to VBE. The current is a combination of MOS and bipolar effects, with the MOSFET current becoming prevalent at high |VBE|. The effect of VBE on the modulation of the Emitter-Base energy barrier will be discussed in section V.A. The high gain is attributed to the short base width WB = LG and low base acceptor doping NAB as seen in Eq. 2.1. Furthermore while maintaining low constant front-gate bias, current gain is increased for positive BP bias (Fig. 2.10B). As expected current gain is lower in longer devices (Figs. 2.10C and 2.11). DC gain peak is 1.8x10 7 for the smallest WB. Such extraordinary gain is not entirely due to bipolar effect and therefore motivates interest in BiMOS operation.

The effect of the hybrid operation mode is also evident in the ID(VD) measurements (Fig. 2.12) where the activation of the bipolar transistor increases the saturation current more than 3 times (at the expense of higher off current) compared to the typical nMOSFET mode seen in Fig. In the following section we will present simulation results that will clarify the device operation.

TCAD simulations

The 28nm FD-SOI ultra-thin film BiMOS was meshed in 3D. TCAD simulations with Synopsis tools were performed to further analyze the behavior of the device. We consider phonon scattering, Coulomb scattering in doped materials, and mobility degradation due to high vertical field. Other active modules include avalanche model, Auger recombination model as well as dynamic non-local Band-to-Band tunneling model. In all cases Boltzmann statistics were used for electron and hole density calculations.

For isothermal condition, the simulator is solving a system of equations [13] including:

(i) Poisson equation ∇(𝜀∇𝜑) = -𝑞(𝑝 -𝑛 + 𝑁 𝐷 -𝑁 𝐴 ) (2.4) (ii) Contact equation: ∇(𝜎∇𝛷 𝛭 ) = 0 (2.5)
where σ is the metal conductivity and 𝛷 𝛭 the Fermi potential.

(iii) Electron and hole equations:

𝐽 𝑛 ⃗⃗⃗ = -𝑛𝑞𝜇 𝑛 ∇𝛷 𝑛 and 𝐽 𝑝 ⃗⃗⃗ = -𝑛𝑞𝜇 𝑝 ∇𝛷 𝑝 (2.6)
where 𝛷 𝑛 and 𝛷 𝑝 are the quasi-Fermi potentials, and

(iv) Circuit equations.

Boundary conditions assume all contacts on silicon to be ohmic, subject to charge neutrality and equilibrium. We focus our analysis on the barrier modulation responsible for the carrier generation rate during bipolar operation as well as the base current dependency on the contact type used.

Subthreshold operation and barrier modulation

The simulations address cases II-a and II-b (section III) by extracting the electrostatic potential. We use the VFB values calculated in section III-C. a) VG=VFB1 and VBP=VFB2, VDS>0V, VBS=0V. The MOS effect is OFF which gives the reference point for evaluating the bipolar effect. Gate and backplane are biased close to flat band voltage to avoid energy bands bending close to the body contact.

b) VG= VFB1+VBS, VBP= VFB2+VBS, VDS>0V, VBS>0V. In this case, the body is biased (activating the LBJT) and the front and back gates bias are increased to compensate for the higher potential in the body and switch off the MOS effect. The LBJT current flows through the whole film. The modulation of body potential is highly dependent on the contact type and will be analyzed in the following paragraph. c) VG= VFB1+VP, VBP= VFB2, VDS>0V, VBS>0V. Here, the LBJT is activated again but without any compensation from gate. The bands are no longer flat along the film depth (z axis), with different behavior at the front and the bottom interfaces. LBJT is activated at the top interface. Due to the resistance between the body contact and the base, it is more effective to negatively bias the emitter, rather than positively bias the base.

d) VG = VFB1+VP, VBP = VFB2, VDS < 0V, VBS = 0V. The negative bias to source activates the LBJT and current flows through the whole film. The source potential is affected but without any band modulation along the z axis. As we will see in the next paragraph, despite the high resistance of the body contact the total base current is increased. TCAD simulations for each case are presented in Fig. 2.13 below. While cases (a) and (b) lead to similar potential profiles, the clear difference between case (c) and (d) impacts both the BJT behavior (by the barrier modulation) and the MOSFET operation (by VTH modulation).

Fig. 2.13. BiMOS electrostatic potential, cut in the middle of device (W/2) for various biasing conditions. VD = 100

mV.

Fig. 2.14. BiMOS conduction band energy and depletion region lines (white ones) for various biasing conditions (cases a to d). VD= 100 mV.

The shift in the conduction band inside our device as well as the depletion region for cases a-d was extracted. We firstly observe that the depletion region (white region) can be modulated depending on the biasing conditions. Even though the depletion region under the MOSFET remains the same, there are some changes that can lead to edge effects. We can additionally observe band bending from the body contact to the transistor body (Fig. 2.14) that adds to the lateral potential profile from source to drain (of Fig. 2.13). Case c has the most prominent effect on the base of the LBJT compared to the other cases. This means that the body biasing affects the energy conduction band inside the MOSFET. This can lead to VTH modulation, since it can change the status of the back channel (accumulation/ inversion /depletion) reminding the Lim-Fossum model.

Base current

We investigate the change in base current via VBP biasing shown in (Fig. 2.10B). This behavior is not observed in regular bipolar transistors due the lack of gates. In a typical NPN bipolar transistor the base current is due to holes that flow to the emitter, lower the injection barrier and increase the emitter electron injection. For a given VBE an increase of base current reduces the β gain as seen in Eq. 2.1. In our case, holes move from the rich P + body contact towards the source (emitter) of lower potential (Fig. 2 (and to a less extent on 𝑉 𝐵𝑃 ) and 𝑉 𝑆 that attracts the holes. Additionally there are 2 parasitic PIN diodes (base contact -base -drain/source) using as a gate the BP contact. Changing the VBP modulates the barrier height (Fig. 2.16), increasing or decreasing the lateral base currents 𝐽 𝑝𝐵𝑆 ⃗⃗⃗⃗⃗⃗⃗ and 𝐽 𝑝𝐵𝐷 ⃗⃗⃗⃗⃗⃗⃗⃗ . These two lateral base currents make it more difficult to predict the device behavior in hybrid operation mode since the total base current is dependent on the biasing of both emitter and collector terminals. The lateral current components can be mitigated by changing the body contact and using the fork-gate topology, which completely removes the lateral PIN diodes. In this case the p -areas (Fig. 2.3) are absent and substituted by STI under the gate (Fig. 2.4). 

Low temperature measurements

Modern day electronics are built to operate in different temperature ranges depending on their application. Commercial applications need to operate from 0 to 70 o C, industrial from -40 to 85 o C while military from -55 to 125 o C. Additionally cryogenic temperature electronics, (required for example for space applications) require much lower operating temperatures (up to 40K) [14]. The DC measurements presented in section 2.1.6 were additionally performed at low temperature using a Suss Microtec cryogenic prober (Fig. 2.17) with liquid nitrogen.

JpBD

JpBB JpBS In MOSFET mode we observe the typical MOSFET behavior [15] with respect to temperature (Fig. 2.18). Subthreshold swing decreases by lowering the temperature, while threshold voltage is increasing (Fig. 2 We note a typical behavior of the Gummel plot (Fig. 2.22) with respect to previous works [16]. On the other hand the Arrhenius beta gain plot shows that beta does not deteriorate the same way in BiMOS as in typical silicon BJTs [17]. This is due to the subthreshold current of MOS effect in parallel to the BJT currents. Further work needs to be done in order to evaluate the low temperature operation of the device and bipolar transistor parameters behavior, for example carrier lifetime as well as PN junction ideality factor.

C2 C3

.19).

ESD protection operation

Designing electrostatic discharge (ESD) devices in UTBB FD-SOI deep submicron technology is a challenge. For easy integration we focus on thin film structures and not on hybrid technology [18], [19]. Previously in chapter 1.3 we have proposed a brief introduction to the ESD protection problem in UTBB technology. In this chapter we will evaluate our BiMOS device behavior under high current stress in terms of performance and leakage current.

Principle of operation

Normally when a device is used for ESD protection, biasing it through VDD should be avoided. The reason is that an ESD event can happen even though the circuit is OFF, so without power supply. For this reason the device needs to be in self-biasing conditions, so no external biasing for VG, VS and VBP can be provided as discussed in the previous chapter about the DC behavior. Given these facts, the only way to activate the device (to apply low gate potential and to forward bias the LBJT PN junction) is through using the CDG capacitance. CDG capacitance is charged by the ESD event to some potential and this capacitance is then used to forward bias the base of the parasitic LBJT of the nMOSFET. This can be done by connecting the gate to the body contact and through a resistor to the ground. A voltage drop appears along this direction in the transient domain, and different configurations were explored.

Isothermal high current TCAD simulations and physical mechanisms

A standard FD-SOI MOSFET is used to design a BiMOS ESD protection [20], [21] that can take advantage of the back-gate bias VBP (as self-bias condition). In this solution the body control is electrostatic, provided by the back-plane VBP through CBOX. Figure 2.23 shows the design (solution #1) and a transistor topology used for 3D TCAD simulations. The Electro Static Discharge behavior is investigated using the Average Current Slope (ACS) method [22]. In this method, a current slope is applied between drain and source and the current reaches 1 Amp in 100 ns duration. The physical models for simulations are Poisson, continuity and transport (Drift + Diffusion). Fig. 2.24 reports the numerical results of the ACS response. This design solution is more efficient due to the fact that the threshold voltage (2.8V) is lower than the result obtained in hybrid bulk (3.9V). Also reported in Fig. 2.24 is the current density cross section for three main operation points (Vt1, 200mA and 1A), showing the increasing current within the thin silicon film. In this approach, the intrinsic robustness of the device is tuned by the total width W of the structure in thin silicon film and the current density is expected to reach 2mA/µm. In each of the points #1, #2, and #3 in Fig. 2.24 we show the gradual increase in current density inside our structure during the electric stress. An improved solution #2 is to add a body contact to the initial device. We study the BiMOS bias conditions and the impact of the body contact in thin silicon film. The new design and topology of this device are reported on Figure 2.25. A feedback loop is performed between front gate and the body contact; this node is connected through an external resistance R to the ground. The back gate is also connected to the ground via another resistance Rsub. The stress is applied on drain and the source is grounded as previously. 2.26, no major difference is observed on the dynamic resistance (Rdyn = ΔV/ΔI in linear region). We conclude that this solution #2 is more efficient that the first one in terms of electro-static discharge protection. The drop voltage across device during the ESD stress is in the [2-3V] range. In such structure and bias stress condition, the impact ionization is an important mechanism involved. Mainly, it is due to a high voltage drop on short distance which enables to reach the critical electric field in silicon. This implies that device topology and terminal voltage need to be inspected. At the beginning of stress, the impact ionization occurs at the Source/Body & Drain/Body corner junctions where the voltage drop is high. Afterwards, at the end of ESD stress, not only is the Source/Body junction always acting with high injection level but also the Drain/CBOX/Body stack is now involved due to the penetration of the fringing field into BOX and substrate [23]. In such condition, a low level of impact ionization is reported. Fig. 2. 28 shows the details of these two conditions of impact ionization. Repetitive ESD events could induce an initial "soft fail" leakage and, for a long-time stress, a permanent damage. This concern will be addressed and relaxed in the next proposed solution. This design (#3) is aimed at combining the effects of the body contact and back-gate biasing. Here, the feedback loop is performed with three terminals, namely the front gate, the body contact and the back gate. This node is again connected through an external resistance R to the ground. As usual, the stress is applied on drain and the source is grounded. We explore the limit of this solution #3 by removing R. Keeping the BiMOS design approach, the new solution is presented on Fig. 2.29.

Fig. 2.29: BiMOS with physical body contact and back-gate loop integrated in thin silicon film (solution #3).

This BiMOS design is the best that can be done with FD-SOI technology in terms of performance and topology. Figure 2.30 reports I-V characteristics and physical extractions. As discussed above, the surge is an ACS stress with 1Amp max current with 100 ns rise time. It is expected that the threshold voltage Vt1 will be lower than in the previous cases due to the fact that the resistance R is quasi-infinite and both the body contact and the back gate act simultaneously to turn on the device. Moreover, when the bipolar is totally turned on, no major shift of current and drop voltage is expected at the end of ESD stress. The current density extraction in 3D topology (Fig. 2.31) shows that the current flow is spread in the whole structure but with lower density compared to Figure 2.27. At the end of stress, the current distribution is almost the same as in solution #2. Since the drop voltage is lower at the beginning of the stress, low-level impact ionization is observed as documented in Figure 2.31, with a clear corner effect at the Source/Body junction. At the end of stress, the impact ionization increases at the Drain/Body junction and a very low-level ionization appears in the Source/CBOX/Body stack. It means that the voltage drop between source and back gate (VD-VBP) is low all along the stress due to the loop (short circuit) between body contact and back gate. As the parasitic bipolar is triggered, VBS is up to 0.6V (instead of 0V as in the case of no back-gate loop, see, Fig. 2.25). Due to the short circuit, the VBP bias is more than 0.6V too. Thus, the difference (VD -VBP) is less than 2.4V because VD=3V at the end of stress. In summary, this design solution #3 relaxes the impact ionization rate within the device and enhances the final device robustness. An attractive feature of this design is the resistance R that is useful to tune the threshold voltage Vt1 such as to be compliant with the power voltage and the ESD protection level. Figure 2.32 gives several Average Current Slope responses for three values of R as parameter. Increasing the resistance shifts the threshold voltage to higher values. In all cases, the three curves converge to the parasitic bipolar response for very high current value. This last section is focused on a comparison of all solutions using BiMOS approach in thin silicon film. The dynamic responses are compared thanks to ACS method and all quasi-static average voltage slope (AVS) behaviors are also reported here. Figure 2.33 compares I-V curves induced by ACS stimulus. It is clearly demonstrated that the solution #1 is equivalent to the hybrid bulk solution with a reduction in drop voltage of about 0.5V. This means that without extra effort it is possible to achieve a local ESD protection involving the thin silicon film. Nevertheless, for special design load this approach would not be really compliant with a proper protection. Thus, solution #2 with body contact was conceived and introduced. The I-V numerical results and physical extractions show good performances of the protection. Typically, the threshold voltage Vt1 and the final drop voltage across the protection are reduced by more than 1V. Moreover, it is possible to tune the Vt1 thanks to the resistance R available in the design. Based on the simulated results, it is useful to push the limit on these approaches which lead to solution #3. The combination of physical body contact with back-gate action is the best solution in terms of triggering voltage whereas the high current level behavior is the same as in solution #2. As the threshold voltage is lower in solution #3, an asymptotic behavior is observed between 1V and 2V. In this part of curve, a high dynamic resistivity characterizes the device. Table 2.1 gives the main extracted parameters enabling us to compare the performances of all proposed design topologies and concludes on the merits of solution #3. The last concern of this section is the "DC-like stress" response. Such a response corresponds to a non-standard ESD event with a very slow rise time for example. In this case, the BiMOS uses the junction leakage to trigger and leads to a "Zener" like behavior for a low current drive. Afterwards, for high current drive, the parasitic bipolar transistor takes the relay. Figure 2.34 reports the three responses in quasi-static stress (AVS). The devices exhibit a "Zener-like" behavior. For solution #3, the designs with R=R1 and R=R2 are useful without showing extra leakage current under 1V; they are Latch Up (LU) window compliant. Table 2.2 resumes the threshold voltage Vt1 for our three design solutions and for different values of the resistance used to tune the sensitivity of triggering in quasi-static (AVS) stress. 

Point Solution #1 Vt1 #1a Vhold #2 I=140 mA #3 Imax =1A #1 2.8 V NA 2.98V 3.77 V #2 1.9 V 1.7 V 1.8 V 3.10 V #3 0.8 V 0.75 V 1.65 V 3.07 V

R Solution

R0

R1 R2 

Vt1 #1 3.03V - - Vt1 #2 3.18V - - Vt1 #3 0V 1.5V 1.9V

Electro-thermal high current TCAD simulations and physical mechanisms

In this section, we describe the electro-thermal device behavior under the same stresses used in isothermal simulations, ACS and AVS [24]. The simulations are done with: Poisson, drift/diffusion continuity equations as well as lattice temperature. Same physical models as in isothermal simulations were used. The device initial thermal condition was 300K. For all simulations R = R0 to R3 with R0 >>R3 (to evaluate the impact on the design response and robustness). The same device with same resistor connectivity was tested as for isotherm simulations. The effect of contact thermal resistivity was explored to evaluate the impact of the thermal environment on device heating.

In figure 2.37 we present the I-V curves for isotherm and electro thermal numerical simulation, along with the average temperature and maximum temperature within the device. The point of the second (thermal) breakdown is extracted at around 772K for current of 400mA and 2.6V. After this it is observed a large difference between average and maximum temperature due to self-heating and both slopes drastically increase, approaching the silicon melting point at around 1600K. The difference between average and maximum temperature hint on the existence of a hot spot inside the device which is verified by the extraction presented later. This is due to the time constant of the ESD stress being less than the thermal time constant. 2D extraction is performed on different points:

 Initial hot spot at 1ns.  At the point when hot spot reaches a temperature around 350K at around 14ns after beginning of ACS stress.

 At the point close to the end of the stress at around 100ns with temperature reaching 1000K. Next table gives the Tmax and Taverage evolution for different values of Rth and for R=R0. the same trend is observed for R1 to R3. AVS stress, is equivalent to a quasi-static event and can reveal useful information about the leakage properties of the devices. Figure 2.40 reports, I-V response in isotherm condition and in electro thermal for various thermal resistances. For Rth0 no major impact is observed but for all other Rth values taking into account package/environmental effects. The behavior is a "Zener" like behavior. This behavior can be useful for designing ESD protection with lower energy deposition. The threshold voltage changes drastically (from 1.5V to 0.8V) and is induced by the self-heating, by thermal condition and by the value of the design resistance. In the following figure we analyze the thermal behavior of the curves for 2 different Rth values, Rth0 and Rth2. Rth0 exhibits a bigger thermal gradient while Rth2 a smaller one. This means an existence of a hot spot in the first case while a more homogenous self-heating occurs during stress in the second case. This is related to the fact that the heat dissipation with lower thermal resistance on the thermal contact (named thermode in Sentaurus) is easier. Focusing on the corner hot spot (1200K), it is observed that the current density is higher in this area. We remind that the silicon thermal breakdown point is approximately 1600K. An increased current density can be observed also close to the source area of the device. This effect can be possibly attributed to the thickness difference between the epitaxial silicon of the source /drain areas and thin undoped intrinsic silicon between body contact and the device leading to corner like effects. During this slow event, lateral parasitic PIN structures seem to be activating. By changing the resistance R0 by R3, the design robustness is improved up to 300 mA as indicated in fig. 2.44. For this value of resistance and changing the thermal boundary condition the effects on the I-V curves are drastically mitigated, due to increasing the temperature diffusion and lowering the overall device temperature leading to higher voltage required to induce silicon thermal breakdown. Since the ESD stress is with low energy and due to the thermal time constant, the Tmax and Taverage are the same. Figure 2.45 reports Tmax and Taverage for all Rth value for the same value for the external resistor. It is clearly shown that major differences occur. Lower Rth allows faster heat dissipation while for higher Rth heat is drastically increased. 

Carrier mobility effect on high current TCAD simulations

Previous high current results presented both for isothermal and electro thermal simulations showed promising performance for ESD applications. With the introduction of strained-SiGe channels in UTBB FD-SOI [25], the carrier mobility is significantly modified which affects the device speed, impact ionization, breakdown voltage and self-heating. Here, we investigate the mobility effect on the BiMOS operation under ESD stress [26]. 

ESD measurements and DC leakage measurements

Thick oxide BiMOS and grounded-gate MOS (ggnMOS, used as reference) were fabricated connecting the gate and/or body through a resistor Rext (Fig. 2.51). In this configuration, the transient ESD event at the anode (drain) biases the gate through drain-gate capacitance (CDG). The gate biasing is controlled through the resistor connected to the ground. Careful selection of Rext value can force the device to operate in hybrid mode. Transmission Line Pulse (TLP) measurements [28] were performed for pulse width of 5ns (Fig. 2.52) and 100ns (Fig. 2.53). The stress was applied on anode (nMOSFET drain), while cathode (source) was grounded. The trigger voltage Vt1 is increased for faster pulses and depends on the resistance value: the higher the resistance, the lower the Vt1.

The behavior of thin film BiMOS is completely different from that of ggnMOS, due to the direct access to base current. In FD-SOI ggnMOS there is no body contact and the base current cannot be induced by the potential drop at anode. The bipolar base current is mainly generated by band-to-band tunneling between the collector and the base [29] and the parasitic LBJT has a gain of 200-600, much lower than in BiMOS. As a result, for specific resistor values BiMOS devices can achieve lower triggering voltages than ggnMOS. In DC measurements, higher resistor value increases the leakage current (Fig. 2.54). This is due to the VG increasing with the resistor value towards the VTH of the MOSFET (operated in subthreshold region). The lowest leakage current is 10pA. Excellent variability is achieved during multi die tests (Fig. 2.54, inset). 

Other modes of BiMOS operation 2.3.1 Amplification element

Thanks to its very simple integration scheme (without extra process steps) and outstanding gain, the BiMOS can be used as a general amplification element. The common base configuration offers very high β values. So the obvious approach to try to exploit this gain in an amplification scheme. The gain β can be modulated depending on the requirements by either VBP and/or VG biasing. In case of low-noise applications, the MOSFET can be completely turned off. Since the device is built on FD-SOI, there is lower power consumption and reduced vertical parasitic elements compared to bulk implementations.

For increased performance, the Fork-gate configuration of the body contact is useful. By assuming ohmic contacts, and typical mobilities for Si, a simple expression gives the resistance of the p-area under the gate and next to the body (see Fig. 2.3, 2.4), for both types of body contact:

𝑅 = 1 𝐿 𝑔 𝑇 𝑇𝑆𝐼 (13.157 * 𝐿 𝑖𝑛𝑡 ) (2.8)
where Lint is the length of the lateral p-region. For a pMOS-type contact Lint ≈ 340 nm, while for fork-gate contact Lint ≈ 160 nm, leading to 47% total resistance reduction. Additionally with forkgate configuration, the capacitance CGB can be aggressively reduced by more than 80% compared to pMOS-type body contact. The reason is the shorter distance between the contact and the body (base) of the device, so the gate area overlapping the thin Si film is much smaller. Mixed mode transient TCAD simulations were performed for a BiMOS amplifier (with an external Spice resistance) with both types of contacts (Fig. 2.55). An input 1 MHz sinusoidal wave with 200mV peak-to-peak amplitude is applied to the gate while the output voltage is monitored at the drain terminal. Emitter is forward-biased at -200mV. We observe clear amplification and 180° phase shift in the drain voltage. We observe that the gain acquired is quite lower than the measured gain β. This can be attributed to a high base resistance RB, which can be modulated depending on the device dimensions. The differences between the two contact types are marginal but expected to be more pronounced at high frequencies.

Conclusions

In this chapter we presented for the first time the implementation of the thin-film BiMOS transistor in the deep sub-micron 28nm FD-SOI process. We investigated the device performance through TCAD simulations as well as electrical measurements. Specifically the device was studied under constant DC stress in TCAD to extract the physical phenomena manifested during the device operation. The fabricated device additionally underwent electrical measurements performed with a semi-auto prober to verify the TCAD simulations in room as well as low temperature. Additionally to investigate the ESD protection application of the device TCAD simulations under high current stress were performed, analyzing both the thermal behavior as well as the carrier mobility effect on the performance. The results were verified through TLP measurements of the fabricated structures.

Chapter 3: GDNMOS device 3.1 Thyristors / SCRs

Silicon-controled Rectifiers (SCRs) or thyristors are a type of semiconductor structures extensively used as ESD protection devices. Their main advantage is the ability to change their operation mode between very high and very low impedance states [1]. Typical thyristors consist of a PNPN structure that can be considered as two embeded bipolar transistors, a pnp bipolar and a npn bipolar. The thyristor relies on the combined behavior of the two bipolars keeping in mind that the collector of the PNP is the base of the NPN. This is why the thyristor electrical response cannot be extracted from the discrete behavior of each Bipolar Junction Transistor (BJT). Typical thyristors for FDSOI technology are built on hybrid-SOI substrate. In this chapter we investigate behavior of a new kind of thyristor-like device named GDNMOS [2] built on ultra-thin silicon film.

Physical Mechanisms

GDNMOS is composed of a typical FD-SOI nMOSFET merged with an FD-SOI PIN gated diode, see Fig. 1. These two typical devices used to form GDNMOS to maintain maximum fabrication process compatibility since they are standard FD-SOI process elements. There is a common (merged) n-type area which acts as the diode cathode and as the MOSFET drain. The ultrathin bodies of the diode and transistor can be electrostatically doped N + or P + , by attracting different types of carriers in the 'intrinsic' region below the gate via the gates or back-plane bias. During a stress, in a thyristor-like device the trigger voltage (Vt1, see Fig. 2) is dependent on the sum of the common base current gain (α) of the two bipolar transistors: In our case the NPN LBJT formed within the nMOSFET and PNP LBJT formed between the nMOSFET and the gated diode (Fig. 1). Starting from a typical NPN device the common-base current gain α can be defined as [3]:

𝛼 = 𝑖 𝐶 𝑖 𝐸 , 𝛼 𝑁𝑃𝑁 = 𝛾 𝐸 * 𝑎 𝑇 * 𝛾 𝐶 (3.1)
where 𝛾 𝐸 is the emitter efficiency, 𝑎 𝑇 is the base transport factor, and 𝛾 𝐶 is the collector efficiency: In order to increase the thyristor efficiency, we have to enhance the emitter efficiency for each BJT. This can be done by shrinking the gate length (by design) or by lowering the acceptor doping in base area (by biasing). Our main purpose is to take advantage of such reconfigurable behavior for emulating a PNPN thyristor structure: positively biased P + anode, floating N + drain, P-MOSFET body, grounded N + source (Fig. 1).

𝛾
During standard operation, when the bias applied to an ESD protection device is lower than VDD, the device should exhibit very low leakage current. The low leakage current is attributed to the reverse bias applied to the PN junction between Emitter and Base. Low leakage region is observed by increasing the anode voltage until the point defined by trigger voltage (Vt1) and trigger current (It1) (Fig. 2). When a higher voltage drop occurs, bipolar or thyristor-like effects are activated, and the device starts to conduct current. This behavior is caused by avalanche breakdown that will be discussed later. This operating regime continues until a point indicated as holding point with holding voltage (Vh) and holding current (Ih). After this holding point, device enters the selfbiased bipolar operating region until secondary (thermal) breakdown is reached. At this point, we define a failure voltage (Vt2) and a failure current (It2) beyond which the device behavior is permanently damaged.

Fabrication Process

Test devices (Table 1) were fabricated with the 28nm FD-SOI STMicroelectronics process featuring an ultra-thin silicon film of 7nm, ultra-thin BOX of 25nm, high-k metal gate stack and p-type backplane (p-BP). The devices were fabricated with different gate stack options (Table 1): Standard Gate (SG, EOT=1.1nm) and Extended Gate (EG, EOT=3.4nm). In DEV1, 2, 3 structures the MOS gate and the diode gate were interconnected, while in DEV4, 5, 6 they were independent. In the mixed gate stack devices, the gate oxide of the diode was always selected to be thick (EG), for increased robustness to the stress applied to anode.

Minimum process-compliant gate dimensions were selected for each gate stack combination. The variation of the gate length (45nm to 150nm) was due to the difference imposed in fabrication process for EG and SG gate stacks and the minimum distance between polysilicon structures, resulting in different minimum lengths for each case. All devices were fabricated in multi-finger topology with total combined finger width W of 100μm. Table1: Different device configurations fabricated.

MOS Gate (G1) Diode

TCAD simulations

The 28nm FD-SOI GDNMOS was meshed in 3D for different gate stack configurations. We consider phonon scattering, Coulomb scattering in doped materials, and mobility degradation due to high field saturation and high temperature (for thermodynamic simulations). Other active modules include avalanche model, Auger recombination model and dynamic non-local Band-to-Band tunneling model. In all cases Boltzmann statistics were used for electron and hole densities calculations.

For the simulation study, the surge is an Average Current Slope (ACS) stress with a ramp from 0A to 1A max current during 100ns, which is equivalent to the transmission line pulse (TLP) test for human body model (HBM) [4].

Electron and hole current equations:

𝐽 𝑛 ⃗⃗⃗ = -𝑛𝑞𝜇 𝑛 ∇𝛷 𝑛 and 𝐽 𝑝 ⃗⃗⃗ = -𝑛𝑞𝜇 𝑝 ∇𝛷 𝑝 (3.5) where 𝛷 𝑛 and 𝛷 𝑝 are the quasi-Fermi potentials. We also added circuit equations.

Boundary conditions assume all contacts on semiconductor materials to be ohmic, subject to charge neutrality and equilibrium. Fig. 4 shows typical I-V characteristics resulting from ACS simulation. A clear differentiation between the mixed SG-EG gate stacks and EG-EG gate stacks is observed as well as the effect of floating versus grounded/biased gate terminals. In the case of floating terminals, the MOSFET energy bands are affected only by the Fermi energy difference between metal (HKMG stack) and the silicon film, and through coupling to the backplane Fermi energy. Naturally the energy bands in silicon are bended slightly downwards and there is no major electrostatic modulation of the LBJT behavior.

For grounded gates, the bands are affected both by the Fermi energy difference and by the potential applied, resulting in differences in carrier concentration under the gate. The reason for applying these initial conditions is that in real applications an ESD surge can happen on an integrated circuit even if there is no power which makes it challenging to apply a constant biasing to the gate terminals. Additionally with grounded and floating gates all the MOSFET effects are suppressed and we observe the real thyristor behavior. We observe that at the end of the stress, current density reaches the maximum value with conduction through the whole film (volume inversion, Fig. 5). Figure 6 shows the band diagram at the end of an ACS stress for grounded nMOSFET gate and diode gate. There is a significant bending of the bands due to the high voltage drop (more than 4V). Also, we observe the difference due to using different gate stacks for the nMOSFET with different lengths. This band bending is especially pronounced between the merged area and the nMOSFET gate, leading to increased band-to-band tunneling (Fig. 7).

YZ cut

Avalanche breakdown serves as a trigger element to initiate the turn on of an ESD device. As the carrier energy approaches the ionization threshold, energy transfers from the carrier to the lattice. This causes impact ionization (II) which results in generation of more carriers and, ultimately, to avalanche breakdown [6]. During the ACS stress of our device (Fig. 8) we observe that maximum II generation is located at the PN junction between the base of the NPN bipolar and the merged area. This area is the most potential candidate for creating an avalanche breakdown, and will be discussed later. 

Electrothermal Simulations

During an ESD event, energy is injected into the protection device. In the case of UTBB, it is imperative to study the self-heating effects in the device, primarily caused by the poor thermal diffusivity (𝛼 = 𝜅 𝜌𝐶 𝑝 ) [6] (where 𝐶 𝑝 is the specific heat) of thick silicon dioxide (BOX) compared to bulk silicon. We introduce the lattice temperature equation and modify previous equations (4,5) to include the temperature gradients: where κ the thermal conductivity, 𝑐 𝐿 the lattice heat capacitance, 𝑃 𝑛 and 𝑃 𝑝 the thermoelectric power for electrons and holes which accounts for Seebeck effect.

Contact equation:

∇(𝜎∇𝛷 𝛭 + 𝑃∇𝑇) = 0 (3.7)
where P is the metal thermoelectric power.

Electron and hole equations:

𝐽 𝑛 ⃗⃗⃗ = -𝑛𝑞𝜇 𝑛 (∇𝛷 𝑛 + 𝑃 𝑛 ∇𝑇) and 𝐽 𝑝 ⃗⃗⃗ = -𝑝𝑞𝜇 𝑝 (∇𝛷 𝑝 + 𝑃 𝑝 ∇𝑇)

and typical circuit equations.

Additionally a temperature boundary condition (T=300K) was applied to the bulk silicon area below the BOX.

The temperature equation ( 6) as well the temperature gradients in equations (7,8) are essential in the study of self-heating effects and electrothermal stability of the device. The electrothermal stability with the condition can cause the thermal breakdown of the device through the creation of mesoplasma states [6]. By performing temperature extraction, we note a significant difference between maximum and device average temperature (Fig. 9). This difference can be explained by the existence of a hot spot in the PN junction near the merged area (Fig. 10), the same area where the maximum impact ionization was observed. 

DC measurements

The selection of gate stack greatly influences the breakdown voltage of the device (Fig. 11): EG gate stack devices exhibit higher breakdown voltage and lower leakage. On the other hand, the use of EG gate stack limits the minimum gate length to 150nm, which strongly affects LBJT gain and in turn TLP behavior that will be discussed in the next paragraph. Breakdown voltage extraction was performed on multiple dies (Figs. 11, 

ESD measurements

TLP measurements had duration of 100ns or 5ns pulse width with native (300ps) or 10ns rise time. The stress was applied on anode, while cathode was grounded. During the first measurements, the gates were either grounded or floating. Our primary goal is to investigate the ESD behavior of the various structures and evaluate the efficiency of the floating-body (without base contact) lateral thyristor.

For the first type of devices (Fig. 14), with the two gates connected, we observe snapback characteristics [7]. Same trend is observed in devices of second group that have separate MOS and diode gates (Fig. 15), for identical biasing conditions. For these structures, there is no systematic differentiation between 100ns and 5ns TLP I-V curves. The trigger voltage reaches 5 V. No strong snapback behavior is observed primarily due to (i) the lack of direct control on the Emitter-Base p-n junctions of the Lateral Bipolar Junction Transistors (LBJT between source and drain of MOSFET), and (ii) the relatively high doping of LBJT base in the merged area. In terms of ESD protection capability, DEV5 and 6 provide the best performance with higher It2, lower leakage and higher breakdown voltage.

In Fig. 16 we see the chronogram extracted from the TLP measurements with grounded gates, at different current levels. Each TLP point is calculated as an average of voltage values between the two lines in Fig. 16. It is interesting to observe the over-voltage behavior during the TLP stress: the average voltage for the TLP curve is lower than the actual voltage applied to the device. In terms of reliability this means that for a limited time, when over-voltage peaks appear during the measurement, the structure is forced to a higher stress than the one anticipated. The device behavior during a TLP stress can be modified by biasing the MOS gate (G1). In particular, the gate bias modulates the nMOSFET LBJT gain. With positive bias for the nMOSFET gate, the energy bands in the base area are lowered (by -qVG1). Electrons are attracted in the bipolar base, increasing the NPN LBJT gain and the overall anode current (Fig. 17). This behavior is observed in the nMOSFET subthreshold region (VG1<VT0). When biasing becomes higher than nMOSFET threshold voltage we activate additionally the MOS effect. 
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Reciprocally, by utilizing a negative gate bias the energy bands are raised. However, since there are no extra holes available to be attracted in the body (LBJT base), the modulation of IA-VA curves is weak while the gain is slightly decreased. These trends are verified by the TLP measurements presented in Fig. 18 (for VG1 = 0). The n-type base of the PNP LBJT is located in the merged area so biasing the diode gate does not affect strongly the PNP gain. By applying a positive bias to the diode gate, the base width WB of the pnp transistor expands under the gate and the gain is lowered. Conversely, for negative bias, it is the P+ area of the anode which extends underneath the gate, reducing the resistance of the silicon layer (under G2). Further analyzing Eq.( 2), we note that the high doping level in the base is the prevailing term, resulting in a very low bipolar gain that can only marginally be affected by base width and resistance reduction. This behavior is confirmed by the TLP response of the device shown in Fig. 19: there is minor modulation of the TLP characteristics as a function of VG2. The curves measured with VG2 = -1 V or VG2 = + 1V are superposed. Another degree of flexibility is offered by the back gate (backplane) biasing, albeit it is subject to super-coupling effects observed in UTBB FD-SOI process [8]. This is due to the existence of both type of carriers inside the device (holes and electrons) during thyristor mode biasing (when MOSFET effect is not active). A large bias is needed on the back plane in order to achieve the same results as using the front-gate biasing (Fig. 20 compared with Figs. 17 and18). This is due to the difference between the front gate oxide (EOT in the HKMG case) and the BOX oxide thickness with a coupling coefficient [9] tOX/tBOX=0.136. The combined gain of the 2 BJTs is limited once more by the high doping in the merged area (base) of the PNP LBJT, resulting in a lower gain for the BJT formed with the gated diode. In the next section we will show that doping calibration modulates the thyristor behavior leading to radically change the ESD stress response.

Thyristor behavior through doping modification

One of the critical parameters of the GDNMOS is the doping concentration in the merged area. This area acts like the base of the p-n-p LBJT of the thyristor with its doping and width reversely proportional to bipolar gain, as seen in equation 2. The doping profile selected for analysis in this section is compatible with the FD-SOI process and is equivalent to the LDD doping used in MOSFETS to reduce hot carrier effects by spreading the electric field [10].

TCAD simulations show a remarkable shift of around 2V on the I-V curve with snapback behavior, when this LDD doping is utilized instead of the initial higher N + doping (Fig. 21). The reason for this shift is the increase in emitter efficiency and base transport factor of the gated diode LBJT for lower doping. Figure 22 illustrates the impact ionization rate at the beginning and at the end of the stress. It is interesting to compare these results with those presented in Fig. 8 for the device with higher doping in merged area, where we observe impact ionization generation through a larger volume of silicon. With the new LDD base doping used the effect of impact ionization is induced in a smaller volume of silicon activating avalanche multiplication and triggering earlier with thyristor-like behavior. 

Conclusions

In this chapter we presented a new device, GDNMOS. We investigate GDNMOS applications and specifically as an ESD protection element. We simulated the device in 3D TCAD environment to investigate its behavior and performed measurements in the fabricated devices. The initial device, with typical MOSFET junction doping in the BJT base region, does not exhibit latch-up and it is ideal for high-voltage protection. We find through complementary TCAD simulations that by modifying the BJT base doping, thyristor-like behavior can be achieved with low triggering voltage, ideal for logic device protection in 28nm FD-SOI technology.
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Chapter 4: Four-gate transistor (G 4 -FET)

The four-gate transistor (G 4 -FET) [1] is a recent device. The device has been studied in partially [2] and fully depleted [3] SOI and analytical models have been published [4]. Recently [5] a new logic family has been presented based on the four-gate transistor behavior and naturally the question is if the next step could be to merge this type of logic with 14/28nm FD-SOI ESD protection behavior. Working towards this direction, in this chapter we evaluate for the first time the device fabricated with the state-of-the-art deep submicron UTBB FD-SOI process. Additionally ways to improve its performance were studied and implemented.

Structure and principle of operation

Generally a G 4 -FET is an accumulation mode MOSFET with two lateral PN junctions JG1 and JG2 (Fig. 4.1) that grant additional control to the channel operation. The lateral JFET gates (built on top of BOX layer) are reverse biased, and their biasing controls the PN junction depletion regions. Top and back-plane MOS structures act as the additional two gates for electrostatic control, resulting in four total control points for the channel formation. The device drain current is due to majority carriers and is governed by the biasing combination of all four gates. 

Model

The operation modes are different between partially depleted and fully depleted devices. More importantly, while PD-SOI G 4 -FET can operate in MOSFET mode and JFET mode, FD-SOI devices can be operated only in MOSFET mode. In FD-SOI technology the silicon film thickness is less than the maximum depletion depth (xdmax > tSi) so the volume component is negligible. Additionally, the VTH of the device is dependent on the junction bias (VJG, assumed identical for both junctions). For example; when VG2>0V an electron layer is formed at the back interface Si-BOX. The potential of this layer is directly imposed by the junction voltage VGJ which leads to a strong modulation of the front channel threshold voltage. The front interface threshold voltage equations are [3]: Using the above equations the channel to junction gate coupling coefficients are defined as [3]:

𝑉 𝑇1 𝐷2 =
𝜉 ≡ 𝜕𝑉 𝑇1 𝐷2 𝜕𝑉 𝐽𝐺 = (𝛾 -𝛼) ( 𝐶 𝑗𝑔 𝐶 𝑜𝑥1 + 𝛽 𝐶 𝑗𝑔 𝐶 𝑜𝑥2 ) (4.7) 𝜂 ≡ 𝜕𝑉 𝑇1 𝐼2 𝜕𝑉 𝐽𝐺 = -𝛼 𝐶 𝑗𝑔 𝐶 𝑜𝑥1 (4.8)
These coupling coefficients show the impact of the junction biasing on the front-channel interface VTH. The ratio

𝑡 𝑠𝑖 𝑊
is very important since it controls the coupling coefficients for both cases of back interface status, while the junction capacitance 𝐶 𝑗𝑔 additionally affects VTH modulation.

Fabrication process

G 4 -FETs were fabricated in the STMicroelectronics with 28nm HKMG FD-SOI process as well as 14nm HKMG FD-SOI process. Due to the undoped (very low doped) nature of the silicon film under the gate, fabricating p-type G 4 -FETs is easier, requiring less process steps. The typical G 4 -FET uses an H-shaped gate, and it was this shape that was selected for the first device fabricated with this process. Different doping configurations were tested: a) Typical source/drain doping implantation with LDD [7] doping that spreads the electric field. b) Typical source/drain doping implantation without any additional LDD doping.

The second option makes the PN junctions more abrupt and the same time increases the lateral electric field magnitude in the depletion region. This option affects the device effective width at well as the junction capacitance. 
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For this first implementation of the G 4 -FET we designed, LG=1μm while WG=343nm. The ratio 𝑡 𝑠𝑖 𝑊 can be calculated as 0.02 and affects the coupling coefficients ξ and η. The gate stack selected was the thin oxide variant (SG). The reason is that the SG gate stack can achieve 30nm minimum LG, something that is required when using the H shaped gate. In this gate shape configuration the minimum dimension is designated as H in Fig. 4.2. Another critical dimension that defines the minimum width W is the gate to gate minimum distance, designated as G2G in Fig. 4.2. This distance is highly process dependent since certain steps are performed under an angle, too small distance between the gate stacks would jeopardize the device manufacturability. The final minimum width taking into account all process restrictions is around 340nm. The G 4 -FET was fabricated with different backplane dopings (p-type or n-type).

TCAD simulations

The 28nm FD-SOI G 4 -FET was meshed in 3D (Fig 4 .4). Room temperature TCAD simulations were performed to analyze its behavior. We consider phonon scattering, Coulomb scattering in doped materials, and mobility degradation due to high vertical field. Other active modules include avalanche model, Auger recombination model, and local Band-to-Band tunneling model. Additionally density gradient model is applied to account for quantum effects due to the silicon film thickness, such as the VTH shift. In all cases Boltzmann statistics were used for electron and hole density calculations. For isothermal condition, the simulator is solving a system of equations [13] including: where σ is the metal conductivity and 𝛷𝛭 the Fermi potential.

(iii) Electron and hole equations:

𝐽 𝑛 ⃗⃗⃗ = -𝑛𝑞𝜇𝑛∇𝛷𝑛 and 𝐽 𝑝 ⃗⃗⃗ = -𝑛𝑞𝜇𝑝𝛻 ⃗ 𝛷𝑝 (4.11)
where 𝛷𝑛 and 𝛷𝑝 are the quasi-Fermi potentials, and

(iv) circuit equations.

Boundary conditions assume all contacts on silicon to be Ohmic, subject to charge neutrality and equilibrium.

(v) Density gradient model:

𝛬 𝑛 = - 𝛾ℏ 2 ∇ 2 √𝑛 6𝑚 𝑛 √𝑛 (4.12)
where γ is a fit factor. 𝛬 𝑛 is a potential-like quantity used from Sentaurus TCAD in order to include quantization effects in the classical density of states formula:

𝑛 = 𝑁 𝐶 𝐹 1/2 ( 𝐸 𝐹,𝑛 -𝐸 𝐶 -𝛬 𝑛 𝑘𝑇 𝑛 ) (4.13)
for electrons, and a similar equation including 𝛬 𝑝 for hole density of states p.

We begin by performing simulations on the standard H-gate G 4 -FET structure using the minimum dimensions that can be provided by the process used. 

VJG=0V VJG=0.5V VJG=2V VJG=1V

We observe that the effect of the PN junction biasing at the curves is weak (Figs 4.5 and 4.6). The current flow for weak and strong inversion is hardly affected by the depletion region modulation caused by the PN junction reverse biasing. The extraction of the electrostatic potential across the p-channel is presented for VBP=0V (Fig. 4.7) and VBP=1V (Fig. 4.8). Due to the fact that the silicon film is very thin and the PN junctions are far from the middle of the channel, a small amount of the potential modulation induced by the PN junctions is affecting the channel formation region. In thicker silicon films a more pronounced effect is expected [3] .

To better understand how this potential modulation affects the p-channel, a new MESH was constructed with different dimensions. The new device dimensions are presented in Fig. 4.9 and the main aspect is the reduction of the distance between the two PN junctions (equivalent to device width). To do this the fork-gate technology is implemented [8]. ) we confirm that the PN junction biasing has a more pronounced effect in the new device. This can be attributed to the magnitude of lateral electric field caused by the PN junction per current density. As seen in the potential extraction (Fig. 4.13), by applying positive biasing on the backplane of the narrow device a higher amount of potential modulation is seen inside the silicon film. This causes the higher spread on the accumulation current (Fig. 4.11). In figure 4.12, we compare ID(VG) curves for different backplane biasing conditions. The curves show the typical current suppression, a result of the back interface channel modulation previously observed in the literature [3]. In the measurements section, we continue the analysis by investigating the role of the device parameters.

An obvious conclusion is that the devices show much less modulation with VJG (when VBP > 0V) than reported by previous work [3]. The reason is that in ultra-thin films the N+ bottom layer cannot be built up when the top hole channel is activated, (VG=-2V, Fig. 4.6). This is a manifestation of the supercoupling effect which occurs only in sub-10nm thick films and did not affect the thicker G 4 -FET reported previously [3]. In order to clarify the supercoupling effect, we proceeded with systematic measurements in section 4.6.

DC measurements

Characterization was performed to evaluate the DC behavior of the fabricated G 4 -FET (Fig. 4.3) on 28nm FD-SOI process. The measurements were performed on a Cascade Elite300 semiautomatic probing station using the Agilent B1500 semiconductor analyzer with 6 probe configuration. All measurements were done at room temperature. ). Devices with LDD doping show higher current for the same biasing conditions. This is to be expected since LDD doping changes the capacitance network inside the device adding non-linear overlap capacitances [9] and modifying the junction capacitance due to different depletion region width. In figure 4.17 we evaluate the backplane biasing effect on the ID(VG) curves. The behavior observed is the typical FD-SOI VTH modulation according to the standard models [10]. To further investigate the JFET effect we repeat the ID(VG) measurements for various PN junction biasing conditions and positive backplane polarization for device with LDD doping (similar results were observed for device without LDD doping). Different implementations of the four-gate transistor were fabricated as indicated in Fig 4 .19. The new implementations featured the minimum process allowed dimensions for each gate architecture. As discussed during the TCAD simulations, H-gate G 4 -FET was fabricated with a ratio 𝑡 𝑠𝑖 𝑊 of 0.0204 while the Fork-gate attained a ratio of 0.0437. We calculated the lateral film capacitance, 𝐶 𝑗𝑔 = 𝜀 𝑠𝑖 /𝑊 = 3.0150μF for H-gate and 6.4634μF for Fork-gate. These values are expected to significantly affect VT1 behavior (4.1-4.6) and diversify the behavior for each case. ID(VG) measurements in Fig. 4.20-4.21 show that even though there is a lack of high current due to device sizing, Fork-Gate G 4 -FET shows significantly better current modulation for depleted back plane. VD=50mV.

A fundamental application of G 4 -FET: Evidence of supercoupling effect

The supercoupling effect restricts the co-existence of electrons and holes in ultrathin semiconductor films [11]. We consider an undoped Si film sandwiched between two metal-oxidesemiconductor (MOS) gate stacks, as illustrated in Fig. 4.22a. A positive bias on the top gate induces an electron inversion layer and a negative bias on the bottom gate results in a hole accumulation channel. In relatively thick films (TSI > 20 nm), the two channels face each other being separated by a depletion region. The properties of either channel depend on the bias applied to the opposite gate; this 'interface coupling' effect is frequently used for the operation of fully depleted (FD) devices [12]- [19]. However, below a critical thickness the electron and hole layers cannot be created simultaneously. The body of the transistor is filled with either electrons (volume inversion) or holes (volume accumulation), depending on the bias and polarity of the dominating gate. This situation, denoted as 'supercoupling' effect, has been anticipated theoretically and tentatively modeled [11]. Numerical simulations indicate that even for negative bias on the back gate (VGB < 0 is presumed to attract holes) with a sufficiently high positive voltage on the front gate (VGF), the electrons spread in the entire film, their concentration decreasing from the top Si-oxide interface to the bottom of the film (Fig. 4.22b). The reason is that the electrical field needed to sustain electrons and holes (≳ 2ΦF/TSI with ΦF being the Fermi potential) in ultrathin film is very high and causes the breakdown of semiconductor and/or oxides. The supercoupling effect is directly probed using a dedicated device illustrated in Fig. 4.23. It is an N-channel inversion-mode transistor with two independent lateral body contacts P+; the electron current IN flows laterally. The device can also be viewed as a P-channel accumulationmode FET, where the hole current IP flows perpendicularly (Fig. 4.23). The cross-MOSFET structure has been operated as a single-device inverter [13], [20]. If the gate is narrow enough, the N+ contacts act as two side-gates similar to Junction Field-Effect Transistor (JFET) operation. In this configuration, the device is controlled by four independent gates which explains the name (4gate FET or G4-FET) [21].

The device was fabricated with state-of-the-art Fully Depleted Silicon On Insulator (FD-SOI) technology [22]. It features 7 nm thick Si films, high-k/metal-gate stack (1.1 nm equivalent oxide thickness), and 25 nm thick buried oxide (BOX). A P-type heavily doped (~10 18 cm -3 ) backplane is located underneath the BOX and serves as back gate.

The undoped film (with residual P-type doping of 10 15 cm -3 ), surrounded by the four contacts, forms the common body of the two Siamese transistors. They both are controlled by the front and back MOS gates. Our test devices are large (1 μm gate length along IP and 343 nm gate width) and immune to small-geometry effects.

The experiment consists in measuring simultaneously the electron current between the N + contacts and the hole current between the P + contacts. The front-gate voltage VGF is swept from negative to positive values whereas the back-gate bias VGB is fixed. The drain bias is low to guarantee ohmic conduction (+20 mV for N-channel and -20 mV for P-channel). Typical characteristics are shown in Fig. 4.24. For VGB = 0V, the back channel is depleted and the current flows essentially near the front interface. It is composed of holes (for VGF < 0) or electrons (for VGF > 0), as in regular P-type or N-type MOSFETs. The no-current dark region reflects the full depletion of the film. Note that the lateral shift of the I-V characteristics measured with VGB = 0 or VGB = ±10 V is well explained by the change in front-channel threshold voltage with VGB according to the classical coupling model [12]. The case of interest occurs for negative bias on the back gate (VGB = -10 V, Fig. 4.24a), which is expected to induce a hole back channel. For VGF < 0, the hole current is indeed omnipresent in the volume and at the two interfaces of the film. However for positive VGF voltage, the electron current is turned on and totally suppresses the hole current. This proves that, despite VGB < 0, the hole channel cannot be sustained once the electron channel is formed. In other words, electrons and holes cannot coexist in the ultrathin body, exactly as the supercoupling principle predicts. This can also be understood by considering that the threshold voltage needed for the formation of the hole channel becomes too large for VGF > +0.5 V and cannot be reached in practice. Symmetrical characteristics and identical conclusions are obtained by changing the backbias polarity (i.e., VGB = +10 V, Fig. 4.24b) or by sweeping VGB with VGF fixed (not shown). Further information is gathered from numerical simulations with quantum correction [23], [24]. Fig. 4.25a reproduces qualitatively the characteristics measured in Fig. 4.24b (the quantitative calibration of the simulator is beyond the scope of this work). The behavior of devices with thicker body (30 nm, not available experimentally) is totally different. An electron current subsists for the entire range of VGF, in particular for VGF < 0 (Fig. 4.25b). This means that electrons and holes can live together, the front electron channel facing the back hole channel. It follows that supercoupling is here ineffective. The critical thickness for supercoupling to occur is not universal, it depends on the material permittivity, oxide thickness and maximum applicable voltage [1].

4-Gate JFET mode of BiMOS structure

The BiMOS device was discussed previously in chapter 2. In this paragraph the BiMOS transistor body electrodes are biased to explore Junction Field Effect Transistor (or 4-Gate) mode [25]. The device under test was fabricated with the 28nm FD-SOI Ultra-Thin Body & Box (UTBB) process. The device features a LG=150nm, WG=50μm thick oxide gate (EG) while the pMOSFET type body contact was used. Similar results were acquired for thin-oxide (SG) gate devices (LG=30 and 100nm). The N+ drain and source are considered as junction gates and the two P+ body contacts are equivalent to "drain" and "source". The device can is operated in a G 4 -FET-like mode, taking into account that there are significant differences between the BiMOS structure and the typical G 4 -FET device and so parasitic behavior is induced. To illustrate these differences a different schematic is used than in typical BiMOS (Fig. 2.1) or G4-FET (Fig. 4.1), since additional current components appear in our structure as explained in section 2.1.5-base current. In Fig. 4.26 the initial biasing conditions can be observed: VD= -0.5V and VS=0V are used to bias the body resistance R and avoid a forward diode current. To simplify the bias setup, VJG1=VJG2 = VJ (Vjunction) and is the parameter #1. The back-plane biasing is the parameter #2. A sweep voltage is performed on the front gate to evaluate the impact on the body current ID. As the resistance is P type, a negative bias on VG causes carrier accumulation and impacts the final response. In this condition, the back-plane voltage is grounded (VBP=0V) but similar results are obtained for positive and negative back-plane biasing. For VJ=0 and whatever VG bias (front gate), the structure is blocked. When VJ is increased, the junctions are in reverse mode and a current appears modulated by VJ and VG. Moreover, the junction breakdown voltage is observed for VJ=5V. A second biasing scheme is proposed on Fig. 4.28: the sweep is on the PN junctions while the gate voltage is modulated. The voltage range is [0V, 5V] to operate in reverse mode. Figure 4.29 gives the corresponding I-V curves. In this configuration the body current is controlled by VJ for a high voltage (up to 3V) and the threshold voltage is shifted thanks to VG. On this curve the back gate is inactive (VBP=0V). These results are compliant with previous ones but the maximum current is lower, limited to 3.5µA for the bias range used. The output I-V characteristics were analyzed when all other terminals are used as control gates. Thus, to obtain a JFET mode, the voltage sweep was performed on the body contact #1 whereas the body contact #2 is the reference potential. The main gate will be VJ (parameter #1) to modulate the current in JFET mode. Moreover, the front and back gates are used as secondary gates (parameters #2 and #3). Figure 4.30 depicts the bias condition to explore this JFET mode. The set of I-V curves is reported on figure 4.31 show a clear JFET behavior. A linear region is observed for low values of drain, afterwards a current saturation appears with a very flat curve (ideal current generator). This is a typical I-V curve for a JFET. A zoom-in shows the modulation Chapter 5: Band-to-Band BJT

Band-to-band tunneling effect and TFETs

Band-to-band tunneling (BTBT) is a quantum mechanical phenomenon in which carriers tunnel across the energy gap of a semiconductor. There are two types of tunneling [1]:  Direct tunneling (important for direct band gap semiconductors) where the carriers travel from the maximum of valence band to the minimum of conduction band.  Phonon assisted tunneling where carriers tunnel to a conduction band point other than the minimum.

The band-to-band tunneling can be easily observed in a Tunneling Field Effect Transistor (TFET) structure. TFET is a PIN gated diode [2], [3] that is dependent on the process technology parameters: silicon film thickness, BOX thickness, etc. TFET operation will be presented extensively in the next section. The BTBT current in a TFET is dependent on the distance between the valence band and the conduction band that can be modulated by a gate biasing VG in case of a PIN diode (Fig. 5.1). Of course, as observed in Fig. 5.1 it is natural that the BTBT current is additionally dependent on the energy band gap Eg (subject to band gap narrowing effect for example) and the electric field. One of the most important parameters to describe the BTBT effect is the BTBT generation rate, GBTBT which denotes the number of carriers generated per unit time. The most well-known approach to describe the BTBT current is the Kane model [5]. This model gives a generation rate:

𝐺 𝐵𝑇𝐵𝑇 = 𝐴𝜀 2 𝑒 [-𝐵/𝜀]
(5.1)

𝐴 = 𝑞 2 𝑚 * 1 2 ⁄ 18𝜋ℏ 2 𝐸 𝑔 1 2 ⁄ (5.2) 𝐵 = 𝜋𝑚 * 1 2 ⁄ 𝐸 𝑔 3 2 ⁄ 2√2𝑞ℏ (5.3)
where 𝑚 * is the effective mass, 𝐸 𝑔 is the energy band gap and ε is the electric field. It is worth noting that factor A changes depending on the type of quantization present in our structure that can be 2D for a quantum well and 1D for a nanowire. Various corrections to the above model have been proposed to the literature [6][7].

From this model we can extract some information on the physical quantities important for an increased BTBT current:

 Reducing the band gap by using SiGe alloys [8]- [10] or III-V semiconductors [11], [12].  Any process options that modify the effective mass such as strained silicon [13].  Increased electric field ε.

We need to note that Kane's model is implemented in TCAD software as local model. This means that the electric field used for the calculations is assumed to be uniform and so it leads to overestimations of the BTBT rate. Effectively for a TFET even for VDS=0V we can acquire BTBT current. Non-local models are more accurate compared to local models, since separate GBTBT rates are generated at the beginning and at the end of the tunneling paths. Local models are easier to converge while they need less computational time compared to non-local models. Depending on the accuracy needed and the complexity of the system of equations to be solved different strategies can be used.

The BTBT is very appealing effect to use in devices that act as active switches. For a typical MOSFET, as we scale down the VTH in order to reduce power consumption we increase the leakage current (IOFF), Fig. 5.2. The MOSFET conduction mechanism involves carriers overcoming a potential barrier by thermionic emission (Fig. 5.3). On the contrary, TFETs generate their current with BTBT. To better understand the TFET advantages with respect to a continuous downscaled MOSFET a more comprehensive analysis is presented: TFETs do not have these issues since the carriers instead of going over the potential barrier, channel through it. Additionally as we can see in equation 1, there is no temperature dependence (no kT/q factor) that is responsible for the 60mV/dec limit. Depending on the biasing conditions of the TFET, we can have BTBT generation on different regions of the device (Fig. 5.4). The gate potential electrostatically lowers the energy bands in the channel region and the electrons tunnel from the P+ region to the channel area in the N mode of operation. In the P mode of operation the carriers tunnel from N+ region to the channel, while the channel region energy bands are raised. The gate bias effect induces an electrostatic doping in the body which brings the N+ and P+ regions next to each other reducing the tunneling distance. The advantage of FD-SOI is to minimize the leakage current making the tunneling current more prominent.

The first device simulated was the P#1 biased in N mode TFET. Figure 5.6 reports the ID(VG) numerical curves for VBP=0V at room temperature. The front gate voltage is in the range [-1.5V, 1.5V]. It is clearly shown that ambipolatiry is involved is this structure and the drive current is low. On both VG bias, band-to-band tunneling (BTBT) rate is extracted on P side and N side according to VG polarities. This device was with a high P+ doping value in the source area. The second device investigated was similar, but with no P+ doping. It resembled a dopingless nTFET (DLnTFET), with the purpose to investigate the impact on I-V curve. Bias conditions remained the same. Figure 5.7 reports the ID(VG) numerical curve for VBP=0V and with band-toband tunneling (BTBT) rate extraction into this device. It shows the same behavior with significantly reduced current magnitude for both positive VG polarity. This is to be expected since this device has only one PN junction so the source energy level is not so high as to facilitate the BTBT current generation in N mode operation. In all cases, carrier gas is located into the small volume of the thin silicon film (body of device) and far from the gate interface as depicted in Fig. 5.7. Moreover, it is interesting to compare both curves depicted in Fig. 5.6 and 5.7. Thus, Figure 5.8 gives this comparison and shows that the P doping value is can be used to tune the drive current of the device. Further investigation was focused on ID(VD) curves for VBG=0 and for VFG=1V on the initial case (P#1) and on an enhanced structure with new doping profile (P#3). Figure 5.9 gives the responses for cases P#1 and P#3. The modified P doping profile clearly shows an improvement by increasing the saturation current by 5 orders of magnitude. Nevertheless the ID(VD) curve maintains a sigmoid response. 

TFET fabrication

TFETs were fabricated at first with the UTBB FD-SOI 28nm advanced CMOS technology from ST and electrical characterization was performed. The TFETs featured a thin oxide HKMG gate stack for better electrostatic control, p-type backplane and a pwell. The process features a 7nm thin silicon film and a 25nm thin BOX. The device features the typical four terminals : drain (D), source (S), front gate (FG) and back-plane (BP). Two devices were studied, with high (P#1) and low (P#2) source p-type doping (Fig. 5.11). 

TFET measurements

Characterization : ID(VG) for VBP=0V for P#1

The first measurements were performed to characterize the ID(VG) behavior for VBP=0V at room temperature of the initial nTFET device (Table 5.1). The front gate voltage is in the range [-1V, 1V]. Several values of VDS bias were applied (VDS=0.7V, 1V, 1.1V and 1.3V). Figure 5.12 gives the main experimental results. All the measurements were performed in room temperature. We clearly see that ambipolarity current is involved and the current magnitude is low especially for VG>0V. The Figure 5.12 additionally shows the ID(VG) results in a semilog plot. It shows also that the IDS current increases when VDS increases until 1.3V. The silicon measurements are compliant with previous numerical simulations. The next step was to investigate the back gate effect on the TFET operation.

Characterization : ID(VG) for VBP=±5V for P#1

The back-plane was biased with positive and negative voltage and the ID(VG) measurements were performed. Figure 5.13 reports the results for VBP=+5V and it is observed that the IDS current is higher than previously for VG>0V. The performance gain is low and the back gate control is modest due to the fact that the voltage is applied through the thick BOX resulting in a smaller change in body potential compared with the front gate control. .14 depicts the results for VBP=-5V. IDS current is observed to be lower than the previous case for VG>0V. This is an expected result due to the fact that a negative voltage applied to the back plane reduces the electric field ε (Eq. 1), responsible for the BTBT. In Figure 5.15 a comparison is made on ID(VG) for VBP=[-5V, 0V and 5V] and for VDS=1.3V. The back gate biasing has different effect depending on the other terminal voltages. For VG>0V (N TFET mode) the back gate bias modulates the IDS current with increase/decrease of the current. For VG<0V, only a negative VBP bias leads to an increase of IDS. In the next section we present silicon measurements on the low source doped device.

Characterization : ID(VG) for different VBP values and for P#2

The measurements reported here were on the device (P#2) with low source doping (Table 5.1). Figure 5.16 gives the ID(VG) silicon measurements for VBP=0V. For VG>0V no current is observed till 1V as evaluated previously thanks to numerical simulations. The ambipolarity is canceled since the N+(body) P(source) diode has very low doping for creating BTBT. 

Characterization : ID(VD) curves for P#1

In this section, we report ID(VD) measurements (Fig. 5.17) for different values of front gate bias VG and for inactive back gate VBP=0V (device is with the doping P#1, Table 5.1). The current shift for different VG values is well observed and the magnitude of the current is in a range of nano-amperes without saturation. By increasing the drain voltage beyond 1.5V we observe strong leakage current. High gate leakage current can be observed also when we apply a front gate overvoltage stress. This leakage masks the current saturation and does not allow us to investigate the BTBT current under a stronger electric field.

In all of the ID(VD) measurements so far we observed very low BTBT currents. This is because the fabrication process used is not optimised for the sharp PN junctions required to acquire high BTBT generation rates but rather for the MOSFET behavior that involves lower capacitaces, lower leakage etc. Nevertheless even with this general fabrication process, usefull information can be extracted as to the extent the process flow should be modified in order to inlude devices using BTBT tunneling.

ESD behavior: TLP characterization

For ESD use as a primary or triggering element, the TFET was characterized with TLP measurements. The goal of these measurements was to evaluate whether a TFET provides a Vtr voltage controlled by the gate potential and the range of the modulation of this triggering voltage. Of additional interest is the current values provided by TFET, taking into account that the BTBT current in typical biasing conditions is very low. This section reports the intrinsic ESD robustness the nTFET device through 100ns Transmission Line Pulse (TLP) with 10ns rise time characterized at room temperature. To differentiate with typical diode TLP measurements as seen for example in section 2.2.5 we use the notation IN and VN to indicate the current and voltage to the N+ region (PIN diode cathode).

-For negative pulse on the N+ terminal with VBP = floating (Fig. 5.18), the diode is in forward mode and a conventional I-V diode response is measured. The positive front gate bias increases the robustness by 10% compared to negative bias. The total robustness in thin silicon film is around It2 = 4mA/μm. -For a positive pulse on the N+ terminal with VBP = floating (Fig. 5. 19), the diode is in reverse mode and the breakdown voltage is controlled by the front gate voltage. It appears that the negative gate bias decreases the breakdown voltage down to 4.5V whereas a positive front gate bias increases the breakdown voltage up to 8V. In all cases, the intrinsic ESD robustness is low and leads to It2 = 0.4mA/μm with no over-voltage observed during the stress. This behavior could be useful for the triggering control in a design circuit switching between ESD mode and normal mode. 

Tunneling FETs on standard 14nm FD-SOI technology

TFETs were fabricated with the UTBB FD-SOI 14nm advanced CMOS technology. The TFETs featured a thin oxide HKMG gate stack for better electrostatic control, p-type backplane and a p-type well under the BOX. The process features a 6nm thin silicon film and a 20nm thin BOX. Fig 5 .20 reports the device dimensions, in particular very short gate length (30nm) as well as additional layers of materials used during the fabrication process for example sacrificial dummy gates. Two different types of measurements were performed [16]: forward current and reverse current. By forward biasing a diode the effective recombination lifetime τeff can be extracted, while by applying a reverse bias, parametric extraction can be performed to acquire bulk generation lifetime τg and interface generation velocity Sg. Comparing our results (Fig. 5.21 and 5.22) to literature (Fig 5 .23) we observe a strong differentiation. This is due to a set of drawbacks which prohibit the manifestation of the expected measurement results:  The devices are not wide enough (Fig. 5.20 and 5.23), so they cannot generate enough current.  We observe gate leakage components (Fig. 5.24), that can be comparable to the measured current especially while forward biasing the TFET.

These two issues prohibit us from performing a full PIN parametric extraction and new test structures will need to be fabricated for characterization. Since Si0.8Ge0.2 channels are available in the 14nm UTBB FD-SOI process, higher performance TFETs are expected. A Si1-xGex channel has a smaller band gap than silicon and strained SiGe can have an even smaller bandgap. As a result GBTBT will be higher, and the TFET current increased. Nevertheless since the ION current is too low in a FD-SOI TFET we explore solutions to amplify it. 

BET-FET devices

One of the main problems of TFETs is the low on current as observed previously both in TCAD simulations and measurements for 14nm and 28nm FD-SOI. In general this behavior is typical when using pure silicon-based process, and current can be improved by implementing different materials. A different solution to improve the current generated by BTBT is using a bipolar transistor to boost / amplify it [17], [18]. The original BET-FET [17] is a vertical device, with well-defined layer thicknesses (Fig. 5.25). A BTBT hole current is generated by the TFET at the source junction (Fig. 5.26). This current flows towards the negatively biased emitter and lowers the emitter base injection barrier. The bipolar transistor activation results in a massive electron current In. This current ends up in the collector, with ION values greater than 4mA/μm and subthreshold swing SS <60mV/dec. The gain of the bipolar transistor (~10 3 ) converts a modest BTBT hole current into a huge electron current. Additionally a lateral version [18] has been presented with similar attractive results, exploring both pure silicon and SiGe material based structures (Fig. 5.27). This lateral BET-FET shows a high ION=260μA/μm and a subthreshold swing below 60mV/dec when using SiGe channel as well as a heterojunction between drain and base. (Fig. 5.27c). Since our work is focused on pure silicon channel devices we need to compare our results with the all-silicon lateral BET-FET (Fig. 5.27a). This device achieves a current gain (IBET-FET/IT-FET) of β ≤ 200 when comparing to the TFET fabricated with the same dimensions and process technology (Fig. 5.28).

These two devices even though they manage to tackle the low ION current that is plaguing the BTBT based devices face different challenges in FD-SOI technology:  The vertical BET-FET is not compatible with FD-SOI process. To fabricate it, the HYBRID option would be required in order to etch both the thin silicon film and the BOX layers. New process steps would be required for the implantation and the epitaxy of all the layers needed for the device.

 The lateral BET-FET includes a very short p+ doped base area. With the current process flow the width required is extremely difficult to achieve without compromising the device manufacturability.

 We will propose a similar device that is fully compatible with FD-SOI.

Band-to-band bipolar junction transistor

Bipolar (BJT) and Heterojunction Bipolar Transistors (HBT) are widely used as amplification elements or logic devices. In this work we propose a new thin film device named B2BJT [19] resembling in operation the bulk HBT [20] with no base contact. Due to BTBT generation mechanism used for the base current, the device emitter current exhibits the sharp switching behavior observed in typical TFETs, while maintaining the low power characteristics native to the FD-SOI technology. The idea shares some similarities with the BET-FET but the implementation and the physical mechanisms involved are different.

Structure and operating principle

The B2BJT is based upon a typical FD-SOI MOSFET. The nMOSFET structure is providing the parasitic lateral bipolar junction transistor (LBJT) used for the B2BJT operation. Laterally to the LBJT we add N+ contacts. This can be done in two different ways (Fig. 5.29): by adding an nMOSFET structure in parallel to main nMOSFET structure, or by directly providing an N+ contact by means of Fork Gate architecture [21]. Each of these two implementations has its own merits: nMOSFET type of contact offers a large area along which the BTBT can generate carriers at the expense of higher resistance from the LBJT base. On the other hand, Fork gate topology reduces the LBJT base intrinsic resistance at the expense of smaller area for BTBT.

The device is built with the 28nm ultra-thin body and buried oxide (UTBB) FD-SOI process technology. It features high-k metal gate (HKMG), a 7nm silicon thin film and 25nm buried oxide (BOX) (Fig. 5.30-a), while it is surrounded by a swallow trench isolation (STI) passivation layer. Both these insulating layers minimize the parasitic effects, which are of paramount value since the relatively small current generated by BTBT must not be masked by other parasitic currents. In order to activate the BTBT current flow towards the LBJT base, N+ regions are positively biased, while the gate potential VG remains negative to induce the necessary P+ layer for BTBT (Fig. 5.30-b). The inversion layer nMOSFET has a threshold voltage (VTH) of around 400mV, so to ensure that the MOS effect is off VGS<VTH for all terminals. Emitter-Base p-n junction needs to be forward biased for the LBJT effect so a negative bias is applied on the emitter area, while the collector is grounded. There are two parasitic resistances in our device: RB and RT (Fig. 5.30-b). Resistance RB is due to the distance from the BTBT generation area until the BJT base region, marked with 'D' in Figure 5.29 for both type of implementations. Resistance RT is due to the tunneling mechanism to generate the carriers. This resistance is linked to the width of tunneling junction that is designated with 'D2' in Figure 5.29. We can observe already that the scaling effect on both devices acts completely differently. For example decreasing LG will decrease parasitic LBJT WB but at the same time decrease D2 for Fork-gate implementation, leading to higher RT. The effect of both of these resistances on the device functionality will be explored in the next section with TCAD simulations. Due to these parasitic elements we choose to name the diode N+ terminal 'N' instead of 'B' like in a regular BJT. This was done in order to highlight the differences both in potential between terminals B and N (Fig. 5.30-b) as well as terminal functionality compared to a typical bipolar device.

TCAD Simulations

The B2BJT device was simulated with a 3D mesh in Sentaurus TCAD. The device was simulated with Poisson, drift/diffusion and continuity equations. The dynamic nonlocal band-toband tunneling model was used to provide accurate estimations of the BTBT generation rates [22]. The bandgap narrowing model, Shockley-Read-Hall and Auger recombination models were used while mobility degradation due to doping dependence and high field were taken into account. All simulations were performed at room temperature. 

Behavior through 'Gummel' plots

A typical Gummel plot of the device shows strong modulation by the gate biasing (Fig. 5.32). This is to be expected since VG controls both the BTBT in the N+ region as well as the LBJT potential barrier (Fig. 5.30). In this simulation, collector and back-plane are grounded (VC=0V, VBP=0V), diode N+ region is positively biased (VN=1V), while LBJT base emitter PN junction is forward biased with a negative potential on Emitter (-1V<VE<0V). In this graph two physical effects can be seen at the same time:

 MOSFET subthreshold current from the point of VG-VE=0 until VE=-1V. This point changes according to the VG biasing condition. For example for VG=-0.5V, the point is at VE=-0.5V, while for VG=-0.8V the point moves to VE=-0.8V.

 B2BJT action. This is observed for VE values smaller than the MOSFET subthreshold activation point, left of the linear region.

Modifying the VE affects how much forward biased the PN junction of the LBJT is in order to attract a higher number of holes. At the same time while VGE changes (with emitter terminal acting as the parasitic MOSFET source) the MOSFET channel is gradually formed until a saturation point. By increasing the VG value (VG= -0.8) we can force the parasitic MOSFET to activate for higher VE values. This is observed as a shift to the right in both IC and IN curves for VG=-0.8V (Fig. 5.32), revealing the B2BJT action that was previously 'masked' by the subthreshold MOSFET current. The B2BJT action can be observed in the 0V<VG<-0.4V range. To verify this behavior we repeat the Gummel plots by deactivating BTBT generation, with VN=0V, Fig. 5.33. We observe that the B2BJT region is completely absent for VG=-0.8V. We verify that the BTBT mechanism is the main difference between previous simulations of Figs 5.32 and 5.33 by plotting the BTBT generation rates for VE=0V. In Fig. 5.34-a the BTBT is activated by positively biasing N+ region, while for applying zero bias (Fig. 5.34-b) the BTBT is completely deactivated. Both extractions were performed for VG=-0.5V where the curves in 5.32 and 5.33 look equivalent (but we suspect the B2BJT action is masked by subthreshold MOSFET current). Simulations were repeated for the same VN values and while increasing VG=-0.8V, higher BTBT generation rates were extracted. This verifies that low VG can 'mask' the B2BJT action by changing the MOSFET activation point. At the same time, higher VG values can increase the BTBT generation rate similarly to the typical nTFET structures. We proceed with a first evaluation of the B2BJT action. We compare in Fig. 5.35-a the collector current with BTBT current (VN=1V) IC-BTBT with the collector current without BTBT current (VN=0V) IC-NOBTBT. The difference between these two currents is the BTBT generated base current, amplified with the BJT effect. In figure 5.35-b we proceed with calculating the gain as:

𝑔𝑎𝑖𝑛 = 𝐼 𝐶-𝐵𝑇𝐵𝑇 𝐼 𝐶-𝑁𝑂𝐵𝑇𝐵𝑇 (5.5)
It is important to note that this gain is controlled as previously explained both from VN as well as VG values, which affect differently the physical effects involved in the device operation. 

Recombination rates and the role of STI

Due to the low doping of the base area of the LBJT, the recombination rates remain low compared to those in the typical high doped base of the BET-FET [17]. For the nMOSFET contact device simulations without the STI between the N+ contact/Emitter and N+ contact/Collector (Figs 5.36, 5.37) show high recombination rates, and this is why it is imperative to use STI to isolate the base current. The recombination rates are very important for our B2BJT device since they can severely affect the low magnitude BTBT current. 124

Base resistance (RB) modulation

The B2BJT device exhibits a base resistance RB proportional to the distance D of the N+ contact to the actual LBJT base (Fig. 5.29 and 5.31). RB is inversely proportional to LG which at the same time defines the base width WB of the LBJT. The optimal LBJT behavior is achieved for the minimum WB possible, but this results in an increase in the RB. To study the effect of the RB resistance we simulate under identical biasing conditions the B2BJT structure with different distances between the Emitter/Collector and the N+ regions (Fig. 5.38). Table 5.2 shows all the distance related parameters. In Fig. 5.39 we see a comparison between devices with different distance D. RB modulates IN and, due to bipolar effect, IC is additionally affected. The strongest effect is observed in the region with VGE<0V and -0.4V<VE<0V. As discussed in section 5.5.2.1 the closer the device is biased to point of VGE=0V, the more the MOSFET subthreshold current merges with the B2BJT current and gradually takes over. To improve the collector current magnitude in the B2BJT operating region, the device width (in the simulations W=1μm) can be increased. 

Tunneling resistance (RT) modulation

B2BJT exhibits additionally a resistance due to the tunneling mechanism RBTBT. This resistance can be modified depending on the size D2 of the N+ contacts. The effect is visible in Fig. 5.40, where we increase the width of the N+ regions to enable more BTBT current. As expected, the increase in N+ region width increases the BTBT current that in turn augments the IC current in the region (-0.8V<VS<0V). 

Behavior through gate biasing modulation

The effect of gate biasing has also been studied. IC(VG) and IN(VG) curves of the B2BJT device reveal its unique behavior. VG biasing results in modulation of the potential barrier and BTBT base current. In the following simulations, collector and back-plane are grounded (VC=0V, VBP=0V), diode N+ region is biased positively (VN=1V), or grounded (VN=0V). Gate is polarized negatively -2V<VG<0V while in each case emitter is biased with -1V (Fig. 5.41), -0,8V (Fig. 5.42) or -0.4V (Fig. 5.43) in order to forward bias the PN junction. The red region that represents the parasitic MOSFET action of our device is changing depending on the emitter biasing in each case. In all of the cases, the B2BJT effect is the difference between the curves with active BTBT (VN=1V) and no active BTBT (VN=0V). In each of the three cases we calculate the beta gain of the device (IC/IN). When the peak of the gain is inside the red region Fig. 5.41-b the gain is due to the parasitic LBJT when MOSFET is in subthreshold region / weak inversion. This region is not possible to be used since the gain is independent of VN biasing. The furthest the gain peak from the MOSFET activation point, the more the gain is purely controlled by the base BTBT current generation so the device can be used as a potential amplification element with a very sharp gain and selective β dependent on VG biasing. The best biasing condition for the device seems to be for VE=-0.8V. In this region we observe both a high gain away from the MOSFET activation region, as well as linear-like behavior reminding the typical BJT curves.

In the next graphs In all cases, we observe the red regions, where the SS is not controlled from the BTBT generation, with values between 70 and 90 mV/dec. As previously mentioned these regions are not useful for a device operating in bipolar-like mode since IN modulation will not affect IC. The green region in Fig. 5.44-b, shows a gain peak outside the MOSFET subthreshold operating region, and has a SS with a value of 165 mV/dec. This region is very interesting because the SS and the gain are both controlled by the BTBT generation rates. Increasing the BTBT rates, either by materials with smaller EG or by increasing the electric field, will improve both the SS as well as the gain of the device.

To further investigate the device operation regions we perform energy band extraction to the point of VG=-2V. The energy bands for both LBJT region and N+ contact were extracted (Fig. 5.46) for activated (VE=-1V) or not (VE=-0V) LBJT, under different N+ contact biasing conditions. First we observe the effect of activating the LBJT by negative emitter polarization (Fig. 5.47-b). Holes are drawn to the emitter activating the electron current to the collector. At the same time the gate effect is visible, it is responsible for the reduced potential barrier and as a result affects the LBJT behavior. Higher negative VG values can decrease the barrier further and more holes can reach the collector area until we reach a point where all (or most of) the holes are injected in the collector area. By monitoring the N+ contact (Fig. 5.48) we can observe the strong effect of VN biasing responsible for increasing the BTBT current by pushing the energy bands lower. The BTBT effect is independent from the status of B2BJT, whether it is activated (Fig. 5.48-b) or not (Fig. 5.48-a). Additionally, we note that the energy bands in the Pint area between the two N+ contacts are different depending on the VN biasing. This can be explained as a manifestation of DIBL due to the device short length (LG=30nm), that forces the energy band bending. The result is that activating the LBJT additionally increases the base BTBT current. This can be verified by observing both an increase in the current density inside the LBJT and through the N+ contact (Fig 5 .49) as well as the higher BTBT generation rates (Fig. 5.50). 

B2BJT Fabrication

The B2BJT device was fabricated (Table 5.3) with the 28nm UTBB FD-SOI process, featuring both thin and thick oxide HKMG stacks. The backplane doping was P+-type. For direct comparison reasons all devices featured the same minimum gate length (LG=150nm) as well as the same width of 1μm in single finger configuration.

SG gate stack (EOT 1.1nm) EG gate stack (EOT 3.4nm) Fork Gate FG-SG FG-EG MOS contact MG-SG MG-EG

Table 5.3: Fabricated B2BJT devices.

B2BJT Measurements

The B2BJT devices were measured and Gummel plots are presented in the following figures. In figures 5.51 and 5.52 the difference between Fork Gate (FG) and MOS gate (MG) topologies for different gate stacks (SG and EG). Mainly the resistance RB (as explained in section 5.5.2.3) is affected, with FG implementations exhibiting higher base current in all cases with the ratio of the two resistances due to different dimension D calculated as: RB(MG)/RB(FG)=3.2. Comparing the B2BJT devices with different gate stacks (Fig. 5.53 and 5.54) does not result in significant differences both for collector and base currents, even though the stronger electrostatic control of the thin oxide HKMG stack gate was expected to provide higher BTBT current (due to the dependence of GBTBT on the electric field, eq. 5.1-5.3). The smallest VTH of the SG gate stack leads to slightly higher currents for both fork gate and MOS N+ contacts compared to the EG versions. In the following measurements (Figs. 5.55-5.58), collector and back-plane are grounded (VC=0V, VBP=0V), diode N+ region is positively biased (VN = 1V), while LBJT base emitter PN junction is forward biased with a negative potential on Emitter (VE = -1V). In the measurements 5.59-5.60 IC(VG) and IN(VG) behavior is analyzed for two different emitter biasing conditions. In all of these figures similar results are obtained with the 3D TCAD simulations given the specific differences between the structures. For the Gummel plots independently of the N+ type contact and the gate stack, with more negative VG values the MOSFET subthreshold current region is shifted to the right. In a similar fashion and in line with the TCAD simulations this region is modulated in the ID(VG) curves while the effect of biasing the N+ region can clearly be observed. There is a combination of issues that prohibit us from obtaining identical results to the TCAD simulations and specifically related to the B2BJT action:

 The fabricated devices are 5 times wider (150nm instead of 30nm) compared to the TCAD simulated structure. We expect from the typical bipolar equations 2.3 to get 5 times less current.  The fabricated devices exhibit less BTBT current than expected from TCAD simulations.  RB or RT were underestimated from the TCAD simulation.

These reasons lead the B2BJT current below the measuring equipment resolution and prohibit us to characterize the B2BJT effect. Nevertheless all these problems can be solved by the appropriate dimensioning, biasing and material selection:

 By decreasing the LG the B2BJT current will increase.  Increasing the LW will increase additionally the B2BJT current.  Decreasing the resistance RT through increasing dimension D2, would increase the BTBT current injected to the LBJT base.  Finally inserting lower EG materials, currently available for the 28nm FD-SOI process could drastically improve the performance. 

Conclusions

In this chapter, we focused on band-to-band tunneling phenomena and devices. We presented the results of typical nTFETs simulated and fabricated in state-of-the-art FD-SOI technology. Due to using the standard process technology optimized for MOSFET structures the current measured in TFETs is inferior to literature results. We propose a new structure called B2BJT that is a bipolar device with its base current generated by BTBT. The uniqueness of this implementation is that the collector current is controlled from the BTBT generation rates, with the potential (if fabricated with the appropriate small energy band-gap materials) to reach the sharp subthreshold swing of TFETs. A detailed analysis of this device was presented and first measurements on the fabricated devices verified the analysis.

Future perspectives

As expected the work has created new directions for future research:  For ESD protection, a BiMOS device can be aggressively optimized for minimized area. This is of paramount importance since regular ESD protection devices are quite large in order to conduct high currents.

 The BiMOS can be optimized in order to mitigate the self-heating behavior. Since UTBB technology is used, self-heating can influence interface quality and device performance.

 Further investigation could be performed for BiMOS as an amplification element and BiMOS-based logic applications. Non-ESD optimization of the device is completely different since the DC behavior must be carefully taken into account. The base resistance vs bipolar gain tradeoff should be studied and analyzed extensively.

 GDNMOS device can be optimized through modified LBJT base doping, to acquire thyristor behavior as has already been simulated. Further simulations, fabrication of devices and measurements should be performed to verify this expected behavior.

 GDNMOS device could possibly have memory applications [3], [4]. So the device deserves to be fabricated in different configurations and transient measurements need to be performed.

 The performance of G 4 -FET has been proven to be strongly linked to the film thickness.

Normally the process trend is to reduce film thickness in the more advanced deep submicron nodes, something that could prove problematic to the G 4 -FET operation. Since the introduction of different thicknesses is possible for the same process technology, combining thicker films with the modified fork-gate contact is essential for optimizing the device performance.

 B2BJT device has proven very interesting in terms of performance and process compatibility. Since this is was the first conception and implementation of the device not many process related options were investigated. The device was built with the basic process technology available and the performance optimization was not evaluated yet. In this context, further investigation with SiGe channels on SOI substrate (SGSOI) or strained SiGe on SOI substrate (sSGSOI) [5] could be performed, to evaluate a possible performance boost through the increase of BTBT generation rate.

 Furthermore according to recent advances in quantum electronics [6], the ESD protection will play a paramount importance for the adoption and commercialization of these technologies.
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 1 Fig.1.13: 14nm FD-SOI Front-End process TEM before HK deposition showing the cSiGeOI pMOS area[START_REF] Weber | 14nm FD-SOI technology for high speed and energy efficient applications[END_REF].
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 1 Fig.1.16: A bulk SCR cross-section (left,[START_REF] Bourgeat | TCAD study of the impact of trigger element and topology on silicon controlled rectifier turn-on behavior[END_REF]), Z 2 -FET (middle,[START_REF] Dirani | Sharp-switching Z2-FET device in 14 nm FD-SOI technology[END_REF]), Z3 -FET (right,[START_REF] Dirani | A sharp-switching gateless device (Z3-FET) in advanced FD-SOI technology[END_REF]).
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  Fig.1.17: TLP test bench schematic representation[START_REF] Amerasekera | ESD in silicon integrated circuits[END_REF].
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 2 Fig. 2.1: (a) Schematic representation of BiMOS, (b) device cross section
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 22 Fig. 2.2: TEM image of the device with LG=30nm, SG.
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 23 Fig. 2.3: Simplified device top view, for pMOSFET-type body contact and cross-sections.
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 24 Fig. 2.4: Simplified device top view, for fork-gate body contact and cross-sections.
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 3 L and D are the diffusion length and constant for a type of carrier, ni is the intrinsic carrier density and NA,D are the doping concentrations. All of the aforementioned values are indicated with a subscript for a specific area of the BJT: E (Emitter), B, (Base), C (Collector).
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 25 Fig. 2.5: Top view of body-contacted BiMOS showing the different regions for base current analysis.
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 2 Fig. 2.6. MOSFET-mode ID(VG), curves with floating body. The insets show the 12-die VTH variability and subthreshold characteristics. VBP=0V, VDS=20mV.
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 27 Fig. 2.7: MOSFET ID(VD) curves with floating body for VBP=0V and VBP=1V, LG=30nm, SG.

Fig. 2 . 9 :

 29 Fig. 2.9: MOSFET ID(VD) curves with floating or grounded body for VBP=0V, LG=30nm, SG.

2 . 7 .C 31 Fig. 2 .

 27312 Fig. 2.11. Current gain (β) versus VBE for different Back Plane biasing and WB.

Fig. 2 .

 2 Fig. 2.15. Hole concentration for VS=-1V, VBP=0V (left) and VBP=1V (right).

Fig. 2 .

 2 Fig. 2.16. Energy bands along C2 and C3 cuts (see Fig. 2.15). Drain-body contact junction is reversebiased while source-body contact is forward biased.

Fig. 2 .

 2 Fig. 2.17. Suss Microtec cryogenic prober (left) setup with multiconctact DC probe for low temperature measurements (right)

Fig. 2 .

 2 Fig. 2.20. MOSFET ID(VD) curves with floating body for VBP=0V, LG=30nm, SG.

Fig. 2 .

 2 Fig. 2.21. Hybrid-mode ID(VD) curves with grounded body for VBP=0V, VS = -200mV, LG=30nm, SG.

Fig. 2 .

 2 Fig. 2.22. Gummel plots for SG BiMOS VBP=0V and LG=30nm (left) and Arrhenius plot of beta gain extraction.

Fig. 23 :

 23 Fig. 23: BiMOS design with standard MOSFET and corresponding 3D TCAD topology (solution #1).

Fig. 2 .

 2 Fig. 2.24: ACS response with standard BiMOS design. The side figures indicate the current density contours within the device for three typical operation points.

Fig. 2 .

 2 Fig. 2.25: BiMOS with physical body contact and corresponding topology in thin silicon film (solution #2).

Figure 2 .

 2 Figure 2.26 shows the ESD response with I-V curve obtained by ACS method. Thanks to the physical body contact, the parasitic bipolar transistor within the thin silicon film is enhanced compared to the previous solution #1 and leads to a beneficial decrease of threshold voltage Vt1 (see Fig. 2.26). Moreover, we now observe a small snapback with a holding voltage Vhold around 1.7V. At the maximum current stress, the drop voltage is 3V compared to 3.8V in the previous case. Comparing the curves in Figures 2.24and 2.26, no major difference is observed on the dynamic resistance (Rdyn = ΔV/ΔI in linear region). We conclude that this solution #2 is more efficient that the first one in terms of electro-static discharge protection.

  Figure 2.26 shows the ESD response with I-V curve obtained by ACS method. Thanks to the physical body contact, the parasitic bipolar transistor within the thin silicon film is enhanced compared to the previous solution #1 and leads to a beneficial decrease of threshold voltage Vt1 (see Fig. 2.26). Moreover, we now observe a small snapback with a holding voltage Vhold around 1.7V. At the maximum current stress, the drop voltage is 3V compared to 3.8V in the previous case. Comparing the curves in Figures 2.24and 2.26, no major difference is observed on the dynamic resistance (Rdyn = ΔV/ΔI in linear region). We conclude that this solution #2 is more efficient that the first one in terms of electro-static discharge protection.

  Figure 2.26 shows the ESD response with I-V curve obtained by ACS method. Thanks to the physical body contact, the parasitic bipolar transistor within the thin silicon film is enhanced compared to the previous solution #1 and leads to a beneficial decrease of threshold voltage Vt1 (see Fig. 2.26). Moreover, we now observe a small snapback with a holding voltage Vhold around 1.7V. At the maximum current stress, the drop voltage is 3V compared to 3.8V in the previous case. Comparing the curves in Figures 2.24and 2.26, no major difference is observed on the dynamic resistance (Rdyn = ΔV/ΔI in linear region). We conclude that this solution #2 is more efficient that the first one in terms of electro-static discharge protection.

Fig. 2 .

 2 Fig. 2.26: ACS response with body contact BiMOS design.

Figure 2 .

 2 Figure 2.27 depicts the 3D top view of device at point #1 and point #3, indicated in Fig. 2.26. The left-side figure shows the base current at the threshold voltage induced by the R-CDB trigger elements. The second view reports the full drive current which involves, at the maximum surge (1 A), the whole silicon film.

Fig. 2 .

 2 Fig. 2.27: Current density in thin silicon film during ESD stress: (a) at low current level, we see the base current in thin film and (b) at high current level, the full current flowing in the whole structure.

Fig. 2 .

 2 Fig. 2.28: Impact ionization in the thin silicon film during ESD event. (a) Localized impact ionization at source and (b) extended impact ionization at drain.

Figure 2 .

 2 Figure 2.30 reproduces the I-V curve of the ESD response and the zoom gives an accurate view of Vt1 and Vhold. The extracted voltages, Vt1=0.79 V and Vhold=0.75V, are very low which is our main target. At the end of stress, the high-current level and voltage are the same as in solution #2 (see also Fig. 2.18). The full silicon film is involved in electron transport at this current level (Figures 2.26and 2.30).

Fig. 2 .

 2 Fig. 2.30: ACS response of the FD-SOI BiMOS with body contact and back-gate loop (solution #3). The side sketches show the current density contours for the critical points of operation.

Fig. 2 .

 2 Fig. 2.31: Current density and impact ionization rate in FD-SOI BiMOS during ESD stress (solution #3). (a) Low-level current, (b) high-level current.

Fig. 2 .

 2 Fig. 2.32: ACS responses for BiMOS solution #3 for various values of resistance R.

Fig. 2 .

 2 Fig. 2.33: Comparison of ESD responses for the three design-topologies of FD-SOI BiMOS.

Fig. 2 .

 2 Fig. 2.34: Comparison of quasi static responses (AVS stress) at room temperature.

Fig. 2 .

 2 Fig. 2.37: ACS stress response under thermodynamic simulation, compared with R=R0 device. Temperature extractions are shown in right hand scale.

Fig. 2 .

 2 Fig. 2.38: 2D temperature extraction of 3 points operation, during ACS stress in thermodynamic simulation after 1ns, 14ns and 100ns.The analysis continues with different values for contact thermal resistivity Rth, during ACS stress. No major impact is observed (see Fig.2.39).

Fig. 2 .

 2 Fig. 2.39: ACS stress during electro thermal simulation for different contact thermal resistivity values.

Fig. 2 .

 2 Fig. 2.40: I-V response to AVS stress for R=R0 for different Rth values compared to isothermal simulation.

Fig. 2 .

 2 Fig. 2.41: Average and maximum temperature evolution with R0 and for different Rth values.

Fig 2 .

 2 Fig 2.42 shows the 2D extraction of temperature distribution for these two cases. It is shown that even in the case of the more homogenous heating a smaller hot spot still exists and is present in a different area of the device. While the hot spot in the Rth0 case is directly under the area between drain and gate, for Rth2 the maximum temperature is moved towards the body contact.

Fig. 2 .

 2 Fig. 2.42: 2D temperature extraction during AVS for Rth0 (left) and Rth2 (right) with R0 connection.

Fig. 2 .

 2 Fig. 2.43: 2D temperature distribution around the corner hot spot and current density AVS for Rth2& R0.

Fig. 2 .

 2 Fig. 2.44: I-V response to AVS stress for R=R3 and different Rth.

Fig. 2 .

 2 Fig. 2.45: Average and maximum temperature comparison for different thermal resistances for R=R3

Fig 2 .

 2 Fig 2.49: Temperature distribution in BiMOS with high mobility (3*μmin) during ESD stress.

Fig 2 .

 2 Fig 2.50: Electron mobility distribution in BiMOS during ESD stress.

Fig. 51 .

 51 Fig. 51. ESD connectivity of ggnMOS (left) and BiMOS (right) with poly resistor.

Fig. 2 .

 2 Fig. 2.52: TLP characteristics for trigger voltage evaluation. Pulse duration of 5ns with rise time tr = 300ps.

Fig. 2 .

 2 Fig. 2.54: DC leakage measurements demonstrating VTH modulation by external resistor. Inset: cumulative probability of leakage current at VA = 1V, performed on 31 dies.

Fig. 2 .

 2 Fig. 2.55. Schematic of a simple BiMOS voltage amplifier (left) and voltage amplification for the two different contact types (right).

Figure 1 :

 1 Figure 1: Schematic (left) and cross-section (right) of GDNMOS structure.

  𝐸 = 𝛼 𝐸 = 𝐽 𝑛 (0) 𝐽 𝑛 (0)+𝐽 𝑝 (0) = 𝐷 𝑛𝐵 𝐿 𝑝𝐸 𝑛 𝑖𝐵 2 𝑁 𝐷𝐸 𝐷 𝑛𝐵 𝐿 𝑝𝐸 𝑛 𝑖𝐵 2 𝑁 𝐷𝐸 +𝐷 𝑝𝐸 𝑊 𝐵 𝑛 𝑖𝐸 2 𝑁 𝐴𝐵 (3.2) L and D are the diffusion length and constant for a type of carrier, ni is the intrinsic carrier density and N is the doping concentration. All of the aforementioned values are indicated with a subscript for a specific area of the BJT: E, Emitter, B, Base, C, Collector.

Figure 2 :

 2 Figure 2: Typical high current I-V curve of a protection device.

Figure 4 :

 4 Figure 4: ACS I-V 3D TCAD simulation for devices 2, 3, 5 and 6.

Figure 5 :

 5 Figure 5: Current density extracted at the end of ACS stress for device 6, grounded gates. Volume conduction is visible in the merged region.

Figure 6 :

 6 Figure 6: Energy band diagram (YZ cut) at the end of ACS I-V TCAD simulation for devices 5 and 6.

Figure 7 :

 7 Figure 7: Band-to-Band tunneling generation at the end of ACS stress.

Figure 8 :

 8 Figure 8: Impact Ionization during the ACS stress for device5 at time t1.

2 𝑘𝑇

 2 -∇𝜅∇𝑇 = -∇[(𝑃 𝑛 𝑇 + 𝛷 𝑛 )𝐽 𝑛 + (𝑃 𝑝 𝑇 + 𝛷 𝑝 )𝐽 𝑝 ] -(𝐸 𝐶+ 3

Figure 9 :

 9 Figure 9: Average and peak temperature during ESD stress due to self-heating.

Figure 10 :

 10 Figure 10: 2D temperature extraction during ACS stress in thermodynamic simulation after 38ns.

  12 and 13). Devices 4, 5 and 6 exhibit superior performance and very good variability. NA <20mA NA 3.1V DEV1 FLT NA NA <180mA NA NA DEV2 GND NA NA <20mA NA 4.2V DEV2 FLT NA NA <180mA NA NA DEV3 GND NA NA <20mA NA 4.8V DEV3 FLT NA NA <120mA NA NA DEV4 GND 4V NA >160mA 4V 4.3V DEV4 FLT 4V NA >140mA 4V NA DEV5 GND 3.5V NA >160mA 3.5V 4.3V DEV5 FLT 3.5V NA >140mA 3.5V NA DEV6 GND 4.5V NA >160mA 4.5V 4.9V DEV6 FLT 4.3V NA >140mA 4.3V NA

Figure 11 :

 11 Figure 11: Extracted results for different gate biasing and configurations. We observe the improved performance with implementations 4, 5 and 6. These devices exhibit higher It2, improving robustness during an ESD event.

Figure 12 :Figure 13 :

 1213 Figure 12: Device5 DC sweep with grounded G1 and G2 for breakdown voltage extraction at room temperature.

Figure 16 :

 16 Figure 16: Device6 TLP chronograms at different current values as indicated in figure 15 for different pulse widths and rise times.

Figure 17 :

 17 Figure 17: Device6. TLP 100ns, RT 10ns with different positive G1 biasing, VG1=0V and VBP=0V.

Figure 18 :

 18 Figure 18: Device6. TLP 100ns, RT 10ns with different negative G2 biasing, VG1=0V and VBP=0V.

Figure 19 :

 19 Figure 19: Device6. TLP 100ns, RT 10ns with different G2 biasing and VBP=0V.

Figure 20 :

 20 Figure 20: Device6. TLP 100ns, RT 10ns with different BP biasing for VG1=VG2=0V.

Figure 21 :

 21 Figure 21: ACS I-V TCAD simulation for devices 5 and 6. Left: Linear plot and comparison with previous solution, Right: Semi-log plot.

Figure 22 :

 22 Figure 22: Impact ionization during the ACS stress for device5 with modified doping: at the trigger voltage point (t1) (TOP) and at the end of the stress (BOTTOM).

Figure 4 . 1 :

 41 Figure 4.1: Standard SOI G 4-FET [6] and cross-sections in (AA') and (BB') directions.

Figure 4 . 2 :

 42 Figure 4.2: Layout of G 4-FET in 28nm FD-SOI technology.

Figure 4 . 3 :

 43 Figure 4.3: Top view of G 4 -FET in 28nm FD-SOI technology. With gate stack present (left), displaying only the active silicon part (right).

  (i) Poisson equation ∇(𝜀∇𝜑) = -𝑞(𝑝 -𝑛 + 𝑁𝐷 -𝑁𝐴) (4.9) (ii) Contact equation: ∇(𝜎∇𝛷𝛭) = 0 (4.10)

Figure 4 . 4 :

 44 Figure 4.4: 3D Mesh of G 4 -FET in 28nm FD-SOI technology, perspective view (left), top view (right).

Figure 4 . 5 :

 45 Figure 4.5: ID(VG) for various PN junction biasing conditions (left), and subthreshold behavior (right). VBP=0V.
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Figure 4 . 6 :

 46 Figure 4.6: ID(VG) for various PN junction biasing conditions (left), and subthreshold behavior (right). VBP=1V.

Figure 4 . 7 :

 47 Figure 4.7: Electrostatic potential extraction at the end of ID(VG) curves of Fig. 4.5 for various PN junction biasing conditions.

Figure 4 . 8 :

 48 Figure 4.8: Electrostatic potential extraction at the end of ID(VG) curves of Fig. 4.6 for various PN junction biasing conditions.

Figure 4 . 9 :

 49 Figure 4.9: Top view of modified G 4 -FET in 28nm FD-SOI technology. Only the active silicon part is displayed.

Figure 4 .

 4 Figure 4.10: ID(VG) for various PN junction biasing conditions (left), and subthreshold behavior (right). VBP=0V.

Figure 4 .

 4 Figure 4.11: ID(VG) for various PN junction biasing conditions (left), and subthreshold behavior (right). VBP=1V.

Figure 4 .

 4 Figure 4.12: ID(VG) curves for various PN junction and back-plane biases

Figure 4 .

 4 Figure 4.14: ID(VG) for various PN junction biasing conditions, (left) and semi-log plot (right). VBP=0V, VD=50mV

Figure 4 .

 4 Figure 4.14: ID(VJ) for various gate biasing conditions, (left) and semi-log plot (right). VBP=0V.

Figure 4 .

 4 Figure 4.16: ID(VJ) for different gate bias, (left) and semi-log plot (right). Doping comparison. VBP=0V.

Figure 4 .

 4 Figure 4.17: ID(VG) , for various back plane biasing conditions. VD=50mV.

Figure 4 .

 4 Figure 4.18: ID(VG) for various PN junction biasing conditions, VBP=5V, VD=50mV(left) and semi-log plot (right).

Figure 4 .

 4 Figure 4.18 reproduces the ID(VG) measurements with negative VG and positive VBP for various VGJ values. The results are different than the ones observed with VBP=0V. The reason is that for positive VBP electrons are attracted to the silicon-BOX interface creating an inversion layer. This layer can be modulated by the VGJ polarisation and can affect the p-type channel formed by the negative front gate biasing. As we observe in Fig. 4.18, in our case with the standard G 4 -FET device, VGJ polarisation is not very effective in ID(VG) modulation.

Figure 4 . 19 :

 419 Figure 4.19: Layout of G 4 -FET in 28nm FD-SOI technology. H-gate (left), Fork-gate (right).

Figure 4 . 20 :

 420 Figure 4.20: Semilog ID(VG) for various PN junction biasing conditions, H-Gate architecture. VD=50mV.

Fig. 4 .

 4 Fig. 4.22. Schematic of N-channel MOS transistor on FD-SOI: (a) in a thick body electron and hole channels can coexist, whereas (b) in ultrathin body only one type of carriers subsists due to supercoupling effect.

Fig. 4 .

 4 Fig. 4.23. Schematic of the G4-FET used as test device.

Fig. 4 .

 4 Fig. 4.24. Electron and hole currents measured as a function of front-gate voltage. The back gate is grounded (VGB = 0), negatively biased to attract holes (a), or positively biased to attract electrons (b). The regions governed by either electrons or holes are clearly separated (supercoupling).

Fig. 4 .

 4 Fig. 4.25. Simulated electron current (triangles) and hole current (open circles) versus front-gate voltage. (a) Ultrathin film where supercoupling prevails. (b) Thicker film (30 nm) where supercoupling does not apply and the two currents overlap for VGB = +10 V and VGF < -0.5 V.

Fig. 4 .

 4 Fig. 4.26. BiMOS biasing scheme with parametrized junction bias, (a)and typical BiMOS layout (b).

Fig. 4 .

 4 Fig. 4.27. Body current modulation controlled by VJ and VG.

Figure 4 .

 4 Figure 4.27 reports the measurement of BiMOS transistor in 28nm FD-SOI UTBB at room temperature in JFET mode. In this condition, the back-plane voltage is grounded (VBP=0V) but similar results are obtained for positive and negative back-plane biasing. For VJ=0 and whatever VG bias (front gate), the structure is blocked. When VJ is increased, the junctions are in reverse mode and a current appears modulated by VJ and VG. Moreover, the junction breakdown voltage is observed for VJ=5V.

Fig. 4 .

 4 Fig. 4.28. Biasing scheme of BiMOS ID(VJ) with parametrized gate bias.

Fig. 4 .

 4 Fig. 4.29 Body current controlled by gate junction and modulated by VG.

Fig 4 .

 4 Fig 4.30. JFET bias condition for measuring the output characteristics.

Fig. 4 .

 4 Fig. 4.31. JFET mode with VJ gate and VG control parameter (back gate is inactive VBP=0V).

Figure 5 . 1 :

 51 Figure 5.1: Gate biasing effect on band-to-band tunneling on a PIN gated diode (a),PIN diode schematic (b), PIN diode cross-section (c). [4].

Figure 5 . 2 :

 52 Figure 5.2:VTH scaling schematic [14].

Figure 5 . 3 :

 53 Figure 5.3:MOSFET (left) and TFET (right) conduction mechanisms. Modified from [14].

Figure 5 . 6 :

 56 Figure 5.6: ID(VG) curve for VBP=0V and BTBT extraction (P#1).

Figure 5 . 7 :

 57 Figure 5.7: ID(VG) curve for VBP=0V and BTBT extraction (P#2).

Fig. 5 . 8 :

 58 Fig. 5.8: ID(VG) comparison for nTFET and DLnTFET in linear and log scales.

Fig. 5 . 9 :

 59 Fig. 5.9: ID(VD) curves for VBP=0V for P#1 (left) and P#3 (right).

Fig. 5 .

 5 Fig. 5.10: ID(VD) comparison for case P#1 and P#3 (VG=1V).

Fig. 5 . 11 :

 511 Fig. 5.11: Device terminals and layout view (10 fingers).

Fig. 5 .

 5 Fig. 5.12: ID(VG) curves for VBP=0V.

Fig. 5 .

 5 Fig. 5.13: ID(VG)curves for VBP=+5V.

Figure 5

 5 Figure5.14 depicts the results for VBP=-5V. IDS current is observed to be lower than the previous case for VG>0V. This is an expected result due to the fact that a negative voltage applied to the back plane reduces the electric field ε (Eq. 1), responsible for the BTBT.

Fig. 5 .

 5 Fig. 5.14: ID(VG)curves for VBP= -5V.

Fig. 5 .

 5 Fig. 5.15: Comparison on ID(VG)curves for VBP= -5V,0V and+5V.

Fig. 5 .

 5 Fig. 5.16: ID(VG) curves for VBP=0V.

Fig. 5 .

 5 Fig. 5.17: ID(VD) different VG curves for VBP=0V and P#1

Fig. 5 . 18 :

 518 Fig. 5.18: Forward diode behavior through (-) TLP stress (a). Biasing schematic (b).

Fig. 5 .

 5 Fig. 5.19: Reverse diode behavior (+) TLP stress (a). Biasing schematic (b).

Fig. 5 . 20 :

 520 Fig. 5.20: Device layout view (1 finger).

Fig 5 . 21 :

 521 Fig 5.21: Forward bias VN(VC)=0V, VP(VA)=200mV.

Fig. 5 . 22 :

 522 Fig. 5.22: Reverse bias VN(VC)=600mV, VP(VA)=0V.

Fig. 5 .

 5 Fig. 5.23: Literature results [16] of forward (left) and reverse (right) current vs front gate voltage. Forward current results performed on a W=L=3μm gated diode with TSi=81nm, while reverse current results performed on a device with W250μm, L=4μm and TSi=150nm.

Fig. 5 . 24 :

 524 Fig. 5.24: Gate leakage current during forward (left) and reverse (right) bias vs front gate voltage. Biasing conditions are identical to the ones reported in Fig 18 and 19.

Fig. 5 .

 5 Fig. 5.25: BET-FET simulated device structure [17].

Fig. 5 .

 5 Fig. 5.26: BET-FET equivalent circuit[17] 

Fig. 5 .

 5 Fig. 5.27: Lateral SOI BET-FET [18].(a) Si, (b) 10nm Si0.7Ge0.3 layer, (c) different Si0.7Ge0.3 thicknesses for base and Si source.

Fig. 5 . 28 :

 528 Fig. 5.28: Comparison of silicon lateral BET-FET and conventional TFET. The green line shows the BET-FET current to TFET current ratio.

Fig. 5 .

 5 Fig. 5.29. Top view of B2BJT device: nMOSFET contact (a). Fork Gate contact (b).

Fig. 5 .

 5 Fig. 5.30. 3D view of fork-gate B2BJT device (a). Equivalent schematic (b).

Fig 5 .Fig. 5 .

 55 Fig 5.31-a shows the simulated nMOSFET contact structure (top view) with all the terminals marked. Additionally all the critical distances linked to the parasitic elements are marked once more (as marked before in Fig. 5.29) to facilitate our analysis. The green areas show the STI formation that is used to isolate the N+ diode contacts from the emitter and the collector areas. As described before during the device operation we can see that the BTBT generation rate maximum is located on the N+ diode contact area, Fig 5.31-b marked previously for both implementations in the simplified schematic (Fig. 5.29). Current generated by BTBT in this region enters the base of the LBJT activating it.

Fig. 5 .

 5 Fig. 5.32. Gummel plot of the B2BJT device for different VG biasing. B2BJT action enabled.

Fig. 5 .

 5 Fig. 5.33. Gummel plot of the B2BJT device for different VG biasing. B2BJT action disabled.

Fig. 5 .

 5 Fig. 5.34. BTBT generation rates for VN=1V (a) and VN=0V (b).

Fig. 5 .

 5 Fig. 5.35. Collector current IC comparison with and without BTBT current (a), gain (b).

  123

Fig. 5 .

 5 Fig. 5.36. Auger recombination rate inside B2BJT device for VG=-0.8V with STI (a), without STI (b).

Fig. 5 .

 5 Fig. 5.37. SRH recombination rate inside B2BJT device for VG=-0.8V with STI (a), without STI (b).

Fig. 5 . 38 .Table 5 . 2 :Fig. 5 .

 538525 Fig. 5.38. Different sizing of the n+ contact B2BJT device explained in table 1.

Fig. 5 .

 5 Fig. 5.40. Effect of distance D2: Gummel plots for differently sized B2BJT devices, for VG=-800mV (a). Schematic showing device parasitic resistance RT.

Fig. 5 .

 5 Fig. 5.41. IC(VG) and IN(VG) curves for VN=1V or 0V, VE=-1V (a). beta gain (b).
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Fig. 5 .

 5 Fig. 5.42. IC(VG) and IN(VG) curves for VN=1V or 0V, VE=-0.8V (a). beta gain (b).

Fig. 5 .

 5 Fig. 5.43. IC(VG) and IN(VG) curves for VN=1V or 0V, VE=-0.4V (a). beta gain (b).

Figs 5 .Fig. 5 .

 55 Fig. 5.44. IC(VG) and IN(VG) curves for VN=1V or 0V, VE=-0.4V (a). beta gain (b).

Fig. 5 .

 5 Fig. 5.45. IC(VG) and IN(VG) curves for VN=1V or 0V, VE=-0.4V (a). beta gain (b).

Fig. 5 .Fig. 5 .Fig. 5 .

 555 Fig. 5.46. Energy bands cross sections C2 and C1 at the end of ID(VG) biasing (VG=-2V). VC=0V, VBP=0V, VE=-1V.

Fig. 5 .

 5 Fig. 5.50 B2BJT BTBT generation rate: LBJT not activated, VE=0V, (a), LBJT activated, VE=-1V, (b).

Fig. 5 .

 5 Fig. 5.51. Gummel plots for fabricated thin oxide B2BJT devices. MOS N+ contact vs Fork Gate N+ contact.

Fig. 5 .

 5 Fig. 5.52. Gummel plots for fabricated thick oxide B2BJT devices. MOS N+ contact vs Fork Gate N+ contact.

Fig. 5 .

 5 Fig. 5.53. Gummel plots for fabricated Fork Gate contact B2BJT devices. Thin vs Thick gate oxide.

Fig. 5 .

 5 Fig. 5.54. Gummel plots for fabricated MOS N+ contact B2BJT devices. Thin vs Thick gate oxide.

Fig. 5 .

 5 Fig. 5.55. Gummel plots for fabricated fork gate contact B2BJT device. Thin gate oxide HKMG.

Fig. 5 .

 5 Fig. 5.56. Gummel plots for fabricated fork gate contact B2BJT device. Thick gate oxide HKMG.

Fig. 5 .

 5 Fig. 5.57. Gummel plots for fabricated MOS N+ contact B2BJT device. Thin gate oxide HKMG.

Fig. 5 .

 5 Fig. 5.58. Gummel plots for fabricated MOS N+ contact B2BJT device. Thick gate oxide HKMG.

Fig. 5 .Fig. 5 .

 55 Fig. 5.59. IC(VG) and IN(VG) plots for fabricated fork gate contact B2BJT device. Thin gate oxide HKMG.

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 

1: Emerging research logic devices

  .15). The base current density cumulates 3 components:

	𝐽 𝑝𝐵 ⃗⃗⃗⃗⃗ = 𝐽 𝑝𝐵𝐵 ⃗⃗⃗⃗⃗⃗⃗⃗ (𝑉

𝐺 , 𝑉 𝐵𝑃 , 𝑉 𝑆 ) + 𝐽 𝑝𝐵𝑆 ⃗⃗⃗⃗⃗⃗⃗ (𝑉 𝐵𝑃 , 𝑉 𝑆 ) + 𝐽 𝑝𝐵𝐷 ⃗⃗⃗⃗⃗⃗⃗⃗ (𝑉 𝐵𝑃 , 𝑉 𝐷 ) (2.7) Due to front and back interface coupling, the main component 𝐽 𝑝𝐵𝐵 ⃗⃗⃗⃗⃗⃗⃗⃗ is dependent on 𝑉 𝐺

Table 2 .

 2 1: Comparison of main BiMOS parameters for ESD responses.

Table 2 .

 2 

2: AVS Vt1 extraction for all design solutions.

Table 2 .

 2 3: Maximum and average temperatures for different Rth (end of stress).

	(R=R0) Rth para.	Rth0	Rth1	Rth2	Rth3
	Temp. extractions				
	TMax end of ACS	1257K 1354K 1358K	1359K
	TAve end of ACS	408K	445K	446K	447K

  𝑉 𝑓𝑏1 -𝛽(𝑉 𝐺2 -𝑉 𝑓𝑏2 ) + (𝛾 -𝛼) ( 𝐶 𝑗𝑔 = 𝜀 𝑠𝑖 /𝑊 is the lateral film capacitance and 𝛷 𝐹 is the body Fermi potential.

	𝑉 𝑇1 𝐼2 = 𝑉 𝑓𝑏1 -𝛾	𝐶 𝑗𝑔 𝐶 𝑜𝑥1	𝐶 𝑗𝑔 𝐶 𝑜𝑥1 (2𝛷 𝐹 + 𝑉 𝑃 ) -𝛼 𝐶 𝑗𝑔 + 𝛽 𝐶 𝑜𝑥1 (𝑉 𝐽𝐺 -𝑉 𝑃 ) 𝐶 𝑗𝑔 ) (𝑉 𝐽𝐺 -𝑉 𝑃 ) 𝐶 𝑜𝑥2	(4.1) (4.2)
	for depleted (4.1) and inverted (4.2) back interface. 𝑉 𝑓𝑏1,2 is the flatband voltage of front or back
	interface. 𝐶 𝑜𝑥1,2 is the front-gate oxide ( ) capacitance. Other parameters are: 𝜀 𝑜𝑥 𝐸𝑂𝑇 )or BOX ( 𝜀 𝑜𝑥 𝑇 𝐵𝑂𝑋
	𝛼 ≡	2√2 𝑡𝑎𝑛ℎ(2√2 𝑡 𝑠𝑖 𝑊	)	(4.3)
	𝛾 ≡ 𝛽 ≡ 𝑉 𝑃 ≡ 𝛷 𝑏 -2√2 𝑠𝑖𝑛ℎ(2√2 𝑡 𝑠𝑖 𝑊 𝐶 𝑗𝑔 𝛾 𝐶 𝑜𝑥1 𝐶 𝑗𝑔 1+𝛼 𝐶 𝑜𝑥2 𝑞𝑁 𝐷 𝑊 2 ) 8𝜀 𝑠𝑖	(4.4) (4.5) (4.6)

Max Impact Ionization

Figure 14: Device3 TLP measurements for different pulse width: 100ns and 10ns.Figure 15: Device6 TLP measurements for different pulse width: 100ns and 10ns.
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We consider phonon scattering, Coulomb scattering in doped materials, and mobility degradation due to high field saturation and high temperature. Low-field mobility (μ0) depends on various parameters, including ground plane implants [27]. Two distinct mobility values from Arora model (3*μmin and μmin/3) were chosen for the TCAD simulation and compared to the reference value (μmin) to provide the trend. Other active modules include avalanche model as well as Auger recombination model. For the study, the surge is an ACS stress with 1Amp max current, and 100ns rise time which is equivalent to the transmission line pulse (TLP) test for human body model (HBM). All simulations were performed at room temperature. Fig. 2.46 shows the results of ACS simulations under isothermal condition and Fig. 2.47 under thermodynamic behavior (with lattice temperature equations). The BiMOS is operated in subthreshold region with the gate, body and substrate connected to ground via a resistor R. No major change in the trigger voltage Vt1 is observed since it is primarily related to the bipolar effect. But, there is a significant change in the self-biased bipolar operating region, between holding voltage Vhold and second breakdown voltage. For high mobility, the current is higher and the lateral shift of the I-V curves observed in the simulation range reaches 570mV. These results are complemented by temperature extraction (Fig. 2.48) due to self-heating. The characteristics of the reference sample are not modified by reducing the mobility. However, a superior mobility, such as in SiGe channel, leads to highly increased average and peak temperature.

Previously, we have seen in BiMOS electro thermal simulations that during the ESD stress a hot spot appears next to the drain, within the ultrathin silicon film. In case of high mobility BiMOS operated in the breakdown region, Fig. 2.49 shows the temperature profile at hot spot. The mobility profile in Fig. 2.50 confirms that the lowest carrier mobility occurs in the high temperature area. It is clear that the hot spot is the critical point which affects BiMOS during ESD stress since the temperature difference during the stress causes a mobility degradation affecting the I-V curves. The I-V curves differ due to the MOS current being directly proportional to effective mobility. Furthermore, we show that BOX thinning or epitaxial regrowth of film thickness could significantly improve, through enhanced heat dissipation, the mobility value in hot-spot and the overall thermal robustness of the device during an ESD event. Due to the hybrid mode of operation, the mobility impact is clearly visible on the I-V characteristics in self-biased bipolar operating region and in particular on the secondary breakdown voltage.

Isothermal Simulations

For isothermal simulations, the simulator is solving a system of equations [5] including: Poisson equation:

Contact equation:

where σ is the metal conductivity and 𝛷 𝛭 the Fermi potential.

of the saturation current. Nevertheless, the control and modulation of drain current by VJ is modest. The total current is around 0.5µA. We observe additionally that the drain current is decreasing when VJ increases.

Conclusions

In this chapter we presented for the first time the implementation of the four-gate transistor in state-of-the-art 28nm FD-SOI process. Through TCAD simulations as well as electrical measurements we evaluated the device performance. We investigated different variants of the device in order to evaluate the PN junction control on the channel and we found that the fork-gate configuration significantly improves the performance compared to the original H-gate configuration. We used the G 4 -FET to investigate the supercoupling effect in ultra-thin film and we demonstrated that it can limit the coexistence of the two types off carriers. The supercoupling effect is very important given the large number of recent publications that promote devices with two types of carriers (for example the electron-hole bilayer-TFET). The integration of these family of devices with state-of-the-art ultrathin films is possible but their operation is not. The four-gate biasing configuration scheme was additionally explored in the original BiMOS structure. 

Tunneling FETs on standard 28nm FD-SOI technology 5.2.1 TCAD simulations

TFET devices (Table 5.1) using the 14nm/28nm FD-SOI process technology were studied by TCAD simulations and electrical measurements [15]. The 3D devices were simulated with: Poisson, drift/diffusion and continuity equations. The devices were at room temperature (300K) without self-heating. Physical models include doping dependence and high field mobility degradation, Shockley-Read-Hall and Auger recombination, as well as avalanche generation model for impact ionization. The dynamic non local band-to-band tunneling (BTBT) was activated to take into account the main physical phenomena involved in these devices. 

P+ N+

Chapter 6: Conclusions and perspectives

Conclusion

The thesis initial target was the investigation of innovative structures for ESD protection on advanced process technologies. The aim was to conceive devices build on thin film (rather than on hybrid-bulk), simulate, fabricate and measure them. During the time of the thesis, the work subject became broader, since the initial targets were reached within the second year. Consequently time and resources were allocated to further investigate different approaches for building new FD-SOI structures. The results were positive validating our strategy. In its current form the thesis includes:  World-first results of thin-film BiMOS. The device has been simulated, fabricated and measured with the ESD performance compliant with the initial specifications. Various additional improvements have been proposed for the 28 and 14nm FD-SOI processes.

 GDNMOS, an ESD protection-dedicated device, has been designed, simulated, fabricated and measured on 28nm FD-SOI, showing efficient high-voltage protection behavior.

 Ultra-thin G 4-FET has been fabricated and characterized for both 28 and 14nm FD-SOI processes. Improvements have been proposed to the original structure, to accommodate the process specific challenges.

 A novel device has been proposed, the B2BJT transistor, which exploits the band-to-band tunneling mechanism. Based on simulations and measurements on 28nm FD-SOI technology node, we show that further improvements are possible.

 Additional investigations of different structures on FD-SOI for memory and self-heating applications that are not mentioned in detail in this document have been successful [1], [2].

In the following we discuss the main achievements:

 We demonstrated the merits of BiMOS fabricated with the UTBB FD-SOI technology. The devices showed excellent performance (current gain) and versatility as they can be reconfigured to operate in MOS, hybrid or four-gate modes. In hybrid mode, a high apparent gain (10 7 ) has been achieved that can be tuned both from gate and back-plane. The device behavior was been clarified and analyzed through systematic experiments and 3D-TCAD simulations. We explored the application of BiMOS as an amplification element, demonstrating remarkable characteristics. The device is easier to integrate than the previous hybrid SOI/Bulk-Si solution and provides more biasing options through VBP modulation.

 In terms of BiMOS as an ESD protection element, we presented results on isothermal and electro-thermal numerical simulations under high current stress. The design solutions were aimed for ESD protection at high and low energy dissipation. Stresses used were average current slope (ACS) and average voltage slope (AVS) events. Moreover, four electrical (polysilicon) resistances and four thermal resistances were used as parameters to evaluate the optimum I-V response and the robustness. It was shown that even if the high resistance configuration provided the lowest triggering voltage during a fast ESD event, it exhibited in some cases higher leakage due to the activation of the lateral parasitic structure. This led us into using other design resistances in order to be more robust for the design window under consideration. Additionally the influence of mobility in FD-SOI UTBB BiMOS was investigated by focusing on ESD stress conditions. Due to the hybrid mode of operation, the mobility impact was clearly visible on the I-V characteristics in the self-biased bipolar operating region and in particular on the secondary breakdown voltage.

 The ultrathin film GDNMOS device was introduced and its behavior was evaluated using both simulations and measurements on fabricated samples. No latch-up was observed, hence the device could be used for high-voltage protection. It benefited from simple integration on thin film and full process compliance. The ESD characteristics of GDNMOS could be further tuned by selecting a positive biasing for the nMOSFET gate as well as by changing the doping concentration of the merged area. The GDNMOS showed promising characteristics and remarkable versatility for adoption in the FD-SOI technology.

 G 4 -FET was fabricated for the first time with the UTBB technology. We performed a first evaluation of the fabricated device followed by a 3D-TCAD analysis of its operation. Traditional H-gate device was compared with the fork-gate device. We found that the forkgate contact significantly improves the device behavior and the control through the PN junctions. At the fundamental physics level a simple experiment, using the G 4 -FET, proved the effectiveness of the supercoupling principle. Whether supercoupling is a beneficial or detrimental effect depends on the application. Typical FD-SOI MOSFETs take advantage of the enlarged range for threshold voltage and mobility tuning. But, the impossibility for electrons and holes to cohabit within an ultrathin body (< 10 nm in Si) may inhibit the proper operation of innovative devices like memories and TFETs.

 The B2BJT is an innovative process-compliant structure built by taking into account all the process related limitations. The device was meshed in 3D and simulated in TCAD to study its behavior. The BTBT generated current feeds the base of the parasitic LBJT providing a high gain. The device was fabricated with UTBB 28nm FD-SOI process for two different gate stacks and two different N contact types. The simulated device behavior was verified from measurements on the fabricated structures.