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Abstract 

We propose three innovative SOI Tunnel FET architectures to solve the recurrent issue of low ION 

and degraded subthreshold slope measured on TFETs. These are evaluated and compared with a 

standard TFET structure (with lateral tunneling) using the Sentaurus TCAD tool. Extending the source 

(anode) at the bottom of the body region generates vertical band-to-band tunneling. Moreover, reducing 

the vertical distance between the extension and the gate oxide (Lrt ) yields a very steep slope and higher ION 

compared to a device with only lateral tunneling, but only for gate lengths longer than 100 nm. Using an 

ultrahigh boron dopant concentration (1021 cm-3) thin layer at the bottom for extremely small body 

thickness (TSi < 7 nm), increases ION even for small gate lengths (LG < 100 nm). The implementation of an 

embedded tip in the source enhances the maximum electric field at the source/channel junction, but the 

impact on the performance is limited because the tunneling area is not increased. Therefore, this 

architecture provides a performance similar to a standard TFET. TCAD simulations using SiGe with 

different germanium concentrations (30% and 50%) and pure germanium, instead of silicon, show an 

increase of the interband tunneling current when using an ultrahigh dopant concentration thin boron 

layer for small gate lengths (LG < 50 nm). The reduction of the tunneling current using a relatively thick 

channel (11 nm – 7 nm) can be compensated by using a higher germanium concentration to reduce the 

energy bandgap. However, this will increase the density of defects causing a TAT tunneling instead of 

interband tunneling, jeopardizing the possibility of achieving a subthreshold swing below 60 mV/dec. 
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1. Introduction 

During the last decade state-of-the-art microprocessors have experienced a change of paradigm with respect 

to the design rules. Currently, delivering the highest performance possible is longer always the major concern, 

and one often requires a computation efficiency which means the maximum performance at the lowest possible 

power consumption. This is consequence of the industrial needs for low power consumption in battery-operated 

handheld devices. The most effective path for decreasing of power consumption in integrated circuits is the 

reduction of bias supply to minimize the switching energy (~CVDD
2) [1], while maintaining a very low off-

current to avoid the static power consumption degradation (~IOFFVDD). However, lowering VDD without 

decreasing the threshold voltage (VTH) will severely degrade the operating frequency (~ (VDD-VTH) 2). In CMOS 

technology, geometric scaling still provides a higher performance, lower power consumption and a lower cost 

per transistor. However, in the recent years, VDD scaling has become quite difficult because the VTH reduction 

severely increases leakage current [2] such that supply voltage scaling below 0.8 V has become very difficult [3]. 

Low subthreshold swing (SS) values, low IOFF current and high ION/IOFF ratio are crucial for ultra-low power 

applications (VDD < 0.4 V) [4]. Unfortunately, in CMOS technology SS cannot be reduced below 60 mV/dec at 

room temperature (300 K) because it is limited by the thermionic emission of carriers from source to drain which 

contains a (kT/q) term and, as a result, IOFF increases if low threshold voltages are used [5]. Because of this 

fundamental limit of MOSFETs  the need for developing new concepts such as steep slope devices has arisen in 

the recent years [6]. 

Standard tunnel FETs (TFETs) are p-i-n gated diodes [7]–[9] based on a different carrier injection 

mechanism than CMOS devices. TFETs rely on band-to-band tunneling (BTBT) [10], [11] enabling very low 

off-current and have the theoretical capability of achieving a SS lower than 60 mV/dec (at 300K) [12]. These 

characteristics make the TFET a promising candidate for ultra-low power applications. The current in a TFET is 

determined by the tunneling probability given by the Wentzel-Kramers-Brillouin (WKB) approximation [13]. In 

theory, this probability can reach values close to unity if a narrow tunneling length, a small carrier effective mass 

and a small energy bandgap are used [14], [15]. In practice it has been proven extraordinarily difficult to 

simultaneously achieve a steep slope and a high ION current, regardless of the materials [16]–[21], architectures 

[22]–[24] or specific fabrication steps [25]–[27] employed to increase the tunneling probability [28]. In the best 

cases, a SS below 60 mV/dec has only been obtained for a narrow range of current values in all-silicon Tunnel 

FETs [29], [30], but with very modest current drive. The benchmarking of novel CMOS devices based on charge 

switching (TFETs, IMOS, NEMS, Negative capacitance FET or 2D material FET) [31], show that tunneling 



devices have lower switching energy than high-performance CMOS, although the delay is larger. In addition, 

TFETs exhibit a standby power ranging between non-tunneling electronic and spintronic devices. These analyses 

indicate that the Tunnel FET can be considered a good candidate to CMOS replacement for ultra-low power 

applications. 

1.1. Standard Tunnel FET: lateral tunneling 

The TFET is a reverse-biased gated PIN diode (Figure 1a). The systematic measurements carried out in our 

fabricated TFETs have shown a small drain current (5.7·10-2 µA/µm) and a degraded SS of ~160 mV/dec over 3 

decades of current [32]. The simulation of a p-i-n gated diode with the same geometric dimensions that our 

measured TFETs (Figure 1a), shows that the BTBT generation is located at the source/channel junction below 

the front gate (Figure 1b) and that it is independent of the gate length, which explains why standard TFETs 

exhibit such a low tunneling current. 

  

Figure 1. (a) Standard reference N-TFET structure simulated with TCAD Sypnosys. (b) Magnified view of 
the BTBT generation region indicating that in a lateral TFET (L G = 500 nm and TSi = 11 nm), the 
tunneling occurs in the source/channel junction below the front gate with VG = 2.4 V and VD = 0.9 V.  

In order to increase the tunneling current it is necessary to enlarge the generation area where tunneling 

takes place. New disruptive approaches on TFETs architectures such as vertical nanowires using III-V 

compound materials have been recently fabricated [33] with promising results for ION current and SS below 60 

mV/dec. Nevertheless, these types of solutions based on new BTBT materials and architectures are challenging 

because transferring them onto a silicon platform is not straightforward [20].  

2. Proposed TFET architectures 

Here simulations have been used to assess the performance of innovative planar TFET architectures with 

different source junction architectures designed to increase the tunneling generation area. The aim is to 

determine which solution provides best performance (Extended-Source TFET, Pure Boron TFET or Sharp Tip 

TFET), while staying compatible with a silicon platform and the enabling co-integration with CMOS 



technology. We have performed 2D TCAD simulations of silicon Tunnel FETs using the Nonlocal Path Band-to-

Band model of the Sypnosys tool with default tunneling parameters and coupled to classical Drift-Diffusion 

equation with constant mobility [34]. The standard TFET from Figure 1a serves as a reference to compare the 

results of the proposed architectures. The parameters common to all devices are: gate length LG from 500 nm 

down to 15 nm, TBOX = 145 nm, EOT = 1.18 nm, intrinsic body length LIN = 20 nm near the drain region to 

suppress ambipolar effects [35], a gate work function Φgate = 4.0 eV and a dopant concentration in source and 

drain of ND = NA = 1020 cm-3. Since the simulations performed in this work are aimed at evaluating the relative 

performance of proof-of-concept TFET architectures and explore first-order impact of device structure on 

tunneling characteristics, quantum effects such as subband formation and variation of bandgap energy in thin-

film devices have been neglected. Because such effects are known to arise in silicon films thinner than 5nm, they 

should be included in further simulations of ultrathin devices. The possible tunneling through thin gate oxides 

has been neglected as well since the EOT of 1.18 nm can in practice be achieved by using a high-k dielectric 

significantly thicker than the EOT. 

2.1. Extended-Source TFET 

The extension of the source doping into the channel region is an interesting solution to increase the 

tunneling area. When the source is extended (Figure 2a) and an inversion layer is created at the channel top (in 

on-state), an effective vertical p-i-n structure is formed in the whole gate region. This is confirmed by the BTBT 

generation mapping shown in Figure 2b, where two tunneling components can be seen. One is located at the 

source/channel junction (the lateral tunneling component), and the other one is located along the extension of the 

source at the bottom body (Next = NA). The latter component significantly increases the BTBT generation area 

and thus the drain current. As a result, the Extended-Source TFET (ES-TFET) presents a higher tunneling area 

and current than the standard TFET. 

  

Figure 2. (a) Schematic of an Extended-Source N-TFET architecture (Tsi = 11 nm, Lrt  =3 nm and LG = 500 
nm) with tunneling parallel to the gate electric field. (b) BTBT generation showing the presence of vertical 
BTBT above the extension of the source into the channel region (with VG = 2.4 V and VD = 0.9 V). 



The idea of source extension has already been demonstrated in different studies. For example, Y. Morita et 

al., [36] have fabricated a Tunnel FinFET with an ultrathin epitaxial channel on silicon CMOS platform. The FZ 

Jülich laboratory has implemented some boosters in planar TFET architectures such as a counter-doped pocket in 

the source junction to enable vertical BTBT aligned with the gate electric field in an enlarged area. In addition, a 

selective and self-aligned silicidation process was used to enhance the on current [37]. In both cases the 

objective was focused on making vertical tunneling the main contribution to the drain current. 

Our ES-TFET architecture features two main differences with respect to the previous fabricated Tunnel 

FETs. Firstly, the source junction extends in the channel region underneath the whole front gate, thereby 

enlarging the tunneling area. Moreover, the implementation of the intrinsic region (LIN) minimizes the non-

desired BTBT in the drain region and other possible parasitic effects. Secondly, the tunneling can be modulated 

by changing the thickness of the silicon film, which determines the contribution of the vertical BTBT and 

modifies the vertical distance between the source extension and the gate oxide (given by the restricted tunneling 

length Lrt). A small Lrt distance means a thin channel region, which translates into a more efficient band bending 

by the gate terminal and a smaller tunneling length and thus, a larger drain current. On the contrary, a large Lrt 

implies a higher tunneling length, and therefore a lower tunneling current. 

2.2.  Pure Boron TFET 

The Pure Boron TFET (PB-TFET) architecture appears as an evolution of the Extended-Source TFET 

because it fulfills the requirement of obtaining a SS lower than 60 mV/dec (theoretically) when using extremely 

thin channels (TSi < 10 nm). Note that, the fabrication of an ES-TFET with a heavily doped extended region that 

is only a few nanometers thick is not feasible using an implantation process because the generated defects will 

completely degrade the steepness in the subthreshold region. 

The PB-TFET is schematically shown in Figure 3. Like the ES-TFET it features an extension of the source 

into the channel region, this time by means of an ultrahigh dopant concentration in a thin bottom epitaxial layer. 

We have performed the simulations with a heavily doped 1 nm thick pure boron layer for different doping 

concentration (NA = 1020 cm-3 and 1021 cm-3) located at the bottom. This configuration enables the simultaneous 

presence of electrons and holes in the channel in the very thin SOI layer in order to increase the on-current. This 

heavily doped layer avoids the supercoupling effect [38], [39] which prevents the formation of electrons and 

holes bilayers in ultrathin silicon films (TSi < 11 nm), because a high concentration of holes is achieved by actual 

doping and not by field effect. Although this study is based only on TCAD simulations, pure boron technology is 

already demonstrated, so it would be possible to fabricate Tunnel FETs with a similar architecture. For the sake 



of simplicity, the simulations have neglected the effects of high doping concentrations on the distribution of 

density of states in the semiconductor. Further studies should, however, include the effects of bandgap narrowing 

and the formation of band tails inside the bandgap, which might affect the tunnel characteristics and degrade the 

subthreshold slope. 

 

Figure 3. Schematic architecture of a Pure Boron TFET (PB-TFET) in N-mode configuration. An ultra-
heavily doped 1 nm boron layer is implemented at the bottom body to generate an enhanced vertical 
BTBT. 

L.K. Nanver et al., have demonstrated the feasibility to fabricate Pure-Boron thin-film layers deposited by 

Chemical Vapor Deposition (CVD), which present electrical and processing properties that are very interesting 

for device integration [40]. In particular, it is important to highlight that this fabrication technology allows for 

the formation of shallow junctions in p+-n diodes [40]  

An important property of this technology is that the boron layer can act as an abundant source of boron 

dopants for ultra-shallow junctions. Besides, this high doping concentration is achieved because of the interface 

conditions between the boron layer and the crystalline silicon and not due to the doping of the bulk silicon. 

When the monolayer of acceptor states is created and filled with electrons at the interface, a fixed negative 

charge is created [41]. This negative charge attracts about 5·1014 cm-2 surface density of holes, which behave just 

like a p-doped layer with respect to the hole injection from the p-region into the n-layer and electron injection 

from the n-layer into the p-layer. The boron doping concentrations, confirms that is possible to get the equivalent 

of about 1022 cm-3 in a couple of nanometers thick layer [42]. After the α-Boron layer removal there is a boron 

concentration left of 1014 cm-2, which is equivalent to a boron peak concentration around 1021 cm-3. 

For Pure Boron TFET architecture it is most interesting deposit the boron layer at 400°C, because there is 

no boron impurity doping of the bulk silicon (at 700°C the boron can diffuse a few nanometers into the bulk 

silicon, doping it to values of 2·1019 cm-3 [42]). Moreover, activating the boron with higher temperature steps is 

counterproductive because the annealing will finally destroy the attractive interface properties and the bulk 

doping is limited by the solid solubility, so it will not be possible to reach the required high doping levels. 

Therefore, the possibilities for fabricating PB-TFETs will depend on the thermal budget of post-boron deposition 



steps and the possibilities for performing the deposition. Finally, there will be also boundary conditions not 

described here in order to achieve a successful deposition. 

2.3. Sharp Tip TFET 

The last innovating architecture is the Sharp Tip TFET (Tip-TFET), which is schematically represented in 

Figure 4. The idea behind this device configuration is to implement a sharp tip at the source junction to enhance 

the electric field.  BTBT generation rate and tunneling current, given by Kane’s equation [43], is proportional to 

the electric field. Therefore, if the electric field is increased the drive current should be enhanced as well. 

 

Figure 4. Schematic architecture of a Sharp Tip TFET in N-mode configuration used to enhance the 
electric field at the source junction. 

The purpose of this architecture is to determine the possibility of taking advantage of an embedded raised 

source and drain process with a sharp source junction tip. Intel’s trigate CMOS transistors were the first to 

demonstrate these embedded structures for the 45 nm technology node with high-k metal gate dielectric [44]. 

This process innovation was initially developed for strained PMOS transistors to increase the hole mobility and 

thus performance. Here, our aim is to increase the electric field at the source junction and therefore increase the 

tunneling current. 32 nm logic technology also includes these embedded SiGe regions, but they are closer to the 

channel region to increase the channel strain [45]. It is important to highlight that two technological parameters 

will drive the enhancement of the tunneling current: firstly, the proximity of the embedded tip source and drain 

areas to the channel region and secondly, the position of the peak with respect to the front gate.  

3. Extended-Source TFET architecture 

3.1. Impact of the restricted tunneling length (Lrt ) for a given TSi  

Figure 5 shows the ID(VG) curves for different Lrt distances ranging from Lrt = 3 nm to Lrt = 10 nm, with a 

silicon body thickness of 11 nm. The ES-TFET exhibits a higher on-current and a steeper slope for small vertical 

distances between the extension and the gate oxide (Lrt =3 nm, blue line). As long as the distance of the Lrt 

region is larger, the front gate terminal starts to lose the electrostatic control of the vertical BTBT. In addition, 



the drain current begins to decrease due to the increase of the tunneling distance, causing a severe degradation of 

the slope in the subthreshold region. Good performance is maintained until Lrt = 7 nm (purple line), but for larger 

undoped regions the tunneling distance becomes too large. A larger Lrt creates a lower electric field and thus a 

small band bending. Figure 5 also confirms that Tunnel FETs require a very thin body and explains why it is not 

possible to obtain an SS below 60 mV/dec for channel thickness in the range of 10-11 nm for a standard TFET 

[46]. 

 

Figure 5. ID(VGS) curves of ES-TFET for a 11 nm silicon body thickness and different extension depths 
(L rt ) with respect to the gate. 

One of the drawbacks of ES-TFET is related with the degradation of the threshold voltage, as long as the P+ 

extension of the source occupies the majority of the channel region. In this case the channel is at a lower 

potential than in a fully undoped channel region (as in a standard TFET), so it will be necessary to apply a higher 

front gate voltage to create an inversion layer at the channel top. Even though we are using a gate work function 

of 4.0 eV instead of 4.61 eV (which provides an extra electrostatic control of 0.61 V and thus a reduction of the 

threshold voltage), the threshold voltage is higher than 0.8 V for Lrt = 3 nm, which is not suitable for ultra-low 

power applications (VDD < 0.4 V). Using simulation it is possible to lower the value of the work function 

parameter to reduce the threshold voltage. However, for a real process fabrication, gate materials with work 

functions lower than 4.0 eV such as potassium (3.0 eV), calcium (2.87 eV) or even cesium (1.95 eV) are 

unpractical in N-TFET devices. On the other hand, for P-TFETs it is possible to find useful gate metals with a 

high work function, such as platinum (5.63 eV) that at least in theory can work with a lower bias supply. For Lrt 

= 5 nm there is a trade-off between a low threshold voltage (~ 0.5 V) and a high on-current, although slightly 

lower compared to Lrt = 3 nm, without changing the gate work function. 

 

 



3.2. Impact of TSi for a given restricted tunneling length (Lrt ) 

Previously we have obtained the best performance for TSi =11nm and the smallest possible extension depth 

(Lrt = 3nm). Figure 6a shows the ID(VG) curves at a given Lrt = 3 nm and different silicon thicknesses. Thinning 

down the TSi from 11 nm to 4 nm, we observe that there is a progressive enhancement of the on-current and the 

best case occurs for TSi = 6 nm. This is associated with a better electrostatic control and a more efficient band 

bending for a narrow body thickness. However, for TSi = 4 nm a degradation of the on-current and the 

subthreshold slope can be noticed. This is most likely due to the fact that each time that the body thickness is 

reduced, as Lrt is fixed to 3 nm, the extended source is thinner, and therefore more resistive minimizing the on-

current. 

  

Figure 6. ID(VGS) curves of ES-TFET with LG = 500 nm and different silicon body thickness for a given 
extension depth: (a) Lrt  =3 nm and (b) Lrt  = 5 nm. 

Figure 6b shows the ID(VG) curves in this case for an extension depth of 5 nm (trade-off case from 

Figure 5). The best on-current is obtained for a silicon body thickness of 7 nm, while for TSi = 6 nm a clear 

degradation of the on-current and subthreshold slope is observed. In both cases the degradation occurs when the 

thickness of the extended source is only 1 nm. 

 

Figure 7. On-current versus extension depth (Lrt ) for different silicon thickness of ES-TFET architecture 
with L G = 500 nm. 



For a better understanding of the ES-TFET operation regarding the tunneling length (Lrt), Figure 7 shows 

the on-current at VGS = 2.4 V obtained for different Lrt values with the variation of the silicon body thickness. A 

general trend is observed in all the cases: when Lrt is decreased the on-current increases, owing to a shortening of 

the tunneling length. Regardless of the simulated thickness the highest on-current is always obtained for the 

smallest vertical distance possible between the extension and the gate oxide (Lrt = 3 nm). The most optimized 

ES-TFET architecture is for a film thickness of 6 nm, while for TSi = 5 nm and 4 nm the on-current is degraded. 

Other simulation results (not shown in Figure 7) suggest that an extremely thin body thickness (TSi < 6 nm) 

requires an Lrt lower than 3 nm to enhance the tunneling current. Nevertheless, the fabrication of this extended-

source architecture with enough quality and accuracy is not feasible nowadays by means of an implantation 

process. 

3.3. Comparison of Extended-Source TFET with Standard TFET 

The comparison of the ES-TFET architecture with an 11 nm body thickness and an extension depth Lrt = 3 

nm with respect to the standard Tunnel FET (Figure 8a), clearly establishes how the ES-TFET outperforms the 

standard architecture for a long gate length (LG = 500 nm). The higher on-current is due to the fact that the 

vertical BTBT occurs in the whole source extension, while in the standard TFET it is localized at the 

source/channel junction. The steeper subthreshold slope is a consequence of the restricted tunneling path length 

(3 nm) owing to the extended source in the channel region, which significantly improves the electrostatic control 

compared to the standard TFET. The SS extractions in Figure 8b confirm that ES-TFET achieves SS below 60 

mV/dec over 4-5 decades of current. For comparison, in the standard TFET the SS is degraded (~ 75 mV/dec) 

even at extremely low values of drain current. 

  

Figure 8. Comparison of: a) ID(VG) curves and b) figure of merit SS(ID) for standard and ES-TFET. 



The next section presents a thorough study to determine the impact of the gate length on the total tunneling 

current drive. 

3.4. Impact of gate length on drive current 

Another confirmation of the independence of the current on gate length in a standard TFET is provided in 

Figure 9. In an ES-TFET, however, the magnitude of the on-current depends on the length of the extension of the 

source into the body. Therefore, if the gate length is reduced (LG < 100 nm) the current will be degraded because 

the tunneling area will be reduced (as shown in Figure 9). A detailed analysis of the simulation results indicates 

that for long channel distances we obtain an on-current that outperforms the standard TFET by a factor of 3x in 

the best case where Lrt = 3 nm. If the extension depth Lrt is increased the tunneling current decreases, but current 

drive remains high until Lrt = 5 nm. For gate lengths below 50 nm the benefit of the vertical BTBT disappears 

because of the reduction of the BTBT generation area and the standard TFET shows better on-current values. 

 

Figure 9. ION(LG) for standard and ES-TFET architecture. The standard TFET achieves better ION for 
small gate lengths (< 100 nm). 

The reduction of body thickness improves the electrostatic control for the ES-TFET architecture and 

enhances the on-current. For long channel devices with TSi = 8 nm (Figure 10a), the on-current outperforms the 

standard TFET by a factor of 7x and the benefits of vertical BTBT are extended for LG down to 30 nm. For TSi = 

6 nm (Figure 10b) vertical BTBT dominates even for extremely short gate lengths (LG < 30 nm). 



  

Figure 10. ION(LG) for standard and ES-TFET with different thickness. (a) TSi = 8 nm: the benefits of 
vertical BTBT are extended down to 30 nm, (b) TSi = 6 nm: vertical BTBT dominates even for very short 
gate lengths. 

4. Pure Boron TFET architecture 

4.1. Impact of silicon body thickness 

The Pure Boron TFET (PB-TFET) with a doping of 1020 cm-3 in the thin bottom layer (Figure 11) shows a 

complex trend when the silicon body thickness is thinned down from 11 nm to 4 nm. At first there is a 

progressive sharpening of the slope when reducing TSi down to 7 nm, and from that point on, further thinning the 

SOI layer degrades the subthreshold slope. An enhancement of the drain current for medium gate voltages (up to 

1.0 V) is noticeable for intermediate values of TSi and a significant degradation is observed for very thin values 

(from 6 nm to 4 nm). However, at high gate voltages the tunneling current converges to a single low value 

regardless of the body thickness. These non-conclusive simulation results are not in line with the prospects of a 

steeper slope for TFETs with a body thinner than 10 nm. They suggest that a higher doping concentration in the 

thin bottom layer is required in order to achieve the expected results when using extremely small body thickness. 

 

Figure 11. ID(VG) curves of PB-TFET architecture with variable body thickness and a Pure Boron doping 
of 1020 cm-3 in the thin bottom layer. 



Repeating the simulations with an ultrahigh doping concentration of 1021 cm-3 in the thin bottom layer, the 

PB-TFET shows an improved electrostatic control for narrow channels (TSi < 7 nm). There is an outstanding 

performance for TSi = 4 nm (solid blue line) in Figure 12 with a 10-fold ION increase with respect to the ES-

TFET with Lrt = 3 nm. When increasing the body thickness it is possible to maintain good transfer characteristics 

until TSi = 6 nm is reached. For thicker channels the performance begins to be significantly degraded due to the 

larger tunneling distance, which results in a reduction of the interband tunneling probability (less BTBT current) 

and a less efficient electrostatic control by the front gate with the degradation of the subthreshold slope. 

 

Figure 12. ID(VG) curves of PB-TFET architecture for long gate devices (500 nm), different silicon 
thickness, and a ultrahigh doping concentration of 1021 cm-3 in the thin bottom layer. 

Like the ES-TFET, the PB-TFETs also shows an increase in VTH when body thickness is decreased owing 

to the ultrahigh P-type doping concentration at the bottom of the channel region. Consequently, it is necessary to 

apply a higher front gate voltage to create an inversion layer at the top of the channel. The shift in threshold 

voltage ∆VTH/∆TSi can reach 0.2 V per nanometer. 

4.2. Comparison of Pure Boron TFET with Standard TFET 

The implementation of a ultrahigh doping concentration of 1021 cm-3 in thin bottom layer of the PB-TFET 

improves ION by more than two orders of magnitude compared to the standard TFET architecture (Figure 13a). 

However, the main challenge of the PB-TFET is the degradation of VTH, compromising its use for ultra-low 

power applications. SS reaches values below 60 mV/dec over 4 decades of current (Figure 13b), while for the 

standard TFET, SS is higher than 60 mV/dec in all the current ranges. The problem is to determine how far is 

possible to extend this gain in performance in devices with very short gate length, where the tunneling area for 

the vertical BTBT is constricted. 



  

Figure 13. (a) ID(VG) curves of PB-TFET and standard TFET architectures with long channel (500 nm) 
and ultrathin film (T Si = 4 nm). (b) Subthreshold swing versus drain current for standard and PB-TFETs. 

4.3. Impact of gate length on drive current 

Figure 14a confirms that a heavily doped boron layer combined with an extremely thin body (4 nm, 5 nm 

and 6 nm) significantly enhances the vertical BTBT for long gate lengths with respect to the standard TFET with 

TSi = 4 nm. The benefits of Pure boron technology are maximized for extremely narrow channels (TSi = 4 nm). 

When thickness is increased there is a degradation in performance because the ultrahigh doped layer is further 

away from the gate and the band bending is not so well controlled. The problem arises when devices are made 

with shorter gates and the tunneling surface in the channel region is shrunk. Thus, when the gate length is 

decreased, the tunneling current decreases as well (Figure 14a). However, unlike the ES-TFET, the PB-TFET 

has better performance than the reference device, even for short gate lengths (LG < 100 nm). This indicates that it 

could be a feasible option to obtain a steep slope and a high ION simultaneously in a future fabrication process. 

This demands a very small body thickness and from Figure 14a one can see that for TSi thicker than 6 nm it will 

not be possible to extend the gain of the vertical BTBT for extremely small gate lengths. 

  

Figure 14. (a) ION (LG) for standard and PB-TFET architectures for different TSi values. (b) SS versus 
drain current for standard TFET (I D range: 10-6 – 10-3 µA/µm) and PB-TFETs (ID range: 10-5 – 10-2 
µA/µm). 



The SS extractions as a function of the gate length (Figure 14b) show in the PB-TFET architecture a SS 

degradation with the reduction of LG. For PB-TFET with TSi = 4 nm even at short gate lengths (LG < 100 nm) the 

SS is beyond 60 mV/dec, but limited to 100 mV/dec (for LG = 15 nm). However, when increasing the body 

thickness (5 nm and 6 nm) the electrostatic control is lower and causes a severe increase of the SS still at 

medium gate lengths. In the standard TFET with TSi = 4 nm, the SS is completely degraded and almost the same 

values are obtained (~ 215 mV/dec) regardless of the gate length and even with a lower ID range (from 10-6 to 

10-3 µA/µm) in comparison to PB-TFET (from 10-5 to 10-2 µA/µm). When lateral tunneling is involved decent 

SS values are only obtained for very low range current (< 10-8 µA/µm). 

5. Sharp Tip TFET architecture 

5.1. Impact of the silicon body thickness 

The comparison of the Sharp Tip TFET architecture (Tip-TFET) for different body thicknesses with respect 

to the standard TFET (Tsi = 4 nm) in Figure 15a, verifies that the design of a sharp tip in the source junction has 

no significant impact in ION (which is only slightly higher than for the standard TFET). The SS follows the same 

trend in both architectures and it is only better for Tip-TFET for a very low range of drain current (Figure 15b). 

Besides, in this architecture the location of the tip regarding to the front gate and the extension into the channel 

region are main parameters. Thus, for a given body thickness the right combination of these parameters must be 

achieved to maximize ION. However, for this TCAD study and for the sake of simplicity we have used the same 

tip parameters regardless of the thickness of the body region. 

 
 

Figure 15. (a) ID(VG) curves of Tip-TFET for different body thickness compared with standard TFET 
(TSi = 4 nm). (b) SS versus drain current for Tip-TFET and standard TFET (TSi = 4 nm). 

The 2D mapping of the electric field (Figure 16a) and the BTBT generation rate (Figure 16b) show that the 

tip causes a shift in the position of the maximum electric field. The BTBT rate is improved only where the 

overlap of this field and the P+ region takes place. It was thought that this enhanced electric field would break a 



great number of covalent bonds on the P+ region, enabling more electrons to participate in the interband 

tunneling process from the valence band of the P+ region to the conduction band of the channel region. However, 

results from Figure 15a show that the benefit of this tip junction is marginal. Despite the fact that the electric 

field is increased the tunneling area is not magnified, explaining why the current is not significantly increased as 

it is for the ES-TFET and PB-TFET architectures. 

  

Figure 16. 2D mapping of Sharp Tip-TFET with TSi = 11 nm and a gate length of 500 nm: (a) Maximum 
electric field and (b) BTBT generation. In both cases applied polarization is VG = 2.4 V and VD = 0.9 V. 

 

5.2. Impact of gate length on drive current 

From the 2D mapping of the BTBT generation in Figure 16b it is confirmed that the Tip-TFET architecture 

produces only lateral BTBT and not vertical BTBT. This is definitely verified in Figure 17, which illustrates ION 

for different gate lengths. The Tip-TFET presents the same behavior as the standard TFET, indicating that the 

current is independent on gate length. For a particular body thickness (TSi = 4 nm), the Tip-TFET shows a 

slightly increase of ION in comparison to the standard TFET due to the presence of the embedded tip source. 

However, for both architectures the tunneling current is considerably smaller than in the ES-TFET and the PB-

TFET for long gate devices (LG > 100 nm) and in the same range for short gate devices (LG < 100 nm). The Tip-

TFET exhibits an increase of ION for larger channel thicknesses, which is related with the electric field peak 

position (in all the cases 2 nm below the front gate). This set up seems to maximize ION for a body thickness of 

11 nm, but for TSi = 4 nm it is necessary to locate the peak closer to the gate, otherwise ION is reduced. 



 

Figure 17. ION(LG) for Sharp Tip-TFET with different T Si and standard TFET with TSi = 4 nm. 

 

6. SiGe TFETs 

The PB-TFET exhibits the highest on-current among all the simulated architectures. So far the TCAD study 

was carried out for silicon homojunction structures. In this section additional simulations have been run using 

SiGe material with different germanium concentrations (30%, 50% and 100%) to evaluate possible performance 

improvements. TFET TCAD simulations with materials other than silicon are particularly challenging because 

the effective masses for the valence and conduction bands modify the values of the parameters that set up the 

BTBT generation rate in the simulator. These new values have been obtained from literature for unstrained SiGe 

(Ge at 30% and 50%) and pure Ge [47]. For both materials the tunneling direction is [110]. 

6.1. Pure Boron and Standard TFET 

Results in Figure 18 show that using Si0.7Ge0.3 instead of silicon significantly increases the drain current in 

both Pure Boron and standard TFET architectures. In particular for TSi = 4 nm, the performance of PB-TFET is 

higher and the subthreshold slope is steeper. Simulations are consistent with experimental data already obtained 

for SiGe TFETs [7]. Due to the relatively wide bandgap, silicon is not the best material to increase the tunneling 

probability even when architecture boosters are taken into account. 



 

Figure 18. ID(VG) curves of PB-TFET and standard TFET for Si and Si0.7Ge0.3 (TSi = 4 nm). The tunneling 
current is enhanced for Si0.7Ge0.3 TFET in both architectures. 

Simulations for Si0.5Ge0.5 TFETs (Figure 19a) show a better ION due to a reduced bandgap in comparison to 

Si0.7Ge0.3. However, IOFF is also increased because a lower bandgap induces a higher tunneling current in the 

channel/drain junction. This implies a small ION/IOFF ratio and a degradation of the subthreshold slope. Using 

pure germanium shows an outstanding increase of the on-current (Figure 19b). The germanium PB-TFET 

exhibits an increase by one order of magnitude (drain current higher than 10 µA/µm) and the germanium 

standard TFET an improvement of two orders of magnitude. Unfortunately, the increase of the off-current is 

severely pronounced and completely degrades the ION/IOFF ratio as shown Figure 19b. Our results reveal that in 

order to enhance the tunneling current it is necessary to reduce the energy bandgap in the source/channel 

junction and in the extended region into the channel. Also, to avoid the off-current degradation a larger bandgap 

is suitable in the drain region, which could be achieved with heterojunction architectures. Using materials with a 

high forbidden bandgap (like silicon) will keep low the off-current and a steeper subthreshold slope will be 

obtained. Currently, it is possible to obtain standard SiGe TFETs with a germanium concentration of 30% via a 

well-controlled process fabrication. However, if the germanium concentration is increased beyond 30% the 

capability of the silicon platform to implement compound materials does not provide enough quality and a large 

concentration of defects may affect the SiGe layers. Therefore, TAT will increase subthreshold leakage and the 

SS cannot be lower than 60 mV/dec. 



  

Figure 19. ID(VG) curves of PB-TFET and standard TFET (TSi = 4 nm): (a) Si0.5Ge0.5 and (b) pure 
germanium. Tunneling current is enhanced for a higher Ge concentration, but the off-current is 
degraded. 

The SS extractions for standard TFET with different germanium concentrations (Figure 20a) exhibit a shift 

towards higher drain currents obtaining lower SS with respect to the silicon case. Moreover, for a pure 

germanium standard TFET SS reaches values below 60 mV/dec until ID = 10-5 µA/µm. In PB-TFET architecture 

(Figure 20b) there is a shift in the SS for higher drain currents when increasing the germanium concentration. 

For low ID values (< 10-3 µA/µm) better SS results, below 60 mV/decade, are obtained for lower germanium 

concentrations. On the contrary, for higher ID values (> 10-2 µA/µm) SS is reduced using pure germanium. 

However, the range for which SS is lower than 60 mV/dec is minimized. As said for the ID(VG) curves in Figure 

19b, using in the drain region a material with a larger energy bandgap will enable to reach SS below 60 mV/dec 

for several decades of current when increasing the germanium concentration in source and channel regions. 

  

Figure 20. Subthreshold swing versus drain current curves with different germanium concentrations for 
long gate devices (500 nm) with TSi = 4 nm: (a) Standard TFET and (b) Pure Boron TFET. 

6.2. Impact of gate length and body thickness on drive current 

Figure 21 shows that for TSi = 4 nm and gate length of 500 nm the silicon PB-TFET presents good 

performance with ION current (~3.3 µA/µm). But as explained before, for short gate lengths the tunneling current 



decreases due to the reduction of the extended source area. Nevertheless, the excellent electrostatic control due 

to the narrow thickness allows to extend the benefits of vertical BTBT even at short gate lengths (LG < 100 nm). 

For the standard architecture using Si0.7Ge0.3 material, there is only a small increase in current. In the PB-TET 

there is a significantly gain of ION with respect to the silicon variant. This advantage is visible for all considered 

gate lengths at TSi = 4 nm (Figure 21). 

 

Figure 21. ION(LG) for standard and Pure Boron Si0.7Ge0.3 TFETs with TSi = 4 nm. Even for short gate 
lengths PB Si0.7Ge0.3 TFET shows higher on-current than the standard TFET. 

Increasing the channel thickness from 4 nm to 6 nm implies a wider tunneling length for the PB-TFET, and 

therefore a reduction of the tunneling current. For silicon PB-TFET the vertical BTBT generation current is still 

higher than the lateral tunneling of the standard TFET even for short gate lengths (Figure 22a). However, when 

using Si0.7Ge0.3 material, the Pure Boron architecture starts to show a loss of electrostatic control. For shorter 

gate lengths (LG < 50 nm), the standard TFET with Si0.7Ge0.3 actually shows a higher ION. This trend is 

accentuated with TSi = 8 nm (Figure 22b) because the tunneling length is too large and ION is severely degraded. 

In the case of silicon, the vertical BTBT of the PB-TFET architecture dominates over the standard TFET only for 

long gates, but for short gates (LG < 100 nm) the current is degraded in comparison with lateral tunneling. Using 

Si0.7Ge0.3 material does not improve ION enough even at LG = 500 nm where the standard TFET presents the same 

current as the PB-TFET architecture, simply because the device is too thick. 



  

Figure 22. ION(L G) for standard and PB-TFET with silicon and Si0.7Ge0.3 TFETs: (a) For TSi = 6 nm PB-
 TFET shows better performance except for shorter gate lengths (LG < 100 nm) compared to the standard 
structure. (b) For TSi = 8 nm Si0.7Ge0.3 PB-TFET is completely degraded for all gate lengths. 

6.3. Impact of gate length for different germanium concentrations 

In “relatively” thick 8 nm films using Si0.5Ge0.5 compound we obtain better ION currents in PB-TFETs for 

gates longer than 250 nm (Figure 23a). On the other hand, for germanium the tunneling current is significantly 

increased and the vertical component dominates even for gate lengths of 50 nm (Figure 23b). Due to the 

complexity to fabricate Si0.5Ge0.5 or pure germanium layers with low density of defect, we explore the benefit of 

body thickness, expected to enable higher on-current for reduced germanium concentration. 

  

Figure 23. ION(LG) for standard and PB-TFET architectures with a body thickness of 8 nm: (a) for a 
germanium concentration of 50%; (b) for a germanium concentration of 100%. 

Thinning down the body from 8 nm to 6 nm results in an increase of the tunneling current for both 

Si0.5Ge0.5 and pure germanium. Nevertheless, for Si0.5Ge0.5 it is not possible to extend the prevalence of vertical 

BTBT below a gate length of 50 nm (Figure 24a). In the case of the Ge PB-TFET, because of the narrow 

bandgap, vertical tunneling dominates even for extremely short gate lengths (LG = 30 nm) as shown in 

Figure 24b. 



  

Figure 24. ION(L G) for standard and PB-TFET architectures with 6 nm body thickness: (a) with Si0.5Ge0.5 
material; (b) with pure germanium.  

The same trend is obtained for a 4 nm body thickness. It is remarkable that a reduction in thickness by 2 nm 

leads to 2-6 fold increase of the drive current. The outstanding electrostatic control is responsible of the 

dominance of vertical BTBT over the lateral tunneling for very short gate lengths (LG < 50 nm) when using 

Si0.5Ge0.5 material (Figure 25a). For germanium, simulation results are even much better (Figure 25b) for all the 

studied gate lengths.  These results indicate that TFETs with architectures based on vertical BTBT, require an 

extremely narrow channel thickness (TSi < 6 nm) and a small bandgap in the source and channel regions in order 

to benefit from increase of the tunneling current. 

  

Figure 25. ION(L G) for standard and PB-TFET architectures with 4 nm body thickness: (a) with Si0.5Ge0.5 
material; (b) with pure germanium. 

  



7. Conclusions 

Three innovative Tunnel FETs architectures are studied and compared to a standard reference TFET in the 

search of a better performance. For the Extended-Source TFET (ES-TFET) the innovation consists in optimizing 

the distance between the extension and the gate oxide (Lrt). ID(VG) curves show for a “relatively” thick body  of 

11 nm, a high ION and a stepper SS below 60 mV/dec for small values of Lrt (3 nm, 4 nm and 5 nm). A larger Lrt 

causes a larger tunneling length and ION degradation owing to a lower effective electrostatic control from the 

front gate. The ES-TFET shows a better performance than the standard TFET for long and medium gate lengths, 

but for LG smaller than 100 nm the reduction of the tunneling surface jeopardizes the on-current enhancement. 

The implementation of an extremely thin layer of heavily doped boron (1021 cm-3), takes advantage of the 

Pure Boron technology for small body thickness (TSi < 6 nm) to solve the ION degradation for small gate lengths 

(LG < 100 nm). There is an increase of the vertical BTBT due to a small tunneling length and better electrostatic 

control. The body thickness is a key parameter for the PB-TFET performance. In thicker channels (TSi > 7 nm) 

the effect of the Pure Boron layer is attenuated. 

The design of a sharp tip in the source junction is based on the fabrication of embedded source and drain 

junctions developed in CMOS technology to improve the strain characteristic and the performance. However, 

TCAD results show that this architecture does not significantly impact the ION and subthreshold slope and the 

benefit is marginal. Even though the electric field can be increased with this tip configuration, the tunneling area 

does not increase which explains why similar performance as the standard TFET is obtained. 

TCAD simulations based on SiGe compounds and germanium for Pure Boron TFET and standard TFET 

present an increase of the tunneling current, when compared to silicon. The thinner the body (down to TSi = 4 

nm) the higher is ION for PB-TFETs; furthermore the benefits of the vertical BTBT are extended for short gate 

lengths (LG < 50 nm). If the body thickness is increased (6 nm or 8 nm) a higher concentration of germanium is 

required to compensate a larger tunneling length. However, the complexity of SiGe or Ge device fabrication can 

produce a higher of defect density, and thus TAT mechanism can preclude the devices from achieving a SS 

lower than 60 mV/dec.  

From this exhaustive TCAD study we can conclude that the most promising architecture for technological 

implementation appears to be the Pure Boron TFET with the smallest possible body thickness and a 

heterojunction structure. A reduced bandgap in the source and the channel regions will enhance the on-current 

and a large bandgap in the drain region will keep a low off-current and good ION/IOFF ratio. 
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