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Summary 
We report on the investigation of optimized design parameters for different n- and p-type TFETs, namely i) a 
heterojunction InAs/Si Double-Gate TFET designed for line tunneling, ii) a heterojunction GaSb/InAs nan-
owire TFET, iii) an Electron Hole Bilayer TFET realized with both Si and Ge, and iv) an n-type silicon 
TFETs with Ge source. 

Because of high quantum effects related to very small cross section sizes, for the first two devices the opti-
mization was carried out with two different full-quantum approaches, namely the tight-banding (TB) OMEN 
code, implementing the sp3d5s* Hamiltonian and the NEGF formalism, and a three-dimensional (3-D) quan-
tum transport simulator based on the 4-band k·p Hamiltonian and, again, the NEGF formalism for current 
transport. The latter is especially suited for direct bandgap III-V materials, where the band-to-band (BBT) 
tunneling transition does not require phonon interactions. Hence, it has been used for all-III-V TFETs, while 
the TB code has been used to investigate heterojunction devices dealing with silicon. 

These simulators were used to evaluate the most important device-performance metrics, such as the ON-state 
current and the subthreshold swing. It was found that, for the InAs/Si device, the lateral inter-material tun-
neling responsible for the poor subthreshold swing, is reduced in thinner devices by the larger energy gap. 
However, lateral tunneling paths can be truncated, devising a peculiar geometrical structure with the 2D n+- 
InAs source laid on a 2D 〈111〉 Si quantum well. With such a structure, line tunneling, i.e. the vertical tunnel-
ing under the gate, provides the only contribution to the current. 

For all-III-V heterojunction n-type nanowire TFETs, a simulation study exploring the possibility of perfor-
mance improvements related with the application of appropriate stress conditions has been carried out. It is 
demonstrated that appropriate strain conditions, i.e. biaxial tensile strain, induce a remarkable enhancement 
of ION thanks to the bandgap reduction. However, a careful optimization of the device cross-section and 
strain level should be carried out in order to preserve the device subthreshold swing. 

The Si, SiGe and Ge Electron Hole Bilayer TFETs (EHBTFET) were simulated using effective mass approx-
imation with non-parabolicity (EMA-NP) as well as quantum-corrected TCAD simulations. Hetero-gate 
EHBTFET and EHBTFET with counterdoped underlap regions have been found to be efficient in suppres-
sion of the lateral leakage that drastically deteriorates the switching slope of these devices. 

Finally, the potential of n-type silicon TFETs with Ge source is analyzed using the commercial TCAD SDe-
vice, pointing out that the model calibration for such structure is still ambiguous. Results for optimized struc-
tures are however competitive vs. all III-V solutions.  
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1 Introduction 
Simulations of advanced device concepts, such as the 2D-2D Electron-Hole Bilayer TFET (EHBTFET), 
have shown great promises for voltage operation below 0.25V, exhibiting deep sub-thermal switching slopes 
(<10mV/dec). This device belongs to the device type known as DOS switches, where the effect of dimen-
sionality is exploited to achieve very steep slopes. 

Different dimensionality combinations should be evaluated, in order to study the impact that homo- and het-
ero-junctions play on the TFET behavior, and determine the combination able to produce the best device 
performance. Roughly speaking, a reduction of dimensionality and, therefore, of the DOS, will make it 
“sharper” and yield a steeper subthreshold slope. However, this would also imply a lower current level, be-
cause of the reduced number of available states. Indeed, a 1DEG and a 2DEG can only be formed by strong 
geometrical confinement, which inevitably increases the band gap, i.e. the height of the tunnel barrier, with 
the consequences of a higher onset voltage, and lower ON-state current. 

Process-induced strain is normally used in Si-based CMOS devices to boost circuit-speed, and to maintain 
the historical CMOS performance trend over different technology generations. This is due to the stress capa-
bility to increase the average carrier mobility and the injection velocity into the channel. Recently, it has 
been asserted that a substantial performance improvement of homo-junction InAs nanowire (NW) TFETs by 
using appropriate stress conditions. However, to identifying stress conditions that reduce the bandgap and the 
imaginary wave vector in the energy gap without appreciably degrading the OFF-state current, is a challeng-
ing issue because of the ambipolarity effect, for both homo- and heterojunction III-V TFETs. 

For Si-based planar TFETs, one of the possible approach to increase the ON-current recently proposed in the 
literature is the use of a Ge source. The Ge-source design achieves much higher ON-state drive current be-
cause of the smaller band gap of the Ge versus Si. However, lateral tunneling should be suppressed to 
achieve steeper switching behaviour. 
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2 Double-Gate InAs/Si Tunnel FETs as 2D DOS switches 

2.1 InAs-Si heterojunction TFETs 
This section reports the numerical study carried out by ETHZ of three different InAs-Si heterojunction 
double-gate TFETs exploiting the 2D DOS switch. The full-band and atomistic quantum transport solver 
OMEN [1] from ETHZ has been employed. Our findings suggest that InAs-Si TFETs, with both lateral and 
vertical tunneling components, might offer a device solution with steep subthreshold swing (SS) as well as 
high ON-state current (ION). TFETs with only vertical tunneling paths were studied. 

TFETs exploiting the “line tunneling” mechanism [2], i.e. the vertical BTBT component with tunneling paths 
almost perpendicular to the gate, are expected to achieve much higher ON-state currents than TFETs that use 
the so-called “point tunneling” mechanism, i.e. the source-channel lateral BTBT along the transport 
direction.  

Line tunneling from quantized states in TFETs is a DOS matching example between two regions with 
different dimensionalities, namely, the 3D-2D DOS system, having a bulk-like region interfaced to a 2D 
layer, or the 2D-2D DOS system, made by two differently-confined 2D carrier gases. TFETs featuring 
reduced and/or different dimensionalities are referred to as DOS switches. Roughly speaking, a DOS 
dimensionality reduction makes the current flow “sharper” and, therefore, yields a steeper sub-threshold 
slope. Other dimensionality combinations in TFETs are sparking the interest of the device community. A new 
architecture known as Electron-Hole Bilayer TFET (EHBTEFT) [3], with vertical BTBT between a 2D 
electron gas and a 2D hole gas has recently been proposed. Although the idea of the EHBTFET is to enhance 
the BTBT current, both experimental and numerical results agree so far upon a reduced ON-state current [4] 
due to size- and bias-induced quantization. Indeed, a 1DEG and a 2DEG can only be formed by a strong 
geometrical confinement, which inevitably increases the band gap, i.e. the height of the tunnel barrier, with 
the consequences of a higher onset voltage and lower ON-state current. 

InAs-Si [5] heterojunction TFETs have been identified over the last years as promising architectures to 
achieve respectable ON-state currents, when compared with conventional Metal-Oxide-Semiconductor FETs 
(MOS-FETs). Combining heterostructures with 2D-2D DOS switches for TFETs (2D-2D TFETs) may lead 
to a performance trade-off in the ION/IOFF ratio. 

The performance of InAs-Si TFETs exploiting 2D-2D DOS switches was investigated. The proposed devices 
are shown in Figure 1. The full-band and atomistic quantum transport tool OMEN [1], which is based on a 
sp3d5s* tight-binding representation of the band structure, was employed for device simulation. Its multi-
dimensional capabilities make it a suitable tool to analyze DOS switches taking into account the strong 
impact of quantization effects on the BTBT along all possible paths. 

 

Fig. 1: Schematic view of the 2D-2D DOS switch TFETs studied in this work. Ls=15 nm, Lc=30 nm and Ld=20 nm. The oxide 
thickness under the gate region is Tox = 1 nm, whereas the doping concentrations for the source (n+-type InAs region) and drain 
(p+-type Si region) are ND = NA=5 × 1019 cm-3. For the devices (b) and (c) Lext=10 nm. The temperature in the devices is assumed 
to be 300 K. 

Figure 1 shows the design of InAs-Si heterojunction 2D-2D TFETs investigated here: a 2D n+- InAs quantum 
well (QW) (source) embedded (labelled as “device (a)”) or laid on a 2D 〈111〉 Si QW (labelled as “devices 
(b)-(c)”). The gate length is 30 nm and the total device length is 65 nm. TInAs and TSi are the InAs and Si 
thicknesses, respectively. The doping concentrations are ND = NA = 5×1019 cm−3, whereas the oxide thickness 
Tox is set to 1 nm with an oxide permittivity εhigh−κ = 9. Ballistic device simulations were performed with the 
TCAD tool OMEN and an in-house post-processing tool. A simplified metric must be used: the SS values are 
the minimal inverse slopes and the ON-state currents are the maximal currents found for a given source-drain 
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bias. Note that only in semi-classical simulations the onset voltage can be determined by a threshold BTBT 
current which exceeds the Shockley-Read-Hall generation current of the reversed-biased diode. This allows 
for a proper averaging of SS over a few orders of magnitude in the current and a proper definition of the ON-
current based on a given “overdrive” voltage. Here, as only ballistic BTBT currents are calculated, one has to 
use the point slope to compare the different structures and can only extract ION at a particular VGS. 
Simulations are presented as follows. 

 

 
 

Fig. 2: Device (a): room-temperature ID-VGS characteristics of 
InAs-Si 2D-2D p-TFETs with VDS = ‒ 1.0 V computed with 
OMEN. 

Fig. 3: Device (a): BTBT generation rate of an InAs-Si 2D-2D 
p-TFET with TInAs=8 nm and TSi=2 nm at VGS=-0.2 V and VDS = -
1.0 V. 

Figure 2 shows the ID-VGS transfer characteristics of device (a) with different thicknesses of InAs and Si. For 
the thinnest TFET, i.e. TInAs=TSi=2 nm, a very low SS = 28 meV/dec is found, while the ON-current at VGS = 
‒ 1.0 V has a value of 241 A/m. The thicker devices exhibit much higher ON-state currents, with the 
drawback of an increased SS. The maximum current they can reach is of the order of 103 A/m, while the SS 
is found to be 147 mV/dec for the device with TInAs=TSi=4 nm and 130 meV/dec for the device with TInAs=8 
nm and TSi=2 nm. 

In order to better understand why the current within the sub-threshold regime is much higher in the case of 
the thicker devices, the BTBT generation rate at VGS = ‒ 0.2 V is plotted in Figure 3. A non-local path BTBT 
approach has been implemented in an in-house tool with a Flietner imaginary dispersion [7], [8]. As can be 
observed, both tunneling components (point and line tunneling) are present, the first one being the cause for 
the strong leakage current. 

Devices (b) and (c) in Figure 1 are expected to show only line tunneling within the subthreshold regime since 
the lateral tunneling paths are truncated. However, for very low gate voltages, lateral intra-material tunneling 
may occur on the InAs side. Figure 4 compares the ID-VGS characteristics of the three different InAs-Si 2D-
2D p-TFETs with TInAs = TSi = 2 nm in all cases and VDS = ‒ 0.5 V. As can be seen, device (a) still offers a 
better trade-off than its counterparts, with higher ION and very small SS. Device (b) gives a better ON-current 
than device (c), although the latter has a steeper subthreshold slope. For the particular case of device (b) only 
intra-material tunneling was observed. Its hole and electron BTBT generation rates were located on the InAs 
side.  

From the comparison of the ID-VGS characteristics of device (a) and (c) in Figure 4, one can indirectly 
distinguish the impact and the contribution of point and line tunneling components. For instance, at the 
lowest gate voltages the drain-current difference is around two orders of magnitude. The current of device (a) 
is much higher due to lateral inter-material tunneling components, which are not present in device (c) when 
both InAs and Si layers are extremely thin, i.e. TInAs=TSi=2 nm. However, they have in common their steep 
slope as the result of the compromise between the effective band gap in InAs and the 2D-2D DOS switch. 
The larger the gap in InAs, the weaker the line tunneling that can contribute to the current, resulting in a 
smaller SS. 
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Fig. 4: Room-temperature ID-VGS characteristics of InAs-Si 
2D-2D p-TFETs, at VDS = ‒ 0.5 V for devices (a) (triangles), 
(b) (dots) and (c) (squares), computed with OMEN. The 
thicknesses are TInAs = TSi = 2 nm in all cases.  

Fig. 5: Device (c): room-temperature ID-VGS characteristics of 
InAs-Si 2D-2D p-TFETs, at VDS= ‒ 0.5 V for TInAs = TSi = 2 nm 
(triangles) and TInAs=TSi=4 nm (dots), computed with OMEN. 

Figure 5 shows the ID-VGS characteristics of device (c) for TInAs = TSi = 4 nm and TInAs = TSi = 2 nm. The 
strong confinement is reflected by the onset voltage. Also due to the lower energy gap, the thicker device 
presents a higher ON-state current but, unlike device (a), the inter-material lateral leakage tunneling has van-
ished. As a consequence, the SS = 62 mV/dec is comparable with its counterpart SS = 41 mV/dec of the 
thinner device with, the advantage of performing better (higher ON-current and lower onset voltage). This 
can be better observed in Figure 6 where the BTBT generation rate is plotted for the thicker device (c) at VGS 
= ‒ 0.6 V and VDS = ‒ 0.5 V. Here, only vertical tunneling takes place, and no lateral tunneling component 
can be identified. 

 

Fig. 6: Device (c): BTBT generation rate of a InAs-Si 2D-2D p- TFET with TInAs=TSi=4 nm at VGS= -0.6 V and VDS=  -0.5 V. 

2.2 Conclusions 
Different architectures of InAs-Si double-gate p-TFETs exploiting the 2D-2D DOS switch have been 
simulated employing a full-band and atomistic quantum transport tool. Three device architectures labelled as 
device (a), (b), and (c) are studied. It is found that, for the extremely thin versions of device (a), the ID-VGS 
characteristics exhibit a very steep slope and a reasonably high ON-current. For extremely thin InAs-Si 2D-
2D TFETs, a swing of SS = 28 mV/dec and an ON-current of 241 A/m are simulated. Thicker versions of it 
could provide much higher ON-state currents with the drawback of the deterioration of their corresponding 
SS. The latter is caused by the leakage current due to the lateral inter-material tunneling that is reduced in 
thinner devices by the larger energy gap.  

Devices (b) and (c) have been proposed in order to mitigate the leakage current. It is found that device (b) 
could perform better than device (c), although the latter gives a smaller SS. For an extremely thin device (b), 
only intra-material tunneling on the InAs side is observed. The extremely thin device (c) presents the lowest 
ON-state current, mainly due to the large energy gap in the extremely thin InAs layer, that reduced the hole 
and electron generation rates. A thicker device (c) is also studied. Here, one could clearly observe that the 
lateral inter-material tunneling has vanished, whereas the line tunneling, i.e. the vertical tunneling under the 
gate, was the only contribution to the current. Unlike device (a), the ID-VGS characteristics still show a steep 
slope comparable to its thinner counterpart, with the advantage of having a much higher ON-current. 
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3 Optimization of all-III-V n-type TFETs 

3.1 Investigation of various stress conditions 
Major challenges associated with the TFET architecture include: 1) reaching acceptable ION levels; 2) sup-
pressing ambipolar effects affecting the off-state performance; 3) dealing with the superlinear onset and high 
saturation voltage of device output characteristics. There is wide consensus on the use of heterostructures 
with staggered or broken-gap lineups to boost the ON-state current, whereas a careful optimization of the 
device geometry, doping levels, and gate-stack is required to improve output performance. To this purpose, 
IUNET-BO used our three-dimensional (3-D) quantum transport simulator based on the non-equilibrium 
Green’s function (NEGF) formalism and on the four-band k·p Hamiltonian [9]. Material parameters are 
taken from [10] and bowing effects are included. The simulation program has been extended during the first 
part of the project to deal with different strain conditions. 

The starting point used for this investigation has been the GaSb/InAs heterojunction, that has been the sub-
ject of a wide investigation in last few years [9]. A simulation study exploring the possibility of improve-
ments in the performance of heterojunction GaSb/InAs nanowire (NW) TFETs by using appropriate stress 
conditions has been carried out. Such devices belongs to the category of 1D-1D DOS switches. 

The first investigated TFET has a square cross section with Tside = 5 nm, EOT = 1 nm, LG = 17 nm, NS = 
5x1019 cm-3, ND = 1x1018 cm-3, and is similar to the TFET presented in [11]. 

 
The energy dispersion relationship of an InAs NW with Tside = 5 nm and [100] transport direction x (y-axis 
and z-axis along the [010] and [001] directions, respectively) are shown in Fig. 7 for the unstrained and 
strained conditions: biaxial tensile (eyy = ezz = 2 GPa), biaxial compressive (eyy = ezz = ‒ 2 GPa), uniaxial 
compressive (exx = ‒ 2 GPa), uniaxial tensile (exx = 2 GPa).  

    

Fig. 7: Subband configuration of an InAs nanowire with Tside=5 nm and [100] transport direction; biaxial tensile (eyy = ezz = 2 
GPa); biaxial compressive (eyy = ezz = ‒ 2 GPa); uniaxial compressive (exx= ‒ 2 GPa); uniaxial tensile (exx = 2 GPa). 

 
As can be seen, both biaxial tensile and uniaxial compressive stress shift up the valence band, but biaxial 
stress also lowers the conduction band and thus obtains the largest reduction of the energy gap and of the 
imaginary wave-vector in the gap. The bandgap variation is instead modest for biaxial compressive and uni-
axial tensile stress. A similar trend is obtained for GaSb (not shown). 

Table I reports the energy bandgap and electron (hole) effective mass of the first conduction (valence) sub-
band both for InAs and GaSb for the unstrained, biaxial compressive and tensile stress conditions in the cross 
section, and uniaxial compressive and tensile stress conditions along the transport direction. Note that the 
InAs band structure seems to be more sensitive to the stress values than GaSb.  
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Table I: Energy bandgaps and electron (hole) effective mass of the first conduction (valence) subband both a for a 5 
x 5 nm2 InAs and GaSb NW for the unstrained, biaxial compressive and tensile stress conditions in the cross sec-
tion, and uniaxial compressive and tensile stress conditions along the transport direction. 

5 x 5 nm2 InAs NW - stress = 2 GPa 

  Unstrained Biaxial tens. Uniaxial comp. Biaxial comp. Uniaxial tens. 

EG [eV] 0.93 0.64 (– 31%) 0.58 (‒ 37.5%) 0.8 (‒ 13.7%) 0.877 (‒ 6%) 
me [m0] 0.057 0.036 (‒ 37%) 0.043 (‒ 24.5%) 0.077 (+ 35%) 0.072 (+ 26%) 
mh [m0] 0.057 0.033 (‒ 42%) 0.039 (‒ 31%) 0.33 (+ 48%) 0.33 (+ 48%) 

5 x 5 nm2 GaSb NW - stress = 2 GPa 
 Unstrained Biaxial tens. Uniaxial comp. Biaxial comp. Uniaxial tens. 
EG [eV] 1.273 0.94 (‒ 26%) 1.084 (‒ 15%) 1.69 (+ 32%) 1.17 (‒ 8%) 
me [m0] 0.068 0.05 (‒ 26%) 0.058 (‒ 14.7%) 0.084 (+ 23.5%) 0.079 (+ 16%) 
mh [m0] 0.13 0.07 (‒ 46%) 0.08 (‒ 38%) 0.256 (+ 97%) 0.256 (+ 97%) 

It is worth noting that for both biaxial tensile and uniaxial compressive stress, the InAs bandgap is reduced 
from ≈ 0.9 eV to about 0.6 eV and the electron and hole effective masses decrease by the same factor. In-
stead, for biaxial compressive and uniaxial tensile strain, the bandgap decreases by only 50-100 meV, 
whereas the effective masses increase by about 50% that would cause a decrease in the tunnelling probabil-
ity. 

Another important aspect that is affected by strain is the alignment between the source valence and channel 
conduction bands at the heterojunction (ΔEC). This parameter is strictly related to the tunnelling probability 
at the source/channel junction, hence to the device ON-current. For Tside = 5 nm ΔEC decreases from 0.24 eV 
for the unstrained case to 0.02 eV (‒ 90%) and 0.163 eV (‒ 32%) for the biaxial tensile and uniaxial com-
pressive stresses, respectively. 

Fig. 8 compares the I-V curves of a 5x5 nm2 GaSb/InAs heterojunction NW TFET for different stress condi-
tions. The current is normalized to the cross-section side and the curves have been shifted to match the Ioff 
target of the LOP application (5nA/µm). The biaxial tensile stress reduces the transistor VT and increases the 
ON-current, while the uniaxial compressive stress has a smaller impact on the I-V curve. 

  

Fig. 8: Turn-on characteristics of a 5x5 nm2 GaSb/InAs NW 
TFET for different stress conditions. The current is normalized 
to the cross-section side and the curves are shifted to match the 
Ioff target of the LOP application (5nA/µm). VDS = 0.3V. 

Fig. 9: Turn-on characteristics of a 5x5 nm2 GaSb/InAs NW 
TFET for LG = 17 and 40 nm for different stress conditions. 
The current is normalized to the cross-section side and the 
curves are shifted to match the Ioff target of the LOP 
application (5nA/µm). VDS = 0.3 V. 

Biaxial tensile stress provides a better ON-current but also a degradation of the subthreshold slope because 
of an increased source degeneracy caused by the reduced hole effective mass (see Table I), as also demon-
strated in [12]. Furthermore, BTBT increases at the drain side, because of the smaller bandgap. Anyway, 
among all possible strain configurations, the biaxial tensile and the uniaxial compressive ones provide the 
best compromise between ION and SS. Hence, the investigation has been focused on these two types of stress.  
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The effect of the channel length is shown in Fig. 9. The increase of LG from 17 nm to 40 nm provides a de-
crease of the leakage current, hence a slope improvement and a higher ON-current, mainly for the biaxial 
tensile stress condition where a + 37% in ION (VGS = VDD, VDS = VDD) can be achieved. However, the ON-
current continues to be relatively low, about 0.34 mA/µm. 

3.2 Impact of the device width 
One of the most straightforward approaches to improve ION is the increase of the cross-section size. This size 
affects the device bandgap and the electron and hole effective masses. Also, ΔEC depends on the device size 
due to their different quantization properties. Table II reports the energy bandgap and the electron (hole) 
effective masses of the first conduction (valence) subband both for a 10x10 nm2 InAs and GaSb NW for the 
unstrained, biaxial compressive stress in the cross section, and uniaxial compressive stress along the 
transport direction. 

Table II: Energy bandgap and electron (hole) effective mass of the first conduction (valence) subband both for a 10 
x 10 nm2 InAs and GaSb NW for the unstrained, biaxial compressive stress in the cross section, and uniaxial com-
pressive stress along the transport direction. Two stress values are considered, namely 1GPa and 2 GPa 

10 x 10 nm2 InAs NW 
  Unstrained Biax. tens 1GPa. Uniax. comp. 1 GPa Biax. tens. 2GPa Uniax. comp. 2GPa 
EG [eV] 0.49 0.349 (‒ 28%) 0.414 (‒ 15.5%) 0.204 0.343 
me [m0] 0.0366 0.026 (‒ 29%) 0.029 (‒ 20%) 0.0158 0.0236 
mh [m0] 0.04 0.027 (‒ 32.5%) 0.0279 (‒ 30%) 0.0146 0.02 

10 x 10 nm2 GaSb NW 
 Unstrained Biax. tens. 1 GPa Uniax. comp. 1GPa Biax. tens. 2 GPa Uniax. comp. 2 GPa 
EG [eV] 0.879 0.717 (‒ 18.5%) 0.829 (‒ 6%) 0.545 0.784 
me [m0] 0.046 0.038 (‒ 17.4%) 0.042 (‒ 8.7%) 0.03 0.038 
mh [m0] 0.085 0.052 (‒ 39%) 0.058 (‒ 31%) 0.033 0.043 

Increasing the cross section from a 5x5 nm2 to a 10x10 nm2 NW also affects ΔEC, which becomes  0.048 eV 
(‒ 80% of the 5x5 nm2 device) for the unstrained case and ‒ 0.093 eV and ‒ 0.025 eV for the biaxial tensile 
and uniaxial compressive stresses (1 GPa), respectively. Note that a negative ΔEC means a broken-gap het-
erojunction instead of a staggered one. 

The turn-on curves of the 10x10 nm2 GaSb/InAs heterojunction TFET are shown in Fig. 10 for different 
stress conditions, together with the unstressed 5x5 nm2 I-V curve with LG=40 nm for comparison. For the 
unstressed case an ION improvement of 160% is achieved at VDD = 0.3V with respect to the smaller device; 
however, ambipolarity causes an unacceptable performance degradation when both stress conditions are 
applied. The 10x10 nanowire bandgap is about half that of the 5x5 nanowire and 1/3 for a 2 GPa strain (0.2-
0.3 eV). As demonstrated in [12] the occurrence of the ambipolar effect is prevented if the following condi-
tion is fulfilled: qVDD < EG ‒ (Evs – EFS) – (EFD – Ecd) with Evs the valence band in the source region, Ecd the 
conduction band in the drain, and EFS and EFD the source and drain Fermi levels, respectively. Hence, for a 
zero source and drain degeneracy, a supply voltage lower than the bandgap should in principle be applied to 
prevent ambipolarity. 
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Fig. 10: Comparison of the turnon curves of a 10x10 nm2 
GaSb/InAs NW TFET for different stress conditions (2GPa). 
The current is normalized to the cross section side and the 
curves are shifted to match the Ioff target of the LOP 
application (5nA/µm). VDS = 0.3V. The I-V curve of the 
unstrained 5x5 nm2 is also shown for comparison. 

Fig. 11: Comparison of the turnon curves of a 5x5 nm2 and 
10x10 nm2 GaSb/InAs NW TFET for different stress conditions 
(1GPa). An optimization of the doping in the drain region has 
been carried out to reduce ambipolarity. VDS = 0.3 V. The I-V 
curve of the unstrained 5x5 nm2 is also shown for comparison. 

If a VDD equal to 0.3 V is used, channel length should not be too short, so as to increase the source-to-drain 
direct tunnelling distance (LG = 40 nm). A moderate strain should be applied (1 GPa instead of 2 GPa) and an 
optimization of the drain region is required to reduce the electric field at the channel/drain junction. The IOFF 
specifications can be met by introducing a non-uniform drain doping (a 20 nm region with ND = 1018 cm−3 
between the intrinsic channel and the drain contact. As can be seen in Fig 11, at least the device with uniaxial 
compressive stress is able to fulfill the LOP OFF-current requirement. However, the largest ON-current 
would be provided by the biaxial stress case. 

In order to take advantage from the ON-current increase provided by the biaxial stress condition, without 
degrading too much the subthreshold swing, a 7x7 nm2 device has been simulated as well. Fig. 12 shows the 
turn-on curves of the investigated devices, namely the 5x5, 7x7 and 10x10 nm2 NW TFETs. The device able 
to fulfill the IOFF requirement and to provide the best ON-current is the 7x7 nm2 with a biaxial tensile strain 
of 1 GPa, that features ION = 0.4 mA/µm. The subthreshold slope is also slightly better that that of the un-
strained 10x10 nm2 device. . 

  

Fig. 12: Turn-on curves of a 5x5, 7x7 and 10x10 nm2 

GaSb/InAs NW TFET for different stress conditions. LG = 40 
nm, VDD = 0.3V. IOFF = 5x10‒9 A/µm. 

Fig. 13: Turnon curves of a 5x5, 7x7 and 10x10 nm2 

GaSb/InAs NW TFET for different stress conditions. LG = 40 
nm, VDD = 0.3V. IOFF = 10‒11 A/µm. 
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Furthermore, the 7x7 nm2 TFET with a biaxial tensile strain of 1GPa provides the best performance also in 
case we target the IOFF value for the LSTP application (see Fig. 13).  

3.3 Conclusions 
To summarize, our results show that under appropriate strain conditions, i.e. biaxial tensile strain, GaSb/InAs 
n-type tunnel FETs induce a remarkable enhancement of ION thanks to the bandgap reduction. However, a 
careful optimization of the applied strain level and of the device cross-section should be carried out in order 
to preserve the device subthreshold swing.  
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4 Si/Ge based 2D DOS switches 
Si, SiGe and Ge Electron Hole Bilayer TFETs (EHBTFET) were by EPFL simulated solving the Schröding-
er equation in the effective mass approximation with nonparabolicity (EMA-NP) as well as with quantum-
corrected TCAD solver. Extensive 1-D parameter analysis was performed. The optimum devices for each 
material are chosen by taking the alignment voltage (V!"#$% = V!!!"#$ − V!!!"#$: the voltage required to 

align the subbands in the overlap region) and ON current (defined as I!  @  V!!!"#$ = −V!!!"#$ =
!!"#$%
!

+
0.15V) into account. The optimum device parameters, the alignment voltages and the ON current levels ob-
tained are given in Table 1. The details of the analysis are reported in deliverable D4.3.  

 
Fig. 14: The electron hole bilayer TFET device structure. BTBT direction in the ON state is denoted by arrows. 

Table III: The optimum device parameters and the obtained device characteristics for the EHBTFETs using 
Si, SiGe and Ge channel materials. 

Material T!"  [nm] T!"  [nm]   V!"#$%  [V] I!"  [A/µμm] 

Si 1 17 2 3×10!!" 

SiGe 1 13 2 2×10!!" 

Ge 1 13 2 1.7×10!!" 

More sophisticated 2-D simulations using EMA and quantum-corrected TCAD revealed a lateral leakage 
path that is due to wavefunction penetration into the underlap region from the source and drain (reported in 
D4.1). The techniques to mitigate the lateral tunneling which acts as a leakage path for the EHBTFET are 
also proposed and investigated (reported in D4.3). Hetero-gate EHBTFET and EHBTFET with counterdoped 
underlap regions are found to be efficient in suppression of the lateral leakage and helped to recover the 
steep switching slope. The point of having counterdoping is to limit the influence of the gate due to screen-
ing effect of the doping, which allows to obtain a much higher potential barrier in the underlap region. 

	  
Fig. 15: (Left) EHBTFET with counterdoping (Right) EHBTFET with heterogate configuration. 
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5 Optimized Si n-type TFETs with Ge source 
The partner IUNET-Udine has analyzed by means of SDevice simulations the performance of silicon n-
TFETs with germanium source. The aim of this study is to assess the influence of the model calibration on 
the expected current drive of such devices. 

5.1 Planar devices 
The starting point is the planar device fabricated in [13] and sketched in Fig.16. The experimental results 
from [13] are reported by black symbols in Fig.17 and look very promising with an Ion close to 1uA/um and 
point SS significantly below 60mV/dec at low bias. The authors of [13] simulated the same structure in [14], 
providing the model parameters for BTBT. We have inserted the very same parameters in SDevice and ob-
tained the red line in Fig.17, which is very close to the experiments. Simulations using the default SDevice 
calibration (blue curve in Fig.17) slightly underestimate the current but are still in quite good agreement with 
the experiments. However, both the default calibration and the one proposed in [14] are empirical and as-
sume that phonon-assisted tunneling is dominant in Ge. This point is thoroughly discussed in [15], which 
proposes a more realistic calibration where Ge is dominated by direct tunneling. The purple curve and sym-
bols in Fig.17 have been obtained with such calibration and are significantly lower than the experiments 
showing poor device performance. In particular, the calibration in [15] considers a much smaller phonon 
assisted BTBT (purple symbols). Direct BTBT (purple line) is high but has a delayed onset. We will come 
back on these aspects later on. 

 

 
 

 

 

Fig.16: Planar structure measured in [13]. Top: fabricated 
device. Bottom: SDevice mesh. 

Fig.17: ID-VGS for the device in Fig.16. 1) Experiments from [13], 
2,3,4) simulations with indirect BTBT, 4,5), simulations with direct 
BTBT. 2) A and B for Ge from [14], 3) Default SDevice parameters. 
4,5) Parameters from [15]. VDS=0.5V. 

 

5.2 Raised source devices 
Due to the very different results obtained with the two calibration strategies, we decided to keep both when 
analyzing the optimized device. In particular, we consider a modification of the planar device of Fig.16 
where a raised source is used. The structure is reported in Fig.18 and it has been taken from [14]. Fig.19 
compares the simulations from [14] (solid red line) with the experiments in [13] for the planar device (blue 
line, same data as the black symbols in Fig.17). The new structure looks very promising. The results in [14] 
have been confirmed by our SDevice simulations (dashed red line in Fig.19) using the same parameters that 
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fit the experiments for the planar device in Fig.17. On the other hand, simulations using the calibration from 
[15] (red circles in Fig.19) predict significantly poorer performance, although not too bad (on current reach-
ing the uA/um range and point SS below 60mV/dec). 

 

 

 

 

 

Fig.18: SDevice mesh of the elevated Ge source device 
proposed in [14]. 

Fig.19: 2,3,4) ID-VGS for the device in Fig.18 compared to (1) ex-
periments [13] for the planar device of Fig.16. 2) Simulations from 
[14]. 3) SDevice simulations using the same parameters as in [14]. 
4) SDevice simulations using the parameters from [15]. VDS=0.5V 

 

5.3 Discussion 
It is evident that the calibration in [14] (not too different from the default SDevice calibration) and the one in 
[15] for BTBT in Ge result in orders of magnitude difference in on-current and also big differences in SS. 
We have carried out additional analyzes to gain more understanding on this critical point. 

Firstly, Fig.20 reports the BTBT generation rate in a uniform Ge structure. We can see that the defaults SDe-
vice calibration (that considers only phonon-assisted tunneling) is fully consistent with the direct tunneling 
rate provided by the calibration in [15]. The two models are then fully consistent in uniform Ge. However, 
since they assume different dominant BTBT mechanism (direct in [15], phonon-assisted in defaults SDevice) 
with different “activation thresholds, the results in non-uniform structure are markedly different, see for ex-
ample Fig.17 (purple line vs. blue line), where the rate at high VGS tends to converge but the threshold volt-
age is much different. Phonon-assisted tunneling much weaker than direct tunneling in the calibration pro-
posed in [15] (compare dashed and solid lines in Fig.20). This explains why the purple symbols in Fig.18 are 
lower than the blue line but have the same activation voltage. 

To check the validity of the calibration for direct tunneling proposed in [15], we have simulated Ge diodes 
with SDevice and compared the results against full quantum simulations, provided by partner ETHZ, see Fig. 
21. As it can be seen, the default SDevice calibration (blue lines) significantly overestimates the full-
quantum results (OMEN, red lines), whereas the direct tunneling BTBT obtained by SDevice following the 
calibration in [15] (black lines) tracks the OMEN results quite well. The phonon assisted BTBT current pro-
vided by SDevice with the calibration from [15] (black circles) is lower than direct BTBT at high voltages 
but dominant at low voltages in the low doping device. However, ballistic OMEN simulations do not include 
this generation mechanisms. 
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Fig.20: BTBT generation rate in a uniform Ge structure comparing 
the default calibration of SDevice (blue squares) with the calibra-
tion proposed in Kao’s paper [15] for direct (red solid line) and 
phonon-assisted (red dashed line) BTBT. 

Fig.21: Comparison between OMEN simulations (from 
ETHZ) and SDevice simulations from IUNET-Udine for 
uniform Ge diodes with doping 1019cm-3 (top) and 
5⋅1019cm-3 (bottom). 

 

5.4 Conclusions 
Optimized Ge source TFETs are expected to have good performance even when using very different calibra-
tion. However, the model calibration that is more reliable from a physical point of view (the one in [15]) is 
the one predicting the lowest performance and, furthermore, it does not allow to reproduce the experimental 
data in [13]. One has to consider that in many experimental TFETs there are often current paths other than 
BTBT. Also, the Ge in the pocket in Fig.16 may be poly-crystalline or heavily strained, resulting in different 
BTBT rate than the unstrained bulk Ge assumed in the model calibration. 
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