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1. Abstract 

Here, we report modelling, design and fabrication methodology for a new type of transistor 

called the variable-barrier transistor (VBT), which can achieve ideal 60 mV/decade subthreshold 

slope (SS). With proper design it can even go below the 60 mV/dec, which is the limit barrier of 

classical transistors. Overcoming this limitation is the holy grail of the semiconductor industry 

for future generations of low-power portable electronic systems. The device is based on 

tunnelling of electrons within the conduction band (intraband tunnelling) rather than the more 

familiar interband tunnelling. This allows for symmetrical transistor operation (as opposed to 

diode-like operation) for the first time. The VBT reported here breaks the 60mV/dec barrier over 

more than five decades of subthreshold current, which is the highest current range reported so 

far. 

  

2. Introduction  

Classical transistors have imperfect switching characteristics. Due to the statistical energy 

distribution of electrons at any given temperature, off/on current switching is not a step function. 

Rather, the current varies exponentially with the applied input voltage, in what is called the 

“subthreshold characteristics” of the device. This imposes a lower limit to the supply voltage that 

can be used in an electronic circuit, and is directly related to the power consumption of the 

circuit. Breaking the 60mV/decade barrier is, therefore, of extreme practical importance for 

future generations of low-power portable electronic systems 

We have used the newly introduced fast coupled mode-space (FCMS) quantum simulation 

algorithm to explore the effect of local constrictions on the performance of n-channel silicon 

nanowire MultiGate Field-Effect Transistors (MuGFETs) which can achieve a sub-60 

mV/decade subthreshold slope. We show that cross-section variations in a silicon nanowire 

transistor result in the formation of energy barriers that can be used to improve the on/off current 

ratio and switching characteristics of transistors: 1) A small constriction resulting in a barrier of 

the order of a 0.1 eV can be used as an effective means to improve the subthreshold slope and 

minimize the on/off current ratio degradation resulting from source/drain (SD) tunnelling in ultra 



scaled transistor, and 2) We also report a new variable barrier transistor (VBT) device concept 

that is able to achieve sub-kT/q subthreshold slope (SS) without using impact ionization or band-

to-band tunneling. Intra-band tunnelling through constriction barriers is used instead. The device 

is, therefore, fully symmetrical and can operate at very low supply voltages. A subthreshold 

slope as low as 56.5 mV/decade is reported at T = 300 K. The VBT reported here breaks the 60 

mV/dec barrier over more than five decades of subthreshold current, which is the widest current 

range reported so far. 

The decrease of the on/off current ratio has indeed become one of the major issues of scaling. 

This is related to the reduction of supply voltage combined with the impossibility of realizing 

subthreshold slopes sharper than 60 mV/decade at room temperature. Owing to its better 

electrostatic control (and therefore more ideal subthreshold slope) than single-gate MOS devices, 

the SOI Multi-Gate FET (MuGFET) structure is viewed as a technology booster that will allow 

one to meet the increasingly more stringent constraint on the on/off current ratio requirements of 

the ITRS roadmap. Even with their excellent short-channel effect immunity, the on/off current 

ratio and subthreshold slope of MuGFETs will be severely degraded due to source to drain (SD) 

tunneling at the 22 nm node and below (i.e. for a gate length of 13 nm and below as shown in 

Fig. 1). This is expected to be one of the major limiting factors at the end of the roadmap. 

Furthermore SD tunneling, as with all tunnelling mechanisms, is enhanced in low transport 

effective mass materials, such that alternative channel materials will actually lose their advantage 

over Si and even present worse and insufficient on/off ratio with regards to ITRS requirements 

below gate lengths of 10 nm [1]. As we will show here, local constrictions in the nanowire result 

in local energy barriers that can be used as an effective means to improve the subthreshold slope 

and to minimize the on/off current ratio degradation resulting from SD tunnelling. 

 

 



 
 Figure 1:  Energy-position resolved current density simulated for Lg= 8 nm, 6 nm, 5 nm, and   4 
nm, VGS=-0.3=0 V, and VDS=0.4 V. Source-to-drain tunnelling current in the nanowire transistor 
increases significantly as we reduce the gate length. 
 

Another factor that limits the on/off current ratio in transistors is the lower limit of the 

subthreshold slope, which is equal to ln(10) × kT/q, or 59.6 mV/decade (usually rounded to 60 

mV/decade) at 300 K. This slope sets a practical limit to the reduction of supply voltage, and, 

therefore, to the power consumption of a circuit [2]. Breaking the 60 mV/decade barrier is, 

therefore, of extreme practical importance if not for every electronic applications at least for 

future generations of low-power portable electronic systems. SS values lower than kT /q have 

been achieved by gate modulation of reverse-biased, PN junctions or by using impact ionization 

effects. In the PN junction case, band-to-band tunneling (from the valence to the conduction 

band) can achieve SS values as low as 40 mV/dec in carbon nanotubes [3-5] and 50 < SS < 60 

mV/dec for thin-film gated SOI diodes [6-10]. Contrarily to MOSFETs, the latter devices are 



non-symmetrical as source and drain cannot be interchanged. Impact ionization devices usually 

require a relatively high drain voltage which is a problem for low-power application and 

reduction of the supply voltage [11]. 

The organization of this report is as follows: in section 3 the modelling approach employed to 

design TBT and VBT is addressed. The theoretical background on the operation of TBT is given 

in section 4. Then we set out some design guides for the TBT and VBT in sections 5 and 6. The 

fabrication methodology will be discussed in section 7. Finally, we finish by conclusions in 

section 8. 

 

3. Modelling approach 

Our modelling approach is based on the subband decomposition method which has been proven 

to be efficient in simulating quantum transport in three-dimensional structures with one-

dimensional carrier transport [12, 13]. Applying different levels of approximation according to 

the physics of the problem at hand, one can achieve improved efficiency in terms of time and 

computational resources. In the fast uncoupled mode-space (FUMS) algorithm, the wave 

function in the cross section of the device is assumed to be constant along the transport direction. 

One further assumes that this constant wave function is the solution of the 2D Schrödinger 

equation (in the cross-section) using the average value of the 3D potential, V1(x,y,z) in the x-

direction, V2(y,z). In this case, we have to compute the wavefunction only once. This has been 

shown to be only valid for nanowires with a constant cross-section below 10 nm × 10 nm [12].  

In the CMS algorithm, these assumptions are not needed. This allows for the simulation of 

structures with variable cross-section, tunnel barriers or other types of discontinuities in a 

semiconductor nanowire device. This, however, imposes to compute a full 2D Schrödinger 

problem for each x-mesh point (there are typically a hundred of mesh points along the x-

direction of a device). Fig. 2. shows the evolution of the first wavefunction in the center of the Si 

body of a constant 3nm×3nm cross-section nanowire with a channel length L=10nm and a 

source/drain extension length LSD=10nm, computed using the CMS method. The variations of 

the wavefunction are small enough to allow for the use of the FUMS technique in such a 

structure. 

 



 

 
Figure 2: Evolution of 1st lateral wavefunction in the middle of the silicon nanowire transistor computed 
by CMS and FUMS approached. The variations of the wavefunction are small enough and the average 
wavefunction becomes a good approximation of CMS wavefunction. 
 

 

 

 

 
Figure 3: Evolution of 1st lateral wavefunction in the center of the silicon nanowire transistor in 
the presence of oxide tunnel barrier in the channel region by FCMS and CMS approached. 
Wavefunction is constant in the regions far from oxide barriers. 
 



In Fig. 3, we can also see the evolution of the first wave functions in the center of the Si body of 

a SNWT with same geometry but with a thin oxide barrier (1nm) between the source extension 

and the body of the transistor. The wavefunction is no longer constant and, therefore, any attempt 

to solve this problem with a FUMS algorithm will lead to wrong results or even to non-

convergence. Simulations results show, however, that the wavefunction shape varies only near 

the barrier. At x=-0.25, 5 (x=0 , 7.5) which corresponds to the start(end) of the barrier, the wave 

function is already very close to its value far from the barrier. Simulations of different kinds of 

discontinuities (variation of the cross-section size, introducing a thin layer of a different material 

or fixed charges,…) ranging from a few tenth of nanometers to several nanometers has lead us to 

the conclusion that the electron wave function perturbation can be considered as quasi-local at 

this scale and that it is in equilibrium with the local dimensions of the structure [14, 15]. 

The FCMS method proposed here is based on this observation. The basic assumption of the 

FCMS method is that the variation of the wavefunction is localized around the discontinuities but 

constant far from them. We can then neglect the coupling and solve one 2D Schrödinger 

equation with an x-averaged potential in the cross-section and derive the energy subbands in 

each part identified as constant as in the FUMS algorithm and take into account the coupling 

between different device sections in the Hamiltonian and solve in each cross-section (at each x-

mesh points) around the discontinuities a 2D Schrödinger equation with the real potential in 

these cross-sections as in the CMS algorithm. In our example (see Fig. 3), with a typical x-mesh 

spacing a=0.5nm, we can obtain the energy and the wave function profile needed for the NEGF 

in FCMS by solving only five 2D Schrödinger problems instead of the sixty-one 2D Schrödinger 

problems requiring being solved using the CMS method. 

The simulations with different cross-sections, channel length, number of energy and mesh points 

show that the increase in simulation time in FCMS with 10% of discontinuity along the transport 

(X) direction (e.g. a 3nm length local discontinuity in a device with a total length LX of 30nm) 

does not exceed 20% while allowing to simulate discontinuities with the same precision than 

CMS. The FUMS approach is typically between 3-10 times faster than the CMS method on a 

2GHz 64-bit Dual-Core Pentium PC. The three-dimensional quantum simulator with ability to 

work in different regimes of mode-space approach (i.e. FCMS, FUMS, CMS) has been 

transferred to Magwell. 



4. Constriction-induced barriers 

In this section we study the influence geometrical constrictions on the energy level of SNWFET. 

The device is a GAA FET with a cross section of 3nm×3nm, a channel length of 10nm and 5nm-

long source/drain extensions. The thickness of the gate oxide and the buried oxide is 1nm as 

shown in Fig. 4. The device has an undoped channel with abrupt, heavily doped n-type 

source/drain regions. The channel is assumed to be oriented along the [100] crystallographic 

direction, in which case transport occurs only in the Δ valley. In order to model three-

dimensional confinement, we introduce geometrical constrictions at the source and drain 

interfaces with the channel region. By gradually decreasing the section of this constriction, we 

are also able to investigate the transition of 1D-transport in nanowire to 0D-transport. 

 

 

 

 
 

 
Figure 4: Schematic representation of the trigate nanowire FET used in this work. The shaded 
area corresponds to the silicon region. 
 
 
 



 
Figure 5: Total Transmission vs. Energy at VDS=0.015 V and T=77 K. There is a progression 
from the quantized step conductance to transmission resonances due to 3D quantum confinement 
and resonances are clearly observed when the barrier thickness (TB) becomes of the order of half 
the channel thickness. 
 

 

We calculate the transmission function of the undoped channel for different constriction widths 

TB (TB cross section diameter between the constriction and rest of the nanowire) and the results 

are shown in Fig. 5. Evidently, there is a progression from the quantized step conductance to 

transmission resonances with longitudinal confinement being observed at barrier thicknesses of 

the order of half the channel thickness. The curve for TB=0.75 (p-doped) in Fig. 5 corresponds to 

a nanowire channel with p-type doping. 

Now we show that our numerical simulation matches well to analytical model. We focus on a 

nanowire device with constrictions in the channel, namely, TB=0.75nm. The energy level of the 

in a device with three-dimensional confinement can be written as: 






















+










+








=

2

*

2

*

2

*

2

2 zz

z

yy

y

xx

x

mL
n

mL
n

mL
nExyz πππ                                     (1) 

Where Lx, Ly, Lz are the device dimensions in the x, y and z directions, respectively. The 

transmission vs. energy is plotted in Fig. 6 together with the solution of (1) for discrete energy 

levels in a 3D-confined channel. Clearly, the peaks in the transmission curve match the analytical 

model given by (1) which verifies the 0D operation of our proposed device.  However, since we 



do not have the exact quantum dot shape, there is some propagation of waves from source/drain 

contact through the channel which modifies the shape of resonance levels at higher energies [16]. 

 

 
Figure 6: Energy levels of a 0D-structure due to three-dimensional potential confinement. The 
positions of discrete energy levels obtained analytically match exactly the peaks in the 
transmission profile obtained by the numerical solution.  

5. TBT Device design and simulation results 

Using the FCMS simulator explained above, we have investigated the effect of a local cross-

section variation on the transport properties of nanowire MOSFETs. Such a cross-section 

variation can be introduced intentionally or can result from non-uniformities in the 

photolithography process used to make the devices. Here we show the effect of two symmetric 

constrictions at the source-channel and drain-channel interface (Fig. 7) as well as the resulting 

energy subband profile on the quantum transport in SNWT. By forming constrictions in the 

nanowire, energy barriers are created locally [17]. The width of the barrier can be tuned by 

varying the length of the constriction, LC, in the x (transport) direction, since the barrier has 

roughly the same length as the physical discontinuity, while the height of the barrier can be 

adjusted by modifying the diameter of the cross-section, as shown in Fig. 7. As previously 

observed, the wavefunction is in equilibrium with the local structure. The energy levels and the 

wave functions in the discontinuity are in equilibrium with the dimension of this discontinuity 

(i.e. they take the same value they would have in a nanowire with a cross-section equal to that of 



the discontinuity). The resulting barrier results in an increase of the bandgap or/and the energy of 

the first subband as the cross-section dimensions are reduced: 

),(),(),,,( 111 sisisisisisisisisisi WtEWWttEWtWtE −∆−∆−=∆∆∆                (2) 

where Wsi and tsi are the nanowire width and thickness, respectively, while ΔWsi and Δtsi are 

the variation of width and thickness in the constriction, respectively. The smaller the cross-

section, the larger the bandgap mismatch is for a given diameter reduction. 

In Fig. 8, the energy of the first subband is plotted along the channel for different values of VGS 

for a [100]-oriented, 3 nm × 3 nm silicon nanowire with a channel length of 5 nm and 

constrictions offering a diameter reduction of 1 nm and a barrier width, LC, of 3 nm. Up to 

approximately VGS < Vth we can observe that Tunnel barrier (TB) energy is higher than top of 

channel barrier (TCB), hence, the current of nanowire is lower than in the standard nanowire, 

whereas for VGS>Vth the current is the same as the current in standard nanowire. The 

explanation, confirmed by the energy-position resolved current spectral distribution results (Fig. 

9), is as follows: As the channel is very short, there is a significant source-to-drain (SD) 

tunnelling current in the subthreshold regime. The off-current is therefore composed of two 

components: a source-to-channel tunnelling current (responsible for SD tunnelling) that takes 

place for energies below the source-to-channel barrier, and a diffusion current for electrons with 

energies above the barrier.  

 

 
 

Figure 7: Schematic view of a gate-all-around (GAA) nanowire with two symmetric 

constrictions of the semiconductor cross-section at the Source extension (S)-body and body-

Drain extension (D) boundaries. 



For the valued where VGS > Vth, the top of the TBs becomes slightly higher than the channel 

barrier, reducing the on current but by less than a factor of 2, while the off current can be 

reduced by a factor of up to 10. This allows for an improved on-to-off current ratio in the 

transistor with the 1 nm constriction compared to the “regular” nanowire. If the height of barrier 

is too high, (i.e. if the top of the TB is much higher than the TCB), the current is decreased over 

the entire range of applied gate voltage, and the on/off current ratio is no longer improved.  

Fig. 10 shows the IDS-VGS curve for different values of constriction width (TB). We can see that 

by increasing the TB width the barrier is able to suppress more fraction of the drain current at 

subthreshold region while keeping the on current unchanged. With the tunnel barrier size of 

TB=1 nm we are almost able to shadow all of the tunnelling current which leads to an ideal 

subthreshold slope of 60 mV/decade. The strength of this strategy is that the proposed TBT 

structure is symmetrical which enables us to apply the same design rules applicable to 

conventional CMOS devices.  

  

 
Figure 8:  Evolution of the first subband energy in TBT device for VDS=0.1 V as a function of 
gate voltage. Top of the barrier energy is located higher than the top of conduction band energy. 
 

 

 



 
  

Figure 9:  Energy-position resolved current density for silicon nanowire without constriction 
(left) and with constrictions (right) plotted at VDS=0.1 V and VGS=-0.4 V and gate length of 5nm. 
Tunnelling current in standard nanowire results in poor SS of 90 mV/dec, however introducing 
geometrical constrictions has blocked the tunnelling current resulting in near SS value of 60 
mV/decade. 
 

 
Figure 10:  IDS-VGS for different values of constriction width (TB). By adjusting TB value equals 
to 1 nm we are able to suppress the off current effectively without altering on current and 
achieve the SS value of 60 mV/decade. 
 



6. VBT Device design and simulation results 

By placing the barrier at a distance Lout ranging from 1 to 2.5nm from the channel and allowing 

for some gate overlap (Fig. 11, Lout=1, Lov=2nm), a region of steep subthreshold slope with 

values SS=40-50mV/decade can be achieved just below threshold (Vth=0.225V), together with 

high on-current values. The location and number of resonant energy states are strongly 

determined by the distance between the barrier (related to Lout) and the exact shape of the well 

related to the potential profile in the device. Overlap is needed because if Lout is increased, the 

TBs move rapidly out of the range of control of the gate voltage. This reduces to a very narrow 

bias range, the occurrence of resonant tunneling due to the interaction between TBs and channel 

(Fig. 11, Lout=1nm and Lov=0).  
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Figure 11: Rectangular  Gate-all-around SOI N nanowire with constrictions (for figure clarity the 
lateral gates and gate oxides are not shown). tsi=wsi=2nm. Channel: L=10nm. Source/Drain 
extensions: Lsd=5nm, Oxide: EOT=0.5 nm. 

 

 

The barrier height and width must be adjusted to keep the device operating close to the onset of 

resonant tunneling effect (RTE) and not in strong resonant tunneling regime. By keeping LC in 

the range of 1 to 3nm and the barrier height typically in the range of 0.1-0.3eV at the source side 

and 0.25-0.45eV at the drain side, we ensure: 1) adequate broadening (γ) and maximum 

sensitivity to the barrier movement and therefore steep slope and low off current. The steep slope 

allows for a very fast transition between off- and on-currents compared to the reference nanowire 

(IR increases from 7% at VGS=0.1V to 18% at VGS=0.2V); 2) Above threshold, when increasing 



VGS, the TBs are progressively pulled below the Fermi level, ensuring that a growing part of the 

current is not reduced by the RTE, enabling further improvement of the slope and current ratio 

and enabling very high on-current. This leads to SS values below 60 mV/dec and as low as       

45 mV/dec as shown in IDS-VGS curve of Fig. 12. 

 

64mV/dec 58mV/dec
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Figure 12: IDS-VGS curve of a 3nm × 3nm Gate-all-Around (GAA) silicon nanowire transistor 
with a gate length L of 10nm with and without a tunnel barrier (as depicted in Fig.1 Right and 
Left, respectively). The barrier height is 3eV high and 1nm wide. An isotropic effective mass 
me1=0.19×me0 is used, where me0 is the mass of an electron in vacuum. VDS=0.1V and EF=EC + 
0.4eV. 
 

7. Fabrication methodology 

In this section we briefly explain the fabrication of constriction in the standard SOI FinFET 

process. All the process steps are same as the conventional fabrication steps up to the gate 

formation. The both constrictions are fabricated after the gate etching (Fig. 13). A over-etch of 

the silicon film will be done in order to reduce the thickness. Then, we propose to do a 

deposition of thin spacer (nitride) to create the barrier between the source-drain and the channel. 

After the thin spacer etching, an epitaxial undoped silicon growth will be realized to recover the 

barrier and to form the both constrictions. Afterwards, a nitride spacer thickness of around 20nm 

will be formed on the silicon source-drain. Then, low parasitic resistance will be realized by 

epitaxial doped silicon growth on the source-drain (ΔTSi=18nm). Then, a second spacer will be 

deposited and etched before the source-drain doping. 



 
 

Figure 13: Simplified flow-chart for the fabrication of variable barrier tunnelling transistors 

 

 

 

 

 

 

 

 

 

 

 



Different splits on the thin nitride spacer will be done in order to obtain after etching a 

constriction of width varying from 5nm down to 2nm. Finally, the main process specifications 

for the fabrication of junctionless MOSFET are the following: 

 

 
 

 

Width of nanowire W: 10nm ≤ W ≤ 20nm 

Gate length Lg: 20nm ≤ Lg ≤ 10μm 

Silicon thickness Tfilm=12nm 

Gate stack: 0.8nm SiO2 / 2.3nm HfSiON / 5nm TiN / 50nm Poly-Si 

CD spacer: 20nm 

Elevated source/drain: 18nm 

Width of constrictions: 2nm ≤ wc ≤ 5nm 

Thickness of constrictions: Tc ≈ 6nm 
 



8. Conclusions  

Theory, modeling, design and fabrication of a new concept of nanoscale MOSFET, the Variable-Barrier 

Resonant Tunneling Transistor was presented. Simulation of the device was carried out using 3D 

quantum mechanical simulator based on the Non-Equilibrium Green’s function formalism. Owing to the 

presence of variable tunnel barrier(s) designed to be at the onset of resonant tunneling regime, the new 

transistor has a subthreshold slope that can be lower than kT/q log(10). By optimizing the device, 

subthreshold slope values as low as 45mV/dec can be predicted in a 10nm-long transistor. The range of 

gate voltage values where the sharp subthreshold slope is observed is located just below threshold, and 

high on-current and high Ion/Ioff current ratios are predicted. 
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