
Vol.:(0123456789)1 3

Applied Physics A (2021) 127:16 
https://doi.org/10.1007/s00339-020-04156-3

Design and analysis of double‑gate junctionless vertical TFET for gas 
sensing applications

Sonal Singh1 · Mamta Khosla1 · Girish Wadhwa1  · Balwinder Raj1

Received: 19 September 2020 / Accepted: 20 November 2020 / Published online: 2 January 2021 
© Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
In this present study, junctionless vertical tunnel field-effect transistor (JL-VTFET) with catalytic metals as gate contacts is 
proposed for gas sensing applications. The vertical double-sided gate architecture provides better gate controllability over 
conventional TFETs for band-to-band tunneling (BTBT). An architecture for n-channel JL-VTFET with Palladium (Pd) as 
gate metal is analyzed for Hydrogen sensing, while Cobalt (Co) and Molybdenum (Mo) metals as gate contacts are analyzed 
for Ammonia sensing. P + pockets are created near the source region by using work function values befitting the aforemen-
tioned catalytic metals. Characteristics of the proposed structure are studied considering the electric field, surface potential, 
and energy bandgap graphs concerning adsorption of gas molecules, using Silvaco ATLAS TCAD simulator. Simulation 
results of JL-VTFET with 50-nm gate length show good sensitivity calibrations (SIdoff ~ 1.99 × 103, 2.09 × 103 and 6.43 × 102) 
and high Idon/Idoff ratio (~ 4.3 × 109, ~ 2.01 × 107 and 1.33 × 1012) for Co, Mo and Pd as gate metals, respectively

Keywords Vertical TFET · Junction-less · Gas sensor · Gate stack · BTBT

1 Introduction

The ever-evolving VLSI industry is exploring ultralow 
power consuming devices that fulfill nanoscale fabrication, 
high package density, high sensitivity and at the same time, 
are also technologically feasible. As we follow Moore’s 
Law beyond the 20 nm regime, a fabricating highly doped 
junction pose serious issues like random dopant fluctuations 
(RDF) and requires costly techniques of ion implantation 
and diffusion. Junction less transistor, that does not involve 
fabrication of any junction, is a sublime option as a coming 
of age device. Scaling the device dimensionally also reduces 
the energy requirements manifolds. However, conventional 

field-effect transistors (FETs) need at least 60 mV to be 
applied at the gate terminals to upgrade the current by one 
order at room temperature. Tunnel FETs (TFET), with 
enhanced operations in switching speed, steeper subthresh-
old slope (< 60 mV/decade) and power efficiency [1], have 
emerged as a potential substitute for further diversification 
of Moore’s concept. TFET based sensors have been explored 
on various fronts: (1) using suitable sensitive films based 
on catalytic metals, organic compounds, polymers, metal 
compounds and some hydrated salts [2–5]; and (2) device 
engineering [6–9] based on novel architecture [10–13], opti-
mization [14–18] and doping technique variations [19, 20].

The essential theory behind TFET based sensors is the 
band-to-band (BTBT) tunneling mechanism, which controls 
carrier transport, to detect pernicious gaseous molecules in 
the surroundings. Over the last decade, various architectures 
have been exploited for ammonia gas sensing [21] by Fine, 
Wollenstein, Lopez et al. [22–24]. Bjorn timmer et al. [25] 
had put forth extensive research work on the advantages 
of detecting gaseous ammonia over solid-state ammonia. 
This is due to the fact that extremely low concentrations of 
any toxic material (~ 2 ppb) is easier to detect while deal-
ing with gaseous state matter rather than solid. This study 
has been instrumental in designing environmental scanner 
and breathe analyzers for patients. Similar studies have been 
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done regarding Hydrogen gas sensing by Tsukada [3], Gau-
tam et al. [8]. However, vertical double-gate junctionless 
TFET structure has not been investigated for gas sensing 
applications. Blending the advantages of vertical architec-
ture and gate stacking technique, a junction-less vertical tun-
nel field-effect-transistor (JL-VTFET) based gas detecting 
device has been realized using a heavily doped Silicon body 
(1 × 1019 cm−3). Since no metallurgical junction is needed, 
the fabrication process is facile. Also, uniform concentra-
tions in the tunneling direction yields improved electrical 
properties along with marginal variations. Absence of sharp 
doping gradients aide in lesser short channel effects for the 
device [16]. VTFETs are not bounded by channel length 
constraints, thus widening this innovation beyond 10 nm and 
the advantages of the less on-chip area. The ongoing aggres-
sive device shrinking trend calls for shrinking of gate oxide 
thickness, utilizing effective oxide thickness of  SiO2 around 
0.5 nm, stacked with  HfO2. With excellent thermal stability, 
high dielectric constant and lower bulk trap density,  HfO2 is 
a suitable alternative for low power nanoscale devices [9]. 
Excluding the doping concentration gradient factor leads to 
the absence of steep and irregular junctions connecting the 
drain, channel and source, which further facilitates the archi-
tecture of JL-VTFET over conventional TFETs.

2  Proposed design and device calibration

Figure 1 represents the two-dimensional schematics of the 
proposed JL-VTFET. The x-axis contours the width while 
the y-axis contours the length of the device. The conven-
tional gate oxide is replaced by  SiO2/HfO2 stacked gate 
oxide integrated bilaterally across the channel. For making 
the device junction less, n-type doping of 1 × 1019 cm−3 is 
used as a silicon body, with channel length (Lch) of 50 nm 
and channel thickness (Tch) of 10 nm. Platinum metal con-
tacts with work function (ϕms) of 5.93 eV have been used 
for source electrodes to create  p+ pockets. Highly reactive 
catalytic metals Cobalt (ϕM = 5.0 eV) and Molybdenum 
(ϕM = 4.4–4.95 eV) have been used as gate metal for ammo-
nia gas [1] while Palladium (ϕM = 5.2–5.5 eV) has been used 
for Hydrogen gas sensing [8] due to their high reactivity 
towards the respective gases. This validates the wide range 
of operation of the proposed structure. This negates the use 
of external doping requirements and thus deals with ran-
dom dopant fluctuation (RDF) issues. The device is stud-
ied at a drain-to-source voltage (Vds) and gate-to-source 
voltage (Vgs) of 1 V each. Concentration-mobility model 
(CONMOB) [14] for relating low field mobilities of charge 
carriers at room temperature, band-gap-narrowing model 
(BGN) [14] for examining bipolar heavily doped portions, 
band-to-band-nonlocal model (BBT.NONLOCAL) [14] 
for modeling tunneling currents and Shockey-Reed-Hall 

Fig. 1  a Two-dimensional cross-sectional view of junction less 
VTFET. b Simulated output characteristic of the junction less 
VTFET in contrast with the conventional device. c Comparison of 
the Transfer characteristics curve for Molybdenum as a catalytic gate 
electrode between simulated results and reference work [1]
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recombination model (SRH) [14] for examining electron 
lifetime dependency on doping and temperature, have been 
deployed for studying the simulations of the proposed struc-
ture at nanoscale level. Table 1 enlists the structural param-
eters utilized here.

The reproduction boundaries and model properties for the 
two-dimensional junction less VTFET are taken like that of 
a traditional VTFET [15] with the exception of the utiliza-
tion of a higher doping in the channel region. The proposed 
device is calibrated with the experimental data of VTFET 
[15] as appearing in Fig. 1b and the detailed information of 
the channel current is acquired with the assistance of the 
Plot Digitizer tool. All the simulations of vertical TFET have 
been done utilizing the Silvaco 2D-ATLAS tool.

2.1  Comparison between referenced structure 
and proposed vertical TFET structure

The vertical double-sided gate architecture provides better 
gate controllability over conventional structures for band-to-
band tunneling (BTBT). The proposed device can be used 
for gas sensing applications because of its subthreshold 
slope or swing (S) and high I-ON current. Architecture for 
n-channel JL-VTFET with Molybdenum (Mo) metal as gate 
contacts is analyzed for Ammonia sensing. In Fig. 1c, the 
I-ON current is quite high as compared to the referenced 
structure. The sensitivity factors for JL-VTFET based sen-
sor using Cobalt, Molybdenum, and Palladium as the gate 
metal electrodes are much better as compared to previous 
gas sensor structure (Sensitivity calculations are enlisted in 
Tables 2, 3, 4).

3  JL‑VTFET working principle 
and characteristics

Gas sensors work on the principle of conversion of concen-
trations of various gaseous molecules into standard electri-
cal signals by using specific physical and chemical effects. 
When gas molecules of harmful gases, like hydrogen and 
ammonia, react with catalytic metals’ surface at the gate 

contacts, it brings in a change in the gate work function. 
Equation (1) represents work function variability on account 
of adsorption of pernicious gas molecules [22].

where R denotes the gas constant, T is the absolute tem-
perature, F denotes Faraday’s constant, and P denotes partial 
pressure of the gas. The relational dependency of the partial 
pressure of a gas on its concentrations can be utilized to 
calibrate the device in terms of mole fractions of the gas in 
the air. TFETs show ~ 1.4 × Vth standard deviation than con-
ventional MOSFETs and most of their attributes are evalu-
ated by work function values of gate metals near the source 
where band-to-band (BTBT) tunneling occurs [11]. Thus 
work function variations cause changes in threshold voltage 
(Vth) and flat band voltage (Vfb) which further alters the drain 
current (Idon and Idoff).

The dependency of Vfb on WFV is represented through 
Eq. (2) [8].

(1)Δ�M = cont −
[(

RT

4F

)

× ln (P)
]

Table 1  List of parameters used for the proposed JL-VTFET gas 
sensing device

Parameters Symbol Parameters

Length of channel LC 50 nm
Thickness of channel TC 10 nm
Doping ND 1 × 1019 cm−3

Gate stack thickness  SiO2/HfO2 tox 0.5 nm/3 nm
Source work function ϕms 5.93 eV
Drain bias Vds 1 V

Table 2  Sensitivity calculations of JL-VTFET based gas sensor using 
cobalt gate electrodes

∆ϕM (eV) Idoff (A/µm) Idon (A/µm) Idon/Idoff SIdoff

Without gas 1.83e–10 6.01e–4 3.28e+06 –
50 2.71e–11 5.44e–4 2.01e+07 6.75e+00
100 4.02e–12 4.87e–4 1.21e+08 4.55e+01
150 5.93e–13 4.32e–4 0.73e+09 3.09e+02
200 8.75e–14 3.78e–4 0.43e+10 2.09e+03

Table 3  Sensitivity calculations of JL-VTFET based gas sensor using 
molybdenum gate electrodes

∆ϕM (eV) Idoff (A/µm) Idon (A/µm) Idon/Idoff SIdoff

Without gas 5.41e–08 7.67e–4 1.42e+04 –
50 8.21e–09 7.13e–4 0.87e+05 6.59e+00
100 1.23e–09 6.57e–4 5.34e+05 4.39e+01
150 1.83e–10 6.01e–4 3.28e+06 2.96e+02
200 2.71e–11 5.44e–4 2.01e+07 1.99e+03

Table 4  Sensitivity calculations of JL-VTFET based gas sensor using 
palladium gate electrodes

∆ϕM (eV) Idoff (A/µm) Idon (A/µm) Idon/Idoff SIdoff

Without gas 8.75e–14 3.78e–4 0.43e+10 –
50 1.30e–14 3.25e–4 2.51e+10 6.73e+00
100 2.04e–15 2.74e–4 1.34e+11 4.29e+01
150 4.14e–16 2.26e–4 0.55e+12 2.11e+02
200 1.36e–16 1.81e–4 1.33e+12 6.43e+02
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where �M denotes the metal work function, Δ�M denotes 
the gate-metal-work-function variation and �S denotes the 
work function of silicon given by Eq. (3) [8].

The variations in Vth affect the subthreshold current of the 
device, which changes the OFF current (Idoff) represented 
by Eq. (4) [1].

where Io =
w�nCoxV

2
T
e1.8

L
VT.

Vgs, Vds and VT are the gate-to-source, drain-to-source 
and thermal voltages of the device respectively. L and w 
denote the length and the effective width of the transistor 

(2)Vfb = �M − �S ± Δ�M

(3)�S =
Eg

2
+ � − q�fpfor n - channel

(4)Isubthreshold = Io

[

e
Vgs−Vth

�VT

][

1 − e
−Vds

VT

]

respectively. Cox denotes the oxide capacitance of gate, � 
denotes the coefficient of subthreshold swing and µn denotes 
electron mobility. Hence, the above-mentioned equations set 
forth the relations between WFV, threshold voltage and cur-
rents of the transistor.

For studying the conduction actions of the proposed JL-
VTFET, we go through the electric field, surface potential 
and energy band characteristic curves. Figure 2a shows 
that more the change in work function (∆ϕM), greater is 
the electric field value attained due to decreased mobility 
of charge flow in the channel. The electric field is outlined 
as the gradient product of electron density of states and 
Fermi–Dirac distribution function. Figures 3,  4 describe 
the electric field and corresponding potential variation with 
respect to the various gate metal contacts respectively. In the 
drain region, there is a steady increase in electric field value 
which reflects as a constant, gently declining slope in the 
potential curve. As we move across the length of the device, 
electric field attains its maximum value across the channel. 

Fig. 2  Device characteristics plots of a Electric field, b Channel potential of JL-VTFET in ON state (Vds = 1 V and Vgs = 1 V)

Fig. 3  Electric field plots along the channel for a Cobalt, b Molybdenum, and c Palladium w.r.t work function variations



Design and analysis of double-gate junctionless vertical TFET for gas sensing applications  

1 3

Page 5 of 7 16

A dip starts shortly after this due to decrease in energy of 
the device. The channel region experiences a sharp decline 
in an electric field, followed by an almost constant slope. 
A slight increase near the tunneling area is observed in the 
source region near the channel, followed by a constant slope. 
Considering potential as the negative integral of an electric 
field [1], a reversal in the graph can be seen in the drain and 
channel regions.

Figure 5 describes a shift in the energy band diagrams 
with increasing work function. The tunneling barrier is 
maximum in case of Palladium (Fig. 5c) due to higher work 
function at the gate metal electrodes. Also, higher drain bias 
attracts more n-type charges near the drain area. The col-
lective effect is reflected as a delayed peak in the electric 
field graph as seen in Fig. 2a. The primary reason in energy 
band shifts is the higher work function that incites a higher 
concentration of p-type carriers. Moreover, on account of 
high-level work function of 5.93 eV applied at the source, 
p + pockets induced facilitate the increased tunneling near 
source-channel interface than near the drain region. This 
results in an expanded bandgap near the drain region in con-
trast to source-channel space, as is visible in the graphs.

4  Results and discussion

JL-VTFET is used as a transducer here. WFV owing to 
gas molecules’ reactions with the catalytic metal surface is 
reflected in a commensurable electrical signal, i.e., a modi-
fication in Ids. Figure 6a–c represent the effect of variation of 
50 meV, 100 meV, 150 meV and 200 meV in work function 
on the drain current (Ids) for Cobalt, Molybdenum and Pal-
ladium respectively. From the graphs, insinuations can be 
drawn regarding exponential decrement in Idoff as compared 
to Idon. A change of the order of mV in the work function 
has greater impact on Idoff, providing much higher sensitivity 
in the subthreshold regime [8]. The band-to-band (BTBT) 
tunneling is confined strictly within the lean channel and 
source boundaries [11]. This contributes to variations in 
work function and since TFETs are less immune to work 
function variations of metal electrodes, this brings a change 
in Vth. This contributes to exponential changes in Idoff. Thus, 
sensitivity in terms of Idoff (SIdoff) can be reviewed for low 
power applications.

Equation (5) represents the sensitivity equation used for 
the proposed device [8].

Fig. 4  Surface potential plots along the channel for a Cobalt, b Molybdenum, and c Palladium w.r.t work function variations

Fig. 5  Energy band diagram (valence band and conduction band) for a Cobalt, b Molybdenum, and c Palladium w.r.t work function variations of 
100 meV and 200 meV
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The sensitivity factors for JL-VTFET based sensor 
using Cobalt, Molybdenum, and Palladium as the gate 
metal electrodes are enlisted in Tables 2, 3, 4, respectively.

With increase in work function, the steepness of the 
energy band diagram of source-channel interface decreases 
leading to a reduction in tunneling probability to the con-
duction band. The duality of a high enough potential bar-
rier is in the prevention of tunneled electrons from over-
coming it, or, allowing only those with adequate energy to 
flow towards the drain directly from the channel [7]. Thus, 
only those electrons having high enough energy become 
part of BTBT mechanism. This causes the exponential 
decrement in Idoff with increasing WFV. The ON state 
current (Idon) is not much influenced by the work function 
variations. Figure 7a reveals that the ON/OFF ratio value 
(Idon/Idoff) is noticeably large for Palladium, preceded by 

(5)SIdoff =
Idoff(before gas adsorption)

Idoff(after gas adsorption)

Cobalt and then Molybdenum, owing to their work func-
tions’ values.

Figure 7b shows the Idoff sensitivity curves for various 
metals used as gate electrodes. SIdoff calculation is done 
based on Eq. (5). OFF current sensitivity is considerably 
higher for lower work function metals, i.e., Molybdenum 
and Cobalt (~ 1.99 × 103 and 2.09 × 103), as compared to Pal-
ladium (~ 6.43 × 102), due to less influence of higher work 
function variations and thus lesser potential barrier effects. 
As OFF current decreases, the sensitivity value increases, 
as is visible from the graph.

5  Conclusion

The notion of single metal gate junctionless VTFET as a 
highly sensitive gas detector has been implemented in this 
literature. Highly reactive catalytic metal Palladium gives 
high sensitivity of 6.43 × 103 for Ammonia detection while 
Molybdenum and Cobalt gate metals yield a sensitivity in 

Fig. 6  Drain current graphs with and without gas molecules for JL-VTFET for a Cobalt, b Molybdenum, and c Palladium

Fig. 7  a Idon/Idoff current ratio b OFF current sensitivity of JL-VTFET sensor for Palladium, Molybdenum and Cobalt



Design and analysis of double-gate junctionless vertical TFET for gas sensing applications  

1 3

Page 7 of 7 16

the range of 1.99 × 103 and 2.09 × 103, for a minimalitic 
change of 200 meV in work function, thus proving the 
effectiveness of the proposed structure. The Idon/Idoff ratios 
achieved showcase the proposed structure as an efficient 
choice. Further optimization may be done in terms of gate 
engineering and channel related parameters. To implement 
a cost effective, low power gas sensor with the less on-
chip area, studying the device behavior in the subthreshold 
regime provides scope for enhanced sensitivity. The verti-
cal architecture, with increased gate controllability and the 
absence of sharp doping gradient makes JL-VTFET a prom-
ising candidate for future research on gas sensing devices.
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