
  

Abstract— Presented through this work is an investigation of 

junctionfree gate-stacked (SiO2 + high-k) double gated vertical 

tunnel field-effect transistor (JF-GS-VTFET) with focus on its 

hydrogen (H2) sensing performance at room temperature (RT) 

for the first time. JF-GS-VTFET with vertically characterized 

channel length feature minimizes short channel effects (SCEs), 

elevates gate controllability over regular TFETs without the 

presence of any sharp doping gradient. A systematical study of 

the sensing performance is demonstrated through effective 

variations in Palladium (Pd) and Gold (Au) catalytic metal gate 

work functions corresponding to the concentration of hydrogen 

appearing at the gate metal surface. A concentration dependent 

thorough analysis has been illustrated in terms of energy band, 

potential, transfer and transient characteristics. Sensing 

capability of the device have been analyzed in terms of variations 

in detecting parameters such as transconductance (gm), off 

current, on current, threshold voltage and sub-threshold slope in 

presence of the target gas using SILVACO ATLAS TCAD. At 

1.04 ppm H2 gas concentration, the optimally designed sensor 

exhibits high ION/IOFF ratios in the order of ~𝟏𝟎𝟏𝟑 and ~𝟏𝟎𝟏𝟏, 

high gm sensing responses of 99.98% and 98.93%, high off 

current sensing responses of ~𝟏. 𝟖𝟗𝟓 × 𝟏𝟎𝟒 and ~1. 𝟒𝟕 × 𝟏𝟎𝟒, 

better sub-threshold swing sensing responses of ~0.71 and ~0.55, 

increased threshold voltage sensing responses of ~0.27 and ~0.25 

for Pd and Au metal gates respectively at RT. Perceptible 

outcomes in terms of interface trap charge density have also been 

presented to recognize RT H2 sensing. 

 
Index Terms— Catalytic gate, gate-stack, hydrogen sensor, 

junctionfree vertical tunnel field-effect transistor (JF-VTFET), 

sensing response, TCAD. 

 

I. INTRODUCTION 

ONTINUOUS shrinkage in device dimensions reduces gate 

controllability in the channel region with increased 

leakage current and short channel effects (SCEs) [1], [2]. To 

reduce such limitations, device architectures with multiple 

gate terminals such as double gate, FinFETs, gate-all-around 

FETs, have been proposed [3]. However, the formation of 

ultra-sharp junction profiles for nanoscale devices at extreme 

shrinkage of device dimensions becomes complex.  
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Junctionfree (JF) transistor without incorporating any physical 

junction between source/drain (S/D) and channel, promises 

great potential in this regard as it is a heavily doped device 

having identical doping in source, drain and channel regions 

[4], [5]. In comparison to MOSFETs, TFETs have captured 

the attention in terms of low leakage current and steeper sub-

threshold slope [6]-[8] in continuing Moore’s law [9] as well 

as in overcoming the limitations of FET-based gas sensors 

[10], [11]. TFET sensors with catalytic metals, polymers, 

metal and organic compounds-based sensing films [12], [13], 

device optimization [14]-[16] and device engineering novelty 

[17], [18] have been explored over recent years. JF-GS-

VTFET is a promising nominee as a RT hydrogen sensor 

involving band-to-band tunneling as integral charge carrier 

transport mechanism where the work function of the catalytic 

metal gate shifts in presence of hydrogen. In this regard, Pd 

and Au are two effective gate metals of preference owing to 

their excellent catalytic properties and hydrogen solubility for 

accelerating sensing performance of the device [19], [20]. As a 

clean energy transporter, the extending demands of hydrogen 

sensors find its applications in industries, transportation, 

chemicals, space flights, laboratories, power generation, 

medicine, petroleum refining, nuclear reactors and so on [21]. 

This uncolored, odorless and tasteless gas is extremely 

flammable, has high burning velocity and wide flammable 

concentration range (4%-75%) which can lead to explosions. 

Hence early leak detection of hydrogen is the need of the hour. 

Optical [22], electrochemical [23], acoustic wave variation 

[24] and calorimetric techniques have already been reported in 

hydrogen sensing but several drawbacks such as large size, 

high fabrication cost, slow response, high operating 

temperature, average sensing response restricts their 

widespread applications. 

To address such issues, for the first time, we focus on the 

combined advantages of junctionfree, gate-stacking, double 

gate features and vertical structure to develop a JF-GS-VTFET 

based RT hydrogen sensor. Scaling limit of gate dielectric 

such as SiO2 (<2 nm), imposed by quantum mechanical 

tunneling, is also responsible for hindering device shrinking. 

A solution for this problem is to grow a high-k dielectric 

(HfO2) on SiO2, termed as gate-stack [25]. Vertically 

characterized channel length relaxes the on-chip area without 

affecting the channel length, thereby reducing the SCEs. High 

precision sensors demand systematic analysis of the device as 

well as its sensing performance. Moreover, the effects of work 
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function variations of catalytic noble metals on energy band, 

potential, transfer characteristics, threshold voltage, 

transconductance, transient analysis, on-off current sensing 

response and sub-threshold slope in presence of air and H2 

have been explored. 

II. DEVICE ARCHITECTURE AND SIMULATION PARAMETERS 

The 2-D schematic of the proposed JF-GS-VTFET structure 

is shown in Fig. 1(a). This junctionfree device consists of 

highly doped Si body with 1 × 1019/cm3 carrier 

concentration, Si body thickness tSi= 10 nm to avoid quantum 

mechanical effects, channel length L= 50 nm and spacer 

length LSP= 3 nm which defines the gate field closeness to the 

source side tunneling path. The gate-stack configuration  

 

 

       
Fig. 1(a). JF-GS-VTFET hydrogen sensor schematic. (b) Calibrated transfer 

characteristics of JF-GS-VTFET at VDS=VGS= 1V compared with the reported 

work [15]. 

 

includes an oxide thickness tOX= 3.5 nm which is splitted into 

3 nm high-k (HfO2) and 0.5 nm SiO2 (i.e tOX= tHigh-k+tSiO2
). P+ 

pockets have been contrived for source contacts using 

Platinum (Pt) metal electrodes (work function φms = 5.92 eV) 

on the intrinsic Si substrate. Pd (work function φM=5.22 eV) 

and Au (work function φM=5.10 eV) with a thickness of 3 nm 

have been incorporated as gate metals due to their promising 

catalytic properties [26]. Random dopant fluctuations (RDFs) 

can be essentially reduced in the proposed structure as no 

external doping is required. Structural parameters considered 

here are optimized to achieve maximum ION/IOFF. Simulation 

models [27] invoked are bandgap narrowing (BGN) to 

consider the effect of high concentration, band to band non- 

local model (BBT. NONLOCAL) for the impact of tunneling, 

concentration dependent low field model CONMOB to 

account for the low field behavior of charge carriers at RT, 

Lombardi (CVT) mobility model for concentration and field 

dependent mobility, Shockley– Read– Hall (SRH) 

recombination model for temperature and doping dependent 

minority carrier recombination. Fermi-Dirac statistics have 

been selected to incorporate the variation in properties of a 

heavily doped region. Calibration of model parameters used in 

the simulation of JF-GS-VTFET has been performed at 

VDS=VGS= 1V in accordance with the reported work [15] 

including the exception of utilizing close proximity of Pt work 

function as 5.92 eV, gate metals as Pd (work function φM=5.22 

eV) and Au (work function φM=5.10 eV), gate-stack 

configuration and heavily doped Si body. Calibrated transfer 

characteristics have been depicted in Fig. 1(b). It can be 

noticed that drain current values of the proposed structure are 

higher as compared with regular VTFET structure [15] with 

promising sub-threshold swing. The possible fabrication steps 

of the proposed JF-GS-VTFET structure can follow similar 

steps reported in [28] and is summarized in Fig. 1(c) as: 

 

 
 

Fig. 1(c). Fabrication steps of JF-GS-VTFET. 

III. HYDROGEN SENSING MODEL 

As the hydrogen molecules get adsorbed at the surface of 

the sensing gate, a work function variation of the sensing gate 

is initiated based upon the interaction between sensing gate 

metal and hydrogen molecules, thus hydrogen atoms are 

generated from the dissociation of hydrogen molecules. The 

effective variation in metal work function (∆φM) can be 

expressed in terms of molar concentration and partial pressure 

of the target gas [18], [29]: 

 

∆φM= Mq − [(
RT

4F
) ∗ ln (P)]                      (1) 

 

where ‘R’ is the gas constant = 8.314 JM−1K−1, ‘T’ is the 

temperature= 300 K and ‘F’ is Faraday’s constant= 96500 

CM−1 respectively. ‘P’ is the target gas partial pressure taken 

as 2.5 Pa [29]. The variations in threshold voltage (VTH) and 



flat-band voltage (VFB) owing to the variation in work 

function (∆φM), leads to a change in on and off currents given 

by equation (2) [18], [30]: 

 

VFB = φM − φS ± ∆φM                                (2) 

 

where φM and φS are the metal and Si work functions 

respectively. The sub-threshold current can be represented 

using the expression [30]: 

 

ISub−threshold = I0e
(

VGS−VTH
ηVT

)
[1 − e

−
VDS
VT ]            (3) 

 

where VT is the thermal voltage symbolized as 
KT

q
 and I0 =

Wµ0COXe1.8VT
2

L
, effective width and length of the transistor are 

termed as W and L respectively, μ0 denotes the carrier 

mobility, η describes the sub-threshold swing factor, COX is 

the capacitance of gate oxide/unit area. The shift in off current 

occurs with the change in sub-threshold current when 

threshold voltage varies. Equations (1)-(3) present a 

relationship between the variation in metal work function, 

threshold voltage and device currents. Under typical 

environmental conditions, each hydrogen molecule contains 

two hydrogen atoms. For analyzing sensing behavior of the 

proposed device, work function-controlled model should be 

established for which the effective target H2 concentration can 

be modeled numerically. Good hydrogen sensing 

characteristics include extremely low sensing limit (≤1 ppm 

H2/air) at RT [31]. In order to study the sensing performance 

of the device at extremely low H2 concentration, effective 

variation in metal work function (∆φM) needs to be calculated. 

Let x be the concentration of target hydrogen in ppm which is 

equivalent to 0.001 x gm/l. Dividing it by 2.016 gm/mol 

(molecular mass of hydrogen) gives the molar concentration 

equivalent of x ppm H2. Since 1 M comprises of Avogadro 

number of particles, the surface charge equivalent of x ppm 

H2: 

 

qS = Molar concentration (M/l) of x ppm H2 × Avogadro 

number                                                   (4) 

 

where qS is the surface charge equivalent in coulombs/cm3 

and Avogadro number is 6.023 × 1023. Now the total 

interface charge is obtained as: 

 

Q= qH × qS            (5) 

 

where qH= charge equivalent/molecule of hydrogen=2 and Q 

is the total interface charge/cm3 due to hydrogen. From 

equation (5), mV equivalent of surface charge evaluates to 

0.001Q. Putting the volt equivalent as Mq in equation (1) 

provides the effective variation in metal work function (∆φM) 

corresponding to 𝑥 ppm H2 concentration. Thus, the effect of 

different H2 concentration on the device characteristics can be 

realized. 

IV. RESULTS AND DISCUSSION 

    Under air exposure, no hydrogen molecules are available 

for surface adsorption at the sensing gate. Variation in energy 

band of the proposed structure at the cutline is depicted in Fig. 

2(a) and (b) in presence of air and under hydrogen exposure 

respectively in ON state (VDS=VGS= 1V). The higher work 

function of Pd as compared to Au results in higher shifting of 

 

               

               
Fig. 2. Variation in energy bands with H2 concentration in ON state for (a) Pd 
and (b) Au sensing gates. 
 

the energy band due to the large concentration of p-type 

charge carriers. Hence with increasing H2 concentration, 

energy band shifting becomes higher. Under OFF state, more 

energy is required for electron tunneling from source valance 

band to channel conduction band, resulting in higher tunneling 

barrier. Under ON state, with increasing gate bias energy 

bands in the channel move in downward direction, valance 

band in the source gets aligned with conduction band in the 

channel. This result in significant decrease in tunneling barrier 

width across the interface between source and channel, hence 

tunneling current is increased. The positions of energy bands 

are dependent on the flat band voltage variation which is again 

dependent on the work function variation of the metal gate 

under different H2 concentrations. Fig. 3(a) and (b) exhibits 

electric field variation with the distance along the channel for 

different H2 concentrations in case of Pd and Au sensing gates 

respectively. It can be observed that the electric field achieves 

a smaller value in the absence of hydrogen molecules in air 

whereas it starts increasing with the presence of increasing 

hydrogen concentrations. Electric field starts increasing 

steadily at the drain-channel interface with increasing energy, 

becomes maximum in the channel region, in the spacer- 

channel interface electric field starts decreasing gradually. At 

the source-channel interface, minute increments in the electric 

field peaks are significant due to the reduction in barrier  



           

          

           

          
 
Fig. 3. Variation in (a), (b) electric field and (c), (d) potential profiles for Pd 

and Au sensing gates with H2 concentrations under ON state. 
 

width. Eventually, it becomes almost constant owing to linear 

Fermi level. Potential, being the negative integral of the 

electric field, decreases with increasing concentration of 

hydrogen and possesses reverse characteristics than that of the 

electric field variation [Fig. 3(c) and (d)]. Fig. 4(a)-(b) shows 

transfer characteristics of the studied device at RT in air and 

under different H2 concentrations respectively with the 

variation of metal gate thickness as inset. As the metal gate 

thickness increases, surface area to volume ratio increases 

with increasing recombination rate, leading to a reduction in 

off current. For the proposed structure, if the metal gate 

 

            

            
 
Fig. 4. Transfer characteristics of the studied device in air and under different 

H2 concentrations for (a) Pd and (b) Au sensing gates at RT. Insets: Variation 

of metal gate thickness. 
 

thickness is decreased below 3 nm, off current is observed to 

be increasing. As the H2 concentration increases, off current 

sensing response increases till 3 nm, beyond which off current 

sensing response reduces. Higher work function of Pd reduces 

the off current to 10−18 A/µm when compared to Au at 1.04 

ppm H2 concentration at RT. On current for Pd is lower than 

Au. At 1.04 ppm H2 concentration on current for Pd and Au 

are 5.02 × 10−5 A/µm and 3.92 × 10−4 A/µm respectively. 

Effective work function of the metal gate increases with 

increasing hydrogen concentration and increasing metal gate 

thickness till 3 nm, beyond which it becomes constant. Under 

OFF state, more minority charge carriers are induced in the 

channel with higher metal gate work function. This induces a 

larger variation in off current than the variation in on current. 

At the source-channel interface, the energy band diagram 

becomes less sharp, hence the tunneling probability to the 

conduction band decreases as the hydrogen concentration 

increases. Only highly energized electrons are capable to 

tunnel from channel to drain following band to band tunneling 

mechanism leading to a reduction in off current with 

increasing H2 concentration. Increasing H2 concentration has 

significant impact upon off current, hence the sensing 

response in the sub-threshold region increases, making the 

studied device more suitable for cost effective low power 

operations. As the hydrogen molecules interact with the 

sensing gate, the variation in metal semiconductor work 

function is considered to be responsible for further band 



bending without the presence of Fermi level pinning, resulting 

in high sensing response in the sub-threshold region [18]. 

 

         

         
 
Fig. 5. Transconductance (gm) sensing response of the studied device in air 

and under different H2 concentrations for (a) Pd and (b) Au sensing gates at 

RT. 
 

    Transconductance (gm) is one of the most crucial 

parameter of interest to determine device resolution. The 

transconductance (gm) sensing response at VDS=1V for 

different H2 concentrations with Pd and Au sensing gates have 

been depicted in Fig. 5(a) and (b) respectively. gm sensing 

response starts improving with increasing H2 concentration. 

This sensing response can be expressed as |(gm(H2) −

gm(air))/gm(air)|, gm(H2) and gm(air) are the respective 

transconductance of the sensor in presence of H2 and air. The 

gm sensing response are observed to be declining with 

increasing gate voltage. At 1.04 ppm H2 concentration, the 

exhibited gm sensing responses are 99.98% and 98.93% for Pd 

and Au metal gated devices respectively. Fig. 6(a) and 6(b) 

illustrates the transient characteristics of the drain current as a 

function of time for 1 ppm to 1.04 ppm H2 concentration. 

Transient variation is observed to increase with H2 

concentration as more hydrogen molecules appear at the 

catalytic gate metal surface. The drain current returns to its 

initial baseline value in the absence of H2, indicating 

reversible and reusable characteristics of the sensor. For a 

hydrogen sensor, detecting the variation of target hydrogen 

molecules on electrical parameters with respect to air is the 

way to analyze the sensing response. Comparison in hydrogen 

sensing response of the JF-GS-VTFET for Pd and Au sensing 

gates with respect to off current has been depicted in Fig. 7(a). 

Under hydrogen exposure, off current changes with hydrogen 

concentration. Off current sensing response (SIOFF
) is defined 

as the ratio of off current in air to off current in hydrogen i.e 

|
IOFF(air)

IOFF(H2)
| [18]. In presence of hydrogen, depending upon the 

 

           

          
 

Fig. 6. Transient response analysis of JF-GS-VTFET for (a) Pd and (b) Au 
sensing gates at RT. 

 

change in gate metal work function the channel gets inverted 

or depleted without any presence of gate bias, impacting the 

off current. Higher off current sensing response of the 

proposed sensor is evident from the transfer characteristics as 

seen earlier in Fig. 4(a) and (b) respectively compared to its on 

current sensing response. At 1.04 ppm H2 concentration and 

VDS=VGS= 1V, the off current sensing response of the JF-GS-

VTFET is observed to be ~1.895 × 104 and ~1.47 × 104 for 

Pd and Au sensing gates respectively. Based on this 

significant off current sensing response, it can be noted that 

the studied device with Pd sensing gate exhibits higher off 

current sensing response compared to the Au sensing gate as 

shown in Fig. 7(a). The variation in on current, considered as 

on current sensing response of Pd and Au for JF-GS-VTFET 

device with respect to variation in H2 concentration has been 

illustrated as inset of Fig. 7(a). On current values were 

observed to be decreasing with increase in H2 concentrations. 

On current sensing response (SION
) is calculated as 

|(ION(air) − ION(H2))/ION(air)|, where ION(air) and ION(H2) are 

the on state drain current when hydrogen molecules are absent 

and present, respectively at the surface of the sensing gates. 

The on current sensing response of the JF-GS-VTFET is 

observed to be 21% and 18% for hydrogen concentration of 1 

ppm and 94.9% and 80.4% for hydrogen concentration of 1.04 

ppm for Pd and Au sensing gates respectively at RT. Hence 

due to higher work function and high charge carrier mobility, 

on current sensing response is more for Pd. It is observed that  



     

     

    
           
Fig. 7(a) Off current sensing response under different H2 concentrations for Pd 

and Au sensing gates at RT. Inset: On current sensing response. (b) Off 

current sensing response for positive interface trap charges with Pd metal gate. 
Inset: Off current sensing response for negative interface trap charges. (c) Off 

current sensing response for positive interface trap charges with Au metal 

gate. Inset: Off current sensing response for negative interface trap charges. 
 

the on current sensing response is much lower than the off 

current sensing response. Fig. 7(b) and 7(c) depict the 

variation in off current sensing response of Pd and Au gate 

metals as a function of H2 concentration for different values of 

positive interface charge densities whereas inset shows off 

current sensing response for different values of negative 

interface charge densities. These interface charge densities are 

selected at the interface between semiconductor and insulator 

rather than HfO2/SiO2 interface as tunneling occurs at the 

source/channel junction, affecting the device performance. 

More electron accumulation occurs due to positive interface 

trap charges compared to zero or negative interface trap 

charges. Hence the drain current increases with positive 

interface trap charges whereas it is opposite for negative 

interface trap charges. The reduction in off current is observed 

to be more for negative interface trap charges with increasing 

H2 concentration, leading to a higher off current sensing 

response. Fig. 8(a) depicts noticeable threshold voltage shift 

and their relative threshold voltage as inset with increasing H2 

concentration. The threshold voltage sensitivity (∆VTH) can be 

defined as |VTH
air − VTH

H2|, where VTH
air and VTH

H2  are the threshold 

voltage in air and in H2 respectively. Threshold voltage is 

observed to be increasing with increasing H2 concentration. 

The higher work function of Pd leads to more rise in threshold 

voltage as compared to Au. For Pd, an increase in VTH from 

0.5 V in air to 0.77 V in 1.04 ppm H2/air is observed whereas 

it is 0.38 V in air and 0.63 V in 1.04 ppm H2/air for Au 

sensing gate. To explain the sharper characteristics of the  

 

      

           
 

Fig. 8(a) Threshold voltage shift (∆VTH) of the studied device along H2 

concentration for Pd and Au sensing gates at RT, corresponding threshold 
voltage plot is depicted as inset. (b) Comparative graphs of SS sensing 

response of the studied device along H2 concentration for Pd and Au sensing 

gates at RT, corresponding SS plot is depicted as inset. 

 

device, sub-threshold swing (SS) is an integral parameter. Its 

sensing response (SSS) is determined as |
SSair−SSH2

SSair |, where 

SSair and SSH2 are sub-threshold swing sensing response in air 

and in H2 respectively. Fig. 8(b) shows sub-threshold swing 

sensing response of JF-GS-VTFET for Pd and Au sensing 

gates respectively along the H2 concentration and inset shows 

sub-threshold swing of the corresponding plot along the H2 

concentration. Here it can be observed that the increment in H2 

concentration improves the sub-threshold swing and sub-

threshold swing sensing response enhances with increasing H2 

concentration. Pd exhibits better sub-threshold swing sensing 

response compared to Au. At 1.04 ppm H2 concentration, SS 

swing sensing responses with Pd and Au gates are 71% and 

55% respectively at RT. RT hydrogen sensing performance  



 

 

comparison among the studied device and the existing reports 

is presented in Table I. In real time scenario, sensing response 

can get reduced due to undesirable adsorptions, adsorption 

sites blocking as well as irregular distribution of gas molecules 

in the target gas mixture. The studied JF-GS-VTFET sensor 

exhibits excellent hydrogen sensing response even for a 0.01 

ppm concentration change. Superior hydrogen sensing 

responses of 1.895 × 104 and 1.47 × 104 (@ 1.04 ppm 

H2/air, RT) have been obtained for Pd and Au sensing gates 

respectively with low detection limit without any 

functionalization with graphene. Further device characteristics 

can be improved through gate engineering and channel 

optimizations which will ultimately lead to improving sensing 

performance. 

V. CONCLUSION 

    In this work, an investigation and a comparative study of 

the JF-GS-VTFET device with Pd and Au catalytic gates have 

been presented for the detection of hydrogen gas under RT. 

Impact of H2 concentration on various characteristic 

parameters of the device have been investigated along with 

their sensing response. Change in off current with H2 

concentration owing to the reaction of hydrogen molecules at 

the catalytic gate metal surface is incorporated as the integral 

sensing response parameter as it provides much higher sensing 

response in comparison to when sensing response is calculated 

in terms of change in transconductance, on current, threshold 

voltage shift or SS swing change. Proposed structure with high 

surface to volume ratio offers better control of gate in channel, 

resulting in significant change in off current with H2 

concentration with improved sensing response. Off current 

sensing response with Pd gate provides higher sensing 

response compared to Au gate. Such devices are promising in  

 

 

the field of ultra-sensitive, low power and cost-effective gas 

sensing applications. 
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Current 
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Current 
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Current 
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