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Abstract—Gate oxide plays a crucial role in the performance of 

nano-scaled emerging devices. In FET-based sensors, gate-

oxide-induced reliability analysis is essential for credible 

sensing. In this paper, using well-calibrated TCAD models, we 

analyzed the role of gate-induced drain leakage (GIDL) in a 

Junctionless FinFET-based Hydrogen (H2) gas sensor. Owing 

to high diffusivity and solubility, the Palladium (Pd) metal is 

employed as the gas-sensing surface, where the absorbed H2 

molecules modulate the effective work function and, in turn, 

the threshold voltage (Vth), opted as primary sensing merit. In 

a Junctionless device, the heavily doped and fully depleted 

channel leads to significant band overlapping between the 

channel and drain regions, in turn, causes band-to-band 

tunneling. Therefore, a proper design guideline that governs 

the effective channel conduction modulation is worth needed 

for the reliable operation of an H2 sensor.  

Keywords—GIDL; Adsorption; BTBT; DIBL; Parasitic bipolar 

transistor; Pressure, Temperature.  

I. INTRODUCTION 

FinFET-based CMOS devices are in volume production due 
to ultra-low power levels usability, fabrication compatibility, 
reduced short channel effect (SCE), better gate electrostatic 
controllability, and improved switching response compared 
to the conventional MOSFET [1]-[2]. However, the abrupt 
doping profile in the source/drain-channel junction demands 
a costly/complex annealing process to overcome the overlap 
capacitance and series resistance [3]-[4]. Thus, Junctionless 
field-effect transistors (JL-FETs) offer a solution to the 
challenges associated with the conventional flow by 
eliminating the need for a pn-junction, employing a uniform 
doping profile throughout the channel region, and featuring 
a simplified fabrication process [5]-[6]. Following the 
research trend, the Junctionless FinFET employed as a 
hydrogen gas sensor combines the strengths of Junctionless 
and FinFET technologies integrated with a catalytic metal 
gate (Pd), which plays a crucial role in detecting H2 gas 
molecules by monitoring changes in the gate's work function 
[7]-[12]. The choice of Pd as the catalytic gate metal is 
deliberate, as it exhibits high diffusivity and solubility by 
absorbing H2 from the external environment onto the metal 
gate, resulting in enhanced sensing merits [7]-[9], [13]-[14]. 
The hydrogen molecules dissociate into atomic hydrogen, 
dissolving in the metal and diffusing towards the metal-oxide 
interface. At the interface, the presence of atomic hydrogen 
induces the formation of a dipole layer [10]. This dipole layer 
alters the work-function difference between the metal and the 
semiconductor, leading to a change in the threshold voltage 
of the proposed gas sensor. Henceforth, the change in 
threshold voltage can be easily measured electrically, 
providing a means for detecting the concentration of 
hydrogen gas [15]. Despite the advantages, Junctionless 

FinFET comprises an ultra-thin and heavily-doped 
semiconductor layer, volume-depleted due to a large work 
function difference. This leads to band overlapping between 
the channel's valence band and the drain's conduction band. 
Moreover, drain-induced barrier lowering (DIBL) introduces 
the leakage component. Therefore, a significantly large 
leakage current flows owing to GIDL & DIBL [16], which 
severely influences the reliability of the proposed H2 sensor. 
Thus, through an extensive TCAD study, we analyzed: (i) the 
impact of GIDL and DIBL in the proposed JL-FinFET-based 
H2 sensor; (ii) the electrical characteristics of the sensor at 
different gas concentrations (in ppm); (iii) the performance 
comparison with varying doping concentration and fin 
thicknesses, and without considering the GIDL models in 
TCAD.  

II. DEVICE STRUCTURE AND SIMULATION SETUP 

Fig.1(a) depicts a three-dimensional schematic view of the 

baseline Junctionless FinFET, considered for realizing a JL-

FinFET-based H2 sensor (Fig.1c). The Pd catalysis metal is 

used in the proposed sensor as an active sensing surface. The 

JL-FinFET consists of a silicon fin with uniform n-type 

doping in the source, channel, and drain regions to minimize 

series resistance, overlap capacitance, and random dopant 

fluctuation (RDF). Table-I provides the specific device 

dimensions used in the simulation, considered the default 

values unless stated otherwise. The gate region is stacked 

with Palladium (Pd) metal as the gas sensing element and a 

stacked oxide with effective oxide thickness (EOT) of 1nm. 
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Fig. 1: (a) schematic of the baseline Junctionless FinFET; (b) TCAD 

calibration against the experimental data of the baseline device [17]; (c) 

schematic of realized JL-FinFET based H2 sensor; (d) demonstration of 
minuscule level interaction of H2 gas with Pd metal gate, which forms the 

dipole layer and ultimately varies the effective work function. 
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Table-I: DEVICE PARAMETERS 

Parameter Value 

Channel length (Lg) 30nm 
Channel/source/drain Doping (N

D
) 2×1019cm-3 

Pd Metal Work Function 5.2eV 
Source/drain Metal Work Function 5.2eV 
Substrate Thickness 50nm 
Buried Oxide (BOX) Thickness 10nm 
Height of the fin (H

Fin
) 29nm 

Fin thickness (T
Fin

) 10nm 

    The TCAD models are well-calibrated against the 
experimental data [17], as shown in Fig. 1(b). The 
conventional drift-diffusion model is employed for carrier 
transport. The Philips unified mobility model governs the 
impurity scattering and mobility variations in the heavily 
doped silicon fin (channel). The Lombardi and Grad quasi-
fermi models are also considered for surface roughness, 
acoustic surface phonons, and electric field induce mobility 
degradation, respectively. The bandgap narrowing effect is 
incorporated using the Old Slotboom model. The carrier 
generation and recombination processes are assessed using 
the SRH and Auger models. 

A. H2 Gas Sensing Methodology: 

 

Fig. 1(d) briefly shows the sensing methodology and how 

gas concentration modulates the metal work function, in 

turn, the sensing merit (i.e., especially to Vth). Hydrogen is 

a colorless, tasteless, and odorless gas that poses safety risks 

due to its high combustion rates and rapid burning velocity, 

necessitating prompt leak detection. Under normal 

conditions, hydrogen gas consists of diatomic molecules 

comprising two hydrogen atoms bonded through covalent 

interactions. During the transduction mechanism, the 

process involves the dissociation and adsorption of 

hydrogen molecules on the surface of a palladium metal 

gate. The variation in the metal gate work function with the 

concentration of the hydrogen gas is given as 

∆∅� = �� − �	
�
�� ∗ ��(�)�                     (1) 

Here, R=8.314 JM-1K-1 is the gas constant, T=300K is 

ambient temperature, F=96500CM-1 is Faraday’s constant, 

and P= 2.5Pa is the partial pressure of gas [15]. Thus, the 

effective metal gate work function after the diffusion of 

hydrogen gas molecules is 

∅���� = ∅� ± ∆∅�                       (2) 

φm is the metal work function of the baseline device. 

For the limiting reaction of the model, if we assume that all 

hydrogen atom at the adsorption site of metal surface 

reached at the interface adsorption site (AInt). Then  

���� = ��� �                                     (3) 

For X concentration (in ppm) of the hydrogen gas, the 

equivalent value is 0.001*X gm/l, where dividing gm/l by 

the molecular mass of hydrogen (i.e., 2.016gm/mol) gives 

the molar concentration of hydrogen (M/l) for X ppm. Table 

II gives the surface concentration value for different gas 

concentrations varying from 1.0 ppm to 2.0 ppm. The 

equivalent surface charge (Mq) is given by: 

                                 ��=0.001× ��� �                             (4)   

 

 
Table II: SURFACE CONCENTRATION OF H2 AT DIFFERENT GAS 

CONCENTRATION 

Conc. 

(ppm) 
Conc. 

(gm/l) 
Molar Conc.= 

Conc./Molecular 

mass (M/l) 

HSurf =#$×molar Conc.× 

Avogadro no. (charge 

per cm3) 
1.0 0.001 4.96×10-4 5.9748×1020 
1.5 0.0015 7.44×10-4 9.2702×1020 
2.0 0.002 9.92×10-4 1.1949×1021 

#$ =No. of atoms/proton charge =2 

 

III. RESULT AND DISCUSSION 

The gas molecules adsorbed on the surface of a catalytic 

metal gate (Palladium) induce work function modulation, 

consequently altering the electrical parameters of the device. 

Using the above hydrogen sensing methodology, we can 

calculate the electrical performance and sensitivity of 

proposed gas sensor at different gas concentrations.  

                     %&(%) = (&()**�)+(&,)**�)
(&()**�) × 100              (5)            

Here, A represents various electrical parameters like 

threshold voltage (Vth), ON current (ION), OFF current 

(IOFF), etc., of the proposed gas sensor at different ppm 

values. 

A. Electrical Performance and Sensitivity Analysis 

The transfer characteristic (IDS-VGS) of the proposed JL-

FinFET-based hydrogen sensor at different ppm values is 

shown in Fig.2(a). The increases in hydrogen gas 

concentration at the surface of the Pd metal gate result in the 

formation of a dipole layer at the metal-oxide interface, in 

turn, causes an induced internal electric field. This internal 

electric field decreases the surface potential; therefore, a 

higher gate voltage is required to accumulate the channel 

charges. Thus, the threshold voltage and, in turn, the ON 

current of the device changes, as shown in the inset of 

Fig.2(a), with varying H2 gas concentrations. Fig.2(b) shows 

the corresponding sensitivity of the sensor in terms of Vth 

and ION. The observed maximum Vth sensitivity is 82.56% 

for 2.0ppm H2 gas concentration and experimentally 
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Fig.2 Impact of varying hydrogen gas concentration from 1.0 ppm to 2.0 

ppm on (a) IDS-VGS characteristic (inset shows the threshold voltage and 

ON current variation); (b) threshold voltage and ON current sensitivity; (c) 
output resistance; and (d) transconductance (gm) of the proposed JL-

FinFET. 



observed response is ~23.59% for 1.0ppm of H2 gas [3]. The 

internally formed dipole layer increases the vertical electric 

field by increasing the H2 concentration and, in turn, 

severely affects carrier mobility. Thus, alters the ION 

sensitivity. Further, the transconductance (gm) and output 

resistance of the FinFET are key electrical parameters that 

can be used as sensing metrics (Fig.2c-d). The value of gm 

exhibits a negative correlation with increasing H2 

concentration (Fig.2d). This can be attributed to the rise in 

the internal electric field resulting from the higher 

concentration. Additionally, the mobility of the device 

experiences a decline as concentration increases.  
 

B. Role of GIDL on Sensing Performance  

This section examines the impact of GIDL current resulting 

from band-to-band tunneling (BTBT) between the channel 

valence band and the drain conduction band. To incorporate 

BTBT, the nonlocal tunneling model is included in the 

TCAD setup. Fig.3 shows a contour plot of a JL-FinFET, 

showing a significant accumulation of hole concentration 

during electron tunneling from the channel to the drain 

region. Fig.4 (a) represents the lateral band diagram of JL-

FinFET at a different gate voltage. A significant band 

overlapping occurred at gate voltage less than zero volts. 

The minimum tunneling width measured at VGS=0V is 

approximately 6nm. Fig.4 (b) represented the band diagram 

at gate voltage ‘0 V’ for different ppm values when BTBT 

tunneling occurred. Increasing the hydrogen concentration 

increases the band gap separation, which increases the 

device's threshold voltage. The elevated threshold voltage 

effectively reduces the off-state leakage current of the 

device. Fig.4(c) represents the IDS-VGS characteristic for 

different hydrogen gas concentrations, and in Fig.4(d), the 

band diagram is presented at 0 ppm for different drain 

voltages while maintaining a gate voltage of 0.0V. The 

drain-induced barrier lowering (DIBL) effect significantly 

decreases the source-side potential as the drain voltage 

increases. Therefore, GIDL and DIBL profoundly impacted 

the sensing performance.  

 

C. Dimensional Variation on the Sensor Performance  

In Fig.5(a), the IDS-VGS characteristic is depicted for three 
different fin thicknesses: 10nm, 8nm, and 6nm, at a constant 
drain voltage of 0.9V, under the condition of 0.0ppm. As fin 
thickness decreases, the device's threshold voltage exhibits 
an augmented value compared to a thicker fin layer. 
Consequently, this increment in threshold voltage engenders 
a decrease in the IOFF of the device. Furthermore, it is worth 
noting that the DIBL effect is more pronounced at the source-
drain edge in thick fin layers compared to thin fin layers. This 
leads to a decrease in the threshold voltage and an increase 
in the IOFF for thick fin layers. The variation in the band 
diagram at different fin thicknesses is depicted in Fig.5(b). 
Further, with an increase in the concentration of hydrogen 
gas, the influence of DIBL starts to decrease (in %) at each 
specific fin thickness. impact of varying channel doping 
from: 2×1019/cm3, 1×1019/cm3, and 6×1018/cm3 for 0.0ppm 
shown in Fig.5(c). It is observed that the GIDL current 
decreases to some extent as the internal electric field 
diminishes due to low channel doping. The effect of doping 
on the band structure of JL-FinFET at 0.0ppm is shown in 
Fig.5(d).  

  

Fig. 3: Contour plot representation of JL-FinFET-based H2 sensor (a) when 

BTBT is considered and (b) when BTBT is not considered, for the VGS= 
0.0V, TFin=10nm, and absence of hydrogen gas (0.0 ppm). 
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Fig.4: Impact of BTBT tunneling on (a) lateral band diagram at different 

gate voltage for 0.0 ppm value; (b) band diagram at different hydrogen 

concentrations for VGS= 0V; (c) IDS-VGS characteristics at different ppm 

value with and without BTBT; and (d) effect of DIBL on energy band 

diagram at various drain voltage for 0.0 ppm value. 

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
100
101
102
103
104

(a)

I D
S
(n

A
)

VGS (V)

TFin=6nm

TFin=8nm

TFin=10nm

VDS=0.9V

0.0ppm

Symbol=W, BTBT

Solid=W/O,BTBT

0 20 40 60 80

-2.0

-1.5

-1.0

-0.5

0.0

0.5

SourceChannel

0.0ppm

E
n
e
rg

y
 (
e
V

)

Along the Fin Direction(nm)

 TFin=6nm

 TFin=8nm

 TFin=10nm

VGS=0.0V

(b)

Drain

 

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
100
101
102
103
104

Symbol=W, BTBT

Solid=W/O, BTBT

I D
S
 (

n
A

)

VGS (V)

                                                                                                                                                                                   

 2e19/cm3

 1e19/cm3

 6e18/cm3

VDS=0.9V

0.0ppm

(c)

0 20 40 60 80

-2.0

-1.5

-1.0

-0.5

0.0

0.5

SourceChannel

0.0ppm

E
n
e
rg

y
 (
e
V

)

Along the Fin Direction(nm)

 2e19/cm3

 1e19/cm3

6e18/cm3

VGS=0.0V

(d)

Drain

 
Fig.5: Impact of varying the Fin thickness and channel doping 

concentration on (a,c) transfer characteristics and (b,d) energy band 
diagram of the JL-FinFET-based H2 sensor at 0.0ppm. 

 

IV. CONCLUSION 

  Using well-calibrated TCAD models, we comprehensively 

investigated the electrical performance of the proposed 

Junctionless FinFET-based hydrogen gas sensor at different 

H2/air concentrations. We opted to analyze the threshold 

voltage (Vth) as a prime sensing parameter. The sensitivity 

in terms of ON current and Vth is calculated for varying H2 

concentrations, which shows that higher concentration 

increases the channel conduction. Further, the effect of gate 

oxide-induced GIDL and drain voltage-induced DIBL is 

investigated in sensor performance, followed by varying 

channel doping and fin thickness is investigated. The 

proposed guideline suggests that the proposed Junctionless 

FinFET possessing a thicker fin and exposed at low 

hydrogen concentration is more susceptible to the GIDL 

effect.  

(b) (a) 
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