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Abstract
In this work, we have simulated doping less tunneling field-effect transistor (DL-TFET) based pH sensor which can detect the pH 
variation in an aqueous (electrolyte) medium. The source-sided underlapped technique is employed to achieve better sensitivity. 
The simulated results were extracted with the help of the software package TCAD-Silvaco. In this work, we have compared the 
pH sensing capabilities of both conventionally doped TFET (C-TFET) and DL-TFET having the same configuration. Result 
suggests that the sensitivity of DL-TFET is equal to that of C-TFET. Since DL-TFET already exhibits superiority over C-TFET 
in terms of better immunity against random doping fluctuations (RDF), low fabrication cost and complexity, it can be used as a 
better alternative to C-TFET based ISFETs. Furthermore, in this work, we have discussed and demonstrated how the performance 
and sensitivity of the DL-TFET device can be further increased by the use of low energy band materials like germanium in 
the source region and high K dielectric materials like  Al2O3 as a sensitive oxide layer underneath the underlapped region. The 
voltage sensitivity achieved by DL-TFET in this work is 312 mV/pH which surpasses the Nernst limits by more than 5 times.
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1 Introduction

Ion Sensitive field effect transistor (ISFETs) are widely 
used in sensing operations of various biological species and 
chemical compounds. It was first introduced by Bergveld in 
1970 [1]. Since then, FET based sensing devices have been 
drawing huge attraction from researchers. They have vari-
ous advantages like label-free detection, portability, reusa-
bility, low power consumption, low cost, fast detection and 

compatibility with the current CMOS technology [1–5]. Most 
of these devices work on the principle that target charged 
biomolecules or chemical compounds cause a shift in surface 
potential (field gating effect) which in turn results in the vari-
ation of threshold voltage  (VT), due to which drain current 
 (Id) also varies and these variations in either of the param-
eters can be used a criterion for sensing of various biological 
species and chemical compounds [6–11]. Conventional FET 
devices like MOSFETs suffer from the issue of minimum 
sub-threshold slope limitation and an increase in short chan-
nel effects due to continuous downscaling. Theoretically 
the subthreshold swing of MOSFETs is limited to 60 mV/
dec [12]. The sensitivity of conventional MOSFET based 
ISFET devices revolves around the Nernst limit [7, 8, 13]. 
The Nernst limit states that the maximum sensitivity that can 
be achieved by ISFETs is nearly 59 mV/pH at room tempera-
ture. However, many researchers employed various structural 
modifications and improvements to overcome the sensitivity 
of their devices beyond the Nernstian limit [6, 7, 10, 14–16]. 
Higher sensitivity signifies better detection capability of the 
device even with lower concentration of analyte samples.

Tunnel field effect transistor (TFET) is one of the emerg-
ing nano-electronic devices. Tunnel field effect transis-
tors (TFET) are gaining popularity due to superiority over 
MOSFET as they can have a low subthreshold swing of less 
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than 60 mV/dec and it also possesses low off-state leak-
age current [17–19]. TFET is also immune to short channel 
effects due to the tunneling barrier [20]. Sarkar et al. [19]. 
in their work showed that Tunnel field effect transistor-based 
bio-sensor shows higher sensitivity than the Conventional-
FET counterparts as well as they have comparatively lesser 
response time due to band to band tunneling phenomenon. 
The bio-molecules or chemical compound reacts with the 
sensitive oxide layer and result in variation of capacitance 
as well as charge densities at oxide surfaces, resulting in 
the change of tunneling width of the TFET device, which 
in turn changes the tunneling rate of electrons, hence vari-
ations in tunneling current and shift in threshold voltages 
can be observed. So, these parameters can be used for rec-
ognizing the specific bio-species or chemical compound. 
Conventional TFET (C-TFET) consist of a P-I-N structure 
having heavily doped P and N regions with intrinsic semi-
conductor-based channel. Although the issue of minimum 
achievable sub-threshold slope can be resolved by using a 
conventional TFET device, it still suffers from issues like 
Random doping fluctuations (RDF) [21] and high fabrication 
cost and complexity [22, 23]. Random doping fluctuations 
are caused majorly due to the trapping and de-trapping of 
charge carriers at the interface of tunneling junction result-
ing in higher OFF state current, it is dominant in highly 
scaled TFET devices [21]. These problems can be solved 
by Doping-less Tunnel field effect transistors (DL-TFET), 
it was first introduced by Jagadesh et al. [22]. In Doping-
less TFET work function of source and drain electrodes are 
used for the formation of heavily doped P and N regions 
on intrinsic silicon body [22, 23]. The functionality of DL-
TFET is similar to that of conventional-TFET but with the 
benefits of reduced fabrication cost and immunity against 
RDF. A better performing derivative of DL-TFET having 
high on-state current was introduced by Anand et al. [23] in 
which they used a dual electrode-based doping less TFET 
device. As DL-TFET definitely has superiority over Con-
ventional doped TFET, it can be used as an alternative for 
C-TFET based bio-sensors. Although analysis of Dielectri-
cally Modulated Doping Less Tunnel-FET based biosen-
sor is already done in previous works [24, 25]. But still, 
there is a requirement for the detailed study of DL-TFET 
pH sensing device which is sensitive to aqueous environ-
ment (electrolyte). As C-TFET device which is sensitive to 
pH variations is already analyzed by Dwivedi et al. [26] 
their work showed that TFET based pH sensors can achieve 
sensitivity beyond the Nernst limit. Therefore, in this work, 
we have investigated a DL-TFET based pH sensing device 
and compared it with C-TFET counter-parts on various 
parameters like voltage sensitivity, current sensitivity, etc. 
With the help of computer-based simulation software called 
TCAD-Silvaco [27], we have demonstrated how the pH of 
an electrolyte in an aqueous medium can be detected by 

using source-sided underlapped DL-TFET. The electrolyte 
is placed in the source sided underlap region of both con-
ventional and doping less TFET and a detailed compari-
son of both devices were done. We found that doping less 
TFET based pH sensor shows the same sensitivity (slightly 
higher) than that of conventional TFET based pH sensing 
devices with obvious benefits of reduced fabrication cost 
and immunity against RDF. It is evident from the work [28] 
that the use of low energy bandgap materials like germanium 
as a source substrate increases the device performance by 
increasing the On-state current. Some previous works also 
suggest that the use of high-K dielectric material when used 
as the oxide layer, improves the sensitivity of the device [6, 
8]. So, we have investigated the effects of replacing source 
material with low energy-band (germanium) materials and 
sensing oxide layer to high-K dielectric materials  (Al2O3) 
in our DL-TFET based sensor. The sensitivity obtained by 
our device surpasses the Nernst limit by more than 5 times.

2  Simulation and Setup

For simulation, we have used ATLAS (Silvaco) TCAD tool 
[27]. The gate length  (Lg) is taken to be 50 nm. The elec-
trolyte has been taken under both top and bottom source 
sided underlapped region to get attain more sensitivity. The 
length of under-lap region  (Lun) is taken to be 30 nm which 
covers the tunneling region. As the tunneling rate of DL-
TFET depends on the spacing between source and the gate 
electrode, it is kept 30 nm by taking into consideration that 
we have to increase the device sensitivity without causing 
much damage to the drain current. The thickness  (Tsen-ox) of 
insulator oxide  (SiO2) is kept to be 3 nm which is sufficient 
enough to restrict mobilization of bio-molecules or chemi-
cal ions. For doping less TFET work function of source 
and drain electrode work function are taken to be 5.93 eV 
and 3.9 eV as same as work function of platinum and haf-
nium metal [22, 23]. The thickness of the silicon  (Tsi) body 
is kept to be 10 nm. The Doping less TFET design used 
in this work consist of dual electrode as it shows more on 
state current than single electrode-based DL-TFET [23]. 
The calibration is also done according to the work [23]. 
The doping concentration of the source and drain region are 
considered to be  1020  cm−3 and 5 ×  1018  cm−3 respectively 
for Conventional doped TFET, otherwise all the configura-
tions of DL-TFET and C-TFET are kept to be similar. The 
monovalent electrolyte with an equal amount of positive 
(cation) and negative ion (anion) in an aqueous environment 
can be modeled as an intrinsic semiconductor having zero 
energy band gap and permittivity of water (80) [26, 29–32]. 
The similarity between the Poisson-Boltzmann equation for 
ions of electrolyte and electrons-holes pairs in an intrin-
sic semiconductor is used for the modeling of electrolyte 
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as a semiconductor in the simulation [26, 29–32]. As per 
S. Koneshan et al. [33], the mobility of  Na+ and  Cl− for 
1 mmol/L concentration of NaCl solution will be 4.98 ×  10–4 
 cm2 /V s and 6.88 ×  10–4  cm2 /V s. So, we used these values 
as the maximum velocity of holes and electrons respec-
tively in semiconductor (electrolyte). We have also used 
the electric double layer model as reported in works [31, 
32]. Electric double is an electrically passive layer formed 
by immobile ions near the oxide-electrolyte interface. The 
thickness  (Tstern) of this layer is considered to be 4 nm and 
has a constant permittivity of 2. The thickness of the cav-
ity region for filling electrolyte  (Tel) is taken to be 20 nm 
as shown in Fig. 1 (a) and (b). Models used for simula-
tion are non-local band to band tunneling to capture band 
to band tunneling, Fermi Dirac statistics model, Shock-
ley–Read–Hall recombination model, Band gap narrow-
ing (BGN) and concentration and field dependent mobility 
model are used. The relationship between pH of electrolyte 
and surface potential (�0 ) is given by combination of Gouy-
Chapman-stern model and Site Binding theory [34] (Eq. 1).

where �0 being the surface potential at oxide/electrolyte 
interface, � is sensitivity parameter having value between 
0 and 1 depending on value of buffer capacitance of gate 
dielectric and the concentration of electrolyte solution, k is 
Boltzmann’s constant and t is temperature.

Bousse et al. [35] used site binding theory and electric 
double layer to develop relationship between surface poten-
tial and pH for oxide surface as given by Eq. (2).

(1)
d�0

dpH
= 2.303�kt∕q

(2)�0 = −2.303
kt

q

�

1 + �
(pH − pHpzc)

� is a constant can be calculated by Gouy-Chapman stern 
model as mentioned in Eq. (4), kt

q
= Vth is thermal voltage 

(26 mV at room temperature) and  pHpzc is the pH value at 
which the oxide surface acts neutral or surface charge den-
sity is zero given by Eq. (3). Ka and Kb represents acid and 
base disassociation constants of the oxide surface whose 
values are given in Table 1. Ns is amount of site binding 
charge per unit area (values shown in Table 1). Cdl represents 
double layer capacitance and is given by Eq. (6) and Cst is 
known as stern capacitance and it have a constant value of 
0.2 F/m2.�w represents the dielectric constant of water (80), 
Zk is the valency of  Kth ion, here it is taken to be one due to 
consideration that solution contain only NaCl and both ions 
 Na+ and  Cl− have valency of 1 and n0 is ion concentration 
of electrolyte which is same as intrinsic carrier density, so it 
can be written as Eq. (7). qeff  and Navo mentioned in Eq. (7) 
represents effective ionic charge and Avogadro’s number 
(6.023 ×  1023/mol) respectively. The variation of interface 

(3)pHpzc = −log10

√

Ka

Kb

(4)� = q Ns

�

CeqVth

(5)Ceq =
Cst×Cdl

Cst+Cdl

, � = 2

√

Kb

Ka

(6)Cdl =

√

2Z2

K
�wqn0

Vth

(7)n0 = ni = qeff × Navo

Fig. 1  (a) Top view of our 
proposed dual electrode base 
DL-TFET ba sed pH sensor 
with dual underlap lap region. 
(b) Enlarged view of sensitive 
area over the channel
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charge density at the semiconductor channel and oxide inter-
face for the ISFETs depends on the change in surface poten-
tial of the oxide/fluid interface and is shown by Eq. (8).

Δ�sc being the interface charge density,  Cox is oxide 
capacitance, Δ�0 is change in surface potential at the oxide/
electrolyte interface, t is thickness of oxide layer, and  �ox is 
relative permittivity of oxide layer.

As from Eq. (2) change in surface potential ( Δ�0) can 
be calculated and with the help of Eq. (8) we can obtain 
the values of interface charge density for the corresponding 
pH value and these values of interface charge density at the 
channel/oxide interface can be used as a parameter for mod-
eling pH values in the simulation, and we have employed the 
same. The surface charge density in the work is calculated 
by assuming solution to be 0.001 × PBS.

3  Results and Discussions

Figure 2(a) and (b) shows variation of drain current  (Ids) vs 
gate voltage  (Vg) (transfer characteristics) curve for pH varying 
from 1 to 10 for C-TFET and DL-TFET respectively. In TFET 
devices the drain current is proportional to tunneling probability 
and that depends on the exponential variation of the gate voltage 
 (Vg) [18]. It is observed that current in both conventional TFET 
and DL-TFET is nearly same as shown in Fig. 2(c). DL-TFET 
shows slightly less current than the C-TFET for equivalent pH 
values because the current in DL-TFET depends on the spacing 
between source and gate region, generally it is kept in the order 
of 3–5 nm [22, 23] but to gain more sensitive area (underlap 
region) we have increased it to 30 nm (total tunneling region), 
hence the maximum current obtained by DL-TFET is slightly 
less than that of C-TFET (Fig. 2(c)). As the pH increases the 
interface charge density becomes more negative.

resulting in the widening of the tunneling width which 
in turn decreases the band-to-band electron tunneling rate 
(BTBT) of the device. Therefore, the decrement of drain cur-
rent is observed with increase in the pH value for both TFET 
devices. The transfer characteristics with increase in pH for 
both devices at  Vds = 1 V can be observed by the Fig. 2(a) 

(8)Δ�sc = −CoxΔ�0 = −
�0�ox

t
Δ�0

and (b). Figure 2(c) shows the comparison of transfer char-
acteristics  (Id vs  Vg) curve between C-TFET and DL-TFET 
based device for a pH value of 1 and 10. The variation of 
energy band gap for both C-TFET and DL-TFET is shown 
in the Fig. 2(d) and (e). A cutline is made at 1 nm below 
the oxide-channel interface at  Vg = 3 V and  Vds = 1 V and 
energy levels of conduction band and valence is extracted. 
Figure 2(d) and (e) shows the variation of conduction band 
(CB) and valence band (VB) for pH values of 1, 5 and 10 
for C-TFET and DL-TFET respectively. As the pH value 
increases from 1 to 5 and then to 10, increase in the bend-
ing of energy band is observed which causes widening of 
tunneling width which in turn decreases the BTBT rate and 
hence lower value of drain current  (Ids) is observed.

The most important parameters to evaluate the sensing 
capacity of a biosensor or ISFET is voltage sensitivity  (SV) 
and current sensitivity  (SI). Conventionally in FET based 
biosensors the sensitivity of the device is calculated as a 
shift in threshold voltage or ratio of change of drain cur-
rent at a specific gate voltage. We have calculated current 
and voltage sensitivities as per work done by Liu et al. [7]. 
Voltage sensitivity  (SV) is calculated for a constant value of 
drain current  (Iref). For a specific value of drain current  (Iref) 
the corresponding responsive gate voltage  (VR) is obtained 
and the shift in that gate voltage (ΔVR) with respect to a pH 
value can be used to find voltage sensitivity  (SV). In our work 
we have calculated ΔVR for a specific value of  Iref as ΔVR 
(at any pH) =  VR (at any pH)—VR (at pH = 1). In Fig. 3(a) 
and (b) the curve of ΔVR vs pH for reference values of drain 
current  (Iref) =  10–9 A,  10–10 A,  10−11A,  10–12 A and  10−13A 
is shown. The voltage sensitivity  (SV) attained by C-TFET 
device for  Iref values of  10–9 A,  10–10 A,  10−11A,  10–12 A 
and  10−13A are 224.85 mV/pH, 226.4 mV/pH, 226 mV/pH, 
224.24 mV/pH and 218.75 mV/pH respectively whereas the 
voltage sensitivity  (SV) achieved by DL-TFET device for 
 Iref values of  10–9 A,  10–10 A,  10−11A,  10–12,  10−13A are 
240 mV/pH, 238 mV/pH, 236.61 mV/pH, 234.97 mV/pH 
and 223.68 mV/pH respectively. The current sensitivity  (SI) 
represents ratio of change of drain current with respect to 
a pH value for a specific gate voltage  (Vref). Therefore, the 
sensitivity  (SI) at specific gate voltage  (Vref) is calculated 
as  SI =  (Ids (at any pH) -I0)/  I0 where  I0 is the drain current 
obtained at pH = 10. Figure 3(c) and (d) shows the current 
sensitivity of C-TFET and DL-TFET devices respectively. 
From Fig. 3(c) and (d) it can be seen that the maximum 
current sensitivity achieved by both devices is around  108 
for pH = 1 and the minimum current sensitivity is nearly 
greater than 10 for DL-TFET at pH = 9 while taking current 
at pH = 10 as reference  (I0). The current sensitivity depends 
on the range of pH, it is low for consecutive pH values and 
increases as we increase the pH difference. The maximum 
current sensitivity for C-TFET is achieved for gate voltage 
 (Vref) of 2 V and for DL-TFET same is achieved for gate 

Table 1  Values of parameters for  SiO2 and  Al2O3

Symbol SiO2 Al2O3 References

εr 3.9 14 [36]
NS  (cm−2) 5.1014 8 ×  1014 [36]
Ka 10–6 10–10 [36]
Kb 102 10–6 [36]
Band gap (eV) 9 8.8 [6]
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voltage  (Vref) of 2.5 V. This can be also viewed as that the 
DL-TFET operates at slightly higher gate voltage than the 
C-TFET to achieve equivalent drain current. The current 
sensitivity decreases if gate voltage increases beyond 2 V 
for C-TFET and 2.5 V for DL-TFET (Fig. 3(c) and (d)) due 
to saturation in BTBT rate. The sensitivity of DL-TFET sur-
passes the Nernst limit (59.2 mV/pH) up to 4 times owing to 
the band to band tunneling phenomenon. The surface charge 
variations (pH variations) results in higher threshold voltage 
variations than the inversion mode devices due to BTBT 
mechanism (Fig. 3(e)), hence the sensitivity greater than 
Nernst limit is achieved. The voltage sensitivity also holds 
good linearity for both C-TFET and DL-TFET, so it is bet-
ter parameter than change in drain current  (SI) to determine 
change in pH values. The maximum electron tunneling rate 
for both devices at  Vg = 2.5 V and  Vds = 1 V for every pH 
value ranging from 1 to 10 is extracted 1 nm below the oxide 
channel interface and results are shown in Fig. 3(e). The tun-
neling rate achieved by DL-TFET device is lesser than that 
of the C-TFET device which can also be validated by the 

lower drain current comparison of both devices as depicted 
in the Fig. 2(c). From all these results we can conclude that 
DL-TFET can be used as a better alternative for C-TFET in 
sensing applications. The variation in the current with pH 
can also be visualized by the change in electron concen-
tration and potential contour of the sensitive area (channel 
region below the underlapped region). The Fig. 4(a) and (b) 
shows the electron concentration of DL-TFET for pH = 1 
and 10 for  Vds = 1 V and  Vg = 2.5 V (as maximum variation 
is observed at 2.5 V). The electron concentration for pH = 1 
varies from  104  cm−3 to  1018  cm−3 in the sensitive region 
whereas for pH = 10 electron concentration varies from 
 104  cm−3 to  1016  cm−3 and the area having low concentra-
tion of electrons  (104  cm−3 to  1010  cm−3) is more for pH = 10 
than pH = 1. Figure 4(c) and (d) shows the potential variation 
in DL-TFET device for pH = 1 and pH = 10 for  Vg = 2.5 V. 
It can be clearly seen by Fig. 4(c) and (d) that for pH = 1 
surface potential (ψ) is greater than 1 V for the wide area in 
the sensitive channel region whereas it is below 1 V all over 
the sensitive channel area for pH = 10. The distribution of 

Fig. 2  Drain current  (Ids) vs. gate voltage  (Vg) as a function of pH 
varying from 1 to 10 (a) Conventional doped tunnel field effect 
transistor (TFET) (b) Doping less tunnel field effect transistor (DL-
TFET) (c) Comparison of drain current vs. gate voltage for C-TFET 

and DL-TFET device for pH values of 1 and 10. Variation of conduc-
tion band and valence band energy levels for pH = 1,5 and 10 for (d) 
C-TFET and (e) DL-TFET
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potential across the channel other than the region underneath 
the underlap region is similar for both pH values of 1 and 10.

As we have already achieved sensitivity way beyond Nernst 
limit, we are further going to discuss how the sensitivity, 
device performance and stability can further be increased in 
the DL-TFET device. It is evident from the work [28] that 
use of low energy band gap materials like germanium instead 
of silicon in the source region of DL-TFET can improve the 
drain current  (Ids). The lower energy band of the material 
facilitates better tunneling of electron, which in turn gives 
higher BTBT rate provides enhanced value of on state drain 
current. So, we investigated the same and also studied impact 
of using low energy band material on the sensitivity of our 
DL-TFET based device. We replaced the source region with 
germanium keeping electron concentration same as 1.5 × 
 1015  cm−3 and then calculated various parameters and com-
pared it with silicon source-based DL-TFET.

Figure  5(a) shows the variation of transfer charac-
teristic  (Ids vs  Vg) with pH (pH = 1 to 10) for germanium 
source-based DL-TFET. Figure 5(b) shows the compari-
son of the drain current vs gate voltage for the silicon and 

germanium-based source variants of DL-TFET device at 
pH = 1 and pH = 10. Overall increment in drain current is 
observed with the use of germanium material instead of 
Silicon in the source region. This obviously improves the 
device characteristics, but our main concern lies in the sen-
sitivity whether it is improved or not. So, we calculated both 
current sensitivity  (SI) and voltage sensitivity  (SV) of the 
device. Figure 5(c) shows the variation of responsive gate 
voltage (ΔVR) vs pH of DL-TFET device with germanium 
as source material. The voltage sensitivities obtained at drain 
current  (Iref) =  10–9 A,  10–10 A,  10−11A,  10−12A and  10−13A 
are 278 mV/pH, 270 mV/pH, 265.19 mV/pH and 256 mV/
pH. Overall increment in voltage sensitivity of more than 
30 mV/pH is observed by replacing the source material with 
germanium. Figure 5(d) shows the ratio of change in drain 
current  (SI) with respect to pH changing from 1 to 10, the  SI 
is more than 10 for consecutive pH change at 2.5 V and its 
maximum value is 1.29 ×  108 calculated for pH = 1 by tak-
ing current at pH = 10 as reference current  (I0). Figure 5(e) 
shows comparison of the ratio of change in drain current 
 (SI) for DL-TFET device with silicon and germanium-based 

Fig. 3  Variation of responsive gate voltage (ΔVR) with pH for drain 
current  (Iref) of  10–9 A,  10–10 A,  10–11 A,  10–12 A and  10–13 A and 
variation of  SI with pH for gate voltage  (Vref) of 2 V, 2.5 V and 3 V 

(a) ΔVR in C-TFET (b) ΔVR in DL-TFET (c)  SI in C-TFET (d)  SI 
in DL-TFET (e) Maximum band to band electron tunneling rate  (Rtu) 
rate with change in pH values for C-TFET and DL-TFET
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source region at gate voltage  (Vref) = 2.5 V and  Vds = 1 V. 
 SI obtained by germanium source-based DL-TFET is higher 
for every pH when compared to silicon source-based DL-
TFET (Fig. 5(e)). A Further validation of the improvements 
in DL-TFET with the use of germanium material is provided 
by Fig. 5(f), showing comparison of the maximum band to 
band electron tunneling rate achieved by both germanium and 
silicon- based DL-TFET device for pH values from 1 to 10 
at  Vg = 2.5 V and  Vds = 1 V extracted 1 nm below the oxide/
channel interface. It can be observed that band to band elec-
tron tunneling rate is higher in the germanium source variant 
of DL-TFET than silicon counter-part. From all these results 
we can finally interpret that replacing silicon material with 
germanium in source region not only improves the on-state 
current but can also increment the device sensitivity with 
more than 30 mV/pH. From Eq. (8) we conclude that change 
in interface charge density can be increased by reducing the 

oxide thickness but reducing the thickness of conventionally 
used  SiO2 can cripple the device characteristics by increasing 
leakage current. This leakage increases more when device is 
operated in ionic fluids. Another approach to increase sen-
sitivity is to use high-K dielectric material as oxide. With 
the use of high-K dielectric material the oxide thickness can 
be increased, which could reduce the leakage current and 
improve the device stability and robustness when used in the 
ionic fluids [6]. The reactions occurring at the oxide/electro-
lyte interface for oxides like  Al2O3,  HfO2 and  TaO2 is similar 
to that of  SiO2 [29].  Al2O3 is generally preferred over other 
 SiO2 and  Si3N4 oxides as it can provide more sensitivity and 
stable characteristics [8, 29]. It allows lower ion diffusion as 
well [6, 29, 36, 37].  Al2O3 also has larger band gap (8.8 eV) 
which also ensures less leakage current hence results in more 
stable characteristics [6]. Moreover,  Al2O3 has larger buffer 
capacity than  SiO2, hence can result in better sensitivity than 

Fig. 4.  2D contours showing electron concentration of DL-TFET 
device for (a) pH = 1, (b) pH = 10. 2D contours showing surface 
potential for DL-TFET device for (a) pH = 1, (b) pH = 10. Both 

results are extracted for a gate voltage  Vgs = 2.5 V where greater vari-
ations of drain current are observed
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 SiO2 counter parts. So, we replaced the oxide layer under-
neath the underlapped region from  SiO2 to  Al2O3 without 
changing the capacitance  (Cox) of the oxide layer. As oxide 
capacitance is given as in Eq. 9.

Originally thickness for  SiO2 was 3 nm, which is now 
increased to nearly 10.7 nm to yield same oxide capacitance.
Fig. 6(a) shows the variation of transfer characteristics with 
pH of  Al2O3 based DL-TFET device. Figure 6(b) shows com-
parison of transfer characteristics of DL-TFET variants having 
 SiO2 and  Al2O3 as sensitive oxide layer for pH values of 1 
and 10. The  Al2O3 based device shows lower saturation cur-
rent for same pH values when compared with  SiO2 counter-
parts due to the increase overall gap between the channel and 
gate electrode as we have kept cavity thickness same for both 
 Al2O3 and  SiO2 variants. Lowering of threshold voltage is also 
observed in  Al2O3 based DL-TFET. The subthreshold slope 
is higher in  Al2O3 based DL-TFET. Note that the current can 

(9)Cox =
�0�ox

t

further be increased in  Al2O3 based DL-TFET by decreasing 
the oxide thickness. Now coming towards the sensitivities of 
device, Fig. 6(c) shows the variation of responsive gate voltage 
ΔVR with pH for the drain current  (Iref) values of  10–10 A,  10–11 
A,  10–12 A and  10–13 A. The voltage sensitivities obtained for 
 Al2O3 based DL-TFET device is 266 mV/pH, 258 mV/pH, 
251 mV/pH and 243 mV/pH for  Iref of  10–10 A,  10–11 A,  10–12 
A and  10−13A respectively. The voltage sensitivity is higher for 
DL-TFET when  Al2O3 is replaced by  SiO2 as sensitive oxide 
layer underneath the electrolyte for same oxide capacitance 
as that  SiO2. However, the voltage sensitivity and drain cur-
rent both can be further improved by reducing the thickness 
of  Al2O3. Figure 6(d) shows the current sensitivity of  Al2O3 
based DL-TFET device for gate voltage  (Vref) of 2 V, 2.5 V and 
3 V. The maximum current sensitivity is obtained at 2 V and 
is less than 10 for consecutive pH variations. From all these 
results we can conclude that for same oxide capacitance when 
 Al2O3 is used instead of  SiO2 lower threshold voltage  (VT) is 
achieved, significant increase in the maximum voltage sensi-
tivity is also observed (~ + 25 mV/pH), however decrease in 

Fig. 5  (a) Drain current  (Ids) vs. gate voltage  (Vg) as a function of 
pH varying from 1 to 10 for DL-TFET with germanium source. 
(b) Comparison of drain current vs. gate voltage for DL-TFET 
with germanium and silicon as source material for pH values of 1 
and 10 (c) Variation of responsive gate voltage (ΔVR) with pH for 
drain current  (Iref) of  10–9 A,  10–10 A,  10−11A,  10–12 A and  10−13A 

(d) Variation of  SI for DL-TFET with germanium as source mate-
rial for gate voltage  (Vref) of 2 V, 2.5 V and 3 V. (e) Comparison 
of  SI between germanium and silicon material-based DL-TFET 
device. (f) Comparison of maximum band to band tunneling rate 
for germanium and silicon material based source substrate for DL-
TFET device
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the drain current and decrease in the current sensitivity is also 
observed. Although the sensitivity achieved by using  Al2O3 
instead of  SiO2 as the sensitive oxide layer underneath the 
underlapped region is more (266 mV/pH > 238 mV/pH), but 
the drain current is low. The use of germanium material in the 
source region not only increases the sensitivity of the device 
but also increases drain current as well, moreover it can also 
lower the threshold voltage. So, we finally propose the DL-
TFET variant with germanium source and  Al2O3. This variant 
will have benefits of lower threshold voltage due of low energy 
band material, high sensitivity due to both germanium and 
 Al2O3 and the low amount of drain current by the use of  Al2O3 
can be compensated by using germanium as a source material. 
Furthermore, this device also possesses the benefits of low 
leakage current owing to reduced ion diffusion compared to 
silicon source-based DL-TFET with  SiO2 as oxide underneath 
the underlapped region. Figure 7(a) shows the variations of the 
transfer characteristics with change in pH (1 to 10) of germa-
nium doped source region with  Al2O3 (10.7 nm) as sensitive 
oxide layer underneath the underlapped region of the DL-
TFET. Figure 7(b) shows comparison between DL- TFET hav-
ing germanium and silicon as source material with both having 
 Al2O3 as sensitive oxide for pH = 1 and 10. With the introduc-
tion of low energy level material (germanium) increase in the 
device drain current can be observed (Fig. 7(b)). Figure 7(c) 
shows comparison of transfer characteristics at pH = 1 and 

pH = 10 of DL-TFET device having germanium source and 
 Al2O3 oxide with silicon source and  SiO2 based counter parts. 
Now coming towards the sensitivity of this variant. Figure 7(d) 
shows the variation of the responsive gate voltage ΔVR pH for 
the drain current  (Iref) of  10–9 A,  10–10 A,  10–11 A,  10–12 A and 
 10–13 A. The voltage sensitivities obtained for this variant of 
DL-TFET device is found to be 312.2 mV/pH, 298.22 mV/pH, 
286 mV/pH, 270 mV/pH and 251.83 mV/pH for  Iref of  10–9 A, 
 10–10 A,  10–11 A,  10–12 A and  10−13A respectively. The voltage 
sensitivity obtained is higher than all other variants mentioned 
previously in this work. The maximum sensitivity achieved 
here surpasses the Nernst limit by more than 5 times. Further 
moving towards the current the sensitivity device  (SI), the ratio 
of change in drain current with reference current  (I0) assumed 
to be current at pH = 10 is maximum at gate voltage  (Vref) of 
2 V and ranges from 10 to 5 ×  106 for pH = 9 to pH = 1 respec-
tively as depicted by Fig. 7(e). Finally, the maximum voltage 
sensitivity achieved by the DL-TFET pH sensor having differ-
ent configurations is compared and shown by Fig. 8(a). The 
use of germanium in source side increases the voltage sensitiv-
ity of device. The sensitivity is also increased with the use of 
 Al2O3 as a sensitive oxide layer below the underlapped region. 
The highest voltage sensitivity is achieved by the combination 
of both (use of germanium and  Al2O3). Figure 8(b) shows the 
comparison of voltage sensitivity achieved in our work to that 
of previous work done in the same field.

Fig. 6  (a) Drain current  (Ids) vs. 
gate voltage  (Vg) as a function 
of pH varying from 1 to 10 for 
DL-TFET with  Al2O3 as sensi-
tive oxide layer (b) Comparison 
of drain current vs. gate voltage 
for DL-TFET with  Al2O3 and 
 SiO2 for pH values of 1 and 10 
(c) Variation of responsive gate 
voltage (ΔVR) with pH for drain 
current  (Iref) of  10–9 A,  10–10 
A,  10−11A,  10–12 A and  10–13 A 
and (d) Variation of  SI with pH 
for gate voltage  (Vref) of 2 V, 
2.5 V and 3 V for DL-TFET 
with  Al2O3 as underlapped 
oxide layer
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Fig. 7  (a) Drain current  (Ids) vs. gate voltage  (Vg) as a function of pH var-
ying from 1 to 10 for DL-TFET with  Al2O3 as sensitive oxide layer having 
germanium as source doping material (b) Comparison of drain current vs. 
gate voltage at pH = 1 and 10 for DL-TFET with  Al2O3 for both variant 
having silicon and germanium as source material (c) Comparison of trans-
fer curve at pH = 1 and 10 for germanium source based DL-TFET having 
 Al2O3 as sensitive layer and silicon source based DL-TFET having  SiO2 

as sensitive layer (d) Variation of responsive gate voltage (ΔVR) with pH 
for drain current  (Iref) of  10–9 A,  10–10 A,  10−11A,  10–12 and  10−13A for 
germanium source based DL-TFET with  Al2O3 as sensitive layer (e) Vari-
ation of  SI with pH for gate voltage  (Vref) of 2 V, 2.5 V and 3 V for DL-
TFET with  Al2O3 as underlapped oxide layer and germanium source
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Fig. 8  (a) Comparison of maximum voltage sensitivity  (SV) achieved by DL-TFET device with different configurations. (b) Comparison of volt-
age sensitivity of this work with previously reported work
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4  Conclusion

In this work detailed simulation-based study of doping less 
TFET device having source sided underlapped region is 
done. It is sensitive to pH variations in an aqueous elec-
trolyte environment. The results are also compared with 
conventional TFET device with same configuration. The 
findings demonstrate that the DL-TFET based device can 
be preferred over the conventional doped TFET based 
device for the use of pH sensing applications as they pro-
vide same sensitivity with benefits of reduced fabrication 
complexity and immunity against RDF as well. Moreover, 
use of high-K dielectric oxides and low energy band gap 
material like germanium can significantly increase the 
device sensitivity. The maximum sensitivity achieved in 
this work is 312 mV/pH which is more than the 5 times 
of Nernstian limit.
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