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Recently, a major research focus has been devoted to the development of ISFET sensors for future bio-

medical, environmental and food-processing sensing applications using special taste sensors based on Ion 

Sensitive Field-Effect Transistor (ISFET) technology. This has resulted in various sensor designs attracting 

increased interest by the research community as demonstrated by a number of proposed designs. In this 

work, we propose to relax the ISFET concept by dropping the junction of the ISFET design, hence proposing 

a new JL ISFET (junctionless ISFET) sensor structure based on a Gaussian doping (GD) profile strategy. 

The electrical parameters and performances of the proposed pH sensor are numerically analyzed, where the 

sensitivity properties are reported. In this context, we address the influence of a modified channel doping 

profile with a Gaussian shape on the variation of the sensor Figures of Merit (FoM) parameters, such as 

power consumption, thermal stability, leakage current and sensitivity. The proposed design also exhibits an 

enhanced threshold voltage shift with a varying pH of the solution resulting in improved electrical and sen-

sitivity behavior characteristics. The results have demonstrated that the proposed design provides promis-

ing pathways for enhancing the ISFET performances as compared to the conventional FET-based sensor 

counterparts where the recorded sensitivity reaches 66.3 mV/pH. Furthermore, the results obtained clearly 

show the excellent pH modulation of the channel conductivity performance. Therefore, the proposed struc-

ture demonstrates the effectiveness of the adoption of a Gaussian-doped JL ISFET design as a potential 

candidate for high-performance and ultra-low power FET-based sensing applications as demonstrated from 

the proportional improvement in both the device electrical performance and the sensor sensitivity. 
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1. INTRODUCTION 
 

Nowadays, monolithic co-fabrication of biomaterials 

and microelectronic devices has drawn a surge of re-

search focus to develop efficient devices for biomedical 

applications [1-3]. The emerging field of chemical and 

biomedical sensors, a technology that uses microelec-

tronic devices for elaborating effective chemical or bio-

medical information transfer, is promising for a novel 

application paradigm in chip-level diagnostic [1-4]. The 

rapid progress in the design of microelectronic devices is 

forecasted to markedly expand the possibilities of using 

CMOS-based technology for low power consumption and 

high-performance biomedical sensing applications [2]. 

Accordingly, considerable efforts have been devoted to 

the development of high-performance sensors, and con-

sequently, researchers have turned their focus on ex-

ploring alternative strategies that can provide not only 

highly integrated sensors based on silicon-on-insulator 

(SOI) platform, but also new pathways for reducing the 

power dissipation. A variety of architectures have been 

proposed to design efficient biomedical sensors offering 

improved sensitivity [5, 6]. Despite the maturity of 

these sensors, there are still some major roadblocks 

such as CMOS incompatibility, low sensitivity and high-

power consumption that can consequently influence the 

performance of the biomedical diagnostic. 

ISFET sensor, which is described by a monolithically 

integrated version of the Ion Sensitive membrane and 

FET transistor, demonstrates several benefits such as 

label-free detection, fast response, and compatibility 

with CMOS fabrication technologies [7]. These ad-

vantages make these devices an outstanding building 

block for efficient biomedical or chemical sensing sys-

tems. However, the sensitivity of the conventional 

ISFET sensors is limited by the Nernst response of 

59 mV/pH, which is considered the most common chal-

lenge leading to induce signal-to-noise problems, 

merged with several undesired effects, including ther-

mal reliability and large leakage current. For this pur-

pose, a major research focus has been devoted to the 

development of ISFET sensors, aiming to beat the 

Nernst limit, while maintaining reduced power con-

sumption [5, 6]. Accordingly, various strategies based 

on multigate configuration, thin-film transistors, alter-

native sensitive membranes and design optimization 

have been proposed to enhance the device performance 

[5-8]. Although these aspects have opened up exciting 

opportunities for reaching promising sensitivity values, 

it is still costly and sophisticated to boost the sensitivi-

ty/fabrication cost ratio of ISFETs by synthesizing new 

membrane layers using new nanotechnology-based 

approaches. Moreover, as the CMOS technology moves 

toward submicron technologies, the realization of ab-

rupt junctions at the source and drain sides becomes 

extremely complicated; otherwise, the fabrication cost 

will be increased because of the requirement of high-

cost thermal treatments [9-11]. Besides, the low dimen-

sion silicon-based pH sensors cannot be ready to follow 

the actual downscaling capabilities since it has not yet 

proven a noticeable benefit over the conventional coun-
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terparts concerning the device reliability and power 

consumption aspects [10]. Therefore, in light of the fact 

that ion-selective FET-based sensors can be used as a 

versatile diagnostic tool for biomedical applications, 

breaking the sensor Nernst response, while avoiding the 

abovementioned undesired effects is strongly required. 

In this perspective, in the present work, a new design 

approach based on combining doping profile engineering 

aspect and JL FET structure is proposed to improve the 

sensor performances and reduce the fabrication cost by 

removing the abrupt junctions in the device. The ob-

tained results show that the optimized Gaussian doped 

JL ISFET design could open up a new route for the 

development of pH sensors suitable for future biomedi-

cal, environmental and food-processing sensing applica-

tions using especially taste sensors. 

 

2. DESIGN OF THE GAUSSIAN DOPED  

JL ISFET 
 

In the conventional JL FET design, the channel is 

doped using a uniform doping profile with high concen-

tration values, but without source/channel and 

drain/channel metallurgical junctions. In our proposed 

JL ISFET sensor design, we consider a modification of 

the channel doping profile using a Gaussian shape in 

the vertical direction, where the maximum doping Ndh 

was suggested at the top interface between the oxide 

layer (SiO2) and the silicon channel and then gradually 

decreased to attain its lower value Ndl in the depth of 

the silicon substrate. 

The electrolyte potential is considered with KCl 

buffered Ag/AgCl reference electrode. From a design 

point of view, the modified channel doping profile is 

considered technically feasible and only necessitates 

appropriate control of both the energy for ion-

implantation and the phosphor concatenation during 

the fabrication process. In our study, the cross-

sectional view of the proposed JL ISFET sensor with 

engineered Gaussian doping (GD) profile is shown in 

Fig. 1a, where L is the channel length of the sensor 

and Nd(y) represents the channel doping concentration 

in the vertical direction. The ISFET membrane is sug-

gested with SiO2 for which tox denotes its thickness. In 

this work, the channel doping concentration is given 

by a Gaussian distribution as shown in Fig. 1b. The 

standard deviation () associated with the suggested 

GD profile can be varied to achieve better sensing 

characteristics of the ISFET-based pH sensor, while 

the channel length L is fixed at 200 nm. In addition, 

an ultrathin channel (tsi  20 nm) is considered to 

ensure efficient control of the channel conductivity 

behavior when the electrolyte pH is varied. The idea 

behind this modified and proposed doping profile is to 

modulate the electric field and potential distributions 

in the sensor channel in order to improve the device 

performances in terms of electrical behavior and the 

pH sensitivity properties. 

In our simulation study, ATLAS 2D device simula-

tor has been chosen and exploited for the numerical 

simulations, where the well-known drift-diffusion 

transport model is used to model the carrier transport 

across the transistor channel including the GD profile. 

 

a 
 

 
b 

 

Fig. 1 – (a) Cross-sectional view of the proposed JL ISFET with 

GD profile, (b) Gaussian channel doping profile 
 

Moreover, recombination models (Shockley-Read-

Hall (SRH), Auger and surface recombination) are also 

adopted. The parallel electric field dependence is used 

to include the velocity saturation effect in our numeri-

cal model. Further, the carrier mobility degradation as 

a function of the channel doping level is also considered 

due to the high concentration used in the JL design. It 

is worth mentioning that the channel doping associated 

with the investigated pH sensors is taken more than 

1018 cm – 3 in order to avoid the Schottky barrier effect 

at the substrate/back contact interface. 

 

3. RESULTS AND DISCUSSION 
 

The assessment of the electrical modulation per-

formance associated with the proposed pH-ISFET de-

sign based on a GD profile allows exploring its strength 

as compared to the conventional counterparts. In this 

context, Fig. 2a compares the pH dependence of the 

drain current provided by the proposed design and the 

conventional JL ISFET sensor with L  200 nm, 

tsi  20 nm and Nd  1018 cm – 3. It can be observed from 

this figure that the proposed design based on the GD 

profile shows an excellent pH modulation of the chan-

nel conductivity as compared to the conventional struc-

ture, where it exhibits an enhanced threshold voltage 

shift with varying the pH of the solution, emphasizing 

its improved electrical and sensitivity behavior. These 

benefits are mainly attributed to the role of the channel 

doping engineering paradigm in modulating the tran-

sistor electrostatic behavior, thus promoting enhanced 

sensitivity of the FET-based sensor. 
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Fig. 2 – Ids-Vgs characteristics for different pH values of (a) the 

con-ventional and the proposed JL ISFETs with the amended 

doping profile with Ndh  5  1018 cm – 3, Ndl  1017 cm – 3 and 

applied drain voltage Vds  0.1 V; (b) the proposed design with 

Ndh  5  1018 cm – 3, Ndl  5  1017 cm – 3 and the standard 

deviation value of 15 nm 
 

On the other hand, the investigated JL TFET sen-

sor with GD aspect opens up the route for reaching a 

very low OFF-state current (IOFF  3.24  10 – 9 A) as 

compared to the conventional JL design, which offers 

exciting opportunities to avoid using filters to suppress 

noise effects for the read-out circuits. In fact, the JL 

design operates on the basis of volume conduction, 

surface accumulation, and depletion operation mecha-

nisms. In the OFF-state, the sensor works in the vol-

ume conduction mode owing to the high doping level of 

the sensor channel, which induces a high diffusion 

current as it is shown in Fig. 2 (IOFF = 1.62  10 – 5 A). 

This phenomenon can greatly affect the ISFET electri-

cal performances, causing high power dissipation. In-

terestingly, the use of the GD profile can allow im-

proved control of the channel conductivity in the OFF-

state, where the relatively low doping level in the 

channel depth can induce partial depletion. This effect 

can contribute enormously to reducing the diffusion 

current, thus reducing power consumption of the sen-

sor. Fig. 2b depicts the transfer characteristics of the 

ISFET device for different pH values and with higher 

standard deviation of 15 nm. It can be seen from this 

figure that by increasing the standard deviation of the 

GD profile, the I-V characteristics are shifted to nega-

tive voltages, thus indicating the role of the suggested 

channel doping engineering aspect in modulating the 

potential distribution over the sensor channel. This 

leads to modulation of the device subthreshold behavior 

and induces significant changes concerning the JL 

ISFET threshold voltage, thus confirming the fact that 

the standard deviation should be optimized to reach 

better sensitivity values. In addition, by increasing the 

standard deviation to 15 nm, a higher OFF-state cur-

rent is recorded as compared to that of the device with 

  8 nm. This phenomenon can be explained by the 

increased doping level in the channel depth, promoting 

an enhanced diffusion mechanism. 

Now we get more insights concerning the effect of 

the standard deviation on the electrical behavior of the 

studied pH sensor. Fig. 3 illustrates the variation of the 

threshold voltage as a function of the pH of the ana-

lyzed electrolyte for the conventional JL ISFET, inver-

sion mode (IM) ISFET, and the proposed design with 

dissimilar standard deviation ranging from 5 to 15 nm. 

It can be noticed from this figure that the investigated 

designs exhibit a linear response with the pH variation. 

Moreover, the JL ISFET designs demonstrate lower 

threshold voltage values as compared to the conven-

tional IM ISFET, which is mainly due to the discrepan-

cies of the transport mechanisms associated with both 

IM and JL structures. Besides, the proposed design 

with the GD profile shows higher threshold voltage 

values when compared to the conventional JL ISFET 

device. This is mainly due to the effect of the engineered 

doping profile resulting in significant changes in the 

electric field distribution over the channel. Therefore, 

the obtained results in terms of the device electrical 

behavior demonstrate that the proposed GD profile can 

also influence the pH-ISFET sensitivity performances. 

Aiming at analyzing the influence of the GD profile on 

the sensing properties of the investigated JL ISFET 

sensor, the effect of standard deviation of the Gaussian 

shape on the device sensing characteristics has been 

carried out. In this framework, the ISFET sensitivity (in 

mV/pH) is typically considered as the most important 

figure of merit (FoM) used to assess the sensor response 

to the pH of the analyzed elect. This performance metric 

is useful because it not only provides a global insight 

regarding the device sensing capabilities, but also ena-

bles comparing dissimilar pH sensor designs, where 

ISFETs are required to possess high sensitivity. 

Accordingly, Fig. 4 depicts the sensitivity of the in-

vestigated JL ISFET design based on the channel dop-

ing engineering aspect against the standard deviation 

of the proposed GD profile. This figure outlines the 

ability of the proposed design with a GD shape to en-

hance the device sensing characteristics, where, by 

taking the standard deviation of 8 nm, a high sensitivi-

ty exceeding 66 mV/pH is achieved. This sensitivity 

value is higher than that of the conventional JL ISFET 

sensor, yielding a relative improvement of 16 %. This 

enhancement can be attributed to the effect of the GD 

on the channel potential distribution as discussed 

above. Thus, the efficient gate control offered by the 

use of a GD profile plays a central role in improving the 

carrier transport efficiency, which enables boosting the 
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pH-sensor electrical and sensing performances. Moreo-

ver, it can be seen from this figure that a further in-

crease in the standard deviation to the critical value of 

8 nm leads to degradations of the device sensitivity, 

underlining the complex electrical behavior of the sen-

sor when a GD profile is adopted. In other words, se-

lecting the appropriate standard deviation that could 

ensure better threshold voltage shift with the pH vari-

ation is extremely complex. 

For the completeness of this work, overall perfor-

mance comparison between the proposed Gaussian-

doped JL ISFET design and the conventional pH sensor 

based on JL and IM structures is required to assess the 

capability of the adopted strategy to meet the demands 

of the next-generation biomedical sensing devices. 
 

 
 

Fig. 3 – Variation of the threshold voltage shift as a function 

of pH values for both the conventional IM ISFET and the 

proposed design with the GD profile with different standard 

deviation values 
 

 
 

Fig. 4 – Variation of the device pH sensitivity as a function of 

the standard deviation () with tSi  20 nm and L  200 nm 
 

Table 1 recapitulates the pH sensor FoMs exhibited 

by the conventional JL and IM ISFET-based devices 

compared to that of the proposed Gaussian-doped JL 

ISFET design. It was found that the proposed design 

with optimized GD profile outperforms greatly the 

conventional JL and IM-based pH sensors in terms of 

the leakage and sensitivity performances. Accordingly, 

the optimized JL ISFET design with engineered chan-

nel doping profile exhibits a high sensitivity, breaking 

the Nernst limit of the standard ISFET device. This 

outstanding result can be explained by the role of the 

GD shape in promoting a strong vertical electric field, 

which leads to a uniformly enhanced threshold voltage 

shift with improved leakage performances. As a result, 

the pH sensor sensitivity and power consumption are 

greatly enhanced, where the proposed design demon-

strates a high sensitivity of 66.3 mV/pH, while main-

taining a very low energy dissipation of 3.2×10 – 9 mW. 

This underlines the ability of the proposed structure 

based on the channel doping engineering aspect to offer 

exciting opportunities to reduce the complexity of the 

readout circuit associated with the analyzed ISFET 

sensor due to its high signal-to-noise ratio. On the oth-

er hand, the proposed design with an amended doping 

profile is considered highly stable against thermal 

effects in comparison with the conventional IM and JL 

designs as it is proved in our previously published work 

[12]. This correlates with the electric field modulation 

near the drain side induced by the introduced GD pro-

file, greatly improving the carrier velocity, thus provid-

ing an increased thermal reliability. From the elabora-

tion cost viewpoint, the proposed design can be fabri-

cated using a simple controlled ion implementation 

process and without the need of realizing costly abrupt 

p-n junctions at the source and drain sides, confirming 

its very low elaboration cost as compared to the con-

ventional pH sensor based on IM operating mechanism. 

Therefore, the use of a Gaussian channel doping 

profile allows achieving better control over of the chan-

nel electrostatic behavior, which enables bridging the 

gap between high sensitivity of ISFET designs and 

ultralow power consumption aspects, resulting in 

promising pathways to design high-performance, ther-

mally stable and low-cost pH sensors firmly appropri-

ate for the next-generation biomedical applications. 

 

4. CONCLUSIONS 
 

In this paper, a new ISFET sensor based on a JL de-

sign is proposed and numerically studied. A systematic 

performance investigation of the proposed pH sensor is 

carried out, where the impact of a new Gaussian chan-

nel doping profile on the device sensitivity and electrical 

behavior is thoroughly analyzed. In this context, it has 

been found that the use of a GD doping profile plays an 

important role in improving both the device electrical 

performance and the sensor sensitivity. Interestingly, 

the proposed channel doping engineering paradigm 

offers the opportunity to modulate the potential and 

electric field distributions over the channel, promoting 

exciting opportunities for achieving reliable pH sensors 

with superior electrical performances. The obtained 

results demonstrate that the proposed device based on 

GD aspect could provide a novel strategy to design high-

performance, low-cost and ultralow power consumption 

CMOS-compatible ISFET-based sensing systems highly 

suitable for biomedical applications, especially when 

using taste sensors. 

 

 

 

 



 

PERFORMANCE ASSESSMENT OF A NEW GAUSSIAN-DOPED … J. NANO- ELECTRON. PHYS. 13, 02029 (2021) 

 

 

02029-5 

Table 1 – Overall performance comparative study between the conventional IM and JL designs against the proposed JL ISFET 

sensor approach 
 

Parameters 
Conventional  

IM ISFET  

Conventional JL ISFET  

with uniform doping profile 

Proposed JL ISFET 

with GD profile 

Output conductance [A/V] 4.68  10 – 6 1.98  10 – 8 8.23  10 – 10 

Off-current [A] 7.14  10 – 5 1.62  10 – 5 3.24  10 – 9 

Power consumption [mW] 0.19  10 – 6 1.7  10 – 7 (low) 3.2  10 – 9 (very low) 

Sensitivity [mV/pH]  57.5 60.02 66.3 

Thermal stability 
stable in a wide  

temperature range 

stable in a wide  

temperature range 

highly stable in a wide  

temperature range 

Cost average very low very low 

Readout circuit complexity high high low 

Derived current and thresh-

old voltage controllability 
low high very high 
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Останнім часом увага в дослідженнях приділяється розробці датчиків на основі ISFET для майбут-

ніх біомедичних, екологічних та харчових додатків з використанням особливих сенсорів смаку на осно-

ві іонно-чутливого польового транзистора (технологія ISFET). Це призвело до появи різних конструкцій 

датчиків, які викликають підвищений інтерес з боку дослідницького співтовариства. У роботі ми про-

понуємо послабити концепцію ISFET, відкинувши перехід в конструкції, пропонуючи таким чином но-

ву безперехідну структуру датчика на основі JL ISFET, засновану на стратегії профілю легування за 

кривою Гауса. Чисельно аналізуються електричні параметри та характеристики запропонованого рН 

датчика і повідомляється про властивості його чутливості. У цьому контексті ми розглядаємо вплив мо-

дифікованого профілю легування каналу за кривою Гауса на варіацію таких параметрів, як енерго-

споживання, термічна стабільність, струм витоку та чутливість. Запропонована конструкція також де-

монструє посилений зсув порогової напруги із зміною рН розчину, що призводить до поліпшення елек-

тричних параметрів та характеристик чутливості. Результати продемонстрували, що запропонована 

конструкція забезпечує перспективні шляхи для підвищення характеристик датчиків на основі ISFET 

у порівнянні зі звичайними аналогами датчиків на основі FET, де зареєстрована чутливість досягає 

66,3 мВ/pH. Крім того, отримані результати чітко показують відмінну модуляцію рН провідності кана-

лу. Отже, запропонована структура демонструє ефективність використання легування за кривою Гауса 

в конструкції JL ISFET як потенційного кандидата для високоефективних додатків та додатків з над-

низькими потужностями на основі польових транзисторів, що продемонстровано пропорційним вдоско-

наленням як електричних характеристик пристрою, так і чутливості датчика. 
 

Ключові слова: Безперехідний ISFET, рН, Сенсор смаку, Профіль легування за кривою Гауса,  

Чутливість. 
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