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Abstract- In this paper, we are presenting simulations of 

junctionless ion-sensitive field-effect transistor (JL-ISFET) as a 

pH sensor. Our approach is based on a combination of analytical 

and numerical methods to reveal the impact of the device 

geometry and structure on its performance. To have a realistic 

representation of the fabricated device, further simulations are 

carried which portray the sensing of surface potential by 

introducing interface trap charges between the oxide layer and 

electrolyte. Here, we present our initial steps that belong to a 

more complex and physically more elaborate simulation 

framework, which will lead to a better device sensing and 

fabrication choices of more generic biosensors, in a transition 

from analytical models to numerical simulations to include 

effects such as surface roughness and defects in the oxide.  
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I. INTRODUCTION 

In the early stages, biosensors based on field-effect transistors 

(FETs) were fabricated with large planar architectures using 

heterojunctions which permitted only one-dimensional 

diffusion of the analytes towards the sensor. However, in the 

last decade, the progress of the technology and fabrication 

capabilities in the semiconductor industry allows us to use 

novel techniques to complete transistors with nanoscale non-

planar configuration involving the diffusion of analytes in 

three-dimensions.  

Ion-sensitive field-effect transistors (ISFETs) are devices, 

initially used as pH sensors, which can also be used to detect 

different biomolecules using certain modifications. Junction-

FET sensors become less reliable with miniaturization due to 

reduced gate control and complex fabrication process, leading 

to the development of junctionless transistors. A junctionless 

(JL) transistor is a device that has uniform doping 

concentrations throughout the source, channel and drain. 

Junctionless transistors suffer from a higher threshold voltage 

that can be tweaked with the use of gate-all-around 

architecture. In all cases, the limits of detection depend on the 

diffusion of analytes and the equilibrium of charges at the 

interface between the liquid and solid phase. The 

miniaturization of the devices contributes to a more efficient 

diffusion of the analytes towards the sensing surface, leading 

to faster adsorption of the biomarker molecules at the surface 

of the sensor, while the 3D gating present in nanowires 

contributes to better transduction [1]. As a result, the sensors 

can detect lower concentrations in the electrolyte being more 

sensitive to the changes in the solution. The principle was first 

applied with silicon nanowires [2], which provided a leap in 

the limits of detection [3]. However, variability and reliability 

issues of the sensors have hindered their reach to clinical 

applications. The variability and the reliability could be 

improved by using larger devices based on FinFET 

technology made on silicon-on-insulator (SOI). It is possible 

to fabricate a high aspect ratio (height>>width of the device) 

FinFETs, which allows an increase in the total surface area 

thereby improving the reliability of bio-functionalization and 

the sensitivity of the sensor [4] [5], while keeping the 

advantage of 3D gating. Thus, FinFET based JL-ISFETs 

provides better gate controllability without compromising the 

ease in fabrication. These kind of ISFETs have great 

compatibility with the CMOS technology. Nevertheless,  

there are still challenges to be tackled related to optimisation 

of the device’s architecture and materials chosen [6] [7]. 

  

 

Fig. 1 Schematic of the device implemented in our simulation domain which 

is based on high-aspect-ratio (height >> width of the device) junctionless 

ion-sensitive field-effect transistor (JL-ISFET). White rectangular boxes 

shown on the sides are source/drain electrodes (side contacts). 



In this work, we have performed a numerical design-of-

experimental (DoE) study to improve the device design based 

on junctionless ion-sensitive field-effect transistor (JL-

ISFET) based on FinFET technology. We have performed 

device simulations using Synopsys Technology Computer-

Aided Design (TCAD) program Sentaurus. Based on the 

TCAD simulations, current-voltage characteristics (ID-VG 

curve) for p-type FinFET of the device, which are the transfer 

characteristics of the varying pH response, are obtained 

explaining the matching behaviour to experimental 

fabrication data [4]. In our case, we have used the interaction 

of ions with the oxide surface as an indicator of pH, with the 

objective in the future, to model other more complex interface 

functionalization. pH is already meaningful because pH-

ISFET technology is widely used.  

II. DEVICE ARCHITECTURE AND MATERIAL 

PROPERTIES 

Fig. 1 shows schematics of a high-aspect-ratio JL-ISFET 

device considered in this work. The pink contour in Fig. 1 is 

the boundary condition where the gate voltage VG is applied 

and the white contours in Fig. 1 correspond to contacts where 

the drain-source bias, VDS is applied. The implemented 

geometry and dimensions are based on a fabricated device 

[4]. The simulation domain has the following dimensions of 

length, height, and width 10.1µm, 2.8µm and 1µm, 

respectively. The device has a silicon channel with a width of 

200nm and an oxide thickness of 5 nm/10 nm, respectively. 

In this work, the JL-ISFET is designed to have a high-aspect-

ratio meaning the height to width ratio of the fin is very high 

(h: w ≈10). This ratio allows for a larger total surface area. 

Our simulations are based on two types of device 

configurations. The first one is a JL-ISFET device with a dry 

gate (a MOSFET device without electrolyte in the gate) and 

the second one is a JL-ISFET device with an electrolyte. The 

electrolyte considered in our work is NaCl+H2O. The channel 

is p-type doped Si (boron atoms for doping) with a 

concentration of 1017cm-3. Furthermore, the simulation 

domain includes an oxide layer which can be either hafnium 

dioxide or silicon dioxide and the electrolyte layer which 

surrounds the Si channel on the three sides. 

III. RESULTS AND DISCUSSIONS 

Based on our simulation, we can calculate device transfer 

characteristics such as drain current vs. drain voltage (ID-VG) 

for each device. Fig. 2 shows the ID-VG curve of the JL-ISFET 

with a dry gate. Four types of devices are considered having 

two different oxide thicknesses (tox) and two oxide materials, 

respectively. According to MOS equation [8], ID is directly 

proportional to permittivity (ԑ�) and inversely proportional to 

tox. Since HfO2 has a very high dielectric constant (ԑ~20) in 

comparison to SiO2 (ԑ = 1) [9], this leads to high Cox for the 

ID at VG = -1V. Thinner oxide values cause higher values of 

the drain current,  hence the devices with tox=5 nm have high 

ID compared to transistors with tox=10nm. At VG = 0 V, there 

is weak depletion of the hole carriers due to gate metal work-

function which leads to less hole current in the channel. For 

VG > 0V, the depletion is more, and it will affect the most on 

the 5nm HfO2 device, leading to the lowest drain current.  

 

 

A. Defining Electrolyte in TCAD 

As a next step, we have introduced an electrolyte on the top 

of the gate oxide to simulate the solvent in the biosensor. The 

electrolyte is modelled as stated in [10]. The electrolyte which 

is an ionic solution is modelled as a semiconductor material 

having a dielectric constant of water (ԑr=80) [10]. The 

electrolyte’s charge distribution is represented by the 

Poisson-Boltzmann equation which is close to the 

semiconductor equation. By changing the mobility of holes 

and electrons of the semiconductor, the salt concentration in 

the solution has been simulated. The electron mobility has a 

value set to ��� ions in water (6.88*10�� 	
�����)  and 

the hole mobility is set to value of ���ions in water 

(4.98*10�� 	
� ����). The bandgap in the electrolyte is 

kept as 1.5eV to represent a solvent [11]. The applied gate 

bias is kept less than the voltage responsible for the 

electrolysis of water. 

Fig. 3 shows the ID-VG curve for all the herein considered 

devices in which the electrolyte is included considering at 

equilibrium state (Isoelectric Point), in contact with the gate 

oxide. In Fig. 3, it is shown that all devices have similar ON-

current amongst them [8]. The capacitance of the oxide layer 

(Cox) varies for different devices and the capacitance of 

electrolyte )remains the same for all four devices. Our sytem 

can be described as two series capacitors where one of the 

capacitors takes into account the charge across the gate oxide 

and the other capacitor represents the charge accumulation in 

 

Fig. 2 Current-Voltage (ID-VG) characteristics of four different MOSFET

devices (without electrolyte in the gate). The device dimensions are the 

same except the thickness and the type of the gate oxide.  

 
Fig. 3 Current-Voltage (ID-VG) characteristics of the different devices with a 

with an electrolyte [pH @ isoelectric point] above the gate oxide. The device 

dimensions are the same except the thickness and the type of the gate oxide.



the electrolyte as shown in the equation below:  
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=  
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Where ���= equivalent capacitance of the device, � != Oxide 

capacitance and ��"�#$% = Electrolyte capacitance. In such a 

configuration, the dominant factor, which will determine the 

device behaviour, is the capacitor with the lowest value. The 

variation of the gate bias inverts the channel of every device 

with different oxide material or thickness at the highest 

negative value. The depletion of the channel is more 

prominent for the HfO2 as compared to the SiO2 for the 

highest positive gate bias. The devices with a thinner gate 

oxide and higher dielectric permittivity can comprehend 

better the ions variation in electrolyte onto the channel. 

The next step in our simulation approach is to modify the 

simulation domain to include pH dependence in the 

electrolyte section. In order to simulate the effect of the pH 

on the device performance, we have introduced interface trap 

charges (ITCs) between the gate oxide and the electrolyte. 

Moreover, we have modified the simulation domain from 3D 

to 2D. Moving from 3D to 2D device simulation domain is 

justified due to the high-aspect-ratio of the devices. As a first 

approximation, our device can be described as a transistor 

with gates on both sides and the top gate can be ignored due 

to significantly smaller surface area in comparison to the side 

gate area. Fig. 4 reveals the 2D simulation domain that we 

have adopted for further DoE investigation to save 

computational time. As a result, the output current will 

change but the surface potential will be very similar to the full 

3D structure.   

IV. ANALYTICAL MODEL OF OXIDE AND 

ELECTROLYTE 

When the electrolyte is added on top of the oxide layer, a 

built-in potential is developed at the interface between oxide 

and electrolyte called the sensing surface. To represent the 

built-in potential at the sensing surface in TCAD simulations, 

ITCs are introduced (red line on Fig. 4). From a simulation 

perspective, changes in the values of the ITC density will 

directly correspond to specific values of pH in the electrolyte. 

Hence, it is important to be able to evaluate the exact amount 

of charges on the sensing surface. In order to calculate the 

ITC density, we have adopted the following analytical model. 

At 25�C in pure water [(�]=[)(�]=10�*mol/L. The 

Avogadro constant NA = 6.022*1023 mol-1 is converted to 1 

mol/L = 6.022*1023/L = 6.022*1020cm-3. For electrolyte 

having pH = 7, the concentration of [(�] ions = 10-7 mol/L 

which corresponds to p = 10-7*6.022*1020 cm-3 = 6.022*1013 

cm-3. The hole density of states (NV) can be calculated using 

equation below [11]: 

      p = Nv +� ,-.,/
01                                        (2) 

with a result of 2.33*1026 cm-3. The same calculation can be 

done for the electron density of states (Nc) using the number 

of electrons (n) in the following equation [10]:  

                                   n = NC +� ,�.,-
01                                      (3) 

with a result of 2.33*1026 cm-3. The values of the ITC are 

calculated by representing the built-in potential using the 

equivalent surface charge density. The surface potential 

variation with respect to pH is given in equation below [12]: 

                                  
234

256
= −2.303 :;<

�
=                              (4) 

where >� is the surface potential, ?@ is the Boltzmann 

constant, T is the temperature, q is the electron charge, and = 

is the sensitivity parameter. = is 1 for the ideal device. The 

value of = is given by the equation below [12]: 

                                = = 
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where  �GHII is the diffusion capacitance and JGHII is the 

intrinsic buffering capacitance.  �GHII depends on electrolyte 

properties which consider double layer and stern capacitances 

and JGHII depends on the density of surface functionalization 

[13]. The relation between surface potential (>�) and the 

surface charge density (σLM) is given by equation below [12]: 

                               σLM =  N�sinh ( �34

�:;<
)                          (6) 

where N� = U8?@WԑXY��Z[ , Y� is the ionic concentration, ԑX 

is permittivity and �Z[  is Avogadro number. The potential 

obtained from Eq. 4 is substituted in Eq. 6 to obtain σLM which 

is the ITC density (in cm-2) [14]. Based on the analytical 

model described above, we have calculated the correlation 

between pH in the electrolyte as a function of the ITC density. 

The corresponding relationship is presented in Fig. 5 where 

we can observe the following two main points. First, the curve 

is highly non-linear, and it has a minimum at around pH=2. 

The reason for this is that at pH=2, all charges at the oxide-

electrolyte interface are canceled (balanced) by the charges in 

the electrolyte. This point is known in the literature as a point-

of-zero-charge (pHPZC) or the isoelectric point and for SiO2, 

i.e., is equal to pH=2, and the pHPZC is specific for every 

oxide. 

 

Fig. 4 2D simulation domain of the adopted ISFET device structure. Si 

channel is represented with a blue rectangle and has 10nm width. SiO2 which 

is marked in brown has 2nm thickness and the electrolyte is depicted in 

yellow, and it has thickness of 5nm. The red line between the SiO2  and the 

electrolyte is the place where the interface trap charges (ITC) are distributed.

The pink contours are boundary conditions for the gate voltage (VG) on both

sides of electrolyte and on the top and bottom of Silicon channel are the 

contacts for VDS.  



 

Second, for pH values between 2 and 4, the curve rises steeply 

for pH values close to the isoelectric point and then increases 

steadily. For example, at pH=5, the ITC density is 5*1013 cm-

2, while at pH=11 the ITC density is almost 1016 cm-2. Hence, 

ITC density changes around 3 orders of magnitude for 6 

values of pH which indeed is a significant change. Based on 

the results presented in Fig. 5, we have calculated the device 

behaviour. Fig. 6 shows the ID-VG curve of the ISFET varying 

the pH values from 5 to 11. As the pH increases from 5 to 11, 

the drain current ID for a particular value of VG also increases 

which is linked to a change of the threshold voltage for each 

pH.  

 

Finally, the observed device behaviour in Fig. 6 can be 

explained in the following way. When the �\ has higher 

negative values, the YG is saturated as the channel is inverted 

and when �\ holds higher positive values, the drain current 

decreases as the channel gets depleted. In general, higher 

values of pH mean lower proton concentration (positive 

charges) in the electrolyte. For e.g., pH = 1 means [H+]= 10-1 

mol/L, [OH-] =10-13 mol/L similarly pH = 10 means [H+] = 

10-10 mol/L, [OH-] =10-4 mol/L. As the VG lowers to its 

minimum value (approaching more negative VG), the drain 

current increases because the negative potential on the 

sensing surface layer balances the negative built-up charges 

and thus attracts more holes from the Si channel, which 

compensates the width of the depletion region. When pH 

increases in the electrolyte, the concentration of the protons 

decreases in the solutions, hence there are fewer positive 

charges on the surface of the gate oxide which leads to less 

repulsion of the holes in the Si channel and as result, the 

depletion layer in Si decreases leading to more current flow 

[4]. The increase in pH can also be detected with the linear 

decrement of the threshold voltage [Fig. 6 inset] (positive 

values for p-type FET) of the sensing ISFET. A similar 

methodology can be used to design more accurate and 

complex biosensors with protein-peptide interactions.  

IV.CONCLUSION 

In conclusion, we have presented in this work, initial results 

based on the combination of numerical and analytical models 

which were developed to simulate high-aspect-ratio ISFET. 

Our results show that our methodology, which successfully 

combines numerical TCAD simulations and analytical 

models, computes the change of the device's current-volage 

characteristics as a function of pH values in the electrolyte. 

Moreover, a similar methodology can be used to significantly 

improve both analytical and numerical models to describe 

more complex nano-biosensors based on high-aspect-ratio 

FinFETs.  
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Fig. 5 Relationship of the pH values as a function of the interface trap charge 

(ITC) density. The data is reported in semi-log scale.   

 
Fig. 6 Current -Voltage (Id-Vg) characteristics as a function of pH for an 

ISFET device. The pH varies from 5 to 11 which is represented with a 

blue and yellow line on the graph correspondingly.  


