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Abstract: - pH measurement has been reported in many applications as a key parameter, such as clinical analysis, 

food production, biotechnology processes, wastewater treatment, environmental and life sciences. Advances in 

FET technology introduces a chemical effect transistor, the Ion Selective Field Effect Transistor (ISFET), which 

can convert the activity of ions in electrolyte into electrical potential. It has the potential of an integrated detection 

system. It is cost effective if design of such a measurement system can be assessed and improved using a simulator 

such as LTSPICE, before the costly fabrication. However, the ISFET macromodel is not listed as a component 

in the LTSPICE IV component library. Our work here describes the development of an ISFET macromodel in 

LTSPICE IV. It started with derivation of the mathematical models, building of the netlist and explanation on 

the procedure to include as library component. From simulation result, the drain current is found to vary with pH, 

arises from the variation in the concentration of the H+ ion. Low pH or acidic solution produces high value of Id, 

when concentration of H+ ion concentration is high in the electrolyte solution. 
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1 Introduction 
Variable pH has long been acknowledged as the most 

important parameter that indicates the physical 

properties of solution [1][2].  It is an abbreviation for 

pondus hydrogenii,  meaning the weight of hydrogen, 

introduced by the Danish biochemist, S. P. L. 

Sørensen, in 1909 [3]. The original logarithmic 

definition created by Sorensen is as in (1) [4]: 

 

𝑝𝐻 =  −log [𝐻+]   (1)  

 

where [H+] is the concentration of hydrogen ion in 

mol/L, which depends on the activity of the ion in the 

aqueous solution. Later, in 1924, pH has been revised 

to adapt definition and measurement in terms of 

electrochemical cells as in (2) [5]: 

 

                     𝑝𝐻 = [H+]/[OH‐ ]                (2)  

    

where [H+] and [OH‐] are concentration of hydrogen 

and hydroxide ion. Its value ranges from pH0 to 

pH14 [6]. The solution is acidic if the [H+] is greater 

than [OH‐] and the pH value will be less than pH7. 

Conversely, if the [OH‐] is greater than the [H+], the 

solution is alkaline and the pH value will be more 

than pH7. If the ratio of [H+] to [OH‐] is equal, the 

solution is neutral at pH7 [7].  

pH measurement are known to be used 

successfully in clinical analysis, food production, 

biotechnology processes, wastewater treatment, 

environmental and life sciences [8][9]. It has been 

reported that pH measurement has been applied in 

many applications as a key parameter. From 

literature, pH value is an important parameter for 

therapeutic intervention in wound-care [10]. In 

addition, pH value is also an important parameter in 

the study of tissue metabolism, in neurophysiology 

and cancer diagnostics[1]. More so, most of the 

things we used in our daily life are tested by pH 

measurement such as tap water, cosmetics and 

medicines [5].  

Subsequent to the primitive method of pH 

measurement by using chemical indicators, such as 

litmus paper [11], metal electrode such as glass 

electrode has successfully been devised [12]. 

Nevertheless, the glass electrode were found not 

applicable for many operations. This is because it is 

unstable at high temperature, brittle and difficult to 

miniaturize, therefore unsuitable for food, in-vivo 

and similar applications [12] 

Advance in technology introduces a chemical 

effect transistor, the Ion Selective Field Effect 

Transistor (ISFET) [13]. Fundamentally, it is a sensor 

that converts the activity of a specific ion dissolved 

in a solution into an electrical potential, which can be 

measured by a measuring instruments[14]. From 
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principle operation of ISFET, the gate voltage of 

ISFET changes accordance to the H+ ion 

concentration.   The glass-less and small-sized sensor 

have been shown implementable with current 

detection method of H+ ions concentration with 

potential for an integrated detection system 

[13][16][17]. It is cost effective if design of a 

measurement system can be assessed and improved 

using a simulator such as LTSPICE, before the costly 

fabrication. However, the ISFET macromodel is not 

listed as a component in the LTSPICE IV component 

library.  

The purpose of our work here is to develop an 

ISFET macromodel by using LTSPICE IV software 

to allow simulation of the ISFET operation. The next 

section studies the characteristics and the relationship 

of the ISFET variables to derive the mathematical 

models. Section 3 describes how the models are 

integrated to construct the ISFET macromodel in 

LTSPICE IV. And finally, results from the 

simulation of the functions of ISFET macromodel 

with LTSPICE IV software are discussed. 

 

 

2 Mathematical Model of ISFET 
ISFET mathematic model can be represented by two 

mutually independent models, electrochemical 

model and electrical model. The electrochemical 

model describes the electrolyte insulator interface 

while the electrical model describes the structure of 

ISFET. The electrical model is acquired subsequent 

to the electrochemical model of ISFET, with 

derivation of each component as explained in this 

section.  

The following presents the equivalent of electrical 

model of ISFET from node 1 to node 10 as displayed 

in Fig. 1. When the ISFET is at the static stage, the 

reference voltage can be expressed as (3) and (4) 

[15].  

 

 
Fig. 1 Reference voltage, Eref 
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where Eref is reference electrode, Eabs is absolute 

potential of the reference electrode of the standard 

hydrogen, ϕm is  work function of the metal back 

contact or electronic electrode relative to the 

hydrogen electrode, φeo is surface dipole potential 

and ϕlj is liquid junction potential difference between 

the reference solution and electrolyte while Erel is the 

potential of the reference.  

The following presents equivalent of electrical 

model of ISFET from node 10 to node 2 as shown in 

Fig. 2. The equivalent capacitor, Ceq , represents the 

capacitance in series, CGouy of diffuse layer and CHelm 

of Helmholtz layer as below [16]: 

 

 
Fig. 2 Equivalent capacitor, Ceq 
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Prior to the next node, the condition of charge 

neutrality in ISFET electrochemical model had to be 

taken into account by assuming that σs is very small 

relative to σo and σd, in fact constant in pH [16], 

 

0 do       (6) 

 

where σo, σd and σs are charge densities at the 

electrolyte insulator interface and diffuse layer in the 

semiconductor. Hence, σo and σd are defined as 

follow based on H+ specific site binding theory and 

electrical binding theory [16],   
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where εw and cbulk is the permittivity and ion 

concentration of electrolyte, Nsil and Nnit; φgd is the 

potential across the diffusion layer; VT is the thermal 

voltage; Ka, Kb, Kn are the biding sites dissociation 

constants; Hb is the proton concentration of the bulk 

electrolyte; φeo is potential of the electrolyte insulator 

interface. k is boltzman constant and T is the 

temperature. 

Therefore, by substituting (5) into equation (8), 

the charge densities at the electrolyte insulator 

interface becomes [15], 

 

    pHNpHfN eoniteoasilo ,,                 (11) 

 

which gives rise to the potential of the electrolyte 

insulator interface, 

    pHNpHfN
C

q
eoniteoasil

eq

eo ,,      (12) 

Then drain source current, Ids and gate-source 

voltage, Vgs depend on potential of the electrolyte 

insulator interface, φeo and pH. The pH-independent 

source is designated as a chemical input signal, 

modeled by an independent voltage source, 

connected to a dummy resistor.  The macromodel 

uses the voltage to simulate the pH value.   

Hence, the physical ISFET from node 2 to node 4, 

in Fig. 3 is obtained as follows based on the MOSFET 

theory: 

 

 
Fig. 3 Physical ISFET 
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where kp is device transductance factor, VTH is the 

threshold voltage , Vds is the drain source voltage, µn 

is electron  mobility and EPH is equal to φeo. 

 

 

3 Methodology 
The independent mathematical models as shown in 

Fig. 1, 2 and 3 in Section 2 were assembled into the 

workflow as in Fig. 4. 

 

 
Fig. 4 Simulation model of ISFET assembled from 

mathematical model. 

 

When the electrochemical is in static behavior, 

Eref can be derived as equation (3). When the 

reference electrode is exposed, it produces the charge 

densities, σo. Based on H+ specific binding theory 

and electrical double layer theory, the produced 

charge densities can be defined as equation (8) in 

Section 2.  

The produced charge densities generates a 

potential of the electrolyte at the electrolyte insulator 

interface, φeo which give the relations as equation 

(12) in Section 2. 

Capacitance in series, CGOUY of diffuse layer and 

CHELM of Helmholtz layer as in Fig. 4 can be 

substituted by the equivalent capacitor Ceq in 

equation (5) of Section 2. 

Lastly at the electrical stage, the source-drain 

current (Ids) and the source-gate voltage (Vgs), 
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output of physical ISFET in Fig. 4, can be obtained 

from equation (13) of Section 2. From the derivation 

of equation (13), the potential of the electrolyte of the 

electrolyte insulator interface, φeo was obtained as 

equation (17) in Section 2.  

 

Next, the mathematical equations from assembly 

of the simulation ISFET model was integrated and 

converted into netlists as shown in Step 1 of Fig.5. 

Then the netlists are then implemented in LTSPICE 

IV software, as shown in Step 2-4 of Fig. 5. 

Fig. 5: Steps to integrate and convert the ISFET model into LTSPICE IV software

. 

  

 

STEP 3: Right click on .SUBCKT (sub-

circuit) to create the symbol 

STEP 4: To find the created macromodel 

open the new schematic and choose 

Component  

STEP 2: Open the .MOD file in the 

LTSPICE IV software 

STEP 1: Generate library file by using 

NotePad and save into .MOD 

Start 

End 
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4 Results and Discussion 
Result from implementation of ISFET macromodel 

in LTSPICE IV is shown in Section 4.1. Result from 

simulation of ISFET macromodel is shown in Section 

4.2.  

 

 

4.1 ISFET Macromodel 
The ISFET capture symbol that has been created is 

shown in Fig. 5. Connection point 1 is the Reference 

electrode Connection point 3 and 6 is the Source and 

Drain respectively, through which the current flows. 

Connection point 101 is the output from ISFET. 

 

 

4.2 Simulation of ISFET Macromodel 
In order to derive the behavior between Id and VpH, 
the ISFET macromodel was simulated at optimal 
Vref. Fig. 6 displays the variation of Id with Vd at 
1.5V of Vref. It is apparent from this graph that 
different value of pH resulted different Id. The low 
value of pH 14 and the high value of pH 1 give Id at 
140uA and 670uA respectively. This shows that low 
pH yields high Id. The graph also shows that Id and 
Vd is proportional and linear until Id is saturated and 
produce a constant value for each pH value. 

Vref of 1.5V has been selected due to the large 

output current, Id compare to the 1.0Vof Vref from 

pH 1 until pH 14. Table 1 shows the range of output 

current, Id, due to variation in Vref, at 1.0V and 1.5V. 

It is apparent from Fig.6 that the ISFET macromodel 

give a good separation between Id for the different 

pH values. 
 

 
Fig. 6 Graph of Vd and Id vs pH (Vref = 1.5V) 

 

Table 1 Output current with variation in Vref 

Vref (volt) Id (µA) 

1.0 volt 0-28 µA 

1.5 volt 0-70 µA 

 

 

5 Conclusion 
Our work here has illustrated the development of 

ISFET macromodel in LTSPICE IV from its 

mathematical model. It is intended to ensure the 

ISFET macromodel is functioning as its 

characteristics. From the simulation results, it is 

decided to use Vref of 1.5 volts, since the larger 

output current gives a distinctive separation of drain 

current between pH 1, pH4, pH7, pH10 and pH 14.  

It can be conceived that low value of pH or acidic 

solution draws high value of Id, when H+ ion 

concentration in the electrolyte solution is high while 

contrary for high value of pH or alkaline solution.  
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