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VERILOG_A IMPLEMENTATION OF NANOWIRE JUNCTIONLESS 
ISFET COMPACT MODEL AND READ-OUT CIRCUIT DESIGN 

In this paper, we implement nanowire (NW) junctionless (JL) ISFET model in 
Verilog-A hardware language. The Verilog-A implementation would allow the NW ISFET 
integration with signal processing circuits. The simulated by the code pH values are 
compared with the corresponding data from COMSOL simulations, and a good agreement 
is observed. The readout circuit based on amperometric switched- capacitors schemes is 
designed. The readout circuit has introduced good linearity in pH values range from 3 to 7. 
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Introduction. Since the first application of Ion-Sensitive Field Effect 
Transistors (ISFET) as bio-chemical sensors [1], the technological evaluation of 
ISFETs has passed from planar to 1D (e.g. nanowire) geometries [2-4]. Nanowire 
(NW) geometry is very attractive for sensor applications as the high surface to 
volume ratio and comparable to biomolecule sizes, result in very high sensitivity 
[2,3]. The fabrication of NW does not require complicated technologies making the 
NW-based sensor production more reliable and commercially attractive [3,4]. 

In line with experimental realization of these new generation of ISFETs, the 
compact analytical modelling is essential for the device optimization. A uniformly 
doped NW ISFET can be treated as junctionless (JL) NW ISFET and this modeling 
approach has been presented in [5,6]. The ISFET model is based on JL NW FET 
model presented in [7], which was later explicitly formulated in [8]. The developed 
NW JL ISFET model allows an accurate description of the influence of physical 
and geometrical parameters on device pH sensitivity [9]. In this paper, we 
implement the explicitly formulated NW JL ISFET model introduced in [6] in 
Verilog-A, to run it in circuit simulator and present readout circuit design for the 
first level realization. 

Methodology: Implementation of JLNW ISFET Compact model in a 
circuit simulator. The SIMetrix simulator core is chosen for our simulations, since 
it gives the possibility of coding and modeling in real time. This tool gives 
flexibility to make modifications in the code, and to use the same model again. The 
software offers simulation languages, such as PSPICE, HSPICE, and Verilog-A, 
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etc [10]. We implement the model in Verilog-A hardware language as it is less 
error prone, support for buses, optional parameter range checking; always-faster 
evaluation speed required in the NR loop, always-lower memory footprint is required. 

1. Analytical explicit model. For the sake of clarity, at first, we will 
introduce the NW JL ISFET model main equations in an analytical form. The 
semiconductor NW charge and current calculations are based on the NW JL FET 
model presented in [7,8], and generalized for NW JL ISFET in [5,6]. The NW JL 
ISFET structure and band diagram are presented in Fig. 1.  

 

Fig. 1. The structure of the NW JL ISFET (a), and the energetic diagram of vertical cut (b) 

 

The relationship between the bulk pH in electrolyte and the gating potential 
on the oxide surface (Φୋ) is given by the following equation: 
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where ܳ௦ is the total charge density in the semiconductor, ீߔ ൌ ܸ௦
∗   ௫, whereߔ

௫ is the potential drop across the electrolyte (see Fig. 1(b)), and ܸ௦ߔ
∗ is the effect-

ive gate voltage applied to the reference electrode inserted in the electrolyte. All 
other parameters in equations (1)-(3) are well defined in [6].  

The increase of pH in the bulk electrolyte causes the depletion of the 
semiconductor channel, consequently, for ܪ  pH୮ୡ, the JL ISFET will operate 

in depletion if Vୱ
∗  ிܸ, where ிܸ ൌ ்ܷ ∙ ݈݊ ቀ
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ቁ. Once the device operates in 

depletion, we can use the explicit charge [8]: 
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By substituting (3) into (2), the bulk pH is explicitly defined for a given Φୋ, 
whereas Φୋ  will be defined from the drain current equation by substituting the 
drain current value measured by the sensor. 

The explicit drain current equation for the NW JLFET is:  
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The Verilog-A code of NW JL ISFET model starts with the initialization of 
“disciplines.vams” and "constants.vams" libraries, then constants such as geometrical 
and physical parameters, as well as variables used in the model are defined. Finally 
the main part of the model starts. For clarity, two pieces from the model code are 
presented in Appendix 1.  

By measuring the sample, we fix the measured current, therefore, in SIMetrix 
simulator the drain current value is considered to be known. We have validated pH 
values calculated at a given drain current by the circuit simulator with the 
corresponding data from COMSOL simulations. The comparison is illustrated in 
Fig. 2, and indeed very good agreement is observed. The difference between the 
data from these simulations is less than 0.01 for PH range from 3 to 8. 

 

Fig. 2. Current dependence on pH calculated from COMSOL and SIMetrix 
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2. Readout circuit for NW JL ISFET. The next step is to design a readout 
circuit for the NW JL ISFET. There are different readout circuit types: (i) potentiometric; 
(ii) amperometric; and (iii) impedance-based [11, 12]. Amperometric techniques 
require three electrodes, namely “working” (sensor), “reference”, and “auxiliary” 
electrodes, consequently as we use three-electrode configuration (reference, drain, 
and source), the amperometric measurement configuration is the correct choice. 

A classic switched-capacitors reset mechanism, that also performs 
correlated-double sampling circuit, we choose as a reference for designing our 
amperometric measurement circuit [11, 13].  

The designed readout circuit is presented in Fig. 3. The circuit consists of the 
following blocks: 1) NW_JL ISFET model configuration circuit; 2) The first stage 
current amplification; 3) The second stage current amplification; 4) Current to 
voltage converter circuit. We have used two stage current amplification circuits, 
namely 3 LM7171 op-amps, which are known as very high speed, high output 
current, and voltage feedback amplifiers [14]. For simplicity, op-amp voltage 
supply sources are not shown here.  

 

Fig. 3. (a) Sub-circuit block of JLFET, (b) Amperometric switched-capacitors circuit 
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The sub-circuit, illustrated in Fig. 3 (a), consists of: Reference (Ref), Drain 
(D-) and Source (S) electrodes and (pH)-solution pH value. In Reference and Drain 
pins we set 0.5V and 1 V DC power supplies respectively. The first block (U2 block) 
simulates the NW JL ISFET model written in Verilog-A. The measured drain current 
is given to dc output pin of U2 -NW_JLFET block (see Fig. 4 (b)). The calculated 
PH value is set to pH pin. 

In addition, we calculate the circuit output voltage versus the output current 
in dc pin. The current data correspond to pH values varying from 3 to 7. The 
calculations are presented in Fig. 4. It is seen that the designed circuit exhibits a 
good linearity.  

 

Fig. 4. The circuit current to output voltage conversion 

Conclusion. The analytical compact model of the NW JL ISFET has been 
implemented in Verilog-A, and the measuring circuit of ISFET has been designed. 
The sensing readout circuitry of ISFET has been developed on the basis of 
switched-capacitors amperometric schemes. The pH sensor circuit exhibits good 
linearity. 
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Appendix 1. 

Here are presented two main pieces of Verilog_A code.  

//Libraries are called and the main parameters are already defined. 
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// equations are shown in short form 
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Ն.Դ. ԵԶԱԿՅԱՆ, Ա.Է. ԵՍԱՅԱՆ, Ժ-Մ. ՍԱԼԼԵՍ 

ՆԱՆՈԼԱՐԱՅԻՆ ԱՆ-ԱՆՑՈՒՄԱՅԻՆ ISFET ՄՈԴԵԼԻ VERILOG-A ԻՐԱՑՈՒՄԸ 

ԵՎ ԿԱՐԴԱՑՈՂ ՇՂԹԱՅԻ ՆԱԽԱԳԾՈՒՄԸ 

Իրականացվել է նանոլարային ան-անցումային իոնազգայուն դաշտային տրան-

զիստորի մոդելի իրացումը Verilog-A լեզվով։ Մոդելի Verilog-A իրացումը թույլ է տալիս 

իոնազգայուն տրանզիստորի ազդանշանի մշակման սխեմաների միմյանց ինտեգրում: 

Ստացված pH արժեքները համեմատվել են COMSOL մոդելավորման համապատասխան 

տվյալների հետ, և նկատվել է տվյալների լավ համաձայնություն: Նախագծվել է ընթերց-

ման սխեմա` հիմնված ամպերաչափիչ անջատիչ կոնդենսատորներով սխեմաների վրա: Ըն-

թերցման սխեման ցուցաբերել է լավ գծայնություն pH-ի 3-ից 7 արժեքների միջակայքում: 

Առանցքային բառեր. նանոլար, իոնազգայուն ԴՏ, PH – տվիչ, ընթերցող շղթա: 

Н.Д. ЕЗАКЯН, А.Э. ЕСАЯН, Ж-М. САЛЛЕЗ 

РЕАЛИЗАЦИЯ КОМПАКТНОЙ МОДЕЛИ НАНОПРОВОЛОЧНОГО 
БЕСПЕРЕХОДНОГО ISFET НА ЯЗЫКЕ VERILOG-A И 

ПРОЕКТИРОВАНИЕ СХЕМЫ СЧИТЫВАНИЯ 

Реализована модель нанопроволочного беспереходного ионно-чувствительного 
транзистора на языке Verilog-A, что позволяет проводить его интегрирование со схе-
мами обработки сигналов. Сопоставление полученных значений pH с соответствую-
щими данными расчетов COMSOL показало хорошее совпадение. Спроектирована 
схема считывания на основе амперометрических схем с переключаемыми конденса-
торами. Данная схема считывания обеспечивает хорошую линейность в диапазоне 
значений pH от 3 до 7. 

Ключевые слова: нанопроволока, ионно-чувствительный транзистор, pH-сен-
сор, схема считывания. 
  


