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1. INTRODUCTION 

Electo-chemical sensors based on the ion-sensitive field effect transistors (ISFET) was first proposed and fabricated by 

Bergveld [1]. ISFETs have been intensively investigated because of their compatibility with complementary metal-oxide-

semiconductor (CMOS) manufacturing technologies, portability, miniaturized integrated transduction and the label-free 

detection of bio-molecule [2], [3], [4].  Generally, different ion-sensitive materials (Al2O3, Si3N4, Ta2O5, SnO2, SiO2) are 

used in gate of ISFET on the basis of their stability, sensitivity, selectivity, long-term drift, temperature dependency, 

responses time etc. The gate insulator of the ISFET senses the specific ion concentration, and generates an interface potential 

at the gate. This interface potential change at gate, causes drain-source current change in the semiconductor channel.  

The sensitivity of an ISFET is proportional to ΔIds/ΔVT, where ΔIds is the change in the drain source current and   ΔVT  is 

change of interface potential at gate, due to the capture or adsorption of analytes. The more sensitive the sensor is, the more is 

the change in channel current for each unit change of interface potential. References [5], [6], [7], [8] and [9], recommend sub-

threshold operation of ISFET to maximize sensitivity as drain current at sub-threshold regime increases exponentially with 

small gate perturbations. The drain current in ISFET at avalanche region of operation also increases exponentially, due to 

carrier multiplication effect. The avalanche process in FET occurs when the carriers in the channel are accelerated by the 

electric field of energies sufficient to free electron-hole pairs via collisions with bound electrons. The concept of avalanche 

sensing is widely used in image sensing i.e. imaging, spectroscopy, cryptography etc. [10], [11], [12], [13] due to their high 

sensitivity in avalanche region. The variation of drain-source current with change of operational region is shown in Fig. 1. 

In this article, we present an analytical model of ISFET sensitivity while the region of operation changes. This paper is 

organized as follows: Section II discusses on ISFET sensor structure and biasing. In section III, an analytical model of  

ISFET sensitivity is developed. Simulation results are discussed and presented in section IV. Finally, the conclusions are 

drawn in Section V. 

 

2. ISFET SENSOR STRUCTURE AND BIASING 

The current through ISFET can be modeled with that of MOSFET. As stated by inventor, Bergveld [1], “The ISFET is in fact 

nothing else than a MOSFET with the gate connection separated from the chip in the form of a reference electrode inserted in 

an aqueous solution which is in contact with the gate oxide”. The threshold voltage of ISFET is given by [14]- 
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where, Eref is the constant potential of reference electrode,  ѱo is the interface potential at solution/oxide interface, solution
 is 

the surface dipole potential of the solvent, Si
 is he work function of the silicon, oxQ

, ssQ
and BQ  are the oxide charge, oxide 
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interface charge and bulk charge respectively, f2 is the potential for inversion of channel and oxC
is the oxide capacitance 

/unit area. 

 

Equation (1) can be simplified as in [15] to be-  

chemMOSthT VVV  )(                                                                         (2) 

where, 
pHUV Tchem   303.2

. Here,  


 is a group of pH independent chemical potential,  is a dimensionless sensitivity 

parameter and, UT = kT/q is the thermal potential. In an ideal case, where the highest sensitive interface materials (Ta2O5) is 

used on the gate, α is approximately equal to 1 and UT at room temperature is about 26mV. Based on (2), for every unit of 

pH change, we can achieve about 59.8mV of change in threshold voltage when Ta2O5 is used as gate interface material [14]. 

Therefore, as the pH of gate liquid increase, threshold voltage of ISFET increases too. This increment of threshold voltage 

causes reduced drain-source current Ids of ISFET for a given bias condition, shown in Fig.2. 

 
Fig.1: Variation of Drain-Source current with change of operational region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2: ISFET structure, bias and response. 

 

3. ANALYTICAL MODEL OF ISFET SENSOR’S BIAS DEPENDENT SENSITIVITY 

The sensitivity of an ISFET can be defined as the change of ISFET current due to the change of gate liquid pH i.e. ISFET 

ability to detect pH change. This pH sensitivity of ISFET is related with the change of ISFET current through the following 

relation. 
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where SISFET is the sensitivity of our proposed ISFET device. 

If we use Ta2O5 as interface material in ISFET gate, we can achieve a threshold voltage change of around for every unit of 

pH change [14]. Therefore, the sensitivity variation of ideal ISFET with pH change will become as shown in Fig. 4. We can 

achieve a sensitivity of around 30nA/pH for this ideal ISFET with W/L=2, VT=0.35 V and K’n=150uA/V2.  

 

3.1 Sensitivity of Long Channel Ideal ISFET 

The current through drain to source of ISFET can be modeled with that of MOSFET. This drain to source current strongly 

depends on the Vgs and Vds bias voltage sources of ISFET. Based on the magnitude of bias voltages of ISFET, we can 

differentiate the operating region of ISFET in three regions, which are i) Cut-off region ii) Linear region and iii) Saturation 

region. An ISFET operates in cutoff region when Vgs <VT. At cutoff region of operation, both the current and sensitivity of 

ISFET is Zero. 
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Linear operating region of ISFET is dictated by the bias condition as below -  Vds < Vgs - VT   and  Vgs >VT. At linear 

operating region, the current and sensitivity of ISFET can then be modeled as:   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Voltage-to-current sensitivity of an ideal ISFET. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: pH to Current Sensitivity of an Ideal ISFET. 
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Where µn is the mobility of electron, Cox is the capacitance per unit area of the gate insulator, Vds is drain to source bias 

voltage of ISFET, W is the channel width and L is the channel length of ISFET.  

Based on (5), the sensitivity of ISFET at linear region is a linear function of the voltage of Vds but it is independent of Vgs 

and VT voltages. 

However, the current and sensitivity of ISFET at saturation region, dictated by bias conditions, Vds=> Vgs – VT and  Vgs 

>VT, can be modeled by: 
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Equation (7) shows that at saturation region ISFET sensitivity is independent of the voltage of Vds  but it is linearly 

dependent on Vgs and VT voltages. We can also see that the effect of threshold voltage change on ISFET sensitivity is same 

as of Vgs voltage change, from (7).  

 

 

 

 

 

 

 

 

 

 

Fig. 5: Sensitivity of a Long Channel ISFET with W/L=2. 
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Fig. 6: Sensitivity of a short channel ISFET with W/L=2. 

 

Fig. 3, shows the variation of ISFET sensitivity (uA/V) when the voltage of Vgs is varied. The ISFET model, used in Fig. 3 

did not consider the non-ideal effects. This ideal behavioral simulation of ISFET shows that for a given technology and 

device dimension, the maximum sensitivity is at saturation region when both Vds and Vgs voltages are at their allowable 

maximum value. The actual sensitivity of ISFET is its ability to sense the change of pH. The interface material of  Ta2O5,  if 

used in ISFET gate gives us a threshold voltage change of around 50uV for every unit of pH change [14]. Therefore, the 

sensitivity (nA/pH) variation of ISFET with pH change will become as shown in Fig. 4. We can achieve a sensitivity of 

around 30nA/pH for this ideal ISFET with W/L=2, VT=0.35 V and kn’=150uA/V2. But, the actual sensitivity from a real 

non-ideal ISFET is of much lower value as shown in Fig. 5 and Fig. 6. 

 

3.2 Sensitivity of Short Channel ISFET- 

The SPICE simulation results for a long-channel N-type ISFET using TSMC’s 0.25um technology model is shown in Fig. 5, 

when L=10um and W/L=2. Note that due to mobility degradation of short channel ISFET, the sensitivity doesn’t stay 

constant for a constant VDS, as we predicted in Fig. 4. The short channel effects become more prominent when we reduce 

the channel length to L=0.5um as shown in Fig. 6. Because of many issues in the short channel device, including, channel 

length modulation, velocity saturation, and drain induced barrier lowering (DIBL), the sensitivity of ISFET degrades when 

we shrink the device length. The maximum sensitivity of ISFET reduces from 30nA/ΔpH to about 14nA/ΔpH when the 

channel length reduces from 10um to 0.5um as shown in Fig. 5 and Fig. 6. We will discuss pros and cons of bias points A, B, 

C and D of Fig. 6, below.  

Bias point A: At this bias point, ISFET operates in cut-off/sub-threshold region of operation. The sensitivity from ISFET in 

this point is quite low. But the power consumption at this point is also very low. Therefore, this point is suitable for ultra-low 

power applications where higher sensitivity is not an issue. 

Bias point B: Here, ISFET operates in saturation region of operation and the non-idealities due to short channel effects did 

not take into effect. The sensitivity of ISFET around this region is a linear function of VGS and hence sensitivity increases 

around bias point B as VGS increases. However, the sensitivity of about 4nA/ΔpH may not be sufficient for many 

applications. 

Bias point C: This point shows a local maximum of ISFET sensitivity. Beyond this bias point, the sensitivity degrades due to 

mobility degradation of carrier from short channel effects. We can bias ISFET to this sensitivity by applying VDS = 0.5 V 

and VGS = 1.25V. The pH-to-current sensitivity at point C is near 10nA/pH. This bias point gives us both high sensitivity 

and low power operation.  

Bias point D: As we keep increasing of the voltage of VGS and voltage of VDS, ISFET enters into the region where short 

channel effects i.e. Mobility degradation, DIBL etc becomes so significant that the sensitivity of ISFET becomes saturated or 

degrades. For the given TSMC’s 0.25um technology node - this bias point gives us maximum sensitivity from ISFET sensor 

at a price of high power consumption. 

Therefore, for low power operation with high sensitivity, we should operate ISFET sensor at point C with optimum voltage 

of VGS and VDS. But for application that requires higher sensitivity we have to operate ISFET at bias point D where both 

VDS and VGS  are close to maximum for a given technology node.  

 

3.3 Sensitivity of ISFET in Avalanche Region -      

For a n-MOS transistor that operate in saturation mode, if the generated current due to electron in channel is IDsat and we 

assume the ionization rates for electron and hole are equal – then current in avalanche mode can be given as [16] by – 
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and hence the sensitivity during avalanche mode is-  


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which is M times higher than the sensitivity in saturation region. Where M, avalanche multiplication factor is defined as [16] 
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where ld is the width of the high field region where the avalanche multiplication occurs and is approximated by the empirical 

equation given by [17] – 
2/13/1

22.0 jox xtld 
                                                       (11) 

And α is the impact ionization rate and can be approximated by [18] 
 EBA /exp 

 where E is the electric field, A 

and B are the ionization constants. Typical carrier flow in a MOSFET in avalanche mode of operation is shown in Fig. 7. 

 
Fig. 7. Typical Current flow in a MOSFET during avalanche [16]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Unit cell structure of the ISFET sensor. 

 
Fig. 9: SPICE simulation of ISFET sensor Unit Cell with clock, reset, column select pulses. 
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4. UNIT CELL STRUCTURE AND SIMULATION RESULTS  

Our objective in this research is to design a highly sensitive compact chip that have millions of ISFET sensor. In order able to 

access the sensing data from ISFET, each unit cell has two access transistors for row and column selections. The access 

transistors are designed large to make sure that it doesn’t affect our ISFET measurements result. The structure of each unit 

cell with supporting access transistor is shown in the Fig. 8. 

To confirm the functionality of the sensor with row and column select circuits, a SPICE simulation is performed on a smaller 

set of unit cell arrays. This simulation confirms the functionality of the row and column select circuits as well as ISFET 

sensor. We can see from Fig. 9 that after the reset and after each clock pulse, a column is selected where its output current is 

transferred to the output for further processing. It also confirms the functionality of ISFET sensor in operation. 

 

5. CONCLUSION  

In this paper we had presented the concept of avalanche operation in electro-chemical based ISFET bio-sensor.  We also 

presented an analytical model for ISFET sensor sensitivity in different region of operation, with a goal to ensure maximum 

sensitivity. We had also presented the proposed compact sensor structure with control circuitry for the ISFET sensor. To 

confirm the functionality of the unit sensor cell, we also performed SPICE simulation. The SPICE simulation result in 

transient domain confirms the perfect operation of the proposed compact ISFET sensor in operation.  
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