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Abstract 
 
In this paper a short overview is given of the several FET-based sensor devices and the operational principle 
of the ISFET is summarized. Some of the shortcomings of the FET sensors were circumvented by an 
alternative operational mode, resulting in a device capable of acid/base concentration determination by 
coulometric titrant generation as well as in an original pH-static enzyme sensor. A more recent example is 
presented in which the ISFET is used for the on-line monitoring of fermentation processes. Future research is 
directed towards direct covalent coupling of organic monolayers on the silicon itself. In addition, the field-
effect can be applied to the so-called semiconducting nanowire devices, ultimately making single molecule 
detection of charged species possible.   
 
 
1 Introduction 
 
The Ion Sensitive Field-Effect Transistor (ISFET) [1,2] is a special member of the family of potentiometric 
chemical sensors. Like the other members of this family, it transduces information from the chemical into the 
electrical domain. Unlike the common potentiometric sensors, however, the principle of operation of the 
ISFET can not be listed on the usual table of operational principles of potentiometric sensors. These 
principles, e.g., the determination of the redox potential at an inert electrode, or of the electrode potential of 
an electrode immersed in a solution of its own ions (electrode of the first kind) all have in common, that a 
galvanic contact exists between the electrode and the solution, allowing a faradaic current to flow, even 
when this is only a very small measuring current. 
The working principle of an ISFET is essentially different, which is evident from the name of this 
transducer: information is transferred via an electric field. As is known, the source of any static electric field 
is charge. The nature of this charge in our case is concealed in the first two letters of the acronym ISFET: 
ions form the source of the charge, of which the resulting electric field controls the electronic behaviour of 
the transistor. It is important to observe that in this case no galvanic contact exists between the solution and 
the conducting part of the sensor, thus preventing the occurrence of any faradaic current. 
 
1.1 Different types of FETs for sensing 
 
After the invention of the ISFET, which incidentally was targeted at the sensing of bioelectric signals in 
electrophysiology [1-3], it was soon recognized as a powerful sensing element. The operational principle of 
the ISFET is based upon the modulation of the potential difference across the oxide-solution interface. 
Because protons have a high mobility and a well defined chemical potential in aqueous solutions, the amount 
of charge on the interface quickly reaches a stable value, providing a stable potential across the interface [4]. 
It is important to note that it is possible to extend the original ISFET gate oxide by an extra insulating 
sensing layer, without the creation of extra interfaces that need to be thermodynamically defined. Using this 
idea, ISFET gate oxide surfaces can be made sensitive to other cations besides H+ by modification of the 
SiO2 gate oxide surface, which may include the addition of an inorganic layer. Traditionally, Na+ 

concentrations are determined using ion selective electrodes made of NAS glass (sodium aluminosilicate 
glass), and various papers are devoted to the fabrication of NAS glass in the surface layer of FET gate oxides 
by ion implantation [5-7].  
A second way of modification is addition of organic groups to the oxide surface, thus obtaining the so-called 
CHEMFET [8]. The simplest way to achieve this would be the direct attachment of organic groups to the 
oxide. However, it was shown theoretically that in order to repress the proton sensitivity of the oxide, 



99.99% of all sites that originally bind protons have to be blocked [9]. Such a high degree of coverage is 
hardly technically feasible when only surface groups are added, so it was tried to block the entire surface 
using a variety of polymers, and graft the sensitive groups onto the polymer. The resulting sensor has 
different properties. In the first place, all polymers tend to be permeable to some species, whether they are 
ions, neutral species or dissolved gases, so that interfering charges can build up at the SiO2-polymer 
interface. A second, technological problem arises because the differences in chemical structure and material 
properties between the polymer and the gate oxide surface are much larger than those between the oxide 
surface and any added glass layer. This means that special attention needs to be paid to the attachment of the 
polymer onto the oxide. The main difference between the CHEMFET and the ISFET is the existence of this 
extra interface so that an extra effort is needed to guarantee a thermodynamically defined interface for the 
CHEMFET. The first potassium sensitive CHEMFET created in this way had an ion conducting PVC 
membrane and used valinomycin as the potassium sensitive compound [10]. A large variety of other 
membrane materials and sensitive compounds have been used since then [11]. The resulting sensors usually 
have a good sensitivity and do not suffer from proton interference, but their lifetime is limited due to the 
problems regarding the adherence and thermodynamic stability mentioned above. Moreover, the sensitive 
compound tends to leak out of the membrane, thus reducing the sensitivity and inducing drift. The latter 
problem is a common problem encountered in the fabrication of ion selective electrodes and is not specific to 
the field of FET-based sensors. Additionally, it was shown that CO2 diffusing through the polymer and 
changing the pH at the polymer-SiO2 interface gave rise to drift problems [12]. In order to overcome these 
problems, the hydrophilic polymer poly-HEMA (poly 2-Hydroxyethyl Methacrylate) is used as an internal 
electrolyte between the SiO2 and the sensing polymer. This polymer can be chemically anchored to the SiO2 
surface by the use of appropriate intermediate groups and can be pH-buffered by the addition of an 
appropriate buffer. Instead of the gate oxide, the membrane covering the internal electrolyte is chemically 
modified to achieve selectivity. Using polysiloxane as a polymer membrane, so-called durable CHEMFETs 
have been made that still have a nernstian sensitivity after 82 weeks in streaming water [13]. 
Shortly after the first publications on the ISFET, Lundström et al. [14] published the first results on the 
hydrogen sensitivity of a FET having a palladium gate which they called the GasFET [15,16]. The palladium 
is interacting with the gas phase and the result of this interaction, the formation of a dipole layer at the 
palladium-oxide interface, is measured using the FET. Palladium has the unique property that it is permeable 
to hydrogen atoms, so a MOSFET having a gate contact that is made of palladium is sensitive to hydrogen 
bearing species. Gases that are able to dissociate at the Pd surface, like H2, H2O, H2S and a number of 
hydrocarbons, transfer H atoms to the Pd-film. When the temperature is elevated to 100-150 °C, this 
dissociation process becomes fast enough to obtain measurable levels of H atoms at the Pd-SiO2 interface. 
Some selectivity can be obtained by changing the operation temperature because the dissociation rates of 
different gases is temperature dependent.  
 
 
2 Operational principle of the ISFET 
 
The Metal Oxide Semiconductor Field-Effect Transistor (MOSFET) basically consists of a piece of 
semiconducting material with two contacts, the source S and the drain D [17]. The current-flow through the 
contact terminals via the semiconductor (called the drain current, ID) can be modulated by an electric field, 
perpendicular to this semiconductor. The electric field originates from a voltage applied on a metal electrode 
over the oxide, called the gate, with respect to the semiconducting material. The electric field acts upon the 
number of mobile charge carriers in the semiconductor and, consequently, controls the current, ID.  
In the so-called ohmic or non-saturated region the drain current ID is given by 
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where Cox is the gate insulator capacitance per unit area, μ the electron mobility in the channel and W/L the 
width-to-length ratio of the channel. In this equation VGS and VDS are the applied gate-source and drain-
source voltage, respectively. 
The threshold voltage VT of eq. 1 is defined as the (minimum) voltage required on the gate to create a layer 
of minority charge carriers under the oxide, the so-called inversion layer. VT is described by the following 
expression: 
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The bulk potential φB represents the separation of the intrinsic and the actual Fermi level determined by 
doping and the term QB/Cox in eq. 2 is the voltage drop over the oxide caused by the applied gate voltage, 
resulting in a charge QB in the substrate, which has to be balanced by charge on the gate. The remaining term 
of eq. 2, the flat-band voltage VFB, is the potential at which no excess charge is present in the substrate and 
hence no electric field. 
Although an ISFET is quite different from a MOSFET –the transistor lacks a gate and is to be immersed in 
liquid- the theoretical description only requires a subtle change compared to a MOSFET. This change is 
found in the description of the flat-band voltage, VFB and the ISFET-related expression for VFB becomes 

 
q

VV ssol
refFB

Φ
−χ−ψ−= 0        (3) 

where Vref represents the contribution of the reference electrode, ΦS the semiconductor workfunction  and χsol 
the surface dipole potential of the solvent. The term ψ0, representing the surface potential at the oxide-
solution interface holds the key to the pH-dependent nature of an ISFET. Via this parameter, information 
from the chemical domain is transduced to the electrical domain. 
It is the amphoteric nature of the oxide groups at the interface, in case of SiO2 these are SiOH groups, which 
causes the variation of the oxide surface charge at varying pH. The neutral surface hydroxyl site can either 
bind ( +

2SiOH ) or release (SiO-) a proton depending on the solution pH. This effect is described by the site-
binding model [18] and is not repeated here. In 1996 an elegant model describing the ψ0-pHbulk relation, 
based on the site-binding theory has been derived and presented [19]. The main results are repeated here. The 
general expression for the pH sensitivity of an ISFET is 
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The parameter α is a dimensionless sensitivity parameter, varying between 0 and 1, depending on the 
intrinsic buffer capacity, βint, of the oxide surface and the differential double-layer capacitance, Cdif. If α 
approaches 1, the ISFET shows a so-called Nernstian sensitivity of -59 mV/pH at 298 K. It is clear from eq. 
4 that this is the case for a high value of the intrinsic buffer capacity, which is a function of 3 material 
parameters of the oxide: the acid and base equilibrium constants of the amphoteric oxide surface groups and 
the total density of available surface sites. 
 
 
3 Advanced applications of FETs for sensing: once, now and in the future 
 
Rarely, a single MOSFET is used to perform a function and in general, additional components are used to 
provide a stable set-point to a single active component, or to control and linearize its signal transfer. Often, 
this is accomplished by some sort of feed-back. In the case of the ISFET, Bergveld had the original idea to 
control the ISFET via its chemical input, the local H+-concentration. For this, a chemical actuator was 
required. Such an actuator was found by the deposition of a thin noble metal electrode in the direct vicinity 
of the pH-sensitive gate. A direct current applied to this electrode generates H+ or OH- ions by the 
electrolysis of water.  
 
3.1 Acid/base determination by the ISFET-based sensor-actuator system 
 
The thus obtained ISFET-based sensor-actuator system turned out to be well-suited to measure the total acid 
or base concentration of a sample, as determined by classical volumetric titrimetry. Thus an overall solid-
state dipstick-like titrator had been developed, no longer requiring a conventional reference electrode due to 
the spatial differential way of measuring [20]. During the generation of the titrant, the pH-dependent output 
signal of the ISFET amplifier was recorded and a typical example of a coulometric titration is shown in 
figure 1a.  



(a)                (b)  
 
Figure 1 (a) Typical measured coulometric titration (curve 1) and its first derivative (curve 2). (b) Results of the 

coulometric titration of HAc and HNO3. 
 
The equivalence point is easily determined from the first derivative of the titration curve by calculating its 
maximum. A series of measurements with such a sensor-actuator device were performed to determine tend in 
solutions with a different acetic acid and HNO3 concentration. The results are presented in figure 1b. It is 
clear from this figure that the square root of the time needed to reach the equivalence point depends linearly 
on the acid concentration as theoretically predicted [21]. 
 
3.2 The pH-static enzyme sensor 
 
The ability to locally control the pH by the electrolysis of water is fully exploited with the pH-static enzyme 
sensor, where actual feed-back is applied [22]. Conventional enzyme sensors, based on the measurement of 
pH consist of a pH sensor to which an enzyme-loaded membrane is attached. The conversion of substrate in 
the immobilized enzyme membrane results in a local change in pH, which can then be measured. These 
enzyme sensors suffer from two major problems. One problem is the dependence of the pH response on the 
buffer capacity of the sample. Another problem is the non-linear response, caused by two reasons. First, the 
buffering capacity of the sample solution is pH-dependent; this implies that pH changes in the immobilized 
enzyme membrane depend on the initial pH of the sample solution. A second and perhaps even more 
important reason for the non-linear response is the pH-dependent enzyme kinetics. Both problems mentioned 
can successfully be solved with the application of the sensor-actuator system as described before, with an 
added enzyme-loaded membrane applied on top of the system. The pH inside the membrane can be adjusted 
by the continuous coulometric generation of ions at the actuator. By using a feedback system, the products of 
the enzymatic reaction in the membrane can continuously be titrated, thereby keeping the pH inside the 
membrane at a predetermined, constant level. The required actuator current depends linearly on the substrate 
concentration and the linear response range is greatly expanded, as the enzyme now operates at a constant, 
optimal pH. The amount of current required to provide continuous neutralization is linearly related to the 
substrate concentration, as shown in figure 2. The response is almost independent of the buffer capacity of 
the sample. A second advantage of this method is that the linear range of operation is expanded.  



 
Figure 2 The output (the required generating current) of the pH-static urea sensitive enzyme sensor does not depend on 

the buffer capacity of the sample and the dynamic range is expanded. 
 
3.3 On-line monitoring of fermentation with ISFETs 
 
An electrochemical sensor array for on-line monitoring of fermentor conditions in both miniaturized cell 
assays and in industrial scale fermentations is developed and fabricated [23]. The pH is monitored using an 
ISFET. The ISFET drift rate could be reduced to less than 0.002 pH unit/h by measuring differentially 
between an ISFET placed in a constant pH environment and an ISFET which is exposed to pH changes, as 
depicted in Figure 3. 
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Figure 3 (a) Microscope picture of the sensor array comprising an ISFET amongst other sensors and a heater [23].  

(b) measured transient behaviour of the ISFET as observed in differential measurements at pH 7. 
 
3.4 Encapsulation of FET sensors 
 
Concerning the encapsulation of ISFET chips, a considerable progress can be stated now [24]. Some leading 
producers of electrochemical sensors have developed new ISFET fabrication technologies allowing reliable 
sensor packaging with reasonable technological expenditure at the mass production scale. This is an 
important step in the direction to widespread installation of ISFETs also in industrial plants for process 
control. The design and technology for contacting and encapsulating ISFET sensors are not only crucial for a 
low cost production of high numbers but also for important sensor parameters such as long-term stability, 
response behaviour and lifetime. Nowadays, it can be ascertained that significant progress in design and 
encapsulation technology and gate surface advances have resulted in the successful introduction of ISFET 
sensors in some important applications, where the classic pH glass electrode can not be used at all or with 
function or survival disadvantages. 
 



3.5 The Hybrid Organic Semiconductor FET (HOSFET) 
 
The most important functional element of the FET based sensors is formed by the Electrolyte-Insulator-
Silicon (EIS) structure [25]. This is the electrochemical analogue of the solid-state Metal-Oxide-Silicon 
(MOS) structure [26,27], which on its turn is the functional element of the MOSFET device. EIS-structures 
can be used as sensory elements due to the fact that the surface layer of the gate insulator (mostly oxides) 
shows specific interactions with protons in the bulk of the solution as discussed before. An alternative gate 
insulator is proposed, namely a Si-C linked organic monolayer, which replaces the inorganic oxide 
insulators. The FET-based sensor with such an organic insulator is the latest acquisition in the list of FET 
sensor family and is called the Hybrid Organic Semiconductor FET (HOSFET). The theoretical advantages 
of using Si-C linked monolayers instead of oxide insulators are amongst others: 
 

• Si-C linked monolayers on both <100> and <111> silicon form densely packed layers and  inhibit 
oxidation of the underlying silicon. The surface morphology of these layers can be atomically tuned, 
i.e. the layers are equally flat or rough as the initial H-terminated silicon surface [28,29]. 

 
• Such monolayers can easily be functionalized [29] via organic chemistry. Numerous functionalities 

can be attached to the alkyl chains ranging from DNA, antibodies and proteins to ferrocene groups, 
gold nanoparticles and crown ethers [30]. 

 
Besides these advantages in the chemical domain also advantages are expected with respect to the noise and 
detection limit of the HOSFET as compared to the ISFET. Since such nm-thin insulators are used the overall 
insulator capacitance Cins increases as compared to the capacitance of inorganic insulators of which the 
thickness is in general in the order of 100 nm. Increasing Cins does not lead to an increase in sensitivity but it 
does have a beneficial influence on the detection limit and noise behaviour of the FET. 
 
3.6 Silicon Nanowires as FET sensors 
 
SiNWs can function as FETs and have been shown to exhibit performance characteristics comparable to the 
best achieved in the microelectronics industry [31,32], and also with high reproducibility. Important is the 
1D-morphology of these nanoscale structures; binding to the surface of a nanowire leads to depletion or 
accumulation of carriers in the ‘bulk’ of the structure compared to just the surface region of a planar device 
and increases sensitivity to the point that single-molecule detection might be possible, where specific sensing 
is achieved by linking a recognition group to the surface of the nanowire. 
 
 
4 Concluding remarks 
 
After the invention of the ISFET, which incidentally was targeted at the sensing of bioelectric signals in 
electrophysiology, it was soon recognized as a powerful sensing element. Some of the oxides used in the 
semiconductor device processing render the ISFET pH-sensitive without further modification. Additional 
layers, both of anorganic or organic nature resulted in a range of chemical sensors for different species: the 
CHEMFETs. Some of the persistent problems of drift, caused by impurities in the semiconductor as well as 
by unstable anchoring of functional groups in the sensing layer, were circumvented by new operational 
principles of the FET, i.e., by controlling the local chemistry via electrochemical acid or base generation. 
Additionally, better ways of packaging were proposed making the ISFET a success for a small, specialized 
market. The operational principle, however, is that unique (the charged, ionic world in the solution phase is 
mirrored via the electric field in the electronic world of the transistor) that ongoing research on these types of 
devices using the newest technologies results in the next generation of FET-type sensors: the 
Semiconducting Nanowires. 
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