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Abstract

The basic structure as well as the physical existence of the MOS field-
effect transistor 1s without doubt of great importance for the development
of a whole series of sensors for the measurement of physical and chemaical
environmental parameters

The equation for the MOSFET drain current already shows a number of
parameters that can be directly influenced by an external quantity, but small
technological variations of the original MOSFET configuration also give rise
to a large number of sensing properties All devices have 1n common that a
surface charge 1s measured 1n a silicon chip, depending on an electric field n
the adjacent insulator

FET-based sensors such as the GASFET, OGFET, ADFET, SAFET,
CFT, PRESSFET, ISFET, CHEMFET, REFET, ENFET, IMFET, BIOFET,
etc developed up to the present or those to be developed 1n the near future
will be discussed 1n relation to the considerations mentioned above

1. Introduction

The measurement of semiconductor surface charge as a function of an
electric field perpendicular to the surface was mentioned as early as 1925
by Lilienfeld and Heil as a possible principle for an electronic device that
would not consume any power from the input source creating the electric
field [1] In the mi1d-1940s Shockley and Pearson put the theory on a firm
footing [2], but 1t took until the 1960s before these devices could actually
be produced using the experience gained with silicon planar technology [3]

The most essential property of the MOS device that was created 1s 1ts
sensitivity, resulting from the fact that minority carriers are measured on
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the surface of a semiconductor with a majority doping of the opposite sign
(n-channel 1n p-type substrate and vice versa) From an electronic viewpoint,
the main advantage of the device 1s the extremely high inherent impedance
transformation from mput to output, which has a value of the order of 10!
This property also makes the MOS device very attractive for sensor applica-
tions, as will be outlined 1n the following sections

2 The MOS transistor

First we will briefly summarize the most important MOS equations
and parameters for an n-channel MOS transistor

In first-order MOS transistor theory, the equation for the drain current
Ip, 1n the unsaturated region (Vo < Vg — V1) 1s

W 1 »
Ip = #Cox 7 {(Ve = Vo)V — 5 Vp (1)

where u 1s the electron mobility in the channel, C,, the oxide capacitance
per unit area, W/L the channel width-to-length ratio, V; and V; the applied
gate—source and drain—source voltages respectively and Vi 1s the threshold
voltage, which can be described as follows

Qs

Qg 1s the bulk depletion charge per unit area, ¢ 1s the Ferm1 potential dif-

ference between the doped bulk silicon and intrinsic silicon and Vg 1s the

flatband voltage, which 1s given by
__(I)M o (I)Sl. _ Q1t+Qf

Ve = —
q q Cox

Vi= Vg —
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Fig 1 Schematic representation and basic operation of the MOSFET
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&, and P, are the metal and silicon work functions respectively, while @,,
and Q; are the charge of the interface traps and the fixed oxide charge re-
spectively, both per unit area

In the first instance the operation of a MOS device 1n the unsaturated
region can be fully explained by these three equations, as summarized in
Fig 1

In the saturated region eqns (2) and (3) are still valid, but eqn (1) has
to be replaced by

I = 2puCon X (Ve — Va)? 4)
DzuoxL(G ’I‘) (

3 The MOS transistor as a sensor

In order to consider possible sensor properties of the MOS transistor,
we have to ivestigate the MOS equation as described in the previous section
with respect to environmental influences upon the distinguishable param-
eters

Applied as an electronic device, all parameters described 1n Section 2
are assumed to be constant, resulting 1n a well-defined relation between the
output of the device, which 1s the drain current I, and the mput Vg

It 1s well known, however, that the physical parameters u and ¢; are
influenced by external conditions such as temperature, light and radiation
These sources of interference should be disregarded in the case of an elec-
tronic apphcation of the MOSFET, but on the contrary can be used for
sensing functions of the device in the case of a temperature sensor, an optical
sensor or a radiation sensor

These sensing functions are, however, not reserved for MOS devices,
because the origin 1s a pure sohd-state effect 1n the bulk of the semicon-
ductor which can also, even more easily, be used to advantage with other
semiconductor configurations such as simple diffused resistors, diodes and
transistors Therefore no practical MOS-based sensors are available based on
modulation of u and ¢;, except for MOS infrared detectors [4]

A unique feature of a MOS device 1s, however, 1ts dependence on the
metal work function ®,; It 1s known from MOS technology that the thresh-
old voltage Vi depends on the kind of metal used for the gate In this way
contact potentials ¢, = (Py/q) — (P, /q) could be made measurable for the
first time m a direct way, such measurements previously being only possible
by the vibrating reed method

It will be clear that, if the work function of the gate metal can be con-
trolled by an external parameter, the MOS device 1s a direct sensor for this
parameter In 1975 Lundstrom et al [5] showed that with a catalytically
active gate metal (1nstead of the aluminium commonly used in MOS tech-
nology) such a situation can be created They found that with palladium
(Pd) as the gate metal, a hydrogen-sensitive MOS device could be realized
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Fig 2 Schematic representation and basic operation of the GASFET

and that the chemacal sensitivity of this structure can be properly described
by a chemical control of the gate metal work function

The reason 1s that hydrogen in the ambient dissociatively adsorbs at
the outer Pd surface, while the resulting hydrogen atoms diffuse through
the thin Pd layer and adsorb at the Pd/S10, interface Detailled analysis of
this process results in a description of the metal work function as follows

APy (A@Mmax)( KPy 12 ) (5)
q q 1+ KPy!'?

where K 1s an overall equilibrium constant, Py the partial hydrogen pressure
of the ambient and A®,,; __ 1s the maximal shift in the metal work function
which 1s obtained at total coverage with H atoms of the available number of
adsorption sites per unit area at the Pd/S10, interface

These devices are often operated at an elevated temperature (50 -
150 °C) 1n order to speed up the catalytic reactions on the Pd surface This
principle, which 1s basically the measurement of a contact potential and
therefore explicitly supporting the MOSFET concept (see Fig 2), 1s 1n use
not only for the measurement of hydrogen, but also for other gases such
as CO, 1n which case the Pd gate should be rather porous [6] It has also
been shown that a large ammoma sensitivity can be obtained by using thin
catalytic metals as gates [7]

4 Changes 1n the MOS transistor configuration for sensor functions

Most of the MOSFET-based sensors function through small techno-
logical variations of the gate input They all have in common a silicon sub-
strate with diffused source and dran regions, covered with a thin or thick
oxide layer The different configurations can only be distinguished in the
structures outside this oxide On the other hand, these various structures
all have 1n common that they are the result of MOSFET-compatible tech-
nologies
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The most simple technological modification of the MOSFET configura-
tion 1s the omission of the gate metal A technological variation that i1s some-
times more difficult 1s the use of a gate at a certain distance, this distance
being bridged by a certain material The resulting sensors are sensitwve to
either a chemical or physical quantity that changes certain parameters of
this added material

In the next sections the various FET-based sensors will be described
along the lines of minor or major comphcated additional structures of the
compound gate areas

5 The OGFET

The Open Gate Field Effect Transistor (OGFET) was introduced by
Johannessen in 1970 [8], who exposed a MOSFET, from which the gate
metal was simply omitted, to a gaseous environment A strong variation of
the drain current was observed as a function of the partial pressure of polar
gases such as water vapour and methanol The experimental results were
corroborated by Thorstensen, who also observed a response to non-polar
gases All results obtained were qualitatively not affected by the oxide
thickness, which varied from 2 - 50 nm, but these oxides were always of
very poor quality, allowing a certain amount of electron transport through
the oxide of simultaneously fabricated MOSFETs The operation of the
devices has not been satisfactorily investigated Only suggestions are given
concerning the operational mechanism The gas adsorption might result 1n
a dissociation of gas molecules and hence charged particles, which are pos-
sibly transported along the oxide surface under the influence of the electric
fringe field resulting from the drain—source voltage The diffusion of charged
and uncharged particles into the oxide towards the S1/S10, interface may
also play a certain role Further, a change in the dielectric constant of the
oxide 1s suggested as being a cause of drain current modulation These
various possibilities of operation are given schematically in Fig 3 The poor
comprehension of OGFET operation 1s a serious drawback n the further
development of this type of gas-sensitive FET sensor
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Fig 3 Schematic representation and basic operation of the OGFET
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6 The ADFET

A patented version of the OGFET described 1n the previous section is
the Adsorption Field Effect Transistor (ADFET) [9] The difference 1s due
to a limitation 1n the oxide thickness, which has a maximum of 50 A for the
ADFET 1t 1s only for oxide thicknesses below this value that the ADFET
appears to respond to all kinds of gases that have a permanent net dipole
moment, such as H,0O, NH;, HC], CO, NO, NO, and SO, The explanation
of the observed sensitivity 1s that the drain current 1s determined by the
fringing field of the adsorbed molecules This may also account for the fact
that devices with thicker oxides do not respond to adsorbed gases, as the
externally sensible field of a dipole rapidly falls off in proportion to the
distance (1/r3) The device structure and operation are summarized in Fig 4

Selectivity of the devices 1s claimed to be realizable by proper chemical
modification of the oxide surface, such as replacement of the silicon/oxygen
bonds by silicon/carbon bonds, which are in turn again modified with special
groups For example, to enhance the response to NO and NO, one should
use silyl deriwvatives with amino or phenyl groups and for an SO, sensor,
silyl derivatives with hydroxyl, amide or imidazole groups should be used
In the ADFET patent a multisensor array has been claimed, each sensor
having i1ts own primary response to a certain gaseous component or class of
components In this way the development of a monitoring system for char-
acterizing the presence and concentration of selected substances in a gaseous
environment 1s proposed

A serious problem concerning the application of the OGFET and the
ADFET 1s the open-gate construction, which makes the devices very sensitive
to all kinds of electrical interference sources that cause an electric field 1n
the oxide A more suitable construction from a practical point of view will
be obtamed 1f a gate metal is added at a short distance Such a device 1s
described 1n the next section
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Fig 4 Schematic representation and basie operation of the ADFET
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Fig 5 Schematic representation and basic operation of the SAFET

7 The SAFET

The Surface Accessible Field Effect Transistor, SAFET, 1s a modifica-
tion of open-gate gas-sensing FETs Now the gate insulator consists partly of
an air gap, created by underetching of the polysilicon gate [10] In this way
the gas has direct access to the silicon surface without loss of the electro-
static shielding action of the gate metal

As with the ADFET, the drain current of the SAFET appears to 1n-
crease on being exposed to polar gases like water, acetone and alcohols
Assuming that the underetched gate region is nevertheless covered with a
native oxide, the operation mechanism will be the same as for the ADFET,
but an increase of drain current 1s imited by the series channel resistance at
the unetched part of the transistor This operation 1s schematically rep-
resented in Fag b5

The existence of the gate metal 1s not only favourable for diminishing
the interference of external electrical sources, but also operates as an elec-
tronic mput of the device This appears to be very useful for improvement of
the reversibility of the adsorption process, the sensitivity and the stability of
the device

The best results were obtained with an integration technique where the
time to reach a preset value of the drain current 1s measured after applying
a negative gate voltage This time appears to be a unique function of the
concentration of the polar gas component to be detected After each mea-
surement a short positive pulse 1s applied to the gate electrode before the
next measurement 1s carried out

8. The charge flow transistor, CFT

The CFT construction, first published by Senturia et al [11], can be
seen as a modification of the MOSFET, where the gate 1s mismatched 1n the
sense that it does not cover the actual gate area but 1s placed beside or
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Fig 6 Schematic representation and basic operation of the CFT

around 1t The gate area itself 1s covered with a resistive material that 1s in
contact with the laterally shifted gate As a result there will be a time delay
between the onset of a voltage step between the eccentric gate and the
source and the appearance of a complete channel This time delay depends,
amongst other things, on the resistivity of the thin resistive film, which
determines the time constant of the device together with the gate oxide
capacitance It will be clear that if the film resistivity 1s a function of en-
vironmental conditions such as humidity, the time-delay measurement 1s
actually the measurement of this external parameter Various polymer films
are used as well as sputtered glass film for humidity, gas and smoke detec-
tion In fact the advantage of the MOS basis of this device 1s the possibility
of measuring the resistance of thin films with a very high resistivity, which
would be very difficult with more conventional measuring techniques

However, the actual sensing mechanism has nothing to do with the
FET construction, because it 1s completely controlled by the chemaical or
physical affinity of the resistive film to environmental parameters On the
other hand, the technology of coating the transistor with a resistive film 1s
wholly compatible with MOSFET technology

Device construction and operation are schematically represented in
Fig 6

9 The PRESSFET

As mentioned above, in the CFT construction use 1s made of a lateral
shift of the gate metal, while the resistive film 1s a coupling element with the
actual gate area Of course this shift can also be provided in a direction
perpendicular to the transistor If, in contrast to the CFT, the matenal
between the elevated gate and the gate oxide 1s a dielectric, the MOS tran-
sistor will electrically still obey the equations mentioned 1n Section 2 In
eqn (1) the notation C,, for the oxide capacitance has now to be replaced
by that of the equwvalent capacitance C,, of the dielectric sandwich on top
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Fig 7 Schematic representation and basic operation of the PRESSFET

of the gate C., may be a function of the external environment, for instance
as the hfted gate bends as a function of pressure when the space between
the orginal gate oxide and the lifted gate 1s vacuum or simply air

Because realistic values of an awr gap thickness are of the order of
microns, the resulting capacitance 1s

Ceq ~ Calrgap << COX (6)
This means that eqns (1), (2) and (3) can now be approximated by

nu'Calrgap W\:( Qtot 1
I =B Bl o e+ )V — e 7
L Cargan) =~ 2

where Qo = Qp + @, + @
The sensitivity of the device for a variation of the aiwrgap capacitance

15 thus

o . W[V—Z—- Vo — = Vp? 8
dCau:gap M I7 ( G ¢f ¢ms) D 9 D ] ( )
This sensitivity can be increased by Increasing the apphed voltages, especially
Vs, simply because a higher voltage on a capacitor implies a higher charge
Therefore voltages of the order of several hundred volts are applied to
condenser microphones These values are, however, very unrealistic to be
applhed to sensors from an external source This problem 1s solved for
condenser microphones by mcorporating an additional fixed charge in the
capacitive structure, resulting in the well-known electret microphones This
electret concept can also be applied to pressure-sensitive devices as men-
tioned above This will lead to the development of a PRESSFET, which can
be used 1n a catheter-tip construction for the measurement of blood pressure
and as a solid-state configuration of the electret microphone for applhication
in hearing aids [12]} In both cases the dielectric sandwich of the MOSFET
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gate also contains, besides the silicon dioxide and an airgap, a layer of Teflon
contaming the fixed charge, which results in an equivaient gate—source
voltage Vg of the order of several hundred volts The PRESSFET concept is
schematically represented in Fig 7

A similar sandwich approach 1s the use of a piezoelectric polymer, such
as PVF,, as a layer between the metal gate and the oxide of a MOSFET In
this case no awrgap is necessary, because an acoustic pressure on the piezo-
electric layer directly induces an input voltage for the attached MOSFET
This type of acoustically sensitive transducer 1s especially developed for use
as arrays in medical ultrasonic 1maging systems [13]

10 The ISFET

In the terms of this paper, the already widely-known Ion Sensitive
Field Effect Transistor (ISFET) can be seen as a special type of MOSFET
with a gate at a certain distance [14] In this case no dielectric sandwich 1s
mserted between the gate metal and the silicon dioxide as 1s done with the
PRESSFET, but instead a conducting electrolyte and a half cell, originating
from the reference electrode The metal part of this reference electrode can
be seen as the actual gate of the FET system, to which the original equation
of the MOSFET can still be applied (eqn (1))

However, 1n the case of an ISFET the equation of the flatband voltage
(egn (3)) contains some additional terms, which describe the 10n sensitivity
[15]

(I)sl __ Qn‘. + Qf
Cox

This differs from eqn (8) in that E,., the reference electrode potential
relative to vacuum, now contains the metal work function ®,,/q, while the
additional term (—y¢+ x*°!) describes the interfacial potential at the elec-
trolyte/silicon dioxide interface The factor x°°! 1s the surface dipole mo-
ment of the solution, which can be considered to be constant, while y, 1s
the actual driving force of the ISFET, related to the solution pH with respect
to the pH that does not result in a net surface charge, pH,,. (point of zero
charge)

(9)

Vg = Eres — Yo+ X°°' —

RT( B
= 03 —{—— |(pH,,. — pPH 10
‘1{/0 23 q (6+1)(p pzc P ) ( )
for the condition that 8> qy¢/kT The parameter § reflects the chemical
sensitivity of the outer oxide surface, depending mainly on the site density
N, of the hydroxyl groups, and the surface reactivity characterized by the
equihibrium constants K, and K,, of the acidic and basic surface reactions

_ 2¢’N(K,K,)'"?

11
ETCph, (1)

B
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Fig 8 Schematic representation and basic operation of the ISFET

where Cpp 1s the double-layer capacitance, which can in practice be ap-
proximated as being constant

Thus the ISFET can be seen as a normal MOSFET with the oxide
replaced by an oxide—electrolyte system, resulting in a pH-dependent thresh-
old voltage The applied voltages and the electrical sensitivity of the device
are of the same order of magnitude as in normal MOSFETs

The selectivity and chemical sensitivity of the device are completely
controlled by the properties of the insulator/electrolyte interface It has
been shown that for pH sensors morganic gate materials other than S10, are
favourable Al,0; and Ta,0; especially appear to be the best for pH measure-
ment, because the parameter § (eqn (11)) i1s much higher for these materials
In practice, the layers of Al,O; and Ta,O5 are simply deposited on top of
the first layer of S10, by means of chemical vapour deposition (CVD), as 1s
usual in other MOS devices with sandwiched dielectric layers

So far the fabrication of ISFETs 1s completely similar to that of MOS-
FETs, only the gate metallization being omitted The usual inorganic gate
msulators appear to possess the required pH-sensitive properties, fairly well
matched with the pH range, sensitivity and selectivity of interest for com-
mon chemical and biomedical applications This 1s a very fortunate coin-
cidence The ISFET is schematically represented in Fig 8

As soon as different properties are required for special purposes, the
msulator surface has to be modified This can be done by 10n 1mplantation
1If one wants to be compatible with IC technology, or else by chemical treat-
ment of the surface A good understanding of the site-dissociation model, on
which eqns (10) and (11) are based, also giwves an answer to the question
about what should and can be done with the surface hydroxyl groups of the
orignal mnorganic gate material One can increase or duninish the number of
acidic and or basic groups by means of adequate chemical treatment, giving
a predictable shift of the pH,,. and {/,/pH relation [16, 17]
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It will be clear that the ISFET as a pH-sensitive device can also be used
indirectly for measuring a chemical quantity that controls the pH m a
chamber containing the ISFET and reference electrode and separated from
the environment by a membrane Measurements of the partial pressures of
CO, and NHj; can be obtained 1n this way [18], which 1s similar to the more
macroscopic CO, and NH, electrodes constructed on the base of glass mem-
brane electrodes However, silicon micro-machining combined with ISFET
technology provides a more direct method of constructing complete struc-
tures of such a sensor for dissolved gases

Basically these devices are still ISFETs, but are directly coupled with
a chemical convertor, represented as shown in Fig 9

11 The REFET

An extreme case of surface modification, as mentioned 1n the previous
section, 1s the realization of a condition where the pH sensitivity 1s so far
diminished that one can speak of pH insensitivity, at least in a certain pH
range A chemical treatment that will result mm such a device 1s extremely
interesting, because 1t can be used as a reference ISFET (a REFET accord-
ing to the hiterature), the development of which could be the solution for
the reference electrode problem The REFET i1s shown schematically in
Fig 10

The ISFET and REFET should be apphed in a differential circuit, in
which case a platinum electrode can serve as the connection with the elec-
trolyte, because now the interference of the electrode potential will be
common to the ISFET and REFET and will thus not be measured

Up to now no REFETs have been realized with only a chemical treat-
ment of the surface Present REFETSs have gate mnsulators that are made pH
imsensitive by means of an additional coating such as Parylene, which makes
the surface hydroxyl groups less active simply by coverage [16] It appears,
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however, that in this case the pH sensitivity cannot be completely removed
Future research will probably lead to chemical surface modification com-
bmed with coverage, resulting in a complete masking of hydroxyl or similar
surface groups

Note that such a REFET 1s in fact again a pure field effect device The
field inside the msulator 1s only a function of an appled potential

12 The CHEMFET

In Section 10, the notation ISFET was more or less reserved for those
devices whose morganic gate materials are well known in MOS technology
and fortunately also have 1on-sensitive properties, which appear to be
Iimited to pH sensitivity

In order to be able to develop 10n sensors that are selectively sensitive
for other 1ons, no materials are known that can be compatibly produced
with MOS technology What 1s known from the development of conventional
1on-sensitive electrodes (ISEs) 1s that particular organic materials containing
a certain amount of plastisizer can act as a substrate for a variety of 1on-
exchange materials These electrodes are called sohd-state membrane elec-
trodes Analogously with this technology, ISFETSs are also being coated with
these organic membranes which are made sensitive for specific rons These
coated ISFETs are commonly called CHEMFETSs, a combination of a con-
ductive chemical sensitive layer and the potential-sensitive FET structure
A well-known example 1s the potassium-sensitive CHEMFET, which 1s
coated with PVC contaming valinomycin as 1on exchanger [{19]

Because the membrane has conducting properties, the thickness of
the layer 15 less critical than in ISFETs with additional insulating layers
The latter layers are always made by means of MOS technology, where
thickness can be very accurately controlled, even with very thin layers,
while the CHEMFET top layer can be provided by a more simple method,
namely dipcoating 1in a suspension of the membrane material However, the
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Fig 11 Schematic representation and basic operation of the CHEMFET

time constant of the CHEMFET slows down with respect to that of the
original ISFET due to the resistance of the membrane A CHEMFET 1s
schematically shown in Fig 11

The most critical point of the CHEMFET construction 1s the attach-
ment of the membrane to the underlying mnorganic gate material With
dipcoating one has to rely on a physical bond, which 1s of course not one
of the best possibihities Indeed in practice CHEMFETs often suffer from
membrane loosening as they are m contact with water This 1s a serious
drawback with respect to their life-time

In the future one can expect an approach similar to the one described
for a REFET, where mn this case the chemical modification of the oxide
surface will not only protect this surface against protonic reactions but will
also lead to chemical bonding of an 10on-sensitive membrane In this respect
a crown-ether layer 1s a very promising perspective

13 The ENFET

The ENFET 1s in principle a CHEMFET, but the membrane 1s 1n this
case a gel, containing immobilized enzymes These enzymes control very
specific chemical reactions, resulting in chemical products that can be
measured by the underlying ISFET [20]

For example, urea is measured by means of the enzyme urease, result-
ing 1in the production of ammonium and bicarbonate 10ns according to

(NH,),CO + 2H,0 + H* ——=5 9NH,* + HCO;™ (12)
2

The corresponding pH change at the ISFET surface can be related to the
original urea concentration This 1s symbolized in Fig 12

Although Figs 11 and 12 suggest a similar operation of the CHEMFET
and ENFET, 1t should be noted that this i1s not the case A CHEMFET
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Fig 12 Schematic representation and basic operation of the ENFET

measures the diffusion potential at the interface between the added layer
and the hiquid as a function of i1on activity ¢ in the hquid An ENFET mea-
sures, on the contrary, not an interfacial potential but a local pH change in
the bulk of the added gel layer as a function of an undiffused substrate S
However, the measured effect 1s also a function of the pH and buffer capac-
1ty of the hquid, which 1s one of the disadvantages of this type of enzyme
sensor

The development of ENFETs 1s faced with the same problem of mem-
brane fixation as discussed in the previous section An even more serious
problem of these devices 1s related to the nature of the enzymes, which will
certainly degenerate relatively fast under these immobilized circumstances

As with the CHEMFET, the problems with the ENFET do not originate
from the particular sensing principle, : e, the measurement of an electric
field 1n an nsulator adjacent to a semiconductor This concept 1s clear and
still worthwhile applying The lfetime improvement of these devices de-
pends more or less on the synthesis of new materials that can be chemically
bonded to an 1norganic msulator and can contain a fixed and stable amount
of 10n- or molecule-sensitive materials

As m the case of CO, and NHj; electrodes, the ISFET 1in the ENFET
mode 1s still 1n use as a pH sensor, but directly coupled with a chemacal
convertor

A combination of enzymes and a CO, or NH; ISFET (Fig 9) 1s also
a possibility, as well as a combination of enzymes and a GASFET (Fig 2),
where a gaseous specles such as NHj, evolved in an enzymatic reaction, 1s
detected directly [7]

14 The IMFET

As the ISFET has proved to be a device that is very sensitive for any
electrical mmteraction at the surface, 1t may also be useful for measuring
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Fig 13 Schematic representation and basic operation of the IMFET

electrical effects caused by immunological reactions at the surface There-
fore a layer of antibody or antigen molecules has to be absorbed or covalent-
ly bonded to the ISFET surface, as with the ELISA (Enzyme Linked Im-
munosorbent Assay) technique [21] It 1s expected that a reaction with the
specific antigen or antibody will result 1n an equivalent threshold voltage
change, but this has still to be proved under realistic conditions In particular
the existence of water molecules and salt ions 1n the immunologically-active
layer will negatively influence the sensitivity of the device [22] Much more
research will have to be done 1n order to realize stable and accurate measure-
ments with an immuno-FET (IMFET), which 1s schematically represented
in Fig 13

15 The BIOFET

The ENFET and IMFET make use of biologically active substances
directly coupled with an ISFET

The layer of immobilized enzymes on top of the ENFET can be seen
as a biochemical converter of substrate concentration to local pH changes,
or in other words, 1t operates as a biologically-controlled pH actuator With
the IMFET use 1s made of a direct conversion of a biochemical reaction to
an electrical signal, measured by the ISFET

In general, 1t will be clear that any biochemical reaction resulting in
chemical or electrical changes can be measured by means of a coupled
ISFET

The appearance and construction of these devices will be similar to
those that measure dissolved gases In that case, a chemical converter was an
mmplicit part of the sensor chip In the case of a BIOFET, this chemical con-
verter 1s replaced by a biochemical convertor or reactor

Such ISFET-coupled bioreactors may contain all kinds of biologically
active species, even including bacteria, whole cell and living tissue [23] The
reactors can be seen as biological receptors, which can very selectively rec-
ognize chemical and biochemical substances
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In order to develop such BIOFETSs (see Figure 14), great advantage can
be taken of the progress that has been made in biotechnology research,
where biological activity 1s also used functionally All ISFETs have to do 1s
to measure the product If the original substance to be measured reacts with
a reagent through a catalytic cycling with a multiplication factor, a relatively
large amount of product 1s generated, which means that the sensor contains
an mnherent chemical amplification beside 1its electronic amplification This
will 1ncrease the sensitivity in a similar way to that known from biological
transducers It should also be noted that the very thin layers of active ma-
terial found 1n some bioreceptors can easilly be mmitated by means of the
ISFET concept with added thin layer and membrane constructions

The development of BIOFETs has however, hardly started, but will
certainly be an important research topic in the near future

16 Conclusion

It can be concluded that all the sensors described in this paper are
FET-based, which means that the field-dependent silicon mversion layer 1s
measured Note that the sensors are considered as modified MOSFETSs, from
which another parameter rather than a change 1n the gate—source voltage is
responsible for the modulation of the drain current This 1s due to the
mherent integration of the sensor and the electronic functional parts of the
total device

Of course 1n practical cases one can also separate the two distinguish-
able functions Many examples can be found in the literature concerning
sensors constructed m silicon and integrated with an MOSFET or even com-
plete CMOS circuitry In those cases the MOSFET function 1s not modified,
but the MOSFET 1s simply driven by the output signal of the sensor

Seen from an electronic pomt of view, all FET-based sensors described
1n this paper behave 1n a similar way, which means that they can be part of
an electronic measuring circuit 1n a rather standard configuration This
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makes the development of FET-based sensors very interesting, as well as the
fact that basically the sensor technology 1s also the same This 1s of great
importance, especially for the development of multi-sensors
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