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Abstract: In this paper, we address the increasingly important and rapidly developing field of ISFET-based silicon integrated biochemical sensors.
ISFET transduction mechanism, modelling and electrochemical characterization techniques are reviewed. ISFET fabrication technology, mainly
with reference to the ISFET-CMOS process developed at IRST, is described. Two examples of ISFET-based systems for application in the

environmental monitoring field are presented.

Kemicni senzorji na osnovi ISFET pretvornikov

Kijuéne besede: mikroelektronika, senzorji kemijski, senzorji biokemijski, ISFET senzorji, ISFET transistorji, MOSFET transistorji, osnove teoreticne,
modeliranje polprevodnikov, modeliranje ratunalnidko, EIS kondenzatorji elektrolit-izolator-polprevodnik, tehnologije proizvodnje, parametr
elektrokemijski, obéutljivost na ione, selektivnost za ione, ISFET-CMOS procesi

Povzetek: V prispevku opisujemo vse bolj pomembno in hitro se razvijajote podrocje biokemiCnih senzorjev na osnovi integriranih ISFET
tranzistorjev na siliciju. Podamo mehanizme pretvorbe ISFET tranzistorjev, modeliranje in tehnike elekirokemiCne karakterizacije komponent. Ravno
tako opidemo tehnologijo izdelave teh pretvornikov, kjer kot osnovo vzamemo ISFET-CMOS proces, ki smo ga razvili na JRST. Na koncu
predstavimo dva primera uporabe senzorjev na osnovi ISFET pretvornikov pri nadzoru okolja.

1. INTRODUCTION \ X+Mg XXM,

A chemical sensor is a device which is capable of
converting a chemical quantity intc an electrical signal.
Chemical species to be detected are usually present in
mixtures where the sample matrix might be gas, liquid
or solid. For instance, a chemical sensor may be re-
quired to detect the presence of hydrogen in air (gas
sensor), the presence of water vapour in air (humidity
sensor) or the presence of ions in water (ion-sensitive

where ki and kr are the forward and reverse reaction-
rate constants. When the reaction liberates (or ab-
stracts) heat due to a change in enthalpy, this can be
detected calorimetrically. Alternatively, when the reac-
tion is accomplished by liberation (or abstraction) of
electrical charges, this can be detected conductimetri-

sensor). A chemical sensor may also be requested to cally, amperometrically, or potentiometrically. Selectiv-
detect the presence of more complex molecules such ity, i.e. the capability to detect only the chemical species
as sugar or proteins in a liquid. A chemical sensor X among the many different ones usually present in the
designed to detect a biological quantity is usually re- sample matrix, depends upon the nature of the reaction
ferred to as a biochemical sensor or biosensor. The mechanism. Selectivity can be enhanced by selecting
different types of chemical sensors can be classified an active material M which reacts preferentially with the
according to the sensing principle by which they detect measurand X. Thin or thick layers of these active mate-
the chemical measurand. For example, the interaction rials, eventually associated with some filtering action,
of a chemical species X with the sensing material M can can be coupled with suitable transducers to develop
usually be described by the following reaction: selective biochemical sensors.
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This paper will focus on and discuss only potentiometric
biochemical sensors based on the lon-Sensitive Field-
Effect Transistor (ISFET) /1, 2/. This choice is motivated
by the following considerations. (i) An ISFET can be
considered as a transconductance amplifier that trans-
form an input voltage (high input impedance) to an
output current (low input impedence). Therefore, IS-
FET-type potentiometric sensors do not draw any sig-
nificant input current and the output signal is much less
susceptible to noise. (i) ISFET’s lend themselves to
low-cost mass production by using the well established
silicon planar technology. (iii) ISFET's can be made
compatible, with some limitations, with conventional
CMOS processing, which allows smart sensors to be
designed and fabricated.

The paper is organized as follows. ISFET theory and
modelling are reviewed in Section 2, while fabrication
technology is described in Section 3 with emphasis on
the ISFET-CMOS fabrication process developed and
currently in use at IRST (Trento, ltaly). Section 4 is
devoted reliability issues, mainly related to selective
membrane deposition and device encapsulation and
packaging. Finally, among the large variety of possible
application of ISFET-based (bio)chemical sensors, only
the increasingly important environmental monitoring
field will be briefly addressed in Section 5, where two
examples of applications recently developed at IRST
are presented.

2. ISFET THEORY AND MODELLING

in this section, the operation of the ISFET is first outlined
by comparing it to that of a MOSFET. Then, the theory
of Electrolyte-Insulator-Semiconductor (EIS) systems is
reviewed, and the chemico-physical phenomena un-
derlying the ISFET transduction mechanism are de-
scribed in more detail. Finally, a simulation technique is
briefly described, aiming at a detailed, device-level
analysis of pH-ISFET's.

2.1 ISFET vs. MOSFET

The operation of the ion-sensitive field-effect transistor
can be best explained by comparing it to that of a
conventional Metal-Oxide-Semiconductor Field-Effect
Transistor (MOSFET).

As shown in Fig. 1, the ISFET can be viewed as a
MOSFET in which the gate metal is replaced by an
electrolytic solution with a reference electrode im-
mersed into it. The sequence of contacting phases in
the two devices is as follows:
¢ MOSFET: metal / silicon dioxide / silicon / metal
e ISFET: metal/Ag/AgCl/ saturated KCi/ test solution
/ pH-sensitive insulator / silicon dioxide / silicon /
metal
where an Ag/AgCl electrode has been assumed as
reference electrode for the ISFET. Moreover, the sim-
plest case of ISFET has been considered (and will also
be assumed in the following, unless otherwise stated),
namely an H*-sensitive ISFET. To make the device
sensitive to other ionic species, specific polymeric
membranes can be deposited on top of the gate insu-
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lator /3/. As can be seen, when transforming a MOSFET
into an ISFET, the interface between metal gate and
insulator is to be replaced by a number of additional
phases representing the reference electrode, the solu-
tion under test, and the pH-sensitive insulating layer.
Correspondingly, the ISFET threshold voltage, V1, de-
fined as the externally applied Vas voltage required to
bring the silicon surface to the onset of strong inversion,
can be deduced from that of the MOSFET, V7, by simply
adding the potential drops at the additional interfaces
/4/:

V;:VT+EreI+(pl/'+Xe ~¥o(pH)~9,/q. (1)

In the above equation, Eref is the reference electrode
absolute potential, ¢ij is the liquid junction potential
difference between the reference solution and the elec-
trolyte under test, xe is the electrolyte-insulator surface
dipole potential, om /q is the work function of the gate
metal relative to vacuum. Wo(pH) represents the poten-
tial difference between the insulator surface exposed to
the electrolyte and the bulk of the electrolyte itself, and
is actually the sole pH-dependent term in the ISFET
threshold voltage.

MOSFET

l T p-Si substrate

ISFET

Vos

J Qource J L n+dra§J

p-Si substrate

L

Schematic cross-sectional view of a MOSFET
compared with that of an ISFET.

Fig. 1:

Once the threshold voltage is known, the current flowing
from source to drain in an ISFET can formally be ex-
pressed, as a function of the applied voltages, exactly
in the same way as in a MOSFET, i.e.

_ 'K[(VGS —V7:>_(VDS /2)]\/03 for Vs < Vs = Vr @)
Y2 A

for Vpg > Vg ~ V5

where the conduction factor Kis given by K = pn Ci W/L,
n being the electron (for an n-channel device) mobility,
Ci the insulator capacitance per unit area, W and L the
channel width and length, respectively.
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In the next section, the term YO(pH) of the ISFET thresh-
old voltage will be shown to be correlated to the surface
chemical reactions occurring at the electrolyte-insulator
interface. Already at this point of the discussion, how-
ever, itis possible to understand the operating principle
of the ISFET as a pH sensor: any chemically-induced
change in one of the terms at the right-hand side of egn.
1 shifts, in fact, the threshold voltage of the device,
inducing a corresponding change in the device current
which can be detected and monitored. To this purpose,
ISFET's are normally operated at constant Ips and Vps,
i.e. using a feedback circuit, as that depicted in Fig. 2,
which compensates for induced changes in Ips by
adjusting Vas. The device is commonly biased in the
linear part of the triode region (i.e. with Vps << Vgs -
V1), where the drain current, written by neglecting the
non-linear term, is simply given by

lps = K(VGS -V )VDS . 3)

Combining eqgns. 3 and 1 yields:

Vs = lps / (KVps )+ Vi + E +@; +xe ~Vo(PH) -0, /4,
4

which, for Ips and Vps held constant, can be written as:
Vs = const.=V,(pH). (5)

The term denoted as “const.” in the above equation
summarizes all the quantities at the right-hand side of
eqn. 4 which are unaffected by a change in the solution
pH. It is evident from eqn. 5 that any change in the
electrolyte pH will induce a corresponding change inthe
gate voltage Vgs. This latter can therefore be assumed
as the pH-dependent output voltage of the circuit shown
in Fig. 2.

Vref

Fig. 2: Sketch of a feedback circuit for measuring pH

sensitivity in ISFET devices.
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2.2 THE ELECTROLYTE-INSULATOR-SEMICON-
DUCTOR SYSTEM

ISFET transduction mechanism relies on the properties
of the Electrolyte-Insulator-Semiconductor (EIS) ca-
pacitor forming the gate structure of the device.

The response of EIS systems to changes in the electro-
lyte proton concentration is commonly explained by
invoking the so-called site-binding theory /5/, to de-
scribe the physico-chemical processes occurring at the
electrolyte-insulator (El) interface /4, 6 - 10/. According
to this theory, the presence of ion-specific binding sites
at the surface of the insulator exposed to the electrolyte
is responsible for the development of an ion-charge
layer on the insulator surface, as a result of chemical
reactions between binding sites and H™ ions. In addi-
tion, other ions present in the solution (forinstance, Na*
and CI" in a typical univalent electrolyte) can form ion
pairs with the charged surface sites. The electrical dou-
ble layer developing at the electrolyte-solid interface is
then completed by a diffuse charge layer formed by the
hydrated electrolyte ions. A schematic picture of the
charge density distribution throughout the EIS system
is given in Fig. 3(a), where oo, op, and od represent the
charge densities associated with surface sites, counter-
jons, and diffuse layer, respectively. Figure 3(b) shows
the corresponding electrostatic-potential distribution.
The Outer Helmholtz Plane (OHP) is the locus of the
centers of the hydrated ions forming the diffuse layer
with the closest approach to the solid, while the Inner
Helmholtz Plane (IHP) is the plane of the adsorbed ions
which form pairs with the charged surface sites.

In an EIS structure having SiaNs as dielectric material
exposed to the electrolyte, silanol sites, as well as
primary, secondary, and tertiary amine sites, are pre-
sent on the SigN4 after oxidation. Neglecting the contri-
bution of secondary and tertiary amine sites, the charge
density og due to surface sites can be expressed as /4/
(similar expressions hold also for different insulating
materials):

metal | Ag| reference test solution insulator semiconductor | metal
solution
CHARGE
(@ Cp | DENSITY
=y
; ‘A%
o | e
: d sC
Lo
OHP  IHP
(b) ELECTRIC
POTENTIAL
G
b -19
Vo 9 0
R AL Bt 99
b X
LN i
I
Fig. 3: Sketch of the charge-density (a) and electric-

potential (b) distributions in an EIS structure.
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In the above equation, Nsi and Nnit are the silanol and
primary amine binding-site density, respectively,
whereas K4+ , K. and Kn+ represent the dissociation
constants of the surface chemical reactions involving
binding sites and H™* ions. [H"]s represents the proton
concentration at the El interface, which is related to that
assumed in the electrolyte bulk [H*]p = 107 pH through
the Boltzmann equation:

[H°], =[H"], exe[-a(90 —95)/ (kT)], (@)

where @o and gp are the electrostatic potential at the El
interface and in the electrolyte bulk, respectively. The
diffuse layer is governed by the Gouy-Chapman-Stern
theory, which dictates that the charge in a column of unit
cross-sectional area extending from the OHP to the
electrolyte bulk is given by /6, 8/:

6, = /Be KTC, sinh[g—((—%%ﬁ}, 8)

where @g is the potential at the OHP, cp is the ion
concentration of the solution, and ew is the solution

permittivity. Neglecting the counterion charge (op) atthe .

IHP, ¢4 is related to @g by the Gauss law applied to the
electrolyte region extending from the El interface to the
OHP:

(¢
(Pd:‘Po‘{“‘CTd: )
h

Ch being the capacitance per unit area of the complete
Helmoltz layer.

To complete the EIS model, additional equations are
needed, defining the charge distribution in the solid-
state part of the structure. From the MOS-capacitor
theory, one can express the semiconductor charge
density, osc, as a function of the sole electrostatic po-
tential at the insulator-semiconductor interface, ¢s:

qe qe
==+ [2ek S _f4expl 1L+
O, =12 TPpo [( P xp( )) (10

1/2
n
+_po.(_(&_1+exp(g(g§.)j .
Ppo \ KT KT

In the above equation, &s is the semiconductor permit-
tivity, npo and ppo are the equilibrium concentrations of
electrons and holes, respectively, and the sign plus
applies to the case of @s<0, the minus to the case of
¢s>0. Moreover, the Gauss law applied to the insulator
region yields:

Gsc:Ci((Ps_('po)‘ (11)

Finally, the charge neutrality for the whole EIS system
requires that:

O,+0,+0, =0, (12)

where charges in the oxide and at the Si-SiOz interface
have been neglected for simplicity.

Equations 6 tc 12 can be assumed as the EIS system
model. From a mathematical point of view, they form a
system of seven equations, which, for instance, can be
solved for the following seven unknowns: oo, [H" s, g,
Osc, 90, ¢d, and gs, having assumed [H*]p=10"" and
ob (which differs from the externally applied gate voltage
by a constant) as externally defined parameters. So
doing, the charge and potential distribution in the whole
EIS structure can be calculated for any given value of
the solution pH and of the externally-applied gate volt-
age. Alternatively, system 6-12 can be solved with ¢p
unknown and s set to the value of 2¢rF (¢F being the
Fermi potential in the semiconductor region), that is, to
the onset of strong inversion condition at the semicon-
ductor-insulator interface. In this case, the quantity
Wo=g-@b, which enters into the ISFET threshold volt-
age expression (see eqn. 1), can be computed as a
function of the solution pH.

2.3 DEVICE-LEVEL SIMULATION

Efforts aimed at making the ISFET fabrication process
compatible with CMOS techologies are in progress, to
allow chemical sensors and signal-conditioning elec-
tronics to be integrated on the same chip. This fact,
while opening the way to the development of chemical
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Fig. 4: ISFET transfer characteristics at different pH
and Vps=0.1 V.
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drain voltages and pH=7.

smart sensors, imposes that suitable CAD tools be
adopted to efficiently and reliably design ion-sensitive
IC’s. To meet this need, a SPICE model has, for in-
stance, been proposed in /4/. When dealing with the
development of ISFET devices and the optimization of
fabrication processes, however, a more straightforward
relationship between process parameters and device
electrical responses is desirable, with respect to that
allowed by compact, circuit-simulation-oriented mod-
els. This can be achieved by means of device-level
simulation. In the following, a technique is briefly de-
scribed, which allows for the device-level analysis of pH
ISFET’s. Full account of the simulation technique, as
well as of its experimental validation, can be found
elsewhere /11, 12/. In this approach, the ion-charge
build-up model given by egns. 6-9 is incorporated into
the 2D device-simulator HFIELDS /13/. Such a program
solves the fundamental device equations, i.e. Poisson
and carrier-continuity equations for electrons and holes,
supplemented by the drift-diffusion expressions for the
electron and hole current densities. Numerical solution
of these equations is carried out by discretizing them on
a 2D triangular grid. To the purpose of linking egns. 6-9
to the semiconductor-device model, a gradual approxi-
mation is assumed to hold within the electrolyte, i.e., the
potential at the electrolyte-insulator interface is as-
sumed to vary slowly along the direction parallel to the
insulator surface. This allows for the adoption of a 1D,
lumped model of the charge distribution in the electro-
lyte along the direction normal to the same surface.
Equations 6-9 are then coupled with Poisson's equation
and solved at each element of the discretized electro-
lyte-insulator interface, thus providing a self-consistent
description of the charge and potential distribution
within the whole EIS system. By this approach, techno-
logical details such as the actual doping profile, specific
geometries, surface defects, oxide-trapped charge,
etc., can easily be taken into account and the TCAD
optimization of the ISFET device and fabrication proc-
ess is made feasible.

To validate the implemented models, the HFIELDS pro-
gram equipped with the new capability has been em-
ployed to simulate ISFET’s fabricated at IRST with a
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CMOS-compatible technology, whose main features
are described in the next section. Computed charac-
teristics have, then, been compared to actual device
responses. Experimental characteristics shown in the
following were measured in the dark at 25°C, with the
gate voltage applied through an Ag/AgCl reference
electrode, soaked in a 0.1 M, NaCl solution electrolyte.
Titration was performed by adding NaOH and HClto the
solution, while monitoring the pH value with a Crison
2002 pH-meter. Simulations take into account a realistic
description of the actual doping profile, as well as fixed
oxide charges and Si-SiOz interface traps. Figures 4 and
5 show the transfer characteristics at different pH values
{at a given Vps) and at different Vps values (at a given
pH), respectively. As can be seen, the agreement be-
tween simulated and measured curves is quite satisfac-
tory and, in particular, the pH-dependent threshold shift
is predicted accurately. A sensitivity of about 53 mV/pH
can be extracted from the simulated Vas(pH) data, in
good agreement with both experimental results and
literature data /14/.

3. FABRICATION PROCESS AND ELEC-
TROCHEMICAL CHARACTERIZATION

As an example of ISFET fabrication technology, the
ISFET-CMOS process developed at IRST is described
in-the first part of this section. Then, the main electro-
chemical parameters used to characterize ISFET’s as
pH sensors are defined and the main issues related to
their measurement are discussed. Finally, results are
presented from the electrochemical characterization of
a chip, which has been especially-designed and fabri-
cated to test the suitability of the IRST ISFET-CMOS
techinology for the production of ISFET-based pH sen-
sors with on-chip read-out electronics /15/.

reference electrode
electrolyte

Al metal
silicon nitride
interdiffusion-metal oxide,

epoxy resin

fisld oxide

PMOSFET " NMOSFET ISFET

Cross-sectional sketch of the n-channel
ISFET and n- and p-channel MOSFET's
produced by the ISFET-CMOS technology.

Fig. 6:

3.1 FABRICATION TECHNOLOGY

A summary ofthe process sequenceisteportedin Table
1, while a schematic cross-sectional view of the active
devices produced is shown in Fig. 6. The basic se-
quence of the fabrication process consists of 13 photo-
steps and 7 implants, and closely resembles that of a
conventional p-well, metal-gate, CMOS process. Some
process steps have, however, been added or improved
in order to get a higher flexibility and to make active
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devices more resistant to the hostile conditions of the
typical application environment. The threshold voltages
of p- and n-channel devices, ISFET’s included, are
adjusted by separate implants. Channel-stop implants
have been implemented for better device isolation,
while, for improved ESD immunity, the natural inter-dif-
fusion-metal oxide has been thickened by adding an
undoped oxide, deposited at 712°C inan LPCVD system
using TEOS. In addition, the breakdown voltage of
source and drain junctions, as well as the source and
drain contact resistances have been cptimised in view
of the CMOS integration. The gate dielectric is com-
posed of 110 nm of thermally-grown SiOz and 100 nm
of Si3Ng, this latter providing the ion-sensitive layer. The
SigN4 layer is deposited at 775°C in an LPCVD system
(ASM DRF 210), using ammonia and diclorosilane in a

Table I:  IRST ISFET-CMOS fabrication process out-

line

Substrate: CZ, (100), 8 ohm-cm, n-type Si

1st photostep: p-well

1st implant: Boron, 100 keV, 4.5x10" cm’?, through
screenoxide

p-well drive in: 1150°C, 15 h, dry

2nd photostep: p+ guard-ring

2nd implant: Boron, 120 keV, 1x10"® cm®, through
screenoxide

3rd photostep: n-substrate active area

3rd implant: Phosphorus, 70 keV, 3x10'2 cm"2,
through screenoxide

field-oxide growth: 975°C, 9 h, steam, 1150 nm

4th photostep: define diodes

5th photostep: p*-select

4th implant: BF2, 80 keV, 5xi1 0'® cm’?, through
screenoxide

diode drive in: 975°C, 80 min, inert ambient

6th photostep: n*-select

5th implant: Phosphorus, 80 keV, 5x10'° cm'z,
through screenoxide

diode drive in: 1150°C, 1 h, inert ambient

7th photostep: define gate area

8th photostep: p-select 10 5

6th implant: BFg, 50 keV, 1x10'“ cm™, through
sacrificial oxide

9th photostep: n-select

7th implant: Boron, 30 keV, 1x10'2 cm"z, through
sacrificial oxide

10th photostep: p & n-select

gate-oxide growth: 975°C, 30 min, dry, 30 nm

LPCVD nitride deposition: 795°C, 30min, dry, 100 nm

11th photostep: contact opening
Al sputtering deposition: 1200 nm

12th photostep: define metal
LTO deposition: 430°C, 30 min, 500 nm

13th photostep: define overglass
contact sintering: 400°C, 5 min
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4:1 flow ratio. Appropriate annealing steps are carried
outto stabilize the layered oxide/nitride dielectric and to
reduce the interface trap density. In order to minimize
the fabrication process complexity the SisN4/SiO2 dou-
ble layer is present on all transistors.

3.2 ELECTROCHEMICAL PARAMETERS

pH-sensitive insulators are characterized by three main
parameters: sensitivity, drift rate, and hysteresis. These
parameters appear to depend on the same fundamental
phenomena occurring at the insulator-electrolyte inter-
face and are therefore correlated to each other. Their
values are influenced by the measurements procedure
as well, and therefore suffer from lack of stand-
ardization, which often makes it difficult to quantitatively
compare results published in the scientific literature.

Sensitivity is defined as the sensor output-voltage vari-
ation, induced by a unit change in the pH of the electro-
lytic solution. With the ISFET operated as in Fig. 2, for
instance, pH-sensitivity can be measured by evaluating
the slope of the Vas(pH) linear regression. This parame-
ter greatly depends on the chemical/morphological
characteristics of the insulating layer exposed to the
electrolyte.

ISFET operation has so far been assumed to be exempt
from nonidealities, such as long-term drift and hystere-
sis. On the contrary, such phenomena have been found
to affect all the main insulators used as pH-sensing
surfaces, ultimately limiting the accuracy with which an
ISFET can be used to measure pH.

Long-term drift is evidentiated by an irreversible output-
voltage variation with time at constant pH. Despite no
conclusive arguments about its origin has been pre-
sented yet, drift appears to be a consequence of the
interaction of certain ions present in the electrolyte with
either the surface or the bulk of the insulator /16/. An
important characteristic of drift, which is common to all
the main insulators used in ISFETs, is that the drift rate
tends to rapidly decrease with time. This means that by
waiting for a suffuciently long time, drift can be reduced
to very low values. State-of-the-art SigN4-ISFET's, for
instance, show, after appropriate stabilization, drift of
0.1+0.3 mV/h,

A much more serious problem for the accuracy of the
sensor is hysteresis, observed when an ISFET is ex-
posed to consecutive upward and downward pH
sweeps. Hysteresis is usually measured by evaluating
the difference in the residues of the Vet vs. pH linear
regression after a pH closed loop. This phenomenon
has been suggested to be a direct consequence of the
presence in the ISFET time response to pH changes of
a slow, delayed term following the immediate response
/17/. While this latter lasts less than 1+2 min and ac-
counts for more than 90% of the overall output variation,
the time constant characterizing the slow response after
a pH step is tipically in the order of 3+4 h. As a result,
when the device is exposed to a periodic pH input, the
output will be somewhat delayed relative to the input
and thereby show a hysteresis. Due to the slow re-
sponse, long-term drift has to be measured after appro-
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priate stabilization time, in order to minimize the mem-
ory for previous pH change, avoiding any significant
overlap between the long transient response and the
actual device drift. As far as the origin of the slow
response to pH changes (and therefore of hysteresis)
is concerned, the most probable explanation, in the
context of the site-binding model, is that a fraction of the
sites responds more slowly to pH changes than those
accounting for the immediate response This could in
turn be due to imperfections in the insulator layer, such
as roughness or microporosity, giving rise to sites lo-
cated beneath the insulator surface. In the specific case
of SigN4, such interior sites might be secondary amines
located close enough to the surface to be able to
partecipate in a slow equilibrium with protons /17/. Itis,
in any case, widely recognized that more fundamental
work, using surface physico-chemical characterization
techniques, as well as improved phenomenological
modelling, is needed for a complete understanding of
the response of pH-sensing insulators employed in
ISFET’s.

3.3 AN ISFET-CMOS TEST CHIP

The test chip, a microphotograph of which is shown in
Fig. 7, consists of three separate sections to cover the
three main aspects involved in the ISFET-CMOS tech-
nology development, i.e. sensor optimization, techol-
ogy evaluation, and testing of basic integrated-circuit
blocks. With reference to Fig. 7, the top portion of the

Microphotograph of an ISFET-CMOS chip
fabricated at IRST.

Fig. 7:
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chip contains an ISFET and two matched, Al-gate, n-
channel MOSFET’s that can be used either coupled with
the ISFET in a differential-stage configuration or as
thermal sensor. The channel length and width of both
ISFET and MOSFET’s are 20 and 800 um, respectively.
The source and drain regions are extended to one end
of the chip to the purpose of outdistancing the contacts
from the gate region, thus easing lead attachment and
packaging. The intermediate region of the chip is de-
voted to basic signal-processing circuit blocks and con-
tains a differential stage and output stages of different
types (CMOS, NMOS, and double-stage NMOS) and
amplification factors. The bottom portion of the chip
contains several test structures (such as differently
sized capacitors, diodes, resistors, and transistors) de-
voted to technology evaluation.
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Fig. 8: Computer-controlled sytem for ISFET electro-
chemical characterization.
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Fig. 9: Drift rate as a function of conditioning time

(pH=7).

Complete electro-chemical characterization of the IS-
FET sensors has been performed by employing a com-
puter-controlled test system (similar to that reported in
/16/), allowing several devices to be tested in paraliel in
a calibrated solution whose pH and temperature are
automatically controlled. A block diagram of the meas-
urement set-up is shown in Fig. 8. The test solution is
contained in a water-jacketed titration vessel, in which
the temperature is maintained at 25°C. The pH is moni-
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tored with a pH meter (CRISON 2002), while an Ag/AgCl
electrode is used to provide the reference voltage for
ISFET operation. Addition of acids and bases is carried
out by means of two micro-burettes (CRISON 2031).
The ISFET is connected to a feedback ampilifier, shown
in Fig. 2, allowing Vps and Ips to be set simultaneously
by adjusting the gate voltage. This latter is measured by
means of a data acquisition board (NI AT-MIO16L). A
HP4145B semiconductor parameter analyzer is used to
bias the ISFET and to measure currents. The burettes,
the pH-meter, the data acquisition board, as well as the
HP4145B are interfaced with a personal computer, con-
trolling all the different phases of the characterization
procedure. To this purpose, a package of C-language
programs has been developed by exploiting the Lab-
Window 2.0 environment. A typical test sequence in-
cludes: (i) encapsulation verification, (i) measurement
of the Ips vs. Vags characteristics; (i) long-term drift
evaluation; (iv) determination of pH sensitivity and hys-
teresis.

2-00 T ] i ! T j i [ T
1.90 ; c experimental data ;
71— linear fitting |
1.80 |- —
’>‘ N
= 53.2 mV/pH
5 170 [ P
z s -
1.60 1
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1 40 i l | ! ) | l | 1
2.0 4.0 6.0 8.0 10.0 120
pH
Fig. 10:  Gate voltage (Vret) as a function of pH. From
the siope of the fitting line a sensitivity of 63.2
mV/pH is extracted
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Fig. 11:  Residues of the Vet (pH) linear regression as

a function of pH.
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(i) To check the integrity of ISFET isolation, the leakage
current flowing through the encapsulated device is
measured, before and after the standard sensor condi-
tioning (15 h at pH=7), by sweeping the reference
electrode voltage from -3 to 3 V, while keeping source,
drain and bulk terminals to ground /18/. ISFET with
good-quality isolation shown leakage currents in the pA
range throughout the wide reference-voitage interval
adopted, whereas failures in the encapsulation are usu-
ally evidenced by exponetially growing leakage cur-
rents at voltages above certain threshold voltages. (i)
ISFET transfer characteristics are measured at constant
pH (usually pH=7) and different Vps voltages. Typical
results are shown in Fig. 5. From the Ips vs. Vgs char-
acteristics electrical parameters, such as threshold volt-
age and transconductance, can easily be extracted. (jii)
Drift rate is evaluated by monitoring the feedback-am-
plifier output, at constant temperature and pH (usually
pH=7) for 1 h. ISFET’s are immersed in the solution 12
to 50 h before drift measurement is started. In Fig. 9
results are reported, showing that the drift rate de-
creases markedly with time, reaching values compara-
ble with the experimental error after conditioning times
of 3040 h. (iv) Sensitivity and hysteresis are measured
by changing the solution pH and monitoring the sensor
output voltage. The electrolyte solution used is tipically
a 0.1 M NaCl with low-concentraton buffers included to
stabilize the pH reading. pH excursion begins at pH=7,
where the ISFET is allowed to stabilize before the meas-
urement starts. The pH is changed in steps of one unit
down to 3, then stepped upwards to 7. After that, the
sequence is repeated towards the basic extreme, which
is usually pH=11. The time spent for each step is 6 min,
the measurement of the output voltage being taken 4
min after each acid or base addition. Figure 10 and 11
show typical results of this experiment. Vet is plotted
against pH in Fig. 10, where the slope of the linear-re-
gression line provide a pH sensitivity of 53.2 mV/pH. In
Fig. 11, the residue of the linear regression is reported
as a function of pH. The maximum amplitude of the
hysteresis curve is measured at pH=7, yielding a value
of 8.93 mV. Typical values of the different electrochemi-
cal parameters characterizing ISFET's fabricated at irst
are summarized in Table 2.

Table ll:  Typical values of the main electrochemical
parameters characterizing ISFET’s fabricated
at IRST.

PARAMETER VALUE
sensitivity 51.0=1.3 mV/pH
hysteresis (3<ph<11) 11 =3 mV
linearity 0.9995
drift (after 50 h) <500 pVv/h
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Fig. 12:  Schematic of a differential stage with an
ISFET as one of the input transistor and a
CMOS output stage.
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Fig. 13:  Experimental transfer characteristic of the cir-

cuit in Fig. 12.

The functionality of all the circuit blocks present on the
test chip has been verified both at wafer level and in
packaged devices. As an example of testing in operat-
ing conditions, the transfer characteristic of a differential
stage having an ISFET as one of the input transistors
and a CMOS output stage is shown in Fig. 13. The
schematic of the circuit is given in Fig. 12.

4. ION SELECTIVITY AND PACKAGING

In this section, the use of ISFET’s to develop complete
(bio)chemical sensors is discussed and the main tech-
nological drawbacks to overcome in order to fully ex-
ploit commercially the potentialities of ISFET's are
reviewed. The everlasting problem of an efficient, reli-
able, low cost packaging procedure is then outlined.
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4.1 DIRECTLY AND INDIRECTLY SENSING
DEVICES

As stated previously, ISFET in its simplest form operates
as a pH sensor, where its threshold-voltage shift de-
pends upon the concentration of hydrogen ions in the
electrolyte. The use of SigN4 or AloO3 or Tax0s5 as
pH-sensitive insulator allows an almost linear response
to be achieved. Selectivity can be provided by a semi-
permeable membrane covering the device. The use of
different types of ion-selective polimeric membranes
deposited on top of the gate insulator has led to the
application of ISFET to detect other cations, such as
Na*t and K*.Thefirstreport on ISFET covered with such
membrane was published in 1975 /19/, when a potas-
sium-sensitive ISFET was fabricated by covering the
ISFET with a 300-um thick plasticized PVC membrane.
Following this first achievement, a variety of membrane
covered ISFET's sensitive to calcium, sodium, ammo-
nium, and other cations have been published. More-
over, the use of biological membranes such as enzimes
has resulted in biosensors. Main problem with such
approach to a specific chemical sensitivity is the mem-
brane limited lifetime, mainly due to leaching of compo-
nents and bad adhesion. To prevent leaching, mem-
branes that are intrinsically rubbery, e.g. polysiloxanes,
or photopolymerizable ion-selective membranes, e.q.
methacrylate-type polimers, have been suggested and
used. This latter approach might be suitable to mass
production. However, to our knowiedge, no successiul
on-wafer fabrication to produce low cost, highly reliable
membrane covered ISFET’s has so far been reported.
To improve adhesion, a number of technological solu-
tions have been proposed and tested. Since all the
fon-sensitive membranes so far used are applied to the
gate after encapsulation, membrane adhesion prob-
lems are closely related to ISFET packaging technol-

ogy.

pH-sensitive ISFET's, as well as membrane-covered
ISFET’s, can be considered “directly sensing devices”,
since they directly provide a voltage output shift related
to the specific ion concentration in the electrolytic solu-
tion. However, the practical application of ISFET’s is not
limited to the detection of ionic species only. It is also
possible, in fact, to add an intermediate layer to the
system to transduce, by a suitable auxiliary chemical
reaction, a variation in a (bio)chemical variable into a
corresponding variation of ionic species resulting from
the auxiliary reaction, which can be directly sensed and
measured. This isthe way ISFET-based “indirectly sens-
ing devices” operate. PCO2-sensitive ISFET’s /20, 21/
and ISFET-based enzime sensors /22/ are particularly
relevant examples of such indirectly sensing approach.
Also inthese cases the use of an ISFET as the detecting
element in a more complex chemical sensor is particu-
farly attractive because of its small size and of the
possibility to couple its ion-sensitive gate region to
miniaturized flow-through chambers. Biomedical de-
vices for extra-corporeal use often require flow-through
chambers with a minimum internal volume, which al-
lows for a small sample size and a fast response. Such
structures can be recalibrated easily and regularly, thus
solving the ISFET drift problem. The potential low cost
of mass produced ISFET’s is also of interest in the
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development of biosensors, because the limited lifetime
of biologically active intermediate sensing layers re-
quires the use of cheap disposable sensors.

4.2 ENCAPSULATION AND PACKAGING

No sensor can be used in measurements without proper
packaging. In fact, packaging should be considered as
an integral part of the sensor design process. There is
no unique and generally applicable packaging method
for all the ISFET-based biochemical sensors. Each de-
vice works in a special environment and will have unique
operational specifications. The packaging therefore will
have to be designed to satisfy these conditions. Addi-
tional problems are encountered when ion-selective
membranes are deposited on top of the ISFET
transducer, i.e. the fixation of these membranes to the
sensor and their compatibility with the packaging mate-
rials. Packaging should asssure: (i) electrical isolation
of leads, sensor chip and electronics to prevent leak-
age; (i) mechanical, optical and thermal protection to
ensure structural integrity, dimensional stability and
photo- or thermally-generated spurious signals; (iii)
chemical isolation from the harsh external environment
and, especially in case of biosensors, biocompatibility.
Encapsulation materials interfacing with the environ-
ment should be inert and should not release toxic prod-
ucts during the sensing operation. It is evident that the
final application of the sensor determines the packaging
technology to be used. In this respect, the different
approach in packaging methodology between dispos-
able-type sensors (i.e. one-time use during relatively
shorttime periods, with low price) and reusable sensors
(i.e. repeatedly used, long time periods, higher price)
has to be underlined.

With respect to the design and the development of
ISFET-based biochemical sensors, the encapsulation
and packaging remain an often underestirmated aspect.
Especially with the recently developed micromachining
methods, totally new device realizations are conceiv-
able, which offer improved long-term performance of
the sensor. Also, a miniaturized reference electrode,
which remains a necessary part of every electrochemi-
cal system, can possibly be integrated on chip with
these techniques. Micromachining methods may also
set the trend for future developments in miniaturized
ion-sensor systems as, by using these techniques, com-
plete biochemical analyzer systems based on arrays of
specialized ISFET sensors integrated on a single chip
can be envisaged.

5. APPLICATION EXAMPLES

The marketing opportunities of ISFET-based (bio)che-
mical sensors are first outlined. Then, two examples of
systems recently developed at IRST for environmental
applications are described,

5.1 MARKET PERSPECTIVES

Although the ISFET concept has existed for over 20
years, i.e. since the pioneering work of Bergveld in 1970
/1/, practical applications are still emerging only very

slowly, in spite of the large research and development
effortinthe field. Two classes of practical problems have
been and, at least partially still are, limiting factors in the
commercial breakthrough and exploitation of biochemi-
cal sensors based on ISFET transducers: those which
are inherent to the transducer itself, arising from limita-
tions in materials and technologies used, and those
which are common to the applications of any solid-state
{micro)sensor, i.e. the need for an efficient encapsula-
tion and packaging procedure, as stated previously,
and the need for a stable, on chip micro-fabricated
reference electrode.

Two application areas particularly suited for ISFET-
based biochemical sensors that are becoming in-
creasily important are the environmental monitoring and
medical diagnosys. Both of these applications require
quite sofisticated sensor systems and data processing
methods. World-wide market for the various type of
(bio)chemical sensors in these two fields was estimated
to be 100 million US$ in 1990, with a predicted value of
700 to 800 million US$ for the year 2000. This market
value forecast justifies the continuing research and de-
velopment effort in the field. In the following, two differ-
ent systems are described, aimed at the detection of
microorganisms in water and of formaldehyde in air,
respectively. Both systems exploit ISFET's as sensing
elements. Full account of design, implementation, and
testing of the two systems can be found /23/ and /24/,
respectively.

5.2 ON-LINE DETECTION OF MICRO-
ORGANISMS IN WATER

The system described in the following allows for the
detection of living microorganisms by measuring the
cell-induced acidification rate in micro-samples of water
periodically drawn from the main stream under obser-
vation and cenveyed to an especially-designed flow-
through microchamber. This latter is encapsulated
on top of the transducer chip. A sketch of the system
block diagram is shown in Fig. 14. The fabrication
technology and the layout of the sensor chip have
already been described in Sec. 3.1 and 3.3, respec-
tively. A SisNg-ISFET and an Al-gate MOSFET form the
input pair of a differential stage, followed by a CMOS
output stage (see Fig. 12).
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Fig. 14:  Block diagram of the system for on-line de-

tection of microorganisms in water.
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The effectiveness of the system has been tested by
means of two different experiments. In the first one, the
system is fed with an F12 solution with known concen-
trations of bacteria (10 mI*', 108 mi*, 107 mI'"). In the
second, the system is fed with a sterile F12 solution,
whereas the bacteria have previously been inserted into
the syringe filter at the same different concentrations.
The first experiment represents the simulation of an
on-field measurement, the bacteria being contained in
the flowing medium and accumulating in the filter during
the measurement. In these conditions, the concentra-
tion of bacteria is fixed in the medium, while increasing
in the filter. In the second experiment, which can be
used to evaluate the system sensitivity, the microbial
concentration inside the filter is constant. In both cases,
the duration of the test is 60 min, the flow rate is 0.2
mi/min with an ON/OFF duty cycle of 10min/5min. Re-
sults from the first experiment are shown in Fig. 15 for
different microbial concentrations. An increase in the
total acidification detected by the system can clearly be
observed. This is due to the fact that the total amount of
bacteria inside the filter grows proportionally to the flow
time. Figure 16 illustrates the results of the second
experiment. As can be seen, the A pH is constant with
time for microbial concentration of 105 mi™' and 108 ml,
due to the fixed bacteria concentration inside the filter.
At the microbial concentration of 107 ml!, the unex-
pected acidification change is probably related to vari-
ations in the metabolic state of the microorganism
population.
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Fig. 15:  pH variations for different microbjal concen-
trations obtained in the first experiment.
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Fig. 16:  pH variations for different microbial concen-

trations obtained in the second experiment.
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5.3 POTENTIOMETRIC SAMPLING OF FORMAL-
DEHYDE IN AIR

Formaldehyde, a suspected carcinom, is an automotive
exhaust gas and an important chemical in the manufac-
turing of a variety of consumer products and in perform-
ance of medical services. Since conventional methods
for the determination of formaldehyde (i.e., spectro-
photometry, chromatography, or polarography) require
expensive and bulky instrumentation with high power
demand and well trained operators, a widespread ob-
servation of formaldehyde is prevented. In this context,
the development of a portable, low-cost sensor for
real-time monitoring of this gas-phase pollutant appears
oflarge interest. Inthe following, a system for monitoring
atmospheric formaldehyde is described, which exploits
an ISFET in conjunction with an enzyme specific for this
pollutant, namely formaldehyde dehydrogenase from
Pseudomonas putida (FDDP). This enzyme, using oxi-
dised nicotinamide adenine dinucleotide (NADY) as
cofactor, catalyzes the oxidation of a molecule of formal-
dehyde with the parallel production of two protons
which can be sensed by the ISFET.

1c pump

—p lo FET

Block diagram of the system for detection of
formaldehyde in air.

Fig. 17:

solution to be analysed

|
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Fig. 18:  Measurement cell containing the ISFET

transducer.



A. Lui, B. Margesin, M. Zen, G. Soncini, G. Verzellesi:
Chemical Sensors Based on ISFET Transducers

Informacije MIDEM 26(1996)4, str. 238-250

The scheme of the sampling system is shown in Fig. 17.
Formaldehyde is stripped from the atmosphere by pull-
ing it concurrently with the scrubbing solution into a
vertical coil. The scrubbing solution flows through the
coil atthe rate of 100200 pl/min, while the air is tipically
sampled at 0.5+1 i/min by a uP controlier. The cell, a
sketch of which is shown in Fig. 18, permits working
volumes as low as 50 ul to be used and the analysing
sample to be automatically replaced. The ISFET, whose
fabrication technology and main electrochemical char-
acteristics have already been described in Sec. 3.1 and
3.3, respectively, is operated with Ips=100 uA,
Vps=300 mV, by means of a low-noise feedback ampli-
fier, while the gate voltage is recored on an X-t chart
recorder. ISFET active surface is covered by a mem-
brane prepared by addition of giutaraldehyde (10 mg/l)
to a solution of bovine serum albumin (40 mg/l), or by
deposition of a solution of y-aminoethyltriethoxysilane
(22% in ethanol) followed by spin-off. FDDP is then
covalently immobilized on the surface of the formed
membrane by addition of N-(3-dimethylaminopropy)-
N’-ethylcarbodiimide hydrochioride, or alternatively
added directly to the sampled solution. To improve
detection limit and signal stability, a sodium pyrophos-
phate buffer in the concentration range 0.5+2 mM is
adopted.

As an example of system response, Fig. 19 shows the
output of the ISFET transducer versus formaldehyde
concentration. As can be seen, a linear response is
measured up to 200 uM of formaldehyde. This behavior,
which can appear in contrast with the Nernst law (ac-
cording to which the response of the ISFET is propor-
tional to the logarithm of the proton concentration), is a
consequence of using a buffer at starting pH values
close to the pKa of the buffer itself /24/. A detection limit
of 10 uM of formaldehyde in acqueous solution was
estimated, corresponding, thanks to the enrichment
factor introduced by the sampling system, to an ath-
mospehric concentration in the ppb range.

AV (mVY)

-30 I | | | I
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Fig. 19:  Potentiometric response to increasing con-

centration of formaldehyde in the presence
of FDDP.
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6. CONCLUSIONS

The increasingly important and rapidly developing field
of ISFET-based silicon integrated biochemical sensors
has been addressed in this paper. ISFET basic operat-
ing principles, modelling and electrochemical charac-
terization techniques have been reviewed. ISFET
fabrication technology, mainly with reference to the
ISFET-CMOS process developed at IRST, has been
described. Finally, two examples of ISFET-based bio-
chemical sensors for environmental monitoring applica-
tions have been presented.
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