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Abstract

An ISFET model suitable for direct applica-
tions as a built-in model in SPICE, is presented.
The ISFET ‘static’ model equations are formu-
lated by modifying the MOST threshold voltage
which, for the ISFET, is chemically influenced by
ionic interaction between the electrolyte and the
insulator. The ISFET ‘large-signal model’ has
been obtained from the site-binding model of the
insulator—electrolyte interface, combined with the
Gouy—Chapman—Stern theory of the electrical
double layer at this interface, varying the Meyer’s
large-signal model of the MOST in SPICE. The
proposed model leads to the introduction of
twelve new parameters that the user of SPICE can
specify in the .MODEL card. For these parame-
ters the temperature dependence has also been
implemented. The model has been used to simu-
late the output characteristics of Ag/AgCl-KCl-
Si0,-Si and Ag/AgCl-NaCl-Al,0,-Si0,-Si
ISFET structures at different pH values, and
ISFET-based circuits, obtaining a good agreement
with experimentally measured values.

Introduction

The structure of the ion-selective field-effect
transistor (ISFET) [1] is essentially a MOST [2]
which can be rendered ion-sensitive by eliminating
its metal gate electrode in order to expose the gate
insulator to the solution. The gate insulator or
ion-selective membrane senses the specific ion con-
centration, generating an interface potential on
the gate; the corresponding drain-source current
change in the semiconductor channel is observed.
From a comparison of MOST (Fig. 1) and ISFET
(Fig. 2) structures, it is apparent that the only
difference between the electrical circuits is the
replacement of the metal gate of the MOST by the
series combination of the reference electrode, elec-
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Fig. 1. Schematic representation of the MOST.
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Fig. 2. Schematic representation of the ISFET.

trolyte and chemically sensitive insulator or mem-
brane.

In the following sections, the ISFET model
(pointing out the difference with the MOST), its
implementation in SPICE (3] and its simulation in
ISFET-based circuits are presented.

ISFET Model

Static Model

The equations describing the operation of the
ISFET can be derived from the analogous equa-
tions of the MOST by taking into account the
potential differences among the new elements in
the circuit.
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For the conventional MOST device, the rela-
tionship between drain current 7;, the drain-
source voltage V,, gate-source voltage Vg, and
the device threshold voltage Vy,, is given by the
expressions [2]

Iy=B/2) (Ve — Vin)? N
(saturation region)
Id = ﬁ[(Vgs - Vm) - Vds/z] Vds (2)

(linear region)

where f = uC,, W/L, u =charge carrier mobility
in the channel, C,, =insulator capacitance per
unit area, W =channel width, L = channel
length. The threshold voltage V¥, is determined by
the properties of the semiconductor materials and
fabrication process, and is given by [2]

Vin(MOST) = ¢ + 20— (Qss + @) /Cox (3)

where ¢, = metal-semiconductor work function
difference, ¢;= Fermi potential of the semicon-
ductor (p-type for the n-channel MOST here con-
sidered), Q,, = fixed surface-state charge density
per unit area at the insulator—semiconductor in-
terface, and Q. = semiconductor surface deple-
tion region charge per unit area. Q,, and Q. are
considered independent of chemical activity in the
electrolyte [4]. Equations (1) through (3) define
the so-called MOST static model.

In order to adapt eqnms. (1) and (2) to the
ISFET structure, new expressions for ¥V, and V,,
must be established. If all the potential terms
in the ISFET configuration are included in the
definition of the ISFET threshold voltage V,,, the
interface potentials generated by the reference
electrode and the chemical insulator or mem-
brane in the solution (that contribute to the new
expression of V) are also included in Vy, to give
[4-6].

V;.I:-A(ISFET) = (Eref + ¢lj) - (d)eo - Xeo)
- [(st + Qsc)/cox - 24)1‘ + (¢s/q)] (4)

Terms common to eqns. (3) and (4), such as Q,,,
O.., ¢ and C,,, retain their conventional defini-
tions according to the standard MOST theory,
while E_= potential of the reference electrode,
¢,; =liquid junction potential difference between
reference solution and the electrolyte, ¢., =
potential of electrolyte—insulator interface, X, =
electrolyte—insulator surface dipole potential, and
¢,/q = semiconductor work function. In particu-
lar, for the considered n-channel ISFET with a
Ag/AgCl reference electrode, we may write

Eref= Eabs(H+/H2) + Erel(Ag/AgCl) (5)

where E, (H*/H,) = potential of the standard
hydrogen electrode, and E,. (Ag/AgCDh =

potential of Ag/AgCl reference electrode (relative
to the hydrogen electrode).

Equation (4) contains terms common to the
standard MOST theory, as well as terms that are
electrochemical in nature. The most important of
these is the potential ¢,.,, which determines the
sensitivity of the ISFET to specific chemical spe-
cies. In general, ¢, is determined by the surface
reaction between ions in solution and reactive
sites on the insulator surface. By considerations of
the equilibrium reactions between the insulator
surface sites and species in solution which they
complex, it is possible to derive expressions which
relate the interfacial potential ¢, to the activity of
the potential-determining species (primarily H).
The derivations are based on the site-binding
model combined with the Gouy—Chapman—Stern
theory of the double layer at the electrolyte—insu-
lator interface. For a simple univalent electrolyte,
using the approximations introduced in ref. 7, the
pH response of a single-site unit surface is

2303(pszc - pH) = (q¢eo/kT)
+ sinh~'[(¢d.,) /(B*kT)] (6)

in which f* is a dimensionless parameter that
characterizes the pH sensitivity of the insulator.
For a single-site system [7]

B* = (24°Noo) [[(kTCy XK, /K, )*?] M
with
pszc = _logIO(KaKb)o.s (8)

In eqns. (6) and (7), kT/q =thermal voltage,
N, = density of binding sites per unit area on the
insulator surface, C, = double layer capacitance
per unit area, K, = acidic dissociation constant,
K, = basic dissociation constant, pH,,. =pH
value at the point of zero charge.

By comparing eqns. (3) and (4) we may write

V% (ISFET) = V,,(MOST) + AV} 9
where we have introduced
AV3|=Eref+ ¢lj+Xeo—'¢eo—¢m/q (10)

that represents the ISFET threshold voltage com-
ponent depending on the sensitivity of the device,
and ¢,,/q = work function of the metal gate (ref-
erence electrode) relative to vacuum. If in eqns.
(1) and (2), the MOST threshold voltage V,, is
replaced by V§, we obtain the ISFET static
model.

Large-signal Model

The ISFET large-signal model is based on the
MOST large-signal model, characterized by two
pn junction depletion layer capacitances, C,, and
C,4, and by the gate-source, gate-drain, gate-bulk



capacitances, C,,, C,q and Cy, respectively, which
in their turn are a function of the insulator capac-
itance C,,. For the ISFET, the capacitance C,, is
sensitive to the ionic activity of the electrolyte and
it consists of two elements connected in series: the
MOST insulator capacitance C,, and the double
layer capacitance Cy. Thus to model the large-
signal behavior of the ISFET it is necessary to
consider

Cox = Cox Cdl/(Cox + Cdl) (11)

Thermal Model

The strong similarity of the MOST and ISFET
can be exploited in the analysis of the temperature
dependency of the ISFET. Because both drain
current eqns. (1) and (2) depend only on the
quantities B, V,;, and applied voltages, any temper-
ature dependence must be through the quantities
B and V.

In the next three subsections we shall take into
account each of the terms in # and ¥V, parameters
in regard to their temperature dependences.

Semiconductor terms

The mobility u of carriers in the channel is an
inverse function of absolute temperature T ac-
cording to the following empirical expression

u(T) = u(300)(300/T)" (12)

where temperature 7 is in Kelvin and the expo-
nent a is between 1.0 and 1.5.
The Fermi potential ¢, can be expressed as

¢¢=(kT/q) In(N/n;) (13)

where N is the ionized impurity density (assumed
equal to the impurity atom density). In addition,
the intrinsic electron density n; is assumed to be
given by

n; = BT exp( — qE,(0)/2kT) (14)

where B is a constant independent of T, and E,(0)
is the energy gap at 0 K whose dependence on
temperature is

Ey(T) = Ey(0) — @T?)/(y + T) (15)

For silicon, a=7.02x10"*% y=1108, and
E,(0) =1.16eV.

The fixed surface-state charge density Q,., for
a uniformly doped substrate, is temperature-
dependent through ¢ according to the relation

Q. = (26,9N(2¢))*° (16)
where ¢, is the semiconductor dielectric constant.
Reference electrode terms

The reference electrode assumed is a Ag/AgCl
electrode with filling solution of 3.5 M KCl, satu-
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rated with AgCl. From eqn. (5), we can write the
temperature dependence of the reference electrode
potential E_; of this type of electrode as [8]

E(T) = E.os(H"/H,) + E(Ag/AgCl)
+ (dE¢/dT)T — 298.16)

=4.7+40.205+ 1.4 x 10~%(T — 298.16)
(a7

The liquid-junction potential ¢, is typically
quite small (a few millivolts), thus its dependence
on temperature is insignificant in comparsion to
that of any other temperature-dependent term [8].
We therefore remove this term from further con-
siderations.

Insulator —electrolyte interface terms

The temperature dependence of the elec-
trolyte—insulator potential ¢., depends on f*
terms. The most important of these are the disso-
ciation constants K, and K, that depend on tem-
perature according to the relation

K, »(T) = K(300)**'" (18)

while the other terms of eqn. (7) seem to be
independent of temperature [8].

The electrolyte surface dipole potential X, is a
function of both temperature and electrolyte com-
position. In particular

X.(T) = 50 x 10~[1 — exp( —0.86p])]
x [1 —0.008(T — 298.16)] (19)

where pI= —log,((FI), FI being the ionic
strength. Equations (12) through (19) define the
ISFET thermal model.

ISFET Model in SPICE

Static Model

The equations describing the MOST static
model [9,10] in the MOSFET subroutine of
SPICE have been kept for the ISFET static
model, by replacing the expression of V,, of the
MOST with egns. (9) and (10). The pH sensitivity
of the insulator has been taken into account im-
plementing eqns. (6) and (7). Thus, in addition to
the MOST static model parameters of SPICE, we
have introduced nine parameters that the user of
SPICE can specify in the .MODEL card [11] to
model the static behavior of the ISFET. These
parameters are: E,, X, @y, @, Nuss Koy Ky, Cy
and pH,,.. Finally, in order to simulate ISFET
devices with more than one insulator layer (in fact
SPICE has only built-in parameters for SiO,-type
insulator), we have introduced two new parame-
ters for the .MODEL card: the added insulator
thickness 7, and its dielectric constant ¢,,.
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Large-signal Model

The equations describing the MOST large-
signal model [9, 10] in the CMEYER subroutine
of SPICE have been kept for the ISFET large-sig-
nal model, by replacing the insulator capacitance
C,x of the MOST with eqn. (11). Thus, to charac-
terize the ISFET large-signal model behavior, the
user of SPICE has to specify the C,, parameter in
the .MODEL card [11].

Thermal Model

As regards the temperature dependence, the
parameters common to the MOST and ISFET
structures retain their definition [9, 10] in -the
TMPUPD subroutine of SPICE. Therefore, only
eqns. (17) through (19) have been implemented in
SPICE to define the thermal model of the ISFET
by introducing a new parameter for the MODEL
card [11]: the ionic strength FI.

Simulation Results
The validity of the ISFET model has been

investigated for Ag/AgCl-KCl-SiO,-Si and Ag/
AgCl-NaCl-Al,0,-Si0O,-Si structures with the

.MODEL isfNaCl

basic parameter values specified in the .MODEL
cards as shown in Fig. 3. Other fundamental
quantities relative to the MOST model and not
specified in the .MODEL card, such as the
threshold voltage, the surface potential and the
transconductance parameter, are automatically
computed in SPICE by the geometric and process
parameters as described in refs. 9 and 10.

Figure 4 shows the static characteristics (ob-
tained from simulation with SPICE) for the two
ISFET structures at two different pH values; for
comparison we have added the characteristics of a
MOST with the same technological properties as
the ISFETs. Figures 5, 6 and 7 represent SPICE
simulation results of ISFET static characteristics
obtained by varying the oxide thickness, the sur-
face binding site density and the temperature,
respectively.

Once the ISFET static behavior has been inves-
tigated, we have simulated the circuit of Fig. 8.
Such a circuit is known as [12] ‘operational
transducer’ a matched (Ag/AgCl-KCl-Si0O,-Si)
ISFET/MOST pair is connected in source-coupled
dual-differential configuration and the output
voltages are coupled to a differential/single-ended
converter and to a d.c. amplification stage such
that the ISFET is the non-inverting input device,

NMOS LEVEL=4 TOX=100N LD=0.8U XJ=1U NSUB=5.E16
+ TPG=1 U0=750 RD=5 RS=5 LAMBDA=0.02 NSS=1.E11
+ XQC=1 IS=1F CGS0=275P CGD0O=275P CGBO=200P
+ PB=0.88 CJ=700U MJ=0.5 CJSW=80N MJSW=0.33
+ tox1=50n epsox1=66.6p
+ erel=0.205 phpzc=8.6 phim=4.30 chieo=3.e~3
+ akappa=2u bkappa=3.16p philj=3.e-3
+ xnbs=8.e14 ¢dl1=20u fi=0.1
.MODEL isfKCl NMOS LEVEL=4 TOX=100N LD=0.8U XJ=1U NSUB=5.E16
+ U0=750 RD=5 RS=5 LAMBDA=0.02 TPG=1 NSS=1.E11
+ XQC=1 IS=1F CGS0=275P CGDO=275P CGB0O=200P
+ PB=0.88 CJ=700U MJ=0.5 CJSW=80N MJSW=0.33
+ erel=0.205 phpzc=2.5 phim=4.30 chieo=3.e-3
+ akappa=31.6 bkappa=3.16e-7 philj=3.e-3
+ xnbs=5.e14 ¢dl1=20u fi=0.1
%
.MODEL most NMOS LEVEL=2 T0X=100N LD=0.8U NSUB=5.E16 NSS=1.E11
+ U0=750 RD=5 RS=5 LAMBDA=0.02 TPG=1
+ XQC=1 1S=1F CGS0=275P CGD0O=275P CGBO=200P
+ PB=0.88 CJ=700U MJ=0.5 CJSW=80ON MJIJSW=0.33
B e e e e e e e e . o e e e e e . e = = = n = = = = o v =~ —— - ————— = — = = = - —————
M1SPD 22 1 0 0 isfNaCl L=10U W=50U0 PH=2 AD=100P AS=100P PS=40U PD=40U
M3SPD 42 1 0 0 isfNaCl L=10U W=50U PH=12. AD=100P AS=100P PS=40U PD=40U
M4SPD 52 1 0 0 1isfKCl L=10U W=50U PH=2 AD=100P AS=100P PS=40U PD=40U
M6SPD 72 1 0 0 isfKCl L=10U W=500 PH=12. AD=100P AS=100P PS=40U PD=40U

AD=100P AS=100P PS=40U PD=40U

Fig. 3. SPICE input for the simulation of ISFET static characteristics, pointing out ISFET model parameters (in lower case).
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Fig. 9. Transfer characteristics of the circuit of Fig. 8 obtained

Fortma QDIMNLE atmeiilatine Tha ICRDT madal mneammatass
from SPICE simulation. LAOC 101 iMOGd parameicis amc

those of Fig. 3.)

and the MOST is the inverting input device. The
transfer characteristics of the circuit (in this in-
stance, a pH-responsive transducer), are shown in
Fig. 9. Then, the pH has been swept in the range
pH 2 to pH 12 to evaluate the pH response of the
circuit: the electrochemical characteristics we have
obtained from SPICE simulation are shown inFig.
10, pointing out the dependence of the output

voltage on pH.

[y
w
\

T = 25C

35 ———t——t—t+—+—+—+—+—+ pH

ie 11 0 @ 8 7 8 5 4 3 z2

Fig. 10. Chemical characteristics of the circuit of Fig. 8 ob-
tained from SPICE simulation. (The ISFET model parameters
are those of Fig. 3.)

Discussion and Conclusions

The results presented here show that the pro-
posed ISFET model implemented in SPICE well
simulates ISFET behavior both as a discrete
structure and as a component in circuit operation.
Besides the advantages typical of CAD tech-
niques, the availability of an ISFET model in the
most widely used electronic simulation program,
such as SPICE, allows the electronic circuit de-

signer to also incorporate, from now on, ISFETs
in the simulation of electronic mrmnfrv for enmn-

ments containing these devices. The model
defined by twelve parameters besides the ones of
the MOST, takes into account the first-order
effects of the ISFET. The next step we are work-
ing on is to implement the second-order effects to

simulate ISFETs with electroactive materials for
measurements of different species.
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