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Abstract

The proper design and simulation of modern electronic microsystems oriented towards environment monitoring requires accurate models
of various ambient sensors. In particular, this paper presents a comprehensive model of an ion sensitive field effect transistor (ISFET). The
model can be employed straightforwardly for simulations at device, circuit or system level.

First, the model was validated with electrical measurements and simulations of real structures performed for different ion concentration
and temperature values. Then, the ISFET sensor model was employed for mixed-signal simulations in VHDL-AMS, when the analysis of a
microsystem consisting of the ISFET sensor and a sigma—delta analogue-to-digital converter was carried out. Additionally, the presence of
other ions than hydrogen in the measured solution was also taken into account in the simulations.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Modern electronic microsystems often comprise various
sensors whose operation principle is based on different
physical phenomena not necessarily purely electrical ones.
Specialised networks dedicated for continuous monitoring
of air, water and soil pollution, which are currently under
development in many industrialised countries, might serve
as good examples of such microsystems. For the computer
aided design of these complex systems, engineers need
adequate device models and simulation tools rendering a
possible multidomain simulation. This paper illustrates the
above problem based on the particular example of an ion
sensitive field effect transistor (ISFET), which is commonly
employed to measure the concentration of different ions.
The proposed ISFET model combines the conventional
metal-oxide-semiconductor field effect transistor (MOS-
FET) model with a complex electro—chemical gate model.
This model, validated with electrical measurements, is
implemented then in the newly introduced VHDL-AMS
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(Very high speed hardware description language-analogue
mixed-signals) standard and simulated together with the
sigma—delta analogue-to-digital converter (2-A ADC).

The research presented here is a part of a larger
international project SEWING-System for European
Water monitorING, supported by the 5th Framework
Programme of the European Union, aimed at the creation
of a water pollution monitoring system. The ISFETs,
sensitive to the hydrogen ion concentration, will constitute
in this project the common base for all the developed ion
concentration sensors. The transistor sensitivity to other
ions can be achieved by covering the gate dielectric material
with a special ion-selective membrane. Finally, the sensors
are to be integrated with a data acquisition unit, which will
transmit the pre-processed data to a water quality monitor-
ing station gathering information from all the field posts.
There, if necessary, appropriate actions will be undertaken
according to sensor indications.

The contents of this paper can be divided in two parts: a
theoretical and an experimental one. The first part consists
of three sections, which cover briefly the theoretical
background concerning the ISFET operation principle and
its coupled electro—thermo—chemical model employed by
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the authors in the subsequent simulations. Then, in the
experimental part, the results of electrical measurements
obtained for two different ISFET device structures are
compared with simulations providing the data necessary for
model parameter extraction. Finally, the validated device
models are used in the multidomain VHDL-AMS simu-
lations of a more complex system.

2. Operation principle

Essentially, the ISFET construction is the same as the
one of an ordinary MOSFET, except for the fact that the
standard metal-polysilicon-dielectric gate is replaced by a
more complex structure sensitive to hydrogen ion concen-
tration. Namely, the gate structure, presented in Fig. 1,
consists of a reference electrode and a dielectric between
which an electrolyte is flowing. The ion concentration in the
electrolyte influences the gate potential, which in turn
modifies the transistor threshold voltage. In this way, the
hydrogen ion concentration exercises an electrostatic
control on the drain-source current. The ISFETSs are usually
operated under the constant drain current mode, which
means that the change of the drain current due to the change
of the ion concentration in the electrolyte is compensated for
by the adjustment of the reference electrode potential (the
gate voltage).

Therefore, the ISFET sensitivity is usually expressed as
the gate voltage change per a decade of the hydrogen ion
concentration pH, i.e. the change of the concentration by
10 times. Note that pH denotes —log[H "], e.g. if the value
of the pH is equal to 2, the concentration of the hydrogen
jons amounts to 10~ % mole per litre.

The ISFET sensitivity depends mainly on the choice of
the gate dielectric material. The most commonly used
materials are silicon and metal oxides or nitrides. Although
among these materials especially high sensitivity to the
hydrogen ion concentration exhibits the aluminium oxide,
because of the technological compatibility reasons, the
particular ISFETs investigated in this paper had gates
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Fig. 1. Cross-section of ISFET structure.

composed of two 50 nm thick layers of silicon nitride and
oxide. The theoretical sensitivity of such gates amounts to
59 mV per decade of the hydrogen ion concentration.

When the transistor gate is coated with some ion
selective membrane and the so-called PolyHEMA layer
stabilising the operation of the sensor, the ISFETs can be
used for the selective detection of various species in the
surrounding electrolyte, other than the hydrogen ions. Such
devices are known as the CHEmically Modified Field Effect
Transistors (CHEMFETS).

3. Solidliquid interface model

The theoretical studies of the phenomena occurring at the
solid-liquid interface in the ISFET sensors (in the case
considered here, it is the interface between the gate
dielectric and the electrolyte) had been undertaken by
many authors [1-3]. Usually, the ISFET operation is
explained by so-called Site-Binding Theory, which relates
the interface potential to the concentration of the hydrogen
ions in the analysed solution. According to this theory, the
ions present in the solution react with positively or
negatively charged active sites at the dielectric surface
creating hydrogen-active site pairs and consequently
changing the total value of the active site charge at the
insulator surface. This, in turn, influences the transistor
channel current through the variation of the threshold
voltage. Moreover, the active sites might react not only with
the hydrogen ions but also with other ions present in the
measured solution, the so-called disturbing ions. All these
chemical reactions occurring at the phase boundary are
reversible and described by the dissociation constant k,
which is temperature dependent as well.

Co Cz C1 Cins

OAK Gs

diffuse Helmholtz insu-
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Fig. 2. Charge and potential distribution in the double layer at solid-liquid
interface.
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Because of the binding of the ions with the active sites,
the gradient of ion concentration is created in the electrolyte
and, according to the Guy—Chapman—Stern theory, the so-
called double layer is established at the dielectric-electro-
lyte border as it is shown in Fig. 2.

The double-layer consists of the diffuse layer and the
Helmholtz layer. The Helmholtz layer comprises the layer
of adsorbed hydrogen ions and the common plane of
adsorbed anions and cations. The electrical representation of
the double layer is also shown in Fig. 2. The letters C, o and
Y denote the capacitance per unit area, the charge per unit
area and the potential, respectively. The indexes D, AK, S,
C and ins refer to the diffusion layer, the common plane of
disturbing anions or cations, the insulator surface, the
transistor channel and the gate insulator, respectively. Based
on the theory, assuming that the number of active sites on
the surface of the insulator is constant, the system of
nonlinear equations, presented further on, describes the
relation between all the considered quantities. More details
on the theory of charge and potential distribution in the
double layer and the derivation of the equations can be
found in [4-6].
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& electrolyte relative electric permittivity [ —]

& silicon relative electric permittivity [—]

The solution of the above set of equations leads to the
computation of the dependence of the insulator surface
potential ¥, on the hydrogen ion concentration pH. The
obtained theoretical solution for different values of the
disturbing ion concentration pA or pK is presented in Fig. 3.
As can be observed in the chart, the disturbing ions cause the
characteristics to flatten out both for high and low values of
the hydrogen ion concentration. Then, the device becomes
practically insensitive to the hydrogen ion concentration.
Fortunately, this is true only for very high concentration
values of the disturbing ions. For example, when the
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face [mole/l]

[KAx], [Aax] cation and anion concentration at the com-
mon plane [mole/l]
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concentration of the disturbing ions pA or pK at the common
plane (see Fig. 2) is equal to 1 (thick black line), the
measurement range is limited to pH between 2 and 10. On
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Fig. 3. Theoretical dependence of insulator surface potential on hydrogen
and disturbing ion concentration.
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the other hand, when pAK equals 4 (light gray line), the
influence of the disturbing ions is negligible.

Additionally, the influence of temperature was also
visualised in the figure. Namely, the thinner black line was
obtained for a temperature value of 280 K, whereas the
remaining curves were computed at a temperature of 300 K.
As can be seen, the temperature changes the slope of the
curve and consequently the device sensitivity, rather than
the location of the bending points. Moreover, it should be
underlined that the presented results were obtained for some
model parameter values reported in the literature. Never-
theless, all the presented considerations should remain valid
for real devices. The computed from the model values of the
surface potential ¥ will be used to modify the transistor
threshold voltage in the subsequent electrical simulations
according to the following formula:

VASFET — yMOS _ 4 const )
where

VASFET "y MOS [SFET and MOSFET threshold voltages [V]

const is constant representing all the potential
drops independent from the ion
concentration.

4. Semiconductor model

Most of the physical phenomena occurring in the
semiconductor part of the ISFET sensor are already modelled
in the well-known SPICE environment. Thus, the authors
decided to adapt the existing SPICE MOSFET model for the
overall chemo—thermo—electrical simulations of the device.
As it was already mentioned, the only quantity relating the
earlier described model of the phenomena occurring over
the device gate is the surface potential y5, which modifies the
transistor threshold voltage. This approach is not entirely new
and was proposed already in the early 1990s, e.g. in [7]. Thus,
the proposed by the authors ISFET model can be regarded as
an extended SPICE MOS transistor model. Because, as it is
demonstrated in the later presented measurements, tempera-
ture plays an important role in the device operation, the
particular stress has been laid on the proper modelling of the
temperature phenomena in the device.

Fig. 4 summarises the most important factors influencing
the ISFET operation from the thermal point of view. Some
of the thermal dependencies, such as the change of the
thermal potential, were already taken into account in
Egs. (1) and visualised in Fig. 3. Thus, it remains only to
analyse how temperature influences the electrolyte, the
reference electrode potential and the MOS transistor itself.

First, the dissociation constants for the solutions present
in the electrolyte depend strongly on the absolute tempera-
ture as follows:

K(T) = k(300)*%7 3)

MOSFET
transistor

~-

senepunog
aseyd

reference

Fig. 4. Factors influencing ISFET thermal behaviour.

Next, the potential of the reference electrode E.. is
assumed to be a sum of the electrode material dependent
potential E, and some absolute temperature dependent
component, as it is shown in the following equation

E. = Ey + Er(T —300) “)

Where the semiconductor part of the device is concerned,
the initial simulations demonstrated that the simple Level 1
SPICE MOSFET model was not accurate enough. There-
fore, for the actual device simulations a simplified version of
the third level SPICE model was employed. The fact that the
transistor under consideration had a relatively wide and long
channel allowed a simplification of the model by neglecting
most of the short channel effect related terms. Then, the
transistor drain current can be described by the following
equation

Cox Mett Weff
2 Ly

Ip = (2(Vgs — V1) — Vps) Vs @)

where

Ip  transistor drain current [A]

Cox gate dielectric capacitance per unit area [F/m?]
Uese effective carrier mobility [m*/Vs]

W effective channel width [m]

L. effective channel length [m]

Vs, Vps gate-source and drain-source voltages [V]
Vr transistor threshold voltage [V]

The major difference between the Level 1 SPICE model
and the one employed by the authors is the introduction of
variable carrier mobility. The carrier mobility depends on
the electric fields generated both by the gate and the drain
potentials. Then, the effective carrier mobility u.g can be
expressed by the following equation

Ms T\
=——[— 6
Metr 1+ e VV?SL (T()) ( )
where:
I
s - (7

"1+ 0(Ugs — Vo)
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The quantity v, is the maximal carrier velocity. T is
the reference absolute temperature. g is the low electric
field carrier mobility. a is the mobility thermal dependence
coefficient and 6 is the empirical mobility modulation
coefficient, whose dependence on temperature is described
by the following relation:

o(T) =00(1 " 1.915(1—1» ®)
Ty

When the transistor is operating in the saturation region,
the actual drain-source voltage Vpg is substituted by the
saturation voltage Vpgga €xpressed by:

Legr

VDSsat = VGS - VT + Vmax
Hetf

2 Leff :
- (VGS - VT) + Vmax L (9)
eff

Additionally, it was assumed that in the saturation region
the transistor channel effective length L.g decreases with the
drain-source voltage according to the following formula

Loy« = Leit — @/ Vps — Vpssat (10)

where « is the channel length modulation coefficient
[m/V®2].

The modelling of the dependence of the device threshold
voltage V1 on temperature is a more complex task. This is
due to the fact that this voltage, expressed by Eq. (11), is a
function of various temperature dependent quantities such
as the Fermi level, the intrinsic carrier concentration and the
energy band gap.

VYOS = Vig + /2| ®g| + 2| Pl (11)

where

Veg flat-band voltage [V]
v  body effect coefficient [V”z]
@ Fermi potential [V]

The temperature 7T affects the flat-band voltage Vgg
through the change of the Fermi potential A@r and the band
gap AW, according to the formula:

Vep(T) = Vep(Tp) + (A2|Pp| — AW,) 12)

The value of the energy band gap W, expressed in eV can
be computed in silicon for different temperature values as:

7.02 X 10772
H=116———FF—— 1
We(D) 6 1108 +T (13)
Whereas the value of the Fermi level is equal to:
_ Nsup
Dp(T) = (kT/g)In — (14)

Thus, the Fermi potential is a function of the substrate
dopant concentration Ngyp and the intrinsic semiconductor

carrier concentration n;, which in turn is also strongly
temperature dependent:

T\ w, W,
(T) =09. 10 =— —_& 4 & 1
n(T) = 9.65 X 10 <T0> exp( 2kT+2kTO> (15)

Finally, for the device simulation purposes, Eq. (2) could
be transformed to the form shown in Eq. (16), which
allowed the computation of the ISFET threshold voltage
VASFET ysing the above-described models. This formula
takes into account the change with temperature both of the
MOS transistor threshold voltage AVMOS and of the
dielectric surface potential ¥,. The value of the MOS
transistor threshold voltage AVMOS at the reference

temperature T is estimated based on the measurements.

VERET = v9S(T4) + AVYOS(T) — W (T, pH) + const
(16)

The change of the MOS transistor threshold voltage with
temperature equals to:

1
AVMOS(T) = 3A|dp| — S AW, + vA+/2| Dl 17)

The computed values of the MOS transistor threshold
voltage change with temperature for the surface capacitance
of the gate dielectric C,y equal to 460 pF/cm?, which is
close to the actual one, are shown in Fig. 5. The reference
temperature was equal to 25 °C.

Analysing the above presented formulae, it should be
emphasized that, at least theoretically, the rate of the
threshold voltage change with temperature can be adjusted
through a variation of the substrate doping and the gate
material capacitance (change of material or its thickness).
More detailed considerations on the theory of the ISFET
electro—-thermo—chemical model can be found in [8].
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Fig. 5. Theoretical change of threshold voltage with temperature
(Ty=25°C).
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Fig. 6. WUT data acquisition system.

5. Measurements

The device model presented in the previous sections was
validated performing electrical measurements and simu-
lations of two different real ISFET structures. The ISFETs
of the first type were manufactured at the Institute of
Electron Technology (IET) in Warsaw, Poland. The
transistors have a built-in n-type channel 640 um wide
and 14 pm long. The other transistors were manufactured at
the Laboratoire d’Analyse et d’Architecture des Systemes
(LAAS) in Toulouse, France. These devices are n-type
enhancement mode transistors with the channel size 800 X
40 pm. Except for the fact that the IET ISFETSs have a built-
in channel, the main difference between the devices is that
the IET sensors have back side contacts and can be directly
submerged in the analysed solution. On the contrary, the
LAAS transistors have front side contacts and have to be
placed in special packages called dipstick.

The measurements of the IET ISFETs were performed on
the especially designed stand described in [9]. The design of
this stand, outlined in Fig. 6, allows fully automated
measurements of the transistor characteristics for various

ion concentrations and different temperatures. The measure-
ments of the LAAS sensors were performed using a different
measurement stand designed at the Department of Micro-
electronics and Computer Science in Lodz, Poland. This
stand, as shown in Fig. 7, consists of a PC equipped with the
NI6025E Data Acquisition Board connected directly to the
ISFET operating circuit. Additionally, the special software
rendering possible automatic sensor measurement has been
developed in the LabVIEW environment. Besides, the stand
comprised an electromagnetic stirrer and a thermostat.
Owing to this design, the measurements can be precisely
controlled ensuring stable device polarisation and efficient
data acquisition.

The measurements were performed simultaneously for
several ISFETs of each kind with variable hydrogen ion
concentrations and for different temperatures. For the
measurements, in order to guarantee a constant and known
hydrogen ion concentration, special buffered solutions were
used. Before the measurements all the sensors were
conditioned for several hours in deionised water so as to
eliminate the so-called base line drift phenomenon.
The average measured output characteristics are shown

PC with LabVIEW
environment

B T T —

Data acquisition
board NI6025E

ISFET operating
circuit

Fig. 7. DMCS data acquisition system.
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Fig. 8. Output IET ISFET characteristics: T=25 °C.

both of the IET and LAAS sensors together with the
simulation results in Figs. 8 and 9 and in Figs. 10-12,
respectively. The measured values are represented in the
figures by crosses.

All the measured ISFET sensor characteristics were in
accordance with the earlier presented theoretical consider-
ations. Additionally, the measurements proved the thesis
that temperature influences significantly the ISFET oper-
ation. The measured device sensitivity to temperature
depends strongly on the transistor operating point. Namely,
in the case of the IET ISFET, for the Vg voltage equal to
3V the variation of the saturation drain current Ipgg, 1S
141 pA per decade of pH and 27 pA per degree Celsius.
When Vg equals 1 V these values drop down to 84 pA and
7 nA/K, respectively. This means that at high gate bias
the change of the hydrogen ion concentration by a decade
(10 times) produces similar response as the change of
temperature by 5 K whereas at moderate gate bias the
equivalent change of temperature increases to almost 13 K.

8 =
7t T=10°C Vgs=3V
— % T=25°C
6 -
T=40°C
5 -
<
Vgs=2V
E 4l
n
©
3 F
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1 L
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0 05 1 15 2 25 3 35 4
Vds [V]

Fig. 9. Output IET ISFET characteristics: pH=7.
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Fig. 10. Output LAAS ISFET characteristics: pH="7, T=25 °C.

The LAAS ISFETs also exhibited a quite high sensitivity to
temperature. In this particular case, the change of
temperature producing the same effect as the change of
ion concentration by a decade of pH equalled 6 K at Vgg
equal to 2 V and increased to 12 K for Vg5 equal to 1 V.
Thus, one can state that the optimal bias of the gate
electrode is around 1 V over the threshold voltage. Then, the
sensitivity to the hydrogen ions is high while the
temperature sensitivity remains quite low. Additionally,
the Vpg voltage should not be too high so that to avoid
excessive power consumption and device self-heating.

During the measurements, the actual LAAS ISFET
sensor sensitivity to the hydrogen ion concentration was
also determined. This was done by maintaining the constant
sensor current of 100 pA while submerging the devices in
different solutions and recording the reference electrode
potential change. The investigated hydrogen ion concen-
trations pH ranged from 1 to 10. Additionally, the
measurements were taken also in the presence of some
disturbing ions, however these ions had little effect on the
measurements. The average sensitivity was estimated based
on the measurements as 53 mV/pH, which is very close to
the theoretical one.

pH=1
o X X X X X X X X % % X X X X

x > pH=4
X% % x % X X X X X X X X X X

x > pH=7

XX X X X X X

| x/x
0.5 x pH=10

% Tx X XX XX X X XX X X X X X X X * %X

Ids [mA]

0 05 1 15 2 25 3
Vds V]

Fig. 11. Output LAAS ISFET characteristics: Vg=1.5V, T=25 °C.
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Vds [V]
Fig. 12. Output LAAS ISFET characteristics: pH=7.

Unfortunately, due to the construction of the other
measurement stand, such a direct sensitivity measurements
were not possible with the IET devices. Nevertheless, it was
possible to estimate indirectly their sensitivity as slightly
more than 53 mV/pH for high hydrogen ion concentrations.
However, for pH values around 9-10 the device sensitivity
visibly decreases down to only 41 mV per decade. Then,
bearing in mind that the pH values are the logarithmic
function of hydrogen ion concentration, for low ion
concentrations, the ISFET becomes more vulnerable to the
presence of other ions than the hydrogen ones. These
disturbing ions, as explained in the theoretical part of the
paper, bind with the active sites in the gate dielectric instead
of the hydrogen ions hence degrading the ISFET sensitivity.
This results in the appearance of a bending in the surface
potential vs. pH characteristics as it was illustrated in Fig. 3.

Concluding, the sensitivity of investigated devices to the
hydrogen ion concentration proved to be satisfactory. Their
main drawback is the relatively high sensitivity to
temperature. Comparing the two types of sensors, the
LAAS ISFETs exhibited better selectivity and repeatability
of their characteristics. On the other hand, the IET devices
do not require gate polarisation and special packaging. More
detailed description of the measurements can be found in
[10-11].

6. Device simulation

The earlier presented measurements provided the data
necessary for the model parameter extraction. The par-
ameters were extracted using a Newton—Gauss method
based procedure using the Least Mean Squares criterion so
as to find the best possible set of model parameters. The
unknown parameters to be determined were the threshold
voltage Vr, the low electric field carrier mobility wg, the
electric field mobility modulation coefficient 6, the thermal
mobility degradation coefficient a, the maximal carrier
velocity v,.x and the gate capacitance per unit area C,,. The
final values of the model parameters adopted for the
simulations of both structures are given in Table 1.

Table 1

Fitted model parameter values

Parameter IET LAAS Unit
Threshold voltage Vr —0.54 0.22 [V]

Low electric field 680 890 [cm?/Vs]
mobility uo

Electric field mobility 0.017 0.022 [1/V]
modulation coefficient @

Thermal mobility degra- 1.7 1.5 [-1

dation coefficient a

Maximal carrier 4.5x10* 3.0x10* [m/s]
velocity ¥pax
Gate capacitance per unit 440 435 [uF/cm?]

area Cyy

The simulation results obtained using these parameters are
visualised with solid lines in Figs. 8§-12.

As can be seen from the figures, the fitted curves match
quite accurately the measured values. The value of the
average mean squared error related to the measured values
does not exceed 5%. Taking into account that the proposed
model is relatively simple, the simulation results are
satisfactory. Moreover, the model parameter values pre-
sented in the table are close to the default ones built in the
SPICE simulator. The values of the transistor threshold
voltages and the gate dielectric capacitances for both
devices are almost identical to the values computed based
on the technological data.

7. System simulation

The presented ISFET model, as already mentioned, can
be implemented without any difficulties in some Hardware
Description Language (VHDL-AMS or Verilog-A) which
allows multidomain behavioural simulations of complex
microsystems. The multidomain behavioural simulators
have many advantages. First of all, both the analogue and
the digital components of a system can be simulated in a
single environment. Moreover, if required, some thermal,
mechanical or chemical sensors might be incorporated in
the simulations as well. In this particular paper, the
previously described ISFET model was implemented
using the VHDL-AMS language in the hAMSter environ-
ment for multidomain simulations of a system consisting of
the sensor itself and a data processing unit containing a
sigma—delta analogue-to-digital converter (2-A ADC)
shown in Fig. 13. The system simulated in this section
could in turn constitute a part of some larger microsystem.

The =—A converter belongs to the group of oversampling
converters, which sacrifice the resolution in amplitude for
the resolution in time. Owing to this solution, the user can
adjust the resolution of the converter to the required
accuracy. The converter consists of the analogue =-A
modulator and the digital decimation filter, hence it has to
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Fig. 13. Block diagram of the data processing unit.

be simulated using design tools capable of mixed-signal
simulations.

There exist many possible architectures for the 3-A
modulators, which were explored extensively in literature
[12—-16]. The authors themselves also studied numerous
converter realisations of the 1st—4th order. Generally, the
increase of the modulator order improves the signal-to-noise
ratio but it might cause some problems with stability as well.
Finally, the 3rd order =—A converter, whose block diagram
is also shown in Fig. 13, was adopted for the simulations. As
can be seen the converter has three integrator blocks in the
main signal path of the modulator, hence its name. The
entire modulator model consists of separate blocks,
including the integrators, the comparator, the D flip-flop,
the digital-to-analogue converter and the summation nodes
connected together using structural description in VHDL-
AMS language.

The second part of the presented ADC is the digital
decimation filter. The filter converts a one-bit binary stream
representing the amplitude of the input signal into n-bit
binary words. The considered implementation of this unit
uses a 12-bit counter as an averaging filter, which returns the
average value of the 2—-A modulator output over a fixed
period.

The counter operating at the oversampling frequency
produces an 12-bit binary word. This word is loaded into the
output register, which is the output signal of the whole
ADC. The main disadvantage of this solution is that
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the increase of the ADC resolution requires the increase
the oversampling frequency.

Thus, the ADC is much easier to model with VHDL-
AMS because it consists only of two building blocks, the
12-bit counter and the 12-bit register, which form the
decimation filter and can be connected to the earlier
described =—A modulator. The behaviour of the 3rd order
3—-A ADC was tested using the sinusoidal input signal. The
obtained simulation results are shown in Fig. 14.

Finally, the entire microsystem was fully simulated using
the VHDL-AMS models of the presented structures. The
input system signal for these multidomain simulations is the
hydrogen ion concentration and the output system signal is
the digital value stored in the output ADC register. The
results of the simulations are presented in Fig. 15. The
resolution of the converter can be estimated dividing
the maximum range of input signal, e.g. 1 V by the maximal
number of logic levels (4096 for 12 bit), which gives
approximately 0.24 mV. This value corresponds to the
resolution of about 0.005 pH in terms of the hydrogen ion
concentration. The slight nonlinearities present in the output
system signal are mainly due to the nonlinearity introduced
by the signal processing unit. It should be underlined that
the converter resolution can be adjusted by varying the
length of the converter. More detailed presentation of the
simulations together with the analysis of different realis-
ations can be found in [17].

8. Conclusions

This paper presented a relatively simple, but accurate
temperature dependent model of the ISFET sensor. The
proposed model is based on a modified SPICE MOS
transistor model in which the threshold voltage is influenced
by the gate surface potential induced by hydrogen ions
present in the electrolyte flowing over the gate structure.
The model combines in a single set of mathematical
equations different chemical, thermal and electrical
phenomena occurring in the device. In spite of its apparent
complexity, the number of model parameters necessary for
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simulations is fairly low. The proposed model is suitable for
the simulations of the device operating in a relatively wide
range of temperatures and hydrogen ion concentrations.
Moreover, when the electro—chemical model of the
phenomena occurring in a particular ion selective mem-
brane is known, the presented model can be easily adapted
and applied for the analysis of any other FET-based ion
sensor (CHEMFET) as well.

The proposed model was successfully employed for the
simulation of real devices. The model parameters were
determined based on the measurements. The simulations
performed for the extracted parameter values showed good
agreement with the measurements. Additionally, both the
measurements and the simulations demonstrated clearly that
temperature has significant influence on the device per-
formance. The sensitivity to temperature can be controlled
to some extent by the proper choice of the substrate doping,
the gate dielectric material and the device operating point.

Moreover, the model was straightforwardly implemented
in the VHDL-AMS language. Owing to this solution it was
possible to perform in a single environment multidomain
mixed mode simulations of the more complex system
containing the ISFET sensor and the data processing unit.

The main advantage of the VHDL-AMS simulations at
the system level is the possibility of reducing significantly
the design cost and the simulation time comparing to the
traditional transistor level simulations. In the case presented
here, the whole microsystem was fully designed and tested
using the VHDL-AMS language. Moreover, different A
AD converter structures were compiled in silicon in the
CADENCE environment as a real reconfigurable integrated
circuit and shipped for manufacturing in 0.6 um AMS
technology.
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