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Abstract: In this work, an ISFET (Ion Sensitive Field Effect Transistor)/MEMFET (Membrane Field Effect
Transistor) interface circuit with temperature compensation has been successfully designed and simulated. In
each interface, we used the macro-model of ISFET/MEMFET based chemical sensors simulated in TopSPICE.
The simulation results of the different sensing circuits of ISFET/MEMFETSs for temperature compensation show
that the readout configuration for ISFET/MEMFET sensors based on Wheatstone-Bridge connection is the most
effective with a temperature drift 5106 mV/°C. Copyright © 2014 IFSA Publishing, S. L.
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1. Introduction

In recent years there has been great progress
in applying FET-type biosensors for highly sensitive
ion detection. Among them, the most popular sensor
ISFET (Ion Sensitive Field Effect Transistor), first
introduced by Bergveld in 1970 [1], has a well-
established position as a powerful sensing tool for ion
detection because of his simple and clear operation
principle based on site binding theory [2]. It is a
solid-state device that combines the chemically
sensitive ~ membrane with a  Metal-Oxide-
Semiconductor  Field Effect Transistor [3].
Membrane field-effect transistors (MEMFET) have
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been obtained by directly coating the membrane
solution onto the gate insulator surface of ISFET
devices [4]. The ISFET/MEMFET sensors have
features of robustness, rapid reaction time, simplicity
in fabrication, low cost, high sensitivity, small size
and can be implemented by CMOS technology.
Despite these advantages, ISFETs/MEMFETs have
been characterized indicating drawbacks related to
thermal dependency. So to promote
ISFET/MEMFET based applications, it is necessary
to find a compensation method to reduce and cancel
the temperature drift. Many research works [5, 6]
have exploited different circuit architectures of
readout circuits with the goal to obtain good
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sensitivity as well as linearity. Most of those works
usually play the role in translating the pH values to
voltage domain presentation. In this context, there are
many experimental works but up to now theoretical
researches need more studies.

TopSPICE, the last version of SPICE, is an
electrical simulator used worldwide as an essential
computer-aid.

It was originally developed for designing and
simulating electronic circuits but can be also adapted
to design silicon-based chemical and bio-sensor
Microsystems. The aim of this work is to study
different architectures ensuring a temperature
compensation using the TopSPICE simulation tool.

2. TopSPICE ISFET/MEMFET
M acr o-M odel

The ISFET/MEMFET model can be derived
from the analogous MOSFET TopSPICE model, by
taking into account pH dependency of the threshold
voltage.

The electrochemical properties of the insulator
surface were combined with the physics of the
MOSFET [7]. The ISFET static model is obtained by
considering the threshold voltage Viasrer) in the I-V
equations of the MOSFET [8]:

Vi . .
1, = ﬁ|:(Vgs = Viasrer) )_ %Vds (linearregi 0”)} (1)

1
I, = Eﬁ(Vgs ~Viaseer) )2 (saturation region ), @)

where ff = (uCoxW/L), and u, W, and L are the
electron mobility, the channel width, and length,
respectively.

The ISFET threshold voltage expression includes
terms derived from MOSFET theory as well as terms
related electrochemical phenomena:
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where ¢ is the Fermi potential of the semiconductor,
Qss is the fixed surface-state charge density per unit
area at the insulator—semiconductor interface, Qs is
the semiconductor surface depletion region charge
density per unit area, @i; is the liquid-junction
potential difference between the reference solution
and the electrolyte, ¥, is the potential of the
electrolyte—insulator interface that determines the
ISFET sensitivity to H" concentration, y. is the
electrolyte—insulator surface dipole potential, ¢ is

the semiconductor work function, and @, is the work
function of the metal gate (reference electrode)

relative to vacuum, E.r models the reference
electrode according to the relationship [8]:

Eref = Eabs + Erel , 4)

In equation (4), Eaps is the absolute potential of
the standard hydrogen electrode; E.. the potential of
the reference electrode (Ag/AgCl considered here)
relative to the hydrogen electrode.

Those terms are practically constant with respect
to pH, except the potential ¥y that depends on the pH
parameter and can be calculated from the solution of
the “EIS system”. Fig. 1 shows both the
ISFET/MEMFET structure and the equivalent circuit
corresponding; the outer connections R, D, S, B,
stand for the reference electrode, the drain, the
source, and the bulk, respectively.
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Fig. 1. (a) n-channel ISFET/MEMFET structure (b)
Equivalent circuit of the ISFET/MEMFET.

The TopSPICE ISFET/MEMFET macro-model
shown in Fig. 1(b) considers the ISFET/MEMFET
sensor as two uncoupled stages: an electronic stage
(The MOSFET which is the starting structure of the
ISFET) and an electrochemical stage (The
electrolyte—insulator interface modeled by the theory
of the site-binding [9]). This macro-model was
implemented in TopSPICE. It can be presented as
follows in Fig. 2.

55



Sensors & Transducers, Vol. 27, Special Issue, May 2014, pp. 54-61

Fig. 2. The ISFET/MEMFET TopSPICE Macro-model.

The ISFET/MEMFET sensor is the classical
MOSFET structure associated to the potential Eyn
which depends on the reference potential E.r and
value as equation (5).

EpH = _Eref + WO (5)
B\ kT
=2.03 — H —pH) 6
l)”() (IBJ’_I CIZ (p pzo p ) ( )
where [ is the dimensionless pH sensitivity
parameter, given by [10]:
2¢*Ny (KbY’
ﬁ=‘“(j : )
Ck,T \ Ka

where C; is the linearized double-layer capacitance at
the insulator electrolyte interface, N is the surface
site density, kg is the Boltzmann’s constant, T is the
absolute temperature, q is the electronic charge, Z is
the valence number, K, is the acidic equilibrium
constant; Ky, is the basic equilibrium constant. pHp, is
the pH at the point of zero charge:

pH . =-1/2(pK, + pK,) )

The proposed TopSPICE model of
ISFET/MEMFET sensor is inspired from the Spice
model studied in reference [11].

3. TopSPICE Simulation of Individual
Mode

The ISFET/MEMFET operation can be obtained
from both the pH-dependant characteristic and the
MOSFET behavior [14]. The ISFET/MEMFET
behavior has so many thermal dependencies that it is
important to find a compensation method to prevent
them.

In the first step, we studied the individual sensing
circuit shown in Fig. 3. This circuit maintains
constant drain—source voltage Vg4 and drain current
Iss. The simulations were performed at Vgs = 0.8 V
and Iss = 0.7 mA. This contributes to the
ISFET/MEMFET output characteristic’s linear range.
The studied  dual dielectric Si0,-SizNy
ISFET/MEMFET has a channel length L=30 um and
channel width W=800 um. The simulated individual
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sensing circuit is shown in Fig. 4 (a).We presented
the output voltage Vo as function as the pH variation
in Fig. 4 (b). The simulation results showed that the
extracted signal Vo is directly proportional to the
variations of pH values. In the operating pH range
1-14, the MEMFET presents a sensitivity of about
56 mV/decade.

=

= D

ISFET/MEMFET
v

out

—
—

Fig. 3. Individual sensing circuit.
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Fig. 4. (a) Individual simulated sensing circuit in TopSpice
(b) Variation of Vou versus pH variation.
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The temperature’s effect on the output voltage
Vou 1s presented in Fig. 5. We can notice that Vo
decreases by 1 mV, when the temperature rises by
1 °C. Hence, the coefficient of temperature drift is
about -1 mV / °C.
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Fig. 5. Variation of Vou versus the temperature variation.

4. TopSPICE Simulation of Differential
Mode

Various studies have turned to the use and the
development of differential circuits in order to
improve the ISFET/MEMFET sensitivity and reduce
the undesirable effects. Differential measurement is a
method using an ISFET/MEMFET sensor sensitive to
the detected species and a reference Field Effect
Transistor. Such a reference FET (ReFET) should in
ideal case show insensitivity to all species present in
the sample solution [13].

4.1. Sensing Circuit 1

The direct feedback configuration presented in
Fig. 6 consists of a complementary pair of MOSFET
and ISFET/MEMFET sensor fabricated with the
same technology which can provide certain immunity
on the temperature sensitivity of MOS structure
of ISFET/MEMFET [14].

The two operational amplifiers fulfil a double
function: (1) preserving a constant Vds bias
in ISFET/MEMFET and MOSFET; (2) applying the
feedback signal to the reference electrode. In direct
feedback  configuration the  drain  current
of ISFET/MEMFET remains constant.

R
=V =——=—V, =constantl  (9)
R, +R,

R |4
I, =————V,=—%=constans2  (10)
R(R,+R,) ° R,

R [] ISFET/
MERFET

+: II"II.'lu1
[OSFE

Fig. 6. Sensing circuit 1 based on a pair
of ISFET/MEMFET and ReFET.
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Fig. 7 (a) illustrates the simulated sensing circuit
1 in TopSPICE. The different resistance values are
selected so as to optimize the sensor's sensitivity. The
linear variation of the output voltage as function of
the temperature showed that the thermal drift
is about 1.7 mV/°C.
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Fig. 7. (a) Simulated sensing circuit 1 in TopSPICE.

(b) Variation of the extracted signal Vou versus the
temperature.
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4.2. Sensing Circuit 2

Fig. 8 illustrates the sensing circuit 2 based on a
pair of ISFET/MEMFET and ReFET showing an
indirect feedback configuration. The reference
electrode is constantly biased. The transistor My
(similar to transistors Mg and My) controls the gate
voltage of the transistor ReFET [15].

The condition I, = I; / 2 must be considered to
equalize the drain-source voltages of
ISFET/MEMFET and ReFET. The output voltage
Vou will follow the variations of the solution's
electrochemical potential. The simulation results are
shown in Fig. 9.

MENMERT

Fig. 8. Sensing circuit 2 based on a pair
of ISFET/MEMFET and ReFET.
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Fig. 9. (a) simulated sensing circuit 2 in TopSPICE

(b) Variation of the output voltage Vout versus
the temperature variation.
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4.3. Sensing Circuit 3

The sensing circuit 3 is shown in Fig. 10. This
bridge-type configuration contains a Zener diode
biased bridge-type sensing circuit with the reference
electrode grounded [16].

Rs | Vout

Fig. 10. Zener-based bridge-type sensing circuit.

The advantage of this configuration is grounding
the reference electrode that the only one reference
electrode is necessary for multiple ISFET detection.
The circuit is suitable for ISFETs with unspecified
characteristics because it has a wide range of
operations. However, both sides of the Zener diode
are floating but cannot be integrated with ISFET-
based microsystem in a standard CMOS
technology [17]. The simulated sensing circuit 3 in
TopSPICE is shown in Fig. 11(a).

The simulation results present a linear function
of a slope of unity. The temperature drift obtained
from Fig. 11 (b) is 1.57 mV/°C.
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Fig. 11. (a) Simulated sensing circuit in TopSPICE
(b) Variation of the extracted signal Voutas function
as the temperature variation.
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4.4 Sensing Circuit 4

The sensing circuit 4 proposed by Arkadiy
Morgenshtein in 2004 [18] is capable of operating in
differential mode, while allowing on chip
integrations,  temperature = compensation, and
measurements from MEMFET/ReFET pairs.

The Wheatstone-Bridge interface benefits
from enhanced operational flexibility, due to the
ability of relative sensitivity control of the output
signal. The Fig. 12 shows the structure of
Wheatstone-Bridge readout interface. An
ISFET/MEMFET sensor and three MOSFET devices
are applied in place of standard resistors. In order to
maintain a balanced bridge, the diagonal is connected
to the operational amplifier with feedback to the gate
of a corresponding MOSFET. The simulated sensing
circuit 4 in TopSPICE is presented in Fig. 13.

Ve — é‘ Vy —||£ }
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f E :E MOSFET

Fig. 12. Wheatstone bridge of readout interface.
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Fig. 13. Simulated sensing circuit 4 in TopSPICE.

Fig. 14 shows a linear variation of the output
voltage versus the temperature. Then, we note that
the coefficient of the temperature drift is about

5x10° mV / °C. This result demonstrates a very good
compensation of the temperature influence.

T T T T T
-0,59260 | . 4
L}
-0,59265 E
<)
S -0,59270 " 4
<
3 .
>
-0,50275 - E
-0,59280 - . i
T T T T T
10 20 30 40 50
T(°C)

Fig. 14. Temperature’s variation of the extracted
signal Vout..

4.5. Compar ative Studies of Performances
of Different Sensing Circuits

The study of the various sensing circuits
(individual and differential mode) shows that the
output voltage is directly proportional to the pH
values variation. This reflects the linearity of the
overall system (sensor + conditioner) which is an
advantage for all studied circuits.

The Table 1 summarizes the different
ISFETs/MEMFETs sensitivities. One can observe
that for a given valency number Z, the sensitivity
remains practically constant (56.6 mV/decade for
Z=1) for the different sensing circuits. Hence, signal
conditioning does not affect the sensor's sensitivity.

Also, for a given sensing circuit, it has been
demonstrated that the ISFET/MEMFET simulated
sensitivities for the different valence numbers Z (1 to
4) are in good agreement with the nernestian
sensitivities of the MEMFET senor [19, 20] based on

the site binding theory.

Table 1. Different ISFET/MEMFETs sensitivities for different valence number Z (1 4).

Valence Sensitivity (mV/decade) Theoretical MEMFET
Sensing circuit | Sensingcircuit | Sensing circuit | Sensing circuit sensitivity (mV/
number Z)
1 2 3 4 decade)
1 56.6 56.8 56.9 56.1 59.0
2 28.3 28.4 28.4 28.0 29.5
3 18.8 18.9 18.9 18.7 19.6
4 14.2 14.2 14.2 14.0 14.7
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Table 2 shows that the Wheatstone bridge circuit
can ensure the better temperature compensation
(510 mV/°C).

Table 2. Different thermal drifts for the various
ISFET/MEMFET sensing circuits.

Sensing Sensing Sensing Sensing Sensing
circuit circuitl | circuit 2 circuit 3 | circuit4
Temperature
Drift 1.7 0.24 1.57 5x10°
(mV/°C)

5. Conclusions

The presented instrumentation with various
electronics circuits has been developed to
compensate  the  thermal  dependence  of
ISFET/MEMFET based chemical micro-sensors. To
check the wvalidation of the proposed circuits,
TopSPICE simulation of functionality for sensitivity
was performed. A  TopSPICE macro-model
considered the ISFET/MEMFET as two stages (an
electronic stage and an electrochemical stage) has
been developed. In the first step, the simulation
results show that the extracted signal Vo, voltage is
directly proportional to the variations of pH values
(St=56.6 mV/decade). Then, using the same
methodology, we extrapolate our simulation to the
MEMFET devices and we noted that the sensitivity
remains practically constant for a given valence
number Z. We have also demonstrated that, for a
given sensing circuit, the ISFETs/MEMFETs
simulated sensitivities for different valence number Z
(1 to 4) are in good agreement with the theoretical
MEMEFET sensitivities. In addition, it was shown in
particular that the Wheatstone bridge circuit ensures
the better temperature compensation. Hence, the
proposed temperature sensitivity compensation
method based on Wheatstone-Bridge circuit not only
gives a more accurate pH measurement, but also
improves  the  thermal  stability of the
ISFET/MEMFET for the increasing chemical sensors
applications.
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