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Abstract—The ion-sensitive field-effect transistor (ISFET) is
an emerging technology that has received much attention in
numerous research areas, including biochemistry, medicine, and
security applications. However, compared to other types of
sensors, the complexity of ISFETs make it more challenging
to achieve a sensitive, fast and repeatable response. Therefore,
various readout circuits have been developed to improve the
performance of ISFETs, especially to eliminate the temperature
effect. This paper presents a new approach for a temperature-
independent readout circuit that uses the threshold voltage
differences of an ISFET-MOSFET pair. The Linear Technology
Simulation Program with Integrated Circuit Emphasis (LTspice)
is used to analyze the ISFET performance based on the proposed
readout circuit characteristics. A macro-model is used to model
ISFET behavior, including the first-level Spice model for the
MOSFET part and Verilog-A to model the surface potential,
reference electrode, and electrolyte of the ISFET to determine
the relationships between variables. In this way, the behavior of
the ISFET is monitored by the output voltage of the readout
circuit based on a change in the electrolyte’s hydrogen potential
(pH), determined by the simulation. The proposed readout circuit
has a temperature coefficient of 11.9ppm /°C for a temperature
range of 0-100°C and pH between 1 and 13. The proposed ISFET
readout circuit outperforms other designs in terms of simplicity
and not requiring an additional sensor.

Index Terms—readout circuit, ion-sensitive field-effect transis-
tor (ISFET), thermal sensitivity, temperature compensation

I. INTRODUCTION

P. Bergveld proposed the concept of an ion-sensitive solid-
state device in 1970 by combining the principle of metal-
oxide-semiconductor (MOS) transistor with a glass electrode
to benefit from sensitivity up to a single molecule or ion []1]].
Although the use of solid-state technologies can increase the
efficiency and controllability of the system, the temperature
can lead to inaccuracies in the measurement data [2]. Many
readout circuits have been developed to minimize the effects of
temperature sensitivity and improve the sensor’s accuracy and
sensitivity [3] [4]. Some reported temperature compensation
methods are highly complex and incompatible with portable
sensors. This led to proposing a simple and efficient approach
to compensate for the temperature effect on the readout circuit.
By exploiting the CMOS compatibility of ISFET devices, the
temperature effect can be canceled out by using the difference
between the two threshold voltages in the ISFET-MOSFET
pair, in which both have the same temperature coefficient.

The ISFET sensor has the same operation as the conven-
tional MOS field-effect transistor (MOSFET), except that the

gate-metal layer is created by replacing the MOSFET gate
with a special membrane sensitive to the electrolyte solution.
The ISFET sensor is exposed to ion diffusion to a sensitive
membrane material resulting in a threshold voltage shift [5]. A
reference electrode is immersed in the electrolyte as shown in
Fig. [1} The principle of ISFET sensitivity is based on charge
absorption at the ion-solid interface between the sensor layer
containing the hydroxyl and electrolyte groups [6]]. ISFET sen-
sors based on field-effect transistors benefit from technological
development, especially in microelectronics, allowing minia-
turization and mass production, resulting in low-cost compo-
nents and requiring no special packaging. Nevertheless, low-
temperature sensitivity is still required for better measurement
accuracy [7]]. One of the most popular ISFET readout circuits
is the constant voltage constant current (CVCC) circuit. In the
CVCC readout topology, the output signal is monitored by
keeping the voltage and current at the drain-source terminals
of the ISFET constant. However, the operation is affected by
temperature variations and requires an additional temperature
sensor combined with a differential operational amplifier as a
summation circuit to compensate for the temperature effect.
Therefore, we focused on a simple, temperature-independent
ISFET readout circuit that does not require additional circuitry
for temperature compensation. [8]] [9]]. The main contributions
are as follows:

o The design of a simple readout circuit to eliminate the
temperature effect and increase the accuracy of the ISFET
output voltage corresponding to the pH value.

o The implementation of the readout circuit in such a
way that no additional temperature sensor is required.
Taking advantage of the compatibility between ISFET
devices and conventional CMOS integration circuits, the
subtraction of two threshold voltages equally proportional
to the absolute temperature is used.

o An approach to make the system performance of ISFETs
less sensitive to temperature effects over a wide pH range.

The rest of the paper is organized as follows. Section II
included the ISFET model and theory, as well as the related
work on the temperature-independent readout circuit. Section
III describes the proposed readout circuit to eliminate the
temperature effect. The implementation results are given in
Section IV. Finally, a conclusion is drawn in Section V.
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Fig. 1. Cross section of ISFET sensor structure.
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Fig. 2. ISFET’s macro-model circuit emulation.
II. BACKGROUND AND RELATED WORKS

A. ISFET Structure and Modeling

The structure of the ISFET device is based on the conven-
tional MOSFET device. As illustrated in Fig. [I} the ISFET
sensor is immersed in an electrolyte solution, which creates an
electrical potential between the solution and the ion-sensitive
membrane described by the Gouy-Chapman model [[10]. Be-
sides the semiconductor part, other parts, including the refer-
ence electrode and the electrolyte interface, can also extend the
temperature effect of the ISFET sensor. To create an accurate
model and describe the behavior of ISFETs, a MOSFET
model combined with the Helmholtz and Gouy—Chapman
model is used. This basic approach provides an efficient
model for implementing the readout circuit based on the
ISFET macro-model [T1]]. As shown in Fig. 2] a Spice model
for the MOSFET section is used to describe the behavior
of the proposed ISFET readout circuit. Reference electrode
potentials (V;..r) and the double capacitance of Helmholtz-
Gouy (Cgouy, Creim), is expected to be modeled effectively
to show the temperature effect on the sensor. The simplified
model of the ISFET is realized by summing the reference
electrode potential and the surface potential ¢ to analyze the
flat-band voltage shift (V7). The flat-band voltage shift is
linearly proportional to the electrolyte’s pH value (hydrogen
potential) as follow:

Ag | dBe sol j
Vor = EBrer—— T —298.16 S+ A + g,
(1)
with
KT
Uy = —2.3037(}7szC —pH), )
where % is the thermal potential, and pH,,.. is the pH of

point zero charge, T is the system temperature, K the constant
of Boltzmann, q the charge, Eref (Ag/AgCl) the potential
of the reference electrode is independent of the temperature,
A7 the potential drop between the solution and the reference
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Fig. 3. The ISFET-MOSFET pair structure mounted as part of proposed
readout circuit.
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Fig. 4. The Widlar current source with current mirror to generate the current
for readout circuit’s current sources.

electrode, x*° the dipole potential of the surface electrolyte-
insulator. The described model in Eq. [2| is the simplified
one. The more complex model was implemented in Verilog-
A for the ISFET simulation model, which consists of the
capacitance. The ISFET Spice simulation model is based on
the macro-model described in [11]] for predicting the behavior
of the output signal with respect to the pH value of the
electrolyte.

B. Related Work

In recent years, work has been reported on compensating
for the temperature effect of the ISFET readout circuit using
artificial neural networks [7] [12]. Lower temperature depen-
dence is achieved by training the neural network based on
data obtained from the device’s interface circuits in different
pH solutions at different temperatures. In the model proposed
in [12], only pH values above 4 are temperature-independent.
However, the model in [7] could obtain a temperature sen-
sitivity 1.5 x 10~*pH/°C for the pH range between 1 and
12 by performing an automated control technique to fix the
isothermal point. However, the model requires an initial data
set from regular samples to predict temporal variations, and
and acquiring such a set takes multiple days. In this work,
we overcome the temperature effect by taking advantage
of the CMOS compatibility of the ISFET. Implementing an
ISFET-MOSFET pair with equal temperature coefficients, and
using a negative feedback operational amplifier to cancel the
temperature effect. Here, no additional complicated circuitry
is required.
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III. ISFET READOUT CIRCUIT DESIGN WITH
TEMPERATURE EFFECT COMPENSATION

This section proposes a new approach in the readout circuit
design to reduce the effects of temperature sensitivity and
consequently increase the sensor’s measurement accuracy and
controllability. The schematic of the proposed readout circuit
is presented in Fig. 3] A standard CMOS process is used
to integrate the ISFET with a readout circuit to improve the
readout performance. This circuit allows the threshold voltage
extraction in the form of a differential output voltage. The
readout circuit consists of the N-channel ISFET-MOSFET pair,
where the ISFET transistor (M7) and the NMOS transistor
(M) must be identical, with the same width and length
(W1/Ly = Ws/Lsy). The current sources are used to pass
the same current into the branches. Thus, a constant current
(D flows through transistors M; and Ms. The Widlar current
source is used to fed the current into the circuit via a current
mirror (Fig. [d) to copy the current via transistors Ms
and M_so. The current reference can be generated from the
voltage reference by using resistor R. Thus, the current mirror
generates a reference current and shares the same current with
all blocks of the circuit via current mirrors. An operational
amplifier is connected to the sources of transistors M; and
M to extract the voltage variation caused by the charge
concentration in the electrolyte and to compensate for the
temperature effect. The voltage difference (V) at the output
of the op-amp is returned to the gate of transistor My by
a negative feedback. As the transistor M; is on, the non-
inverting input of the amplifier is

VOpampNI = _VGSh (3)

and the inverting input is calculated as

Vopampr = Vo — Vaso. 4

The op-amp forces the input terminals (Eq. 3] ) to be
equivalent; therefore, the Vo can be expressed as follows:

Vo = Vas2 — Vgsi- )

If all transistors are biased to run in the saturation regime, the
following equation can be derived:

| 2Ip
VGS = m + VTH~ (6)

Here, Ip is the drain current of the transistor, IV is the channel
width, L is the channel length, Vi is the threshold voltage,
and the technology coefficient is defined as

K" = 11,Cpy. (N

The p,, represents the average carrier mobility on the device
channel and C,,, is the gate oxide capacitance per unity area.
A simplified model for ISFET’s threshold voltage is given as:

KT
Vg = (2.303==a)pH + Ey, (8)
q
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Fig. 5. The IV characteristic of ISFET and MOSFET.

where (o) is the adjusting parameter and can be between 0
and 1, the second term is independent of pH and temperature,
while the first term is directly dependent on the temperature
change. To achieve the maximum sensitivity of the ISFET, «
is set to 1. By placing the Viz5 as described in equation [3] to
[6l Vo becomes:

QIDMQ 2IDMl
Vo = Um + Vrtymos — m —VrHsppr-
&)

Since ISFET devices are essentially MOSFET devices with a
modified gate surface, the difference between two N-channel
devices (ISFET-MOSFET pair) with different voltage thresh-
olds but proportional to temperature can be used to compensate
for the temperature effect. Where Ipy;1 = Ipye = I and
(W/L); = (W/L), with the same K’ (Eq.[7). Consequently,

Vo = VTHNMOS - VTHISFET7 (10)

when the voltage Vg, changes due to temperature varia-
tion, the voltage Vi, ¢ » also changes by the same amount.
Therefore, the difference (AVry) remains constant and does
not vary due to temperature fluctuations. In other words, the
temperature coefficient of the threshold voltage is negative,
and when the temperature increases, both the N-channel ISFET
and the MOSFET change with the same temperature coeffi-
cient. Therefore, their difference remains constant, as depicted
in Fig. [5} Thus, we estimated the condition to have

dVTHISFET _ dVTHNMos (1n
dT dT ’
and consequently:
dVo
—— =0. 12
ar (12)

As aresult, the differential amplifier circuit is used to eliminate
the effect of temperature due to the proportional dependence
of voltage on temperature. We have assumed that the p,, is the
same for ISFET and NMOS, but in reality, they may be slightly
different. Nevertheless, they can still achieve reasonable tem-
perature compensation. For the sake of simplicity, channel
length modulation is not considered in Eq. [ However, the
effect is taken into account in the simulation results.

IV. EXPERIMENTAL RESULTS

The purpose of this readout circuit is to compensate for
temperature sensitivity and provide a linear output signal to
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achieve good measurement accuracy at an exact pH point.
The proposed circuit is implemented in LTSpice. The IS-
FET’s macro-model has been extended for the temperature
dependence simulation. The ISFET and NMOS transistors
have the same dimensions with a length of 18 um and a
width of 840 pm. Simulation is performed to confirm the
elimination of the temperature effect of the proposed readout
circuit. DC simulation is performed to find the appropriate
biasing point for the reference electrode. Furthermore, the pH
value varies between 1 to 13 with a temperature change from
0 to 100 °C'. The results of the readout simulation show that
the temperature coefficient is 11.9ppm/°C'. The temperature
coefficient is calculated as follows:

VO . VO - 6
TC(ppm/°C) = maa 10, (13)
( / ) Vomean (Tmaﬂc - Tmin)
where Vo, .. and Vo, . are the maximum and the minimum

values of output voltage in the considered temperature (T)
range respectively, and Vp, ... is the mean value. As illus-
trated in Fig. [] the readout circuit reduces the temperature
coefficient. In the simulation for the readout circuit implemen-
tation, the ISFET macro-model is used to describe the behavior
of the reference electrode, electrolyte, and sensitive membrane.
While for the MOSFET part, a standard CMOS model in the
Spice model was used. The 18um technology was utilized
for the proposed circuit. Consequently, the simulation of the
implemented readout circuit shows in Fig. [f] a temperature
coefficient of 11.9ppm /°C for the temperature of 0 — 100°C,
and a pH range between 1 and 13. The main advantage
of the proposed readout circuit compared to other reported
readout circuits [7]] [8] [12] with temperature compensation
is the simplicity of the design and the fact that no additional
temperature sensor is required. Also, it is possible to use it for
a wide range of pH values between 1 and 13 without requir-
ing initial data to perform the compensation. The proposed
readout circuit is a good candidate for pH sensors with a
low temperature coefficient. This simulation has shown that
it is possible to use the differential threshold voltage of an
ISFET-MOSFET pair with the same temperature response to
eliminate the temperature effect. For the given operation, the
output voltage response per pH is 55mV/pH for the ISFET
sensor over temperature variations between 0—100°C by using
the proposed readout circuit, which is close to the Nernst limit.
The Nernst model defines the maximum achievable voltage
sensitivity for pH measurement as 59mV/pH at 25°C for the
classical ISFET devices [13]].

V. CONCLUSION

Due to higher system efficiency and better controllability,
ISFET sensors are used in many applications, especially in
biological and medical devices. However, erroneous measure-
ments can be observed due to the influence of temperature
variation. This work presents a simple approach to designing
an ISFET readout circuit that eliminates the temperature effect
for a wide pH range between 1 and 13 with a pH sensitivity
of 55mV/pH close to the Nernst limit. Since the threshold
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Fig. 6. The simulation results of the temperature effect on the output voltage
of the proposed readout circuit over pH range of 1 to 13, with 55mV/pH
and the temperature coefficient of 11.9ppm/°C.

voltage of MOSFET and ISFET has a negative temperature
coefficient, their threshold voltage shift enables the provision
of a temperature-independent output voltage with temperature
coefficient of 11.9ppm /°C'. The readout circuit can be applied
to other sensors modified to be sensitive to different types of
ions, such as ISFET and ChemFETs.
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