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Abstract: PH measurements are widely used in agriculture, biomedical engineering, the food industry,
environmental studies, etc. Several healthcare and biomedical research studies have reported that
all aqueous samples have their pH tested at some point in their lifecycle for evaluation of the
diagnosis of diseases or susceptibility, wound healing, cellular internalization, etc. The ion-sensitive
field effect transistor (ISFET) is capable of pH measurements. Such use of the ISFET has become
popular, as it allows sensing, preprocessing, and computational circuitry to be encapsulated on
a single chip, enabling miniaturization and portability. However, the extracted data from the sensor
have been affected by the variation of the temperature. This paper presents a new integrated
circuit that can enhance the immunity of ion-sensitive field effect transistors (ISFET) against the
temperature. To achieve this purpose, the considered ISFET macro model is analyzed and validated
with experimental data. Moreover, we investigate the temperature dependency on the voltage-current
(I-V). Accordingly, an improved conditioning circuit is designed in order to reduce the temperature
sensitivity on the measured pH values of the ISFET sensor. The numerical validation results show
that the developed solution accurately compensates the temperature variation on the measured pH
values at low power consumption.

Keywords: ISFET sensor; conditioning circuit; temperature compensation; overall sensitivity

1. Introduction

The ion-sensitive field-effect transistors (ISFETs) sensor has played a major role in enabling the
fabrication of fully integrated CMOS-based chemical sensing systems. This has allowed several new
application areas, with the most promising fields being ion imaging and full genome sequencing.
However, the data from this sensor is strongly affected by the variation of the temperature.
ISFET is a chemical sensitive microsensor that is based on the field effect transistor, which was
invented by Bergveld in the 1970s [1].

The detection principle (shown in Figure 1) of the ISFET sensor mechanism is centered on the
charge adsorption at the solid ion interface between the electrolyte and the layer that contains the
hydroxyl groups [2]. The assembly of hydroxyls can give or accept a proton. As a result of this process,
a double layer capacity is generated with a potential variation that in its turn has an impact on the
threshold voltage of the transistor according to the H+ ion concentration (i.e., pH) [2]. Moreover,
ISFET is a compact sensor that enables a fast pH measurement.
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Figure 1. 3D representation of a 6 × 8 ion-sensitive field effect transistor (ISFET) array. 

However, this type of sensor is strongly affected by the temperature variation. Therefore, several 

researchers [3–7] have proposed various temperature compensation systems such as the proper 

choice of a biasing current for a thermal working point to reduce the ISFET’s temperature 

dependency [4]. Hence, the use of a junction diode Zener [4] for temperature compensation on a 

single ISFET sensor, the employment of an ISFET with a differential configuration (use of a 

differential amplifier) [8] that increases the immunity against temperature variation, or the 

combination of attenuators and a differential amplifier alongside with Caprio’s quad [7] were used 

in order to enhance the temperature stability. The trend of the recent works is set on ISFET sensor 

arrays [9–13], but most of these researches are focused on the wearable and thermoelectrically 

powered system [11] and on achieving very high accuracy and a small settling time [10]. They also 

focused on system-on-chip for real-time ion imaging [13], but most of them did not focus on the 

temperature effect on the response of the sensor and did not give a robust solution to reduce it. From 

these approaches, it can be noticed that the temperature dependency is studied at a particular or in a 

narrow range.  

For a wide range of pH values, the temperature compensation becomes more difficult, since the 

temperature’s coefficient of an electrochemical device is a function of the pH value [14]. Moreover, 

the ISFET’s temperature dependency tends to exhibit a random behavior [15–17]. The straight-line-

based temperature compensation limits its scope when dealing with the actual nonlinear temperature 

characteristic of ISFET’s device at different values. Furthermore, the temperature dependency of 

measuring a circuit also introduces additional temperature influence on the measured data. As a 

result, the ease of combining the temperature compensation circuit, the efficiency of the 

compensation technique, the circuit sensitivity, as well as the circuit simplicity with respect to body 

effects became the key design considerations in an integrated circuit design. Respectively, it is 

particularly challenging for ISFETs to work in an environment where the required task is to measure 

different pH ranges alongside different temperature values [18,19]. Nevertheless, the conventional 

means used in the signal processing of ISFETs, in particular the elementary current-voltage 

conversion circuits, do not reach optimal performance since they are sensitive to light variations and 

temperature especially when we use a sensor array (spread of the error that is related to temperature). 

In this study, it is important to understand the temperature behavior of an ISFET from a foundation 

work alongside research of a robust ISFET interface circuit combined with an improved temperature 

compensation technique. In view of the above problems, an improved ISFET interface circuit with a 

simple structure is proposed. This is in conjunction with the investigation of an improved dynamic 

biasing temperature compensation method. The latter is concerned with the arrangement of 

numerical iteration and mutual compensation in ISFET’s MOS transconductance characteristics. This 

results in almost zero temperature coefficients at any pH value. This enables the ISFET’s interface 

circuit to measure simultaneously the correct values of pH at any temperature. In this work, we 

investigate the temperature’s influence on the ISFET. Then, we propose a new integrated circuit, 

which is capable of reducing the temperature dependency and is applicable for systems such as 

sensor arrays. Then, we present a new demonstration of temperature compensation using the 

differential setup. Many researchers have reported several ISFET/reference field effect transistor 

(ReFET) topologies [20–25], and the first circuit that used ISFET/ReFET was introduced by Bergveld 

[20]. In this work, we present a new circuit based on differential measurement (ISFET/ReFET) 

Figure 1. 3D representation of a 6 × 8 ion-sensitive field effect transistor (ISFET) array.

However, this type of sensor is strongly affected by the temperature variation. Therefore, several
researchers [3–7] have proposed various temperature compensation systems such as the proper choice
of a biasing current for a thermal working point to reduce the ISFET’s temperature dependency [4].
Hence, the use of a junction diode Zener [4] for temperature compensation on a single ISFET sensor,
the employment of an ISFET with a differential configuration (use of a differential amplifier) [8]
that increases the immunity against temperature variation, or the combination of attenuators and
a differential amplifier alongside with Caprio’s quad [7] were used in order to enhance the temperature
stability. The trend of the recent works is set on ISFET sensor arrays [9–13], but most of these researches
are focused on the wearable and thermoelectrically powered system [11] and on achieving very
high accuracy and a small settling time [10]. They also focused on system-on-chip for real-time ion
imaging [13], but most of them did not focus on the temperature effect on the response of the sensor
and did not give a robust solution to reduce it. From these approaches, it can be noticed that the
temperature dependency is studied at a particular or in a narrow range.

For a wide range of pH values, the temperature compensation becomes more difficult, since the
temperature’s coefficient of an electrochemical device is a function of the pH value [14]. Moreover,
the ISFET’s temperature dependency tends to exhibit a random behavior [15–17]. The straight-line-based
temperature compensation limits its scope when dealing with the actual nonlinear temperature
characteristic of ISFET’s device at different values. Furthermore, the temperature dependency of
measuring a circuit also introduces additional temperature influence on the measured data. As a result,
the ease of combining the temperature compensation circuit, the efficiency of the compensation
technique, the circuit sensitivity, as well as the circuit simplicity with respect to body effects became the
key design considerations in an integrated circuit design. Respectively, it is particularly challenging
for ISFETs to work in an environment where the required task is to measure different pH ranges
alongside different temperature values [18,19]. Nevertheless, the conventional means used in the
signal processing of ISFETs, in particular the elementary current-voltage conversion circuits, do not
reach optimal performance since they are sensitive to light variations and temperature especially
when we use a sensor array (spread of the error that is related to temperature). In this study, it is
important to understand the temperature behavior of an ISFET from a foundation work alongside
research of a robust ISFET interface circuit combined with an improved temperature compensation
technique. In view of the above problems, an improved ISFET interface circuit with a simple structure
is proposed. This is in conjunction with the investigation of an improved dynamic biasing temperature
compensation method. The latter is concerned with the arrangement of numerical iteration and mutual
compensation in ISFET’s MOS transconductance characteristics. This results in almost zero temperature
coefficients at any pH value. This enables the ISFET’s interface circuit to measure simultaneously the
correct values of pH at any temperature. In this work, we investigate the temperature’s influence on
the ISFET. Then, we propose a new integrated circuit, which is capable of reducing the temperature
dependency and is applicable for systems such as sensor arrays. Then, we present a new demonstration
of temperature compensation using the differential setup. Many researchers have reported several
ISFET/reference field effect transistor (ReFET) topologies [20–25], and the first circuit that used
ISFET/ReFET was introduced by Bergveld [20]. In this work, we present a new circuit based on
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differential measurement (ISFET/ReFET) operating in a weak inversion regime, and we demonstrate
with a simple manner (mathematically) the temperature compensation using the ISFET/ReFET topology.

This paper is organized as follows. Section 2 presents the conventional ISFET macro model,
Section 3 investigates the temperature’s effect on the validated ISFET model, Section 4 illustrates a new
conditioning circuit for temperature compensation, and Section 5 concludes the paper.

2. ISFET Macro Model

The considered ISFET macro model that captures the ISFET sensor current voltage (I-V)
characteristic behavior is under temperature variation and based on the model developed under
PSPICE [26,27]. The ISFET response to the H+ ion is demonstrated by site binding theory, which gives
a complete description of the ISFET behavior when combined with the Gouy–Chapman–Stern model
and MOSFET physics [26]. As a consequence, a set of equations has been drawn up in order to study
the sensitivity of the sensor and its dependence according to the physicochemical parameters of the
ISFET. Subsequently, the SPICE macro model considers the ISFET sensor as two uncoupled stages:
an electrochemical stage that represents the interface electrolyte–insulator modeled by site binding
theory, along with an electronic stage, which is modeled by MOSFET. The considered equivalent
electrical circuit of the ISFET macro model is shown in Figure 2.
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Figure 2. Equivalent electrical circuit of the ISFET structure. 
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Where R is the reference electrode, D is the drain, S is the electrolyte–insulation source, B is the
substrate, and VpH refers to the potential of the electrolyte–insulation interface. The expression of VpH

can be written as follows:
VpH = −Ere f + ϕ0 (1)

ϕ0 = 2.3
KT
q
α
(
pHpzc − pH

)
(2)

where Ere f is the potential applied to the reference electrode, ϕ0 is the electrostatic potential, which is
directly proportional to pH and temperature, K is the Boltzmann constant, T is the absolute temperature,
pHpzc is the pH-zero point of charge, q is the electron charge, and α is the corrective parameter for
pH–ISFET, which ranges between 0 and 1. The electrochemical properties of the insulating surface
were combined with the nonlinear current-voltage (I-V) MOSFET, resulting in an expression of the
threshold voltage of the ISFET, including terms derived from the MOSFET theory as well as terms of
an electrochemical nature [26]:

VtI (ISFET) =
(
Ere f + ϕl j

)
− (ϕ0 − χe) −

[
Qss + Qsc

Cox
− 2ϕ f +

ϕsc

q

]
(3)

VtI (ISFET) = VtM(MOSFET) + Ere f + ϕl j + χe −ϕ0 −
ϕm

q
(4)

where ϕ f is the fermi potential of a semiconductor, Qss is the charge density per surface unit at the
insulator/semiconductor interface, Qsc is the charge density in the semiconductor depletion region,
ϕl j is the tension between the reference solution and the electrolyte, Cox is the gate oxide capacity,
and χe is the interface potential electrolyte/insulator dipole. It is worth noting that the potential ϕ0
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is the only variable that depends on pH. Considering the weak inversion region of MOSFET, the I-V
characteristic of ISFET can be written as follows:

Ids = I0e(
Vgs−VtI

ηUt
) (5)

where I0 is a characteristic current, Ut is the thermal voltage, and η is the slope factor of the
subthreshold. This mode of operation offers an opportunity to have a high intrinsic voltage gain and
a low power processing.

2.1. Fabrication and Testing

The N-channel ISFET fabrication was carried out at the Semiconductor Physics Department,
Research Institute of Microdevices (Kyiv, Ukraine). The gate dielectric is based on a SiO2 /Si3 N4

sensitive film structure [28]. The sensor chip was attached to a Sital (fused silica) support and was bound
to the aluminum conductors. The length of the canal is about 7 µm, and its width is 250 µm. To measure
the current voltage (Ids) characteristics of the ISFET, the substrate and the source are grounded and
the source–drain voltage (Vds) was maintained at 1 V. To measure the sensitivity of the ISFET sensor,
we used three buffer solutions from pH = 3 to pH = 11. To investigate the reliability and stability of
the pH sensor, we evaluated the temperature effects on the responses of the ISFET. Temperature can
affect the characteristics of a sensor, the pH of the electrolyte, the potential of a reference electrode,
and the measuring system. For latter changes, the temperature was kept constant inside the room.
To keep the electrolyte, electrode, and ISFET at constant temperature, a heat-regulating loop including
a temperature-sensing system and a heating system have been used. In addition, experimental results
can only be compared validly to theory if the temperature during measurements is fixed. Figure 3
shows the experimental setup and the simulated equivalent circuit model implemented in the ADS
based on modified SPICE model.
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Figure 3. (a) Experimental setup using the ISFET sensor, (b) ADS circuit simulation using the ISFET model.

For the experimental setup, we used a GW Instek SPS-606 generation for the Vgs variation;
for measuring the Ids variation, we used a Keithley 2400 Source Meter, and for Vds, we used a simple
DC generator. The results extracted from the simulation of the macro model were compared with the
experimental recorded data, as shown in Figure 4.

The good agreement between the experimental and simulated data is confirmed by estimating
Error (6), which is about 1.12% (worst case) for pH = 11.01 Vgs ∈ [−1.8 V, −0.5 V]. For the next parts of
this work, we used the validated macro model.

ε(%) =
n=8∑
i=1

(
Idsexp − Idsmodel

Idsexp

) × 100 (6)

Moreover, Table 1 reports the technological parameters used for the ISFET macro model.
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Figure 4. Model simulated in ADS versus experimental data.

Table 1. Technological parameters of the simulated macro model.

Parameters Values

Vto: Threshold Voltage (V) −1.7
ϕ0 : Surface Potential (mV) 555
λ0: Channel length (µm) 7.59

C j: Junction Capacity (F/cm2) 4.44
C jsw : Junction Sidewall Capacity (pF/m) 515

Tox: oxide thickness (nm) 150

2.2. Sensor Sensitivity

In order to estimate the sensitivity of validated macro model, Figure 5 shows the variations of
∂(log(Ids))/∂Vgs as a function of Vgs at constant Vds = 1 V. The threshold voltage extraction method
present in Figure 5 is inspired from the second derivative method [29], unless this technique can
provide an exact threshold value more accurately. The proposed method enables other perspectives for
the extraction of the technological parameters of the transistor.

J. Low Power Electron. Appl. 2020, 10, x FOR PEER REVIEW 5 of 16 

 

The good agreement between the experimental and simulated data is confirmed by estimating 

Error (6), which is about 1.12% (worst case) for pH = 11.01 𝑉𝑔𝑠⋲ [−1.8 V, −0.5 V]. For the next parts of 

this work, we used the validated macro model. 

𝜀(%) = ∑(
𝐼𝑑𝑠𝑒𝑥𝑝

− 𝐼𝑑𝑠𝑚𝑜𝑑𝑒𝑙

𝐼𝑑𝑠𝑒𝑥𝑝

) × 100

𝑛=8

𝑖=1

 (6) 

Moreover, Table 1 reports the technological parameters used for the ISFET macro model.  

Table 1. Technological parameters of the simulated macro model. 

PARAMETERS VALUES 

𝑉𝑡𝑜: THRESHOLD VOLTAGE (V) −1.7 

𝜑0: SURFACE POTENTIAL (MV) 555 

𝝀0: CHANNEL LENGTH (µM) 7.59 

𝐶𝑗: JUNCTION CAPACITY (F/CM2) 4.44 

𝐶𝑗𝑠𝑤: JUNCTION SIDEWALL CAPACITY (PF/M) 515 

𝑇𝑜𝑥: OXIDE THICKNESS (NM) 150 

2.2. Sensor Sensitivity 

In order to estimate the sensitivity of validated macro model, Figure 5 shows the variations of 

𝜕(log (𝐼𝑑𝑠)) 𝜕⁄ 𝑉𝑔𝑠 as a function of 𝑉𝑔𝑠 at constant 𝑉𝑑𝑠 = 1 V. The threshold voltage extraction method 

present in Figure 5 is inspired from the second derivative method [29], unless this technique can 

provide an exact threshold value more accurately. The proposed method enables other perspectives 

for the extraction of the technological parameters of the transistor. 

 

Figure 5. 𝜕(log (𝐼𝑑𝑠))  𝜕⁄ 𝑉𝑔𝑠  =  𝑓(𝑉𝑔𝑠, 𝑃𝐻𝑖) characteristics for different values of 𝑝𝐻 ∈ {1, 7, 13} at T = 27 °C. 

The 𝑉𝑡𝐼  is extracted for different pH values using the method of the first derivation. These 

values are then plotted on a graph as a function of the pH. 

As seen in Figure 6, the determined sensitivity based on the ISFET macro model simulation (i.e., 

𝑠𝑚 = 54 𝑚𝑉/𝑝𝐻) has approximately the same the sensitivity, which was calculated based on the 

experimental data (i.e., 𝑠𝑒𝑥𝑝 ≈ 51 𝑚𝑉/𝑝𝐻) . In fact, the experimental ISFET characteristics were 

validated against the implemented macro model in order to accurately predict the pH values. 

-2,10 -1,89 -1,68 -1,47 -1,26 -1,05 -0,84
-0,05

0,00

0,05

0,10

0,15

0,20

0,25

0,30

0,35

0,40

V
gs

(V)

d
(l

o
g

(I
d

s
))

/d
(V

g
s
 )

 pH=13

 pH=1

 pH=7

Figure 5. ∂(log(Ids)) / ∂Vgs = f
(
Vgs, PHi

)
characteristics for different values of pH ∈ {1, 7, 13} at

T = 27 ◦C.

The VtI is extracted for different pH values using the method of the first derivation. These values
are then plotted on a graph as a function of the pH.

As seen in Figure 6, the determined sensitivity based on the ISFET macro model simulation
(i.e., sm = 54 mV/pH) has approximately the same the sensitivity, which was calculated based on
the experimental data (i.e., sexp ≈ 51 mV/pH). In fact, the experimental ISFET characteristics were
validated against the implemented macro model in order to accurately predict the pH values.
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Figure 6. Variation of VtI of the sensor as a function of the pH (model and experimental data).

3. ISFET Temperature-Dependent Behavior

Several works have demonstrated that the ISFET electrochemical behavior shows a temperature
dependency. In fact, the temperature variation affects the ISFET sensing circuit such as the reference
electrode, electrolyte insulator potential, and MOSFET transistor. It can be expressed as:

TCT = TCR + TCI + TCF (7)

where TCT refers to the total temperature coefficient of ISFET. TCR is the temperature coefficient of
reference electrode Ere f , which has been reported by [22] with a standard value about 0.14 mV/◦C.
TCI refers to the temperature coefficient of the interface potential electrolyte insulator. It has also been
proven that TCI is a function of pH value. It can differ from 0.54 mV to 1.1 mV as the pH increases from
4 to 10 [30]. The third item in (7) TCF represents the coefficient of the temperature in MOS structure of
ISFET. Based on the device physics, the principal parameters that are responsible for the temperature
dependency of the MOSFET transistor are the mobility and threshold voltage. For any temperature,
it can be modeled as follows:

µ(T) = µ(T0)

(
T
T0

)−n

(8)

VtM(T) = VtM (T0) + KVT (T − T0) (9)

where T0 is the reference temperature and n is a constant, with standard values between −1.9 and −2.2,
depending on the doping concentrations of silicon. KVT refers to the temperature coefficient of the
threshold voltage, which is usually between −0.5 mV/◦C and −3 mV/◦C.

Analysis of the Temperature Effect on the ISFET Sensor

Studies by Jung-Lung CHIANG et al. [31] have shown that ISFET has a high temperature
dependency, which leads to a pH measurement inaccuracy, so it is very important to study the
temperature behavior of ISFETs and determine relevant methods to improve their temperature stability.

It is worth noting that by analyzing Figure 7, the drain current Ids of the ISFET macro model varies
considerably with the temperature. It deteriorates with an increase in temperature. This behavior
is dominated by two phenomena: the degradation of the mobility µ and the shift of the threshold
voltage VtM , which result in the offset of the gate-source voltage Vgs below and above the isothermal
point, respectively.

For Vgs ∈ [−2 V, −0.75 V], we notice an offset of the threshold voltage VtI above the isothermal
point, which results in an increase of this later when the temperature increases.

For Vgs ∈ [−0.75 V, 0.5 V], the degradation of the mobility µ is observed underneath the
isothermal point. In fact, the temperature dependence of of the mobility significantly increases with
the temperature [32].
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Figure 7. Ids = f

(
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)
curves of the ISFET sensor at temperatures between 0 and 50 ◦C.

The curvatures of Figure 8 are almost similar to the plots of Figure 7, but the only difference is
shown by the dislocation of the isothermal point for the pH values equal to 3 and 8 (both Figures 7
and 8 are obtained from the simulation of ISFET macro model). The dislocation of the isothermal point
causes a decrease of the drain-source current Ids and an increase of the gate source voltage Vgs.
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Figure 8.
(
Vgs

)
curves of the ISFET sensor at a temperature between 0 and 50 ◦C with a step of 10 ◦C

for pH = 3 and 8.

Figure 9 demonstrates the variation of the threshold voltage as a function of pH over a wide
temperature range. The shifting of the threshold voltage also results in the degradation of the sensor
sensitivity for high pH values when the temperature varies from 0 to 50 ◦C. From visual inspection,
the sensitivity of the sensor linearly varies with respect to the temperature, which is reported in Table 2.

Table 2. Variation of the sensor’s sensitivity according to the temperature’s variation.

T (◦C) 0 10 20 30 40 50

Sensitivity (mV/pH) 63 58 54 51 40 38
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Figure 9. pH sensitivity of the ISFET sensor measured for a temperature from 0 to 50 ◦C with a step
of 10 ◦C.

The presented data in Figure 10 were extracted from Figure 9, and present the traces of the
threshold voltage for pH = 6, when the temperature varies from 0 to 50 ◦C. Figure 10 also illustrates
the dependence of the ISFET sensor on the temperature about 10 mV/◦C (nearly 20% of sensitivity is
affected by temperature).

J. Low Power Electron. Appl. 2020, 10, x FOR PEER REVIEW 8 of 16 

 

T (°C) 0 10 20 30 40 50 

Sensitivity (mV/pH) 63 58 54 51 40 38 

 

Figure 9. pH sensitivity of the ISFET sensor measured for a temperature from 0 to 50 °C with a step of 10 °C. 

The presented data in Figure 10 were extracted from Figure 9, and present the traces of the 

threshold voltage for pH = 6, when the temperature varies from 0 to 50 °C. Figure 10 also illustrates 

the dependence of the ISFET sensor on the temperature about 10 mV/°C (nearly 20% of sensitivity is 

affected by temperature). 

 

Figure 10. Threshold voltage as a function of temperature. 

In cases where we have a sensor array (6 × 8 ISFETs), the noise generated by the temperature can 

distort any measurement. Therefore, it is necessary to add a complimentary circuit in order to reduce 

the temperature effect. The next section presents the proposed conditioning circuit that is capable of 

limiting the temperature dependency of the ISFET microsensor. 

4. Proposed Temperature Compensation Circuit 

This section analyzes the conditioning circuit architecture. The differential ISFET-based pH 

measurement is shown in Figures 11 and 12. In fact, the ISFET sensor is used in a conjunction that is 

sensitive to a specific species (such as H+) and a reference field effect transistor (ReFET), which is 

insensitive to this species. ReFET was introduced to minimize the drift effects and the noise on the 

measurement. Both sensors must have the same electrical and chemical characteristics. A ReFET 

would experience a similar condition as an ISFET except the chance of responding to an occurring 

chemical reaction [33]. The ISFET/ReFET topology can be implemented in two configurations. The 

first configuration is to fabricate a REFET similar to ISFET but with a different membrane [2]. The 

second configuration is to make the REFET/ ISFET completely similar, but insulated and exposed to 

another analyst where no reaction may happen [34]. However, in addition to the DC offset problem 

that may bias the ISFET and REFET out of the active region causing the circuit to stack to the power-

ground rail, the gate drain capacitance may distort the sensor response. The drain node is 

2 4 6 8 10 12

-0,8

-0,6

-0,4

-0,2

0,0

0,2

0,4

(V
)

 0°C( sensitivity = 63mV/pH)

 10°C( sensitivity = 58mV/pH)

 20°C( sensitivity = 54mV/pH)

 30°C( sensitivity = 51mV/pH)

 40°C( sensitivity = 40mV/pH)

 50°C( sensitivity = 38mV/pH)

pH

-10 0 10 20 30 40 50 60
-0,6

-0,5

-0,4

-0,3

-0,2

-0,1

0,0

(V
)

Threshold Voltage 

 Linear Fit 

T(°C)

R
2
=0,9999

pH=6

Figure 10. Threshold voltage as a function of temperature.

In cases where we have a sensor array (6 × 8 ISFETs), the noise generated by the temperature can
distort any measurement. Therefore, it is necessary to add a complimentary circuit in order to reduce
the temperature effect. The next section presents the proposed conditioning circuit that is capable of
limiting the temperature dependency of the ISFET microsensor.

4. Proposed Temperature Compensation Circuit

This section analyzes the conditioning circuit architecture. The differential ISFET-based pH
measurement is shown in Figures 11 and 12. In fact, the ISFET sensor is used in a conjunction that
is sensitive to a specific species (such as H+) and a reference field effect transistor (ReFET), which
is insensitive to this species. ReFET was introduced to minimize the drift effects and the noise on
the measurement. Both sensors must have the same electrical and chemical characteristics. A ReFET
would experience a similar condition as an ISFET except the chance of responding to an occurring
chemical reaction [33]. The ISFET/ReFET topology can be implemented in two configurations. The first
configuration is to fabricate a REFET similar to ISFET but with a different membrane [2]. The second
configuration is to make the REFET/ ISFET completely similar, but insulated and exposed to another
analyst where no reaction may happen [34]. However, in addition to the DC offset problem that may
bias the ISFET and REFET out of the active region causing the circuit to stack to the power-ground
rail, the gate drain capacitance may distort the sensor response. The drain node is unmaintained,
and it cannot follow the gate. Hence, with the Miller effects, the gain between the drain and the
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gate terminals of the deferential topology cause the appearance of the decoupling capacitors on the
floating gate, and this may distort the signal. Nevertheless, to overcome the random DC offset, most of
the ISFETs require a calibration of the reference electrode; ISFET/ReFET topology may also require
more calibration between the ISFET and the reference FET, which makes it a little bit complicated
for implementation in the ISFET arrays [2,35]. To overcome these limitations, the presented circuit
in Figure 11 presents a solution for ISFET/ReFET topology. The feedback made by the amplifiers
(OTA 1 and OTA 2) can control the calibration of the reference electrode to overcome the DC offset and
make it easier the implementation of the ReFET/ISFET for the deferential measurement.
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Figure 12. (a) Variation of Vout as a function of pH for different temperatures, (b) variation of Vout as
a function of the temperature.

The circuit shown in Figure 11 is the one proposed by Irena [36], but the two weak power amplifier
types AD8542 were replaced by the operational transconductance amplifier (OTA). The circuit was
designed using ADS in TSMC 0.18 µm CMOS process technology. Indeed, all the components shown in
Figure 11 are temperature dependent. The power consumption for each OTA is around 8 µW. Thanks to
the feedback made by the two OTAs, this circuit can accurately control the temperature dependence.

The voltage that is applied to the negative inputs of the amplifiers OTA1 and OTA2 is formed by
the voltage divider (R3, R4), and is written as follows:

V− =
R4

R4 + R3
VDD = Vds. (10)
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This constant voltage V− depends only on the power supply and is considered constant.
The drain-source current Ids in the branch of the resistor R2 is written as follows:

IR2 = Ids =
R3

R2(R4 + R3)
VDD (11)

where Ids is from Equations (5) and (11), and the gate voltage of the sensor is deduced as follows:

Vgs = η T Log (
R3

I0R2(R4 + R3)
VDD) + VtI . (12)

We notice from Equation (12) that Vgs varies with the threshold voltage, i.e., with the electrochemical
potential of the solution ϕ0 and the temperature. For the circuit (Figure 12), we assumed that the
threshold voltage of this transistor was VtI = V ∗tI

+ VpH with V ∗tI
and VpH corresponding respectively

to the theoretical threshold voltage of the transistor and the electrochemical potential of the solution.
The gate voltage becomes as follows:

Vgs = η T Log (
R3

2ηβU2
TR2(R4 + R3)

VDD) + V ∗tI
+ VpH. (13)

The DC simulation results of the circuit depicted in Figure 11 are shown in Figure 12. Figure 12a,b
present respectively the variation of the output signal versus the input signal and the variation of
Vout(Vout = VT ISFET −VT ReFET) versus the temperature variation for a range from 0 to 50 ◦C. Indeed,
the SPICE models for each component of the circuit were used, and all the components are dependent
on the temperature. According to Figure 12a, the output voltage is a linear function of pH. This circuit
has a temperature drift of approximately 2 mV/◦C, as shown in Figure 12b, where Vout is considerably
affected by the temperature. For pH sensitivity characterization, we worked under a pH range from 6
to 8. When we chose this measurement range, we were aware that for biomedical applications such as
pH measurement and acidity monitoring of saliva, blood, urine, and intestinal fluids, a pH range of 6
to 8 would be sufficient [37–39].

4.1. Low-Power and Temperature Drift ISFET Compensation Circuit

In order to improve immunity against temperature and increase the overall sensitivity, we propose
an improvement circuit technique, which is presented in Figure 13. An instrumentation amplifier put
on cascode with an inverter amplifier composes this circuit. The circuits presented in Figures 11 and 13
present two pixels in an ISFET array.
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Figure 13. Operational transconductance amplifier (OTA)-based instrumentation amplifier for an ISFET
temperature compensation circuit.
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The instrumentation amplifier circuit increases the immunity against the temperature by an infinite
common mode rejection ratio (CMRR) [40–42]. Therefore, the output signal Vout1 is assumed to be not
affected by the common noise or temperature:

Vout1 =
R8

R7

(
1−

2R5

R6

) (
VTReFET − VTISFET

)
. (14)

As shown in Equation (14), Vout1 is proportional to both resistance and thresholds, while the
unified temperature-dependent threshold voltage of ISFET in any value can be written as follows [43]:

VT(ISFET)
(T)T=T1 = VT(pH7)

(T0) + KVT(pH)(T1 − T0) + 2.303
K T1

q
α
(

pHpzc − pH
)

(15)

where α is a coefficient with a value range between 0 and 1. The resistance could also be expected to
increase with temperature. An intuitive approach to temperature dependence leads one to expect
a fractional change in the resistance that is proportional to the temperature change:

R = R0(1 + λ(T1 − T0)) (16)

where R and R0 are the resistance at temperature T1 and T0 (e.g., 27 ◦C), respectively. λ stands for the
temperature coefficient, which depends on the resistance material. Equation (14) becomes as follows:

Vout1 =
R8(1+λ(T1−T0))
R7(1+λ(T1−T0))

(
1− 2R5((1+λ(T1−T0))

R6(1+λ(T1−T0))

)
(VT(pH7)

(T0) + KVT(pH)(T1 − T0)

+2.303 K T1
q α pH(re f ) −VT(pH7)

(T0) − KVT(pH)(T1 − T0)

−2.303 K T1
q α

(
pHpzc − pH

) (17)

where pHre f refers to the pH value measured by the ReFET. According to Equation (17) and since
the ISFET and ReFET have the same technological parameters, we can neglect the VT(pH7)

(T0) and
the temperature coefficient of the threshold voltage KVT and assume that the resistances R5, R6, R7,
and R8 have the same material; then, Equation (17) becomes:

Vout1 =
R8

R7

(
1−

2R5

R6

)
2.303

KT1

q
α
(
pH(re f ) − pH + pHpzc

)
. (18)

Equation (18) illustrates the effectiveness of the proposed circuit for temperature reduction, since the
two terms KVT and VT(pH7)

(T0) are neglected. In addition, the thermal voltage UT = K T1/q will always
be present, because it is related to the MOSFET structure and cannot be neglected. Before the proposed
circuit, the temperature coefficient of the threshold voltage KVT and the VT(pH7)

(T0) significantly affect
the output voltage. Then, the temperature coefficient can be obtained as follows:

∂Vout1
∂T

∣∣∣∣∣
T=T1

=
R8

R7
(1−

2R5

R6
) 2.303

K
q
α
(
pH(re f ) − pH + pHpzc

)
. (19)

For pH(re f ) = 4 and pHpzc = 9.2, Equation (19) varies between 0.23 × 10−6 V/◦C and
14.03 × 10−6 V/◦C for pH ∈ [1, 13]. Therefore, we can assume that the temperature has no significant
effect on the output voltage. The estimated temperature coefficient for pH = 6 is about 9.43 ×10−6 V/◦C.

Figure 14a shows the variation of the output voltage Vout1 as a function of the voltage pH for
different temperatures ranging from 0 to 50 ◦C, while Figure 14b presents the dependence of Vout1 on the
temperature. Figure 14b shows that a 10 ◦C increase in the temperature results in a decrease of 5 × 10−6 V
of the overall system output voltage Vout1, and subsequently, the coefficient of the temperature drift
in this circuit becomes in the order of 5 × 10−6 V/◦C. Here, we note very well the effectiveness of the
instrumentation amplifier as a function of the temperature compensation. In addition, we notice that
there is concordance between the mathematical demonstration and the simulation results in terms of
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a temperature coefficient. Here, we can assume that presented the Equations (18) and (19) can predict
the temperature coefficient of ISFET/ReFET topology. Hence, the variation of the output voltage cannot
exploit it easily, so we added an inverter amplifier to amplify the output voltage Vout1. Figure 15
shows the output voltage variation Vout2 (Figure 15a) as a function of the input voltage for different
temperature values.J. Low Power Electron. Appl. 2020, 10, x FOR PEER REVIEW 12 of 16 
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Figure 14. (a) Variation of the output voltage Vout1 as a function of pH for different temperatures,
(b) variation of Vout1 as a function of the temperature.
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Figure 15. (a) Variation of the output voltage Vout2 as a function of pH for different temperatures,
(b) variation of Vout2 as a function of the temperature.

The resolution found in this circuit is of the order of 324 mV/pH. This circuit has an in–out ratio
about 6. As shown in Figure 15b, the proposed circuit has a temperature drift of about 3 × 10−5 V/◦C in
pH = 6 for a range of 0 to 50 ◦C, which is insignificant compared to the ISFET without the conditioning
circuit (10 ×10−3 V/◦C). We should note that all the components of the circuit present in Figures 11
and 13 are dependent on temperature. This circuit has an estimated power consumption in the order
of 1.8 mW.
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4.2. Discussion

As it shows from the figures and results above that, the presented circuit undeniably represents
an efficient and robust solution for biochemical reaction sensing. Target applications can include
diagnostics based on DNA detection. Thanks to the possibilities for H+ ion detection, this presented
circuit will offer great opportunities in the field of lab-on-chip design. Table 3 compares this work with
a previous work in terms of temperature compensation.

Table 3. Comparative study for temperature compensation.

References [7] [44] [45] This Work

Simulator HSPICE Cadence HSPICE ADS

Process MOSIS CMOS
(AMI 1.0 µm) AMS (0.35 µm) MOSIS CMOS

(AMI 1.0 µm) TSMC (0.18 µm)

Power supply – 3.3 V – 1.8(V)
Power consumption 18.6 (mW) – – 1.8 (mW)
Temperature range [20 ◦C, 60 ◦C] – [20 ◦C, 120 ◦C] [0 ◦C, 50 ◦C]

Temperature coefficient 28 × 10−6 (V/◦C) 0.25 × 10−9 (A/◦C) 23.37 × 10−6 (pH/◦C) 5 × 10−6 (V/◦C)

Table 4 presents a comparative study with other work for overall sensitivity.

Table 4. Comparative study for overall sensitivity.

References [46] [47] [48] This Work

Process 0.18 µm CMOS SOI TSMC (65 nm) TSMC (0.18 µm)
Output signal Digital Analog Digital Analog

Over all sensitivity (mV/pH) 103.8 258 123.8 324
Temperature range – – – [0 ◦C, 50 ◦C]

Table 4 shows that the proposed circuit has a low temperature dependence compared to other
works, and it shows that the temperature change has no significant effects on the output signal.
In addition, we should note that in this work, we used ADS for the first time, and referring to Table 4,
most of work used the HSPICE simulation tool. Thus, ADS will open a new perspective in signal
processing for ISFET sensors. On the other hand, Table 4 illustrates the overall sensitivity; most of the
published work that focused on the enhancement of the sensitivity did not focus on the temperature
variation and must be addressed. Meanwhile, Tables 3 and 4 give a characteristic comparison between
the proposed circuit based on OTA and others works. Using TSMC 0.18 µm technology, the proposed
circuit based on OTA with low power consumptions and ISFET/ReFET working in a weak inversion
regime gives a robust solution to reduce the temperature dependency and enhance the overall sensitivity.
The proposed circuit presents a prototype for any biosensor (MEMFET, BioFET, ChemFET).

5. Conclusions

The presented instrumentation with a new conditioning circuit technique has been developed to
compensate for the temperature dependence and obtain a good in–out ratio of ISFET microsensors with
an assurance of a low consumption. To check the validation of the new conditioning circuit, an ADS
simulation of functionality for sensitivity was performed. The ADS macro model treats the ISFET as two
isolated stages (an electrochemical stage and an electronic stage), which were presented. In the first step,
we validated the macro model by comparing it with experimental values. Then, we investigated the
temperature effect on the ISFET, and we showed that this sensor has a strong temperature dependency.
After that, we used the validated macro model to develop a new circuit that is capable of staying
stable at any temperature from 0 to 50 ◦C. We also demonstrated that the proposed circuit has a good
accuracy to measure the concentration of the pH and guaranteeing at the same time a low consumption
at any temperature for a range from 0 to 50 ◦C. Finally, comparative studies were made in terms of the
overall sensitivity.
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