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Abstract—This paper is focused on designing a read-out
interfacing circuit (ROIC) which has the ability to measure the
ionic concentrations by interfacing it with an electrochemical
sensor called ISFET the ion-sensitive field-effect transistor.
ISFET is fabricated to detect specific ionic concentrations and
for this case the ISFET used was the one to measure the PH level
in the solution. The ISFET is tested under different conditions
such as temperature, biasing voltage and different values of
components and how these readings are different between
simulation and actual hardware. The ROIC is connected to a
microcontroller based-system that measures the output voltage
from it and keeps a record of the data. The softwares used were
LTspice for simulation, Proteus for PCB design and Arduino
microcontroller. The ROIC designed to measure the ionic
concentration was constant voltage constant current (CVCC).
The IROC was tested under different parameters value of the
circuit. Some parameters had an effect of increasing or
decreasing on the output voltage from ROIC. The ISFET sensor
itself had been investigated under different conditions. It was
observed that ISFET is affected by temperature and its
fabrication characterization.

Key words—ISFET, ROIC, Arduino micro-controller, CVCC,
Ionic concentration.

I. INTRODUCTION

The developments in every field are reaching far
dimensions and thus requiring high sensitivity devices. The
ion-sensitive field-effect transistor (ISFET) is an electro-
chemical sensor that has a high sensitivity for the ionic
concentrations. It can detect the ionic concentration and the
changes occurred by producing an electrical response
according to it[1]. The electrical response is the changes of the
threshold voltage (Vth) of the ISFET sensor. ISFET structure
is based on Metal-Oxide-Semiconductor (MOSFET). The
sensitivity to ions is derived by eliminating the metal gate
contact of the MOSFET and exposing the gate insulator to an
electrolyte solution [2][3]. The contact to the electrolyte gate
is provided by a reference electrode Fig.1 Therefore the
electrode is the gate voltage connected to ISFET through the
electrolyte solution.
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Fig.1. MOSFET and ISFET cross-section structure

The ISFET sensing principle is based on the charge
absorption at the ion-solid interface between the sensing layer
(membrane) and the electrolyte Fig.2 [4]. The membrane of
ISFET can be fabricated to response only to one species of
ionic concentration. The ISFET used in this experiment is

ISFET PH sensor.
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Figure.2. ISFET cross-section structure with H+ selective membrane

However, in order to make ISFET works, it needs a biasing
voltage [6]. By connecting the ISFET to a direct power supply,
we will fail to measure the exact ionic concentration even
though the IV characteristics can be obtained. The reason is
when Vth of ISFET changes due to ionic concentrations, it will
affect other parameters to change and make it difficult to
monitor only Vth[7]. The best way to measure ionic
concentration is to connect the ISFET to another circuit that
provides a bias voltage to it and at the same time interprets the
electrical response from ISFET only due Vth changes and
gives an output voltage that can be measured. ISFET with
chemical sensing will help the researches in many fields
especially chemical, biomedical and environmental research
ts advantages of high sensitivity and portability is opening the



door solving many challenges. Therefore, the objective here is
to build hardware for the read-out interfacing circuit (ROIC)
with ISFET that can only read the Vth or the electrical
response from ISFET and deliver it to the Arduino voltmeter
circuit to be measured and recorded. In addition to that,
investigate the behavior of ISFET under different conditions to
show how ISFET function differs.

II. METHODOLOGY

There are two main designs in this project. First is ROIC
and second is the Arduino micro-controller based system. The
block diagram of whole work is shown in Fig.3.
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Fig.3. Block diagram of the project

The ISFET used is the research ISFET sensor that can
measure PH level. The membrane is fabricated in away to
detect +H. The ISFET as in Fig.4 has three pin which are used
to connect ISFET to the ROIC. The Pins are bulk voltage
(VB), source voltage (VS) and drain voltage (VD).
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Fig.4. ISFET actual sensor

There are varieties of ROICs that are designed to satisfy the
requirements of ISFET. Each circuit has different
characteristics in terms of sensitivity, power dissipation and
temperature effect. What is more important is the circuit with
more sensitivity and the circuit that is proved to have better
sensitivity than others is the current-voltage current-source
(CVCCQ) circuit. CVCC is built with two op-amp and two
current sources and one variable resistor. The schematic design
is show in Fig.5 with the components values. The three
terminals VD, VB and VS are the connections to the ISFET
sensor. The Current source is set to 100uA by connecting it to
an external resistor. The resistor will act as a current set and
different resistor will give different current. To get a 100uA,
the resistor has to be set to 680ohm.
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Fig.5. ROIC schematic with the connection to ISFET and electrode

The operation of CVCC circuit relies on two principals of
keeping a constant voltage value that is Vds, the voltage
differences between the two terminals of ISFET VD and VS,
and a constant current value that flows in the circuit. Based on
these two principals, the circuit can monitor the changes of
ionic activity through ISFET without interfering it with other
values in the circuit. The operation flow starts by immersing
the ISFET into a solution. The ionic concentration activity
changes the Vth of the sensor and thus changing the voltage
value at terminal VS. The current source connected to the same
terminal will draw any value from the power source while
keeping a constant current value. In addition, the op-amp at the
same terminal will deliver the new VS to the output since it is
designed as voltage follower. The voltage at the output is equal
to VS and it represents the ionic concentrations. However, the
circuit function doesn’t stop here and other components play a
big major in controlling the circuit as well. The resistor at Vout
node has a value of 5K and the current source is constant at
100uA due to current source. Therefore the voltage dropped at
the resistor is always 0.5V. The resistor determines what the
constant voltage is in the circuit and that is Vds. The reason is
the voltage at node A is found by:

Va=Vout+ Vr (1

The op-amp at nodeA will deliver the voltage to its output at
VD terminal. Now, the voltage at VD is Vout + Vr which is
equivalent to Vs + Vr. Therefore, the voltage dropped between
VD and VS terminal is Vr and that gives a constant Vds
controlled by the resistor value.

The Micro-controller system used is based on Arduino
Atmega 2256. Microcontroller can only do one function at a
time but in micro seconds. The Arduino is designed in this
project to perform several functions. First is to work as a
voltmeter to measure the voltage output (Vout) from ROIC.



However, since the analog to digital (ADC) in Arduino is
unipolar, its voltages input range from 0 to 5V. It is
incompatible with ROIC since the Vout sometime is in
negative voltage. Solving this problem is with an external
circuit to act as a converter from bipolar to unipolar output.
The circuit is a summing amplifier as shown in fig.6.
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Fig.6. Summing Amplifier to convert the bipolar input to unipolar output.

The value of resistors was chosen based on the
requirements of the design. The requirement determined in this
project was that the input voltage swings from -5V to +5V and
the output value swings from OV to 5V. As known, the general
equation of any linear circuit is :

Vout = Vin*Gain + Voffset 2)

Vin is the voltage input from the ROIC so there are two
unknown values Gain and Voffset. Since the output swing is
half the input then the Gain is 0.5V. However, the output now
swings from -2.5V to 2.5V so the Voffest has to be 2.5V. The
transfer function of summing amplifier is:

R2 R1 R4
Vo=|V1 +V2. 4+ =
Rl+R2 Rl+R2 R3

Equation 3 can be rewritten as:

3)

Vout = Vin *1/2 + 5%1/2 @)

From eq4 and 5, we assumed that V1 = Vin and V2 = 5. By
that it means the value of R4 is zero and R3 is infinity. In other
way, R4 is a short circuit and R3 is an open circuit. Assuming
again that R1 = R2 then the ration of R2/ (R1+R2) and the
ratio of R1/ (R1+R2) is equal to 1/2. Any practical value of the
resistors can be chosen and in this project 100kohm was
chosen. The summing amplifier after modifications is shown in
Fig. 7.
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Fig.7. Summing amplifier with resistor values based on the design
requirement.

The output from the summing amplifier ranges from OV to
5V and can be connected to Arduino. It will be measured
through one of the analog pins of Arduino. With some

equations and coding, the output voltage form the ROIC can be
measured and thus obtaining the ionic concentrations.

Arduino second function is to keep a record of the data
obtained through SD module. SD module is connected to
Arduino through its pins. However, SD module can only save
the data without the real time. Therefore, another board called
real time clock (RTC) has to be connected to provide time and
date of the taken data.

Last function of Arduino is the complementaries.
Temperature sensor is connected to Arduino to keep observing
the temperature since the ionic concentrations change due to
temp. Liquid crystal display (LCD) is connected to Arduino to
display the output voltage that is due to ionic concentration, the
temperature, time and date. Last, there are few buttons
connected to Arduino. The importance of the buttons is to save
the voltage reference (Vref) in the EPROM of the Arduino,
change the LCD output and reset. Vref is the voltage reading
from another solution to be used as a reference voltage to get a
better result of the desired reading as shown here:

Vout = Vin — Vref &)

Where Vin is the output voltage from the ROIC that is
measured by the Arduino voltmeter.

III. RESULT AND DISCUSSION

There are two results obtained from CVCC ROIC. The
reading from the schematic design and the reading from the
hardware design. The schematic design shown in Fig.9 was
drawn by LTspice software. However, there is not an ISFET
device to be simulated but it was replaced with an NOMS
device since they have the same basic structure.
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Fig.9. Schematic design using LTspice to get the simulation analysis



The data obtained from the simulation is shown in table.1
and the value at each node is clearly stated. The output voltage
(Vout) from the circuit is -1.3065V. This is the voltage that
represents the ionic concentration in the solution in case of
using ISFET sensor. The voltage dropped at the resistor is the
same as the voltage dropped at Vds. Resulting that the resistor
is controlling the constant voltage of CVCC circuit at Vds
terminal. A variable resistor is placed int the hardware instead
of the complementary one to control the voltage at Vds. The
value at each node was as expected and that proves that the
CVCQC circuit is able to measure the ionic concentration.

--- Operating Point ---
V(vd): -0.806503 voltage
V(vs): -1.30651 voltage
V(a): -0.806504 voltage
V(n002): 3 voltage
V(p001): -3 voltage
V(vout): -1.3065 voltage
V(p002): 3 voltage
V(n003): -3 voltage
V(n001): 3 voltage
V(n004): -3 voltage
1(Cs2): 0.0001 device current
1(Csl): 0.0001 device current
Id(Isfet):  0.0001 device_current
Ig(Isfet): 0 device current
Ib(Isfet): -5.10003e-013 device current
Is(Isfet): -0.0001 device current
I(RD): 0.0001 device current

Table.1. Simulation result of CVCC circuit with the values at each node.

The reading from the hardware has many differences. On
the other hand it is still correct. The ROIC was tested to
measure three types of PH solution to determine the H+ ions
concentration. The reading is:

. ROIC readin
Solution | "¢ ISFET
PH4 - 0.268V
PH7 20.356V
PHI0 0383V,

Table.2. Reading of CVCC ROIC from ISFET sensor for different PH level.

As can be noted, three levels of PH solutions are having
different voltages. These voltages are the presentation of the
ionic concentration. By taking a known value of the
concentration in the solution and calibrate it with the output
voltage, an equation can be made to find other concentrations.
Even though measuring the ionic concentration is not an easy
thing to do since the concentrations keep changing due to
temperature and other parameters. In addition, the circuit
components might draw some of the voltages from the sensor.
The CVCC still have a good sensitivity to read the ionic
concentration from ISFET.

Fig.10. Hardware testing for CVCC circuit with ISFET to measure PH4
solution.

IV. ANALYSIS

The ISFET behavior under different conditions was tested
to show how it reacted and how the result is affected by the
conditions surrounding it or in the fabrication of IFET itself.
The analysis maid by the simulation varied different
parameters. Since the ISFET was replaced with NMOS, the
ionic concentration changes refer to changes in Vth. Therefore,
Vth was changed to see how the Vout changes as well. Table2,
shows the value of Vout at different Vth. The graph in Fig.11
is corresponding to Table.2. By increasing the Vth, the Vout
decreased as well.

Vth Vout
0.4 -1.0065
0.6 -1.2065
0.7 -1.3065
0.8 -1.4065
1 -1.6065
1.2 -1.80648
14 -2.00529
1.6 -2.0656
1.8 -2.06663
2 -2.06679

Table.3. Data obtained of Vth vs. Vout from the simulation software.

Vth

0

05 0.5 1 1.5 2 2.5
5 -1
(=]
> 15 |

-2

-2.5

Vth vs. Vout

Fig.11. Graph result of Vth vs. Vout

Other condition was on varying the resistor value. In the
hardware design, a variable resistor was implemented to
control it manually to have more control on the circuit and the
constant value Vds and as well as seeing how the output varies
with the circuit. According to table.4, different value of R was
tested to see what the output value of each. The graph was



plotted in Fig.12 according table.4. Form the graph, it can be
obtained that the CVCC circuit interfaced with ISFET started
to have a steady value when it is nearly 5Kohm. Therefore, one
of the important parameters in the CVCC circuit to interface it
with ISFET is that the resistor value has to be 5K or more.
Even though the R value increases, the effect on the Vout is
too small and negligible.

R Vout
100 -2.0654
500 -2.06464

1000 -2.0628

3000 -1.44887
5000 -1.3065

7000 -1.29475
9000 -1.29245
15000 -1.28571
20000 -1.28026

Table.4. Data obtained of VR vs. Vout from simulation software
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Fig.12. Graph result of VR vs. Vout.

ISFET might have different fabrication process and one of
the things that might change is the length and width of the
ISFET itself. Using the simulation software to test NMOS, the
length and width can be varied. Table5. Shows the value of the
width and length with ratio and how Vout changed due to
width and length of the transistor. Fig.13 was plotted according
to data in table.5. The result of this can lead to one thing that
increasing the width and length ratio will increase the Vout
from the ROIC CVCC.

W/L ratio W/L Vout
10u/1u 10 -1.1222
5u/ 1u 5 -1.3065
4u/1u 4 -1.39563
3u/lu 3 -1.54417
5u/2u 2.5 -1.66301
2u/1u 2 -1.84092
5u/3u 1.6667 -2.01666
3u/2u 1.5 -2.06225
4u/3u 1.3333 -2.06457
5u/4u 1.25 -2.06525

Table.5. Data obtained of Vth vs. Vout from the simulation software.
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Fig.13. Graph result of W/L ratio vs. Vout.

Apart from testing the Vout of CVCC ROIC, there are
other parameters that are tested. First was how the variable
resistor controls the constant voltage Vds in the circuit. As
explained before, the circuit was designed in a way to monitor
the Vth changes of the circuit and nothing else. Therefore, Vds
was set to certain value set by the resistor and preventing it
from interfering with Vth value. Table.6 Shows what is the
resistor value and Vds value correspond to it. to be noted that
the current source is set to 100uA. The graph in Fig.14 shows a
linear relationship between VR and Vds.

VR VDS

1000 0.1v

3000 0.3V

5000 0.5V

Table.6. Data obtained of VR vs. Vout from simulation software
VR vs. VDS, Ids fixed
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Fig.14. Graph result of VR vs. Vds.

The changes of the ionic concentrations change the Vth of
the sensor. However in the circuit, these changes are seen at
the VS terminal and sent to the Vout node. Table.7 shows
different value of ionic concentration and what the value of
Vds are. Figl5. Is the graph plotted to these data. It can be
proven from the graph that the Vds keeps at constant voltage
even if concentration increases.

VS VDS
0.1v | 0.5V
0.2V | 0.5V
0.3V | 0.5V

Table.7. Data obtained of Vth vs. Vout from the simulation software.
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Fig.15. Graph result of VR vs. Vds.

Last investigation was on ISFET and how the temperature
affetced its output. From the graph in fig.16 shows the graph
of temperature increases and the output from the ROIC. As
the temperature increases, the Vout decreases. The ISFET
reading has to be made at different times to know what the
value is of each readin since the temperature changes the
output.
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Fig.16. graph of temperature vs. Vout from the ROIC interfaced with ISFET.

V. CONCLUSION

Over all, ISFET is an effective sensor to detect the ionic
concentration in the solution. The CVCC ROIC was designed
and built to interface with ISFET. The CVCC circuit proved
that it has the ability to measure the ionic concentration. The
ISFET with ROIC has been tested under different conditions as
well as different fabrication of ISFET and different value of
components of CVCC ROIC. To conclude, the ROIC that is
CVCC, has the ability to interface highly with ISFET to
measure the ionic concentration and thus will give huge
benefits in many fields of research and developments.
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