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Abstract

A CMOS pulse-width-modulation readout circuit
for sensors based on ion-sensitive field effect transistor
(ISFET) is presented. The circuit consists of a volt-
age-to-current (V-I) converter, a charging and dis-
charging module (CDM), a comparator module, a ref-
erence source module, and an output module. An input
voltage, V., is converted into a current I, by the V-I
converter and then the I, is used to generate a single
pulse through the CDM, the comparator module and
the output module under the control of an added con-
trol signal generator. The pulse width linearly depends
on the V., with a linearity of at least 99.996%. The in-
tegration of the readout circuit with an ISFET exhibits
a measured transfer characteristic of pulse width versus
pH value with a sensitivity of -31.6 us/pH and a linearity
0f 99.35% after a charging time of 500 ps at 25 °C.

1. Introduction

For several decades, much attention has been paid to
silicon-based biosensors in the biomedical applications.
Ion-sensitive field effect transistors (ISFETs) are being
developed for many applications in the fields of environ-
mental and biomedical analyses [1-3]. The ISFET is a
floating-gate MOSFET. Its gate oxide or an extra coated
gate insulator such as SizN,, ALO; is used as a sensing
membrane for H' ions. The ISFET, traditionally referred to
as a pH sensor, has been used to measure H'-ion concentra-
tions in a solution, causing an interface potential on the gate
insulator. Under a bias voltage V¢ from an added reference
electrode which is usually considered as the gate of the
ISFET, the variation in the ion concentration is measured as
a change in the threshold voltage [2] or a change in the ef-
fective floating-gate voltage [4]. To make the implementa-
tion of sensing membrane flexible, an extended metal elec-
trode, on which a sensing film is coated, can be intercon-
nected to the polysilicon gate of a standard MOSFET [4-5].
By using the topology, the sensing area will be not con-
strained by gate size and the ISFET is easily integrated with
its readout circuit. In this paper, a pulse-width-modulation
(PWM) readout circuit for ISFET-based biosensors has
successfully been implemented by the TSMC 0.35um pro-
cess. The supply voltage is 3V. The circuit simulation was
done by using a software tool called HSPICE.
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Fig. 1 (a) The circuit schematic, (b) control signal generator, and
(c) chip photograph of the readout circuit

2. Circuit Design and Measurement Results

Fig.1 shows the circuit schematic, the control signal
generator, and the chip photograph of the readout circuit.
The circuit consists of a voltage-to-current (V-I) converter,
a charging and discharging module (CDM), a comparator
module, a reference source module, and an output module.
An input voltage, Vi, is converted into a current Iy, (=Ven
/R1) by the V-I converter and then the I, is used to gener-
ate a single pulse through the CDM, the comparator module
and the output module. The reference source module is
based on a bandgap reference current source and produces
the reference voltage Vr of the comparator, the discharging
current I;, and the offset current I,,. With two signals
RESET and SW, the control signal generator produces two
control signals MS1 and MS2 to control transmission-gate
switches of charging and discharging the capacitor Cp. The
two control signals also enable the output of the single
pulse in the output module. In the operational amplifier of
the V-I converter, the gate of the positive-input transistor is
interconnected to an extended octagonal-ring top aluminum
(Al) metal on which the native alumina (Al,Os) is used as a
sensing membrane, as shown in Fig. 2. The inner and outer
diameters of the sensing area are 400 and 454 pm, respec-
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tively. Post-processing deposited gold on the outer octago-
nal-ring and inner octagonal metal of the sensing area can
be used as on-chip reference electrodes in the future. In this
work, an external Ag/AgCl reference electrode is used to
bias the ISFET. The effective floating-gate voltage de-
creases with the increase of pH value of the solution [4].
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Fig. 2 Simulated voltage waveforms of the readout circuit under
the V,,=1.05V.

Fig. 2 shows the simulated signal waveforms under the
Ven=1.05 V with an SW of 1 kHz and an RESET of 250
Hz. The circuit operates under a fixed charging time and a
fixed discharging current. The signal Vr is designed to be
1.25 V and is compared with the voltage drop Vc across the
capacitor Cp in order to generate a single pulse. When the
RESET is at the “0” level, the signal MS1 is cleared and the
signal MS2 is preset. At the same time, the output signal
Veout at the GEout is also cleared. When the RESET is at
the “1” level, the waveform patterns of the signals MS1 and
MS?2 are produced with the SW waveform, as shown in Fig.
2. When the signals MS1 and MS2 are at the “1” and “0”
levels, respectively, the Cp is charged by the current
Iep=lsen—los. The I, is used to reduce the offset of the pulse
width within the detected V., voltage range. When the
signal MS2 goes from low level to high level, the Vggou
also goes form low level to high level and hence the Cp is
discharged by the current I,,. When the voltage Vc goes
below the referred Vr, the discharging of the Cp stops and
the Vgeow goes from high level to low level immediately.
By this procedure, a single pulse, which pulse width is lin-
early proportional to the V., is generated at the GEout. If
the RESET is a continuous pulse, as shown in Fig. 2, a con-
tinuous pulse which high-level width is modulated by the
Ve 18 generated at the GEout.

Fig. 3 shows the simulated and measured transfer char-
acteristics of pulse width versus input voltage V., under
the control of the SW signals of 1 and 2 kHz, respectively,
at 25 °C. The linear operation ranges of input voltage Vi,
are about from 0.5 to 1.1 V and from 0.35 to 0.95 V respec-
tively for the simulation and measurement data. The linear-
ity is at least 99.996%. The upper limit of the Vg, origi-
nates from the limit of the input common-mode voltage or
the device-size induced current limit of transistors in the
V-I convertor. The simulated and measured sensitivities are
very approximate. The sensitivities are about 1 and 0.5
pus/mV under the SW signals of 1 and 2 kHz, respectively.
The measured pulse widths are slightly larger than the sim-
ulated ones probably owing to process-variation induced
biasing-current drift, resistance drift, or variations of other
device parameters. Fig. 4 shows the measured transfer

characteristic of pulse width versus pH value in a phosphate
buffered saline (PBS) solution under the V¢ of 0.8 V from
an external Ag/AgCl reference electrode. The sensitivity
and linearity are -31 ps/pH and 99.35%, respectively, under
the SW signal of 1 kHz. The larger sensing area will en-
hance the sensitivity.
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Fig. 3 Simulated and measured transfer characteristics of pulse
width versus input voltage under the control of the SW signals of
1 and 2 kHz, respectively, at 25 °C.
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Fig. 4 Measured transfer characteristic of pulse width versus pH
value under the Vs 0of 0.8 V.

3. Conclusions

A CMOS PWM readout circuit for ISFET-based bio-
sensors has successfully been designed and fabricated. The
readout circuit itself occupies a chip area of about 2x0.55
mm’ and the current consumption is about 1 mA. The out-
put pulse width linearly depends on the V. If the dis-
charging current comes from a multi-channel scaled current
mirror, the resolution and sensitivity of the readout circuit
will be more flexible. The thinner native Al,O; can be ap-
plied to test the solution with pH value ranging from 6 to 8
at least, but the pH-ISFET is still suitable for humans be-
cause the normal pH values are about 7.34~7.45 and
6.35~6.85 for human blood and saliva, respectively.
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