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An approach to enhance accuracy of the output signal obtained from ISFET interface electronics due to the body effect is propo
n an MOS drawing the same drain current as the ISFET, the scheme allows reduction of influence of body effect. The presen

nterface improves the accuracy of pH measurements, while maintaining operation at constant drain-source voltage and curren
sing only one ISFET with a differential output configuration, we obtained temperature-dependency and long-term drift as well as
oise compensation. The proposed technique is simple and has a universal use for different ISFETs. In addition, a voltage-co
ffset error compensation circuit modulates the extracted signal to the desired dc level for the A/D converter for each sensor. Sim
xperimental results show a great effect on monolithic ISFET integration in CMOS technology.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The ion sensitive field effect transistor (ISFET), invented
n 1970 by Bergveld[1], is a solid-state device that combines
he chemically sensitive membrane with the MOS type field-
ffect transistor. In its extensive study over the past 30 years

2–4], ISFET has been characterized and measured[5,6],
ndicating drawbacks related to: thermal-dependency, long-
erm drift and hysteresis. These factors limit the accuracy of
SFET-based measurements systems, especially for biomedi-
al and analytical applications. Another important parameter,
he slope of characteristic (sensitivity), also characterize an
SFET.

Due to the basic characteristics of ISFET, the potentiomet-
ic method has been used to measure the change in pH through

∗ Corresponding author. Tel.: +886 3 2654615; fax: +886 3 2654699.
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a corresponding shift in the device threshold voltage. In o
to extract the relevant signal from the electrical behavio
the sensor, it is necessary for the ISFET to be accomp
by an analog readout interface[7–12]. Recent works hav
projected to integrate ISFET and the interface electronic
the same chip[13–17]. Due to the low drift and high mobilit
properties of carriers, n-channel ISFETs are generally u
In most of today’s CMOS processes, the NMOS devic
fabricated into a p-type substrate that is globally and
stantly grounded by connection to the most negative su
in the system. Thus, the above-mentioned interface cir
suffer from the problem that the substrate potential gre
influences the device characteristics in ISFET-based int
tions. Previous researches[4,5,7,12]show that the consta
voltage and constant current (CVCC) biasing technique
been the most widely used method for ISFET sensin
2004, Morgenshtein et al. presented a novel technique, w
allows body effect elimination of readout interface in CM
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ISFET-based microsystems[18]. However, in order to keep
the constant potential of reference electrode, the direct com-
plementary ISFET/MOSFET pair (CIMP) circuit with gate
feedback is not suitable for sensor array readout applications.
In addition, indirect CIMP circuit with gate feedback can only
have a constantVDS bias but varying drain current.

Furthermore, many electronic circuits have been devel-
oped to compensate for the thermal-dependence and long-
term drift of ISFET. In 1987, Wang et al. described a zero
temperature coefficient adjustment and a temperature coeffi-
cient (TCF) compensation method to reduce the temperature
coefficient of a pH-ISFET[6]. This ‘zero TCF adjustment of
the output voltage’ would be suitable in the case of real time
control or measurements where the pH value of a solution
is within a certain region. However, it is necessary to find
the drain current required for each ISFET individually. In
1999, Palan et al. used two identical readout circuits with two
ISFETs of different gate materials (Si3N4 and Al2O3), so that
these ISFETs of different sensitivity could compensate for
temperature-dependency and long-term drift for biomedical
applications[8]. However, in this case there is no full verifi-
cation of the proposed differential configuration because that
the circuit has not been fully tested during pH measurements.
In 2003, Casans et al. reported a novel voltage-controlled con-
ditioning circuit applied to the ISFETs temporary drift and
thermal-dependency[19] and then in 2004 published a novel
e tion
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Fig. 1. (a) A n-channel depletion ISFET; (b) input and output voltages with
and without (w/o) body effect.

follows the input because the drain current remains equal
to IDS (Fig. 1b). In fact, the ISFET devices are commonly
biased in the triode region (i.e.VDS≤ VGS− VT), where the
drain currentIDS are expressed as follows:

IDS = Kp

[
(VGS − V ∗

TH) − VDS

2

]
VDS

= Kp

[
(Vin − Vout − V ∗

TH) − VDS

2

]
VDS (1)

where Kp is the device transconductance factor,VDS is a
drain-source voltage andV ∗

TH = VTH + EPH denotes the
ISFET’s threshold voltage resulting from the threshold volt-
age (VTH) of FET and EPH is the interface potential between
sensing membrane and buffer solution.

Suppose the substrate is connected to the most negative
supply and body effect is significant. Then, asVin and hence
Vout become more positive, the potential difference between
the source and the bulk increases, raising the value ofVTH as
shown inFig. 1b. Eq.(1), therefore, implies thatVin − Vout
must increase so as to maintainIDS constant. Thus, a non-
zeroVSB value contributes a parasitic change inV ∗

TH that is
not due to the change of ion concentration.

Fig. 2a presents an n-channel p-well depletion-mode
Si3N4-gate ISFET sensor (W/L = 600�m/15�m) fabricated
by the Institute of Electron Technology, Poland. Based on
[ evel-
o odel
s : an
e ef. el,
lectronic compensation in ISFET drawbacks minimiza
20]. This compensation method required the expense of
lectronics or miscellaneous numerical calculations.

This paper proposes a simple approach enhancing
acy of measurements by ISFET by using a body-effect re
ion technique, while maintaining constant drain-source
ge and current. With a differential configuration of ampl
ircuit, this design technique generates an output signal
endent of temperature and long-term drift. In additio
oltage-controlled dc offset error compensation circuit m
lates the extracted signal to the desired dc level fo
/D converter for each sensor. Simulation and experime

esults demonstrate the effectiveness of the instrumen
ystem for monolithic ISFET integration in CMOS techn
gy.

. Body effect in ISFETs

An ISFET structure is similar to an MOS transistor, exc
hat it uses an exposed gate insulator or membrane to me
selected ion concentration in an electrolyte, e.g. chang

he pH of the electrolyte produce variations on the thr
ld voltage due to ionic activity at the electrolyte–insula

nterface. Hence, the measurement of the threshold volta
he ISFET directly changes with the pH concentration o
lectrolyte. The device operation of an ISFET can be ded

rom both the pH-dependent characteristic and the MOS
ehavior. For example, consider the circuit inFig. 1a, first

gnoring body effect. We note that asVin varies,Vout closely
21], an HSPICE-compatible macromodel has been d
ped to fit our depletion-mode ISFET devices. This m
hown inFig. 2b considered the ISFET as two stages
lectronic stage and an electrochemical stage, where R
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Fig. 2. (a) ISFET structure layout; (b) equivalent sub-circuit block of the
ISFET macro-model.

D, S, and B stand for the reference electrode, the drain, the
source, and the bulk connections, respectively.

3. Sensor interface design

3.1. Body-effect reduction technique

Fig. 3 shows the circuit diagram of the floating source
bridge-type readout interface[12]. The circuit adopts a dif-
ferential amplifying circuit to couple the ISFET sensor to
operate in the CVCC mode, thereby detecting the accu-
rate analyte concentration. The differential amplifying circuit
constitutes a floating reference voltage drop|Vref| between
nodes 1 andS, which are both with respect to the ground.
Thus, nodes 1 andS will be tracking each other under any
condition and yielding Eq.(2):

V (1) − V (S) = |Vref| (2)

The bridge-type ISFET interface circuit responds to the ion
concentration of the solution due to the feedback loop oper-
ation of the amplifier and constant value floating reference
voltage supplied. In this case, the drain-source voltage will
be given by the following equation:

VDS,MISFET = R2

R1 + R2
|Vref| (3)

and hence the constant gate-source voltage of transistor M300
constitutes a drain-source current:

IDS,MISFET = IDS,M300 (4)

thereby biases the ISFET in CVCC situation.
Since theS terminal is not constantly biased, it varies with

different ion concentration. For monolithic ISFET integra-
tion, the extracted signal fromS terminal presents a parasitic
change due to non-zeroVSB term. Thus, we consider that two
MOSFETs (MISFET and M313) carry equal drain currents
under the influence of body effect[22]. To simplify the anal-
ysis, we employ MOSFETs in the saturation region. Hence,

IDS,MISFET = IDS,M313 ⇒ Kp(VGS,MISFET − VTH,MISFET)2

= Kp(VGS,M313 − VTH,M313)
2 (5)

A the
s

V

=

T ter-
f y
e

pe bod
Fig. 3. Diagram of the bridge-ty
ssume that both MISFET and M313 are matched in
amep-type substrate, yielding a relation:

GS,MISFET − VGS,M313 = VTH,MISFET − VTH,M313

⇒ −EPH− VoutS − (VoutT − VoutS)

VTH0,MISFET + γ(
√

2φf + VSB,MISFET−
√

2φf )

−[VTH0,M313 + γ(
√

2φf + VSB,M313 −
√

2φf )]

⇒ VoutT = −EPH (6)

he EPH modeled the potential of electrolyte-insulator in
ace. The extracted signalVoutT is independent of the bod
ffect.

y-effect reduction readout interface.
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Fig. 4. Circuit for ISFET performance enhancement.

3.2. ISFET performance enhancement circuit

In general, single ISFET interface circuits do not offer
any degree of compensation for temperature-dependency or
long-term drift. Therefore, several ISFET differential config-
urations with different sensitivities have been studied[8].

In this study, only one ISFET accompanies a performance
enhancement circuit is shown inFig. 4. SinceVoutS andVoutT
carry equal instability quantities on temperature-dependency,
long-term drift as well as common noise. With the differential
amplifier circuit presented inFig. 4, a perfectly mismatch
between resistanceR is supposed and an infinite CMRR is
also assumed by the OP amplifier, then, the output signal,
VoutU, given by Eq.(7) is not affected by temperature, long-
term drift or common noise:

VoutU = VoutT − VoutS (7)

Thus, the temperature-dependency, long-term drift and com-
mon noise can be effectively compensated with the proposed
circuit.

The second sub-circuit shown inFig. 4 implements a
voltage-controlled dc offset error compensation and gain
adjustment is determined by

VoutV =
(

1 + Rb

Ra

)
VoutU − Rb

Ra
Vc1 (8)

w drift-
i lates
t con-
v

dy-
e -
m ICE-
c of a
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w olt-
a
h
( d

improvement of pH sensitivity (S) for VoutT, reflects indepen-
dence of the output signal of the body effect. The temperature
and long-term drift compensated signalVoutU (curve (c)), is
then modulated to the desired dc level withVc1 = 0.9 V and
gained to obtain signalVoutV (curve (d)) by the voltage dc
level and gain adjustment circuit shown inFig. 4.

Fig. 6 shows the simulation results of ISFET interfacial
output voltage in the pH range of 2–12 for the tempera-
ture range of 5–35◦C with increment steps of 10◦C. The
corresponding temperature coefficient (TCF), before (VoutS)
and after (VoutU) compensation, is−4.47 and−0.75 mV/◦C,
respectively. Then it has been shown that by using the
proposed techniques one may obtain reduced temperature-
dependence.

To investigate the improvements of the long-term drift
using the proposed circuitry, the simulation tests were done
using an ISFET macromodel.Fig. 7 portrays the ISFET
long-term drift simulation results. The ISFET’s time drift
coefficients in buffer solution of pH 6 before and after com-

F ffect
r

here the first term generates a thermal and long-term
ndependent output signal, while the second term modu
he extracted signal to the desired dc level for the A/D
erter for each sensor.

Simulation plots of the output signal of the proposed bo
ffect reduction circuit are shown inFig. 5. The depletion
ode Si3N4-gate ISFET sensor was emulated by an HSP

ompatible macro-model. For the ISFET operating point
rain-source voltage of 0.5 V and a drain current of 100�A,
ith the ISFET bulk connected to the most negative v
ge, dependence levels of−41.44,−50.12 and−8.67 mV/pH
ave been obtained for terminalsVoutS, VoutT and VoutU
curves (a), (b) and (c) inFig. 5), respectively. The obtaine
ig. 5. Simulation plots of the output signal of the proposed body-e
eduction circuit for pH sweep.
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Fig. 6. Simulation of ISFET interfacial voltage in the pH range of 2–12 for
the temperature range of 5–35◦C.

Fig. 7. Long-term drift simulation of ISFET interfacial voltage in a buffer
solution of pH 6.

pensation are−0.584 and−0.121 mV/h, respectively. Also,
the time drift coefficients of−0.578 and−0.125 mV/h on
VoutS andVoutU at pH 10. The designed circuitry also reduces
the ISFET time drift coefficient. A chip microphotography of
the total electronics fabricated by a TSMC 0.35�m double-
poly and quadruple-metal CMOS process is shown inFig. 8.
The core die size is around 9.1 mm× 9.1 mm.

4. Results and discussion

In the following experiments, the most negative supply
(VSS =−1.65 V) is applied to the ISFET bulk connection. A
Si3N4-type depletion-mode ISFET (W/L = 600�m/15�m)
is adopted. The ISFET is biased on a drain-source voltage of
0.45 V and a drain current of 100�A. The experiments used
standard buffer solutions at pH range from 2 to 12 purchased

Fig. 8. Chip microphotography of the total body-effect reduction and per-
formance enhancement circuitry.

from Riedel-de Haen (Germany). The buffer solution used
for drift and temperature effect investigation was of pH 6.01,
9.95 at 25◦C (called pH 6, 10).

4.1. ISFET I–V measurement

In order to investigate the accuracy of the proposed tech-
niques, the transient characteristicsID–VGS collected for a
depletion-mode Si3N4-type ISFET by using HP4155B semi-
conductor parameter analyzer at room temperature have been
taken (shown inFig. 9). The pH sensitivity of the ISFET was
around 50 mV/pH.

F sed
c

ig. 9. IDS vs. VGS characteristics of an ISFET operating in the propo
ircuit for buffer solutions of different pH and forVSB = 0.
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Fig. 10. pH response of ISFET operating in the body-effect reduction circuit
with the ISFET bulk connected to VSS.

Fig. 11. Time-dependency response with and without differential compen-
sation methods.

4.2. pH sensitivity test

The curves inFig. 10 show dependence of potentials
for four terminals in the body-effect reduction circuit (see
Fig. 4) over pH range of 2–12:VoutS, VoutT, VoutU andVoutV.
The ISFET bulk was connected to the most negative supply
(VSS =−1.65 V). The calculated slopes for the curves (a,
b, c and d) are−40.06,−48.43,−8.22 and−50.68 mV/pH
for terminalsVoutS, VoutT, VoutU and VoutV, respectively.
The increase of slope for curve (b) in respect to curve (a)
demonstrates an improvement resulting from the reduction
of influence of body effect. The presented experimental data
correlates well with the simulation data presented inFig. 5.

4.3. Long-term drift test

The drift rates were evaluated after initial time of stabi-
lization of ISFET as a linear change ofVGS per time unit,
and the drift rate is called the drift coefficient,cd (mV/h).
Fig. 11shows the time response of ISFET without and with
applied compensation. The test was performed for an 18 h
time period for the ISFET operating in a standard buffer solu-
tion at pH 6 and 10 at a controlled temperature of 25± 0.5◦C.
The cd values were calculated for experimental data after
4 h of conditioning. The calculated values ofcd of potentials
m
a
r ift is
r lated
d

4

o red at

F ircuit
w

easured at terminalsVoutS, VoutT andVoutU for pH 6 and 10
re−0.25,−0.33,−0.075 and−1.72,−2.18,−0.46 mV/h,
espectively. With the proposed techniques, long-term dr
educed considerably, which is consistent with the simu
ata described above (Section3.2).

.4. Temperature-dependency test

The voltages measured at terminalsVoutS andVoutT with-
ut temperature compensation and the voltage measu

ig. 12. Output voltage vs. temperature for ISFETs operated by a c
ith/without compensation.
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terminal VoutU with temperature compensation have been
compared (Fig. 12). In this experiment, the ISFET was oper-
ating in a buffer solution at pH 6 with temperature varied in
from 5 to 35◦C. The corresponding temperature coefficients
(TCF) calculated for the two terminals were the following:
−3.55, and−3.87 mV/◦C for VoutS, VoutT, respectively. The
resulting TCF forVoutU was−0.32 mV/◦C, which indicates
that the temperature-dependency has been reduced to a cer-
tain extent.

5. Conclusions

A simple body-effect reduction technique presents a uni-
versal use for performance enhancement of different ISFETs.
Only one ISFET with differential configuration output allows
solutions for body-effect problems, temperature-dependency
and long-term drift, as well as common noise compensation.
The presented instrumentation with implemented body-effect
reduction technique enhances the accuracy of measurements
performed by ISFET, while maintaining operations at con-
stant drain-source voltage and current mode. Layout imple-
mentation of the proposed circuit was performed in a TSMC
0.35�m double-poly and quadruple-metal CMOS process.
Furthermore, a voltage-controlled dc offset error compensa-
t d dc
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