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A CMOS ISFET Interface Circuit With Dynamic
Current Temperature Compensation Technique

P. K. Chan and D. Y. Chen

Abstract—This paper presents a new ion-sensitive field-effect
transistor (ISFET ) readout circuit including a novel nonlinear
temperature compensation method that is based on the theoretical
work for formulating a body-effect-based ISFET drain current
expression, the derivation of an unified temperature-dependent
ISFET threshold voltage expression, and the use of iterative
method for solving design parameters in nonlinear equations.
Regarding the basic readout circuit, it comprises only one source
follower and one current source to establish a self-biased con-
figuration for a single ISFET device. Due to elimination of body
effect, it displays linear transfer characteristic in the experimental
result. Incorporating temperature compensation further improves
the thermal stability of the ISFET device in pH sensing function.
This has been validated by the experimental results on pH values
ranging from 4 to 9 in a temperature range of 22 °C to 50 °C from
the measurement setup. The pH7 parameter is used as a refer-
ence in the method. The proposed works are attractive in terms
of circuit simplicity, temperature-compensated performance, cost
and compatibility for smart sensor operation.

Index Terms—CMOS circuit, ion-sensitive field-effect transistor
(ISFET) interface circuit, ISFET sensor, temperature compensa-
tion, zero temperature coefficient.

1. INTRODUCTION

ON-SENSITIVE field-effect transistors (ISFETs) are
I emerging as important sensing devices in the areas of envi-
ronmental monitoring applications, analytical chemistry, and
biomedical applications since the pioneer work on ISFET pH
sensor introduced by Bergveld [1]. It has appreciable advan-
tages over traditional glass-electrode pH sensors on the basis of
its small size, robustness (unbreakable), simplicity in fabrica-
tion and low cost. Many research works [2]-[8] have exploited
different circuit architectures of readout circuits, which usually
play the role in translating the pH values to voltage domain
presentation, with the goal to obtain good sensitivity as well as
linearity. However, it is common to observe that circuits with
nonzero body bias would not only affect linearity through bulk
modulation, but also introducing undesirable temperature-de-
pendent effect. Since the temperature characteristic of ISFET
sensor is also a complex function related to the reference elec-
trode, electrolyte-insulator potential and ISFET-based MOS
transistor, the composite temperature effect greatly limits the

Manuscript received January 30, 2006; revised August 31, 2006. This paper
was recommended by Guest Editor D. Wilson.

P. K. Chan is with the School of Electrical and Electronic Engi-
neering, Nanyang Technological University, Singapore 639798 (e-mail:
epkchan@ntu.edu.sg ).

D. Y. Chen was with the School of Electrical and Electronic Engi-
neering, Nanyang Technological University, Singapore 639798. He is
now with Broadcom, Singapore 757716. (e-mail: chen0075@ntu.edu.sg;
deyuchen @broadcom.com).

Digital Object Identifier 10.1109/TCS1.2006.887979

performance of ISFET sensors, leading to unacceptable results
in critical measurements. Simultaneously, other research efforts
[9]-[14] have contributed to various temperature compensation
techniques such as the proper choice of biasing current for
athermal operating point to minimize ISFET temperature coef-
ficient [12], the use of a p-n junction diode [12] for temperature
compensation on a single ISFET device, the employment of an
ISFET operational amplifier [9]-[11] that improves tempera-
ture stability or the combination of ISFET operational amplifier
and p-n junction diode [13] for enhanced thermal stability. Of
the methods, it can be seen the temperature characteristic is
stabilized at particular pH or in a narrow pH range. For broader
range of pH values, the temperature compensation becomes
more difficult because the temperature coefficient (7.C.) of
electrochemical component is a function of pH value. More
importantly, the ISFET temperature characteristic tends to
exhibit nonlinear behavior. The straight-line-based temperature
compensation limits its scope when dealing with actual non-
linear temperature characteristic of ISFET device at different
pH values. In addition, the temperature coefficient of measuring
circuit also introduces another temperature contribution. As a
result, ease of incorporating temperature compensation scheme,
effectiveness of compensation technique, circuit simplicity as
well as circuit sensitivity with respect to body effect become
the key design considerations in an interface circuit design.
Therefore, it is particularly challenging for ISFET sensors to
operate in an environment in context of measuring different
pH range against different temperature. Based on this study, it
is necessary to understand the thermal behavior of an ISFET
from a foundation work together with the research of a robust
ISFET interface circuit coupled with improved temperature
compensation. In view of the above problems, a new ISFET
interface circuit having very simple structure is proposed.
This is in conjunction with the investigation of novel dynamic
biasing current temperature compensation technique, which is
concerned with the combination of mutual compensation in
ISFET’s MOS tranconductance characteristics and numerical
iteration technique for finding optimum biasing current dynam-
ically in order to solve nonlinear temperature compensation,
thus resulting in almost zero temperature coefficient (Z.7.C.) for
nonlinear biasing points at any pH value. This enables a single
ISFET sensor and its interface circuit on the measurement of
different pH values at different temperature simultaneously.
The paper is organized as follows. Section II presents the
ISFET model and temperature characteristic of an ISFET
sensor. In Section III, the representative published ISFET
interface circuits are reviewed together with the introduction of
a new readout circuit. In Section IV, the published ISFET tem-
perature compensation techniques are firstly reviewed, which
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is then followed by the novel ISFET temperature compensation
method, analysis and measurement procedures. In Section V,
the measurement results are presented to validate the proposed
works. Finally, the concluding remarks are drawn in Section VI.

II. ISFET SENSOR

The ISFET sensor begins with the saturation drain current ex-
pression which is derived from the electrochemical theory and
semiconductor theory of MOS transistor, with indication of key
process model parameters and their definitions. This is then de-
scribed with an ISFET model that permits better understanding
on the basic components. Besides, the thermal behavior of re-
spective component in ISFET gives the insight on how the tem-
perature variation impacts on the ISFET sensing device. This
serves as useful information for temperature compensation de-
sign

A. Drain Current Expression of ISFET in Saturation

The operation principle of ISFET has been studied in
[15]-[19]. Like the standard MOSFET, the Ip—Vgg transfer
characteristic for a long-channel ISFET operating in saturation
region is given by

I = pCox W
ds 27

where the uCox is the process transconductance parameter,
W/ L is the aspect ratio and the ISFET threshold voltage [19]
combined with the MOS transistor counterpart which includes
body effect in a four-terminal device [20] can be unified as

(Vgs — Vth(ISFET))2 (L

Vin(asFeT) = Vih_chem + Vih_mos (2)
or
VinasreT) = ERef + ApH — U, + !
—®g; + +
. si_ Qox+Qss+@p 2,
q Cox
+ (V205 Von — v/207) ] 3
with I/vth_chem = ERef + A‘Pl] - \I}eo + XSOI (4)
and
v %5 Qox+Qss+ s
th_mos — -

q Cox
+205 +7 (V2or +Ven = \207) )

where Vih_chem denotes the chemical threshold voltage of
ISFET. FERey is the potential of the Ag/AgCl reference
electrode. A" is the potential drop between the reference
electrode and the solution, which has typical value of 3 mV [22]
and can be neglected. 1, is a chemical input parameter being a
function of the solution pH, whereas x*°!, having typical value
of 50 mV [22], is the surface dipole potential of the solvent
being independent of pH. The combined — V., + x*°! item is

Vehem
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"~ 5

Cheim Coouy
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S

Fig. 1. ISFET modeling components.

now defined as V.penm to represent the potential between the
electrolyte and insulator. Regarding the ISFET-based MOS
threshold voltage Vip_mos, the terms in (5) are similar to that of
the standard MOSFET threshold voltage, except absence of the
gate metal work function. In (5), the first three terms represent
the threshold voltage at zero body-to-source bias whereas the
fourth term denotes the presence of body effect if Vgg # 0. It
should also be mentioned that the n-type ISFET is mostly used
for its low-drift and high-mobility properties [13], Hence, in
the application of an integrated microsystem where the ISFET
sensor and interface circuit are fabricated in the same die, the
source-to-bulk potential of ISFET plays a crucial role in circuit
performance when referencing to the apparent body effect item
in (3).

B. ISFET Model

The ISFET can be represented by a model as depicted in
Fig. 1.

It consists of a chemical part and an MOS transistor part. In
chemical part, two series capacitances Chelm and Cgouy T€p-
resent the equivalent Gouy—Chapman and Helmholtz capaci-
tance [21], which has already been developed by site-binding
theory and the electrical double-layer theory [15]. Two voltage
sources F.of and Vi ,em are connected in series to denote the
voltage components of chemical threshold voltage of ISFET in
(4). Vehem consists of two potentials — V., 4 x*°!, in which x>°!
is a constant with respect to the pH value, and ., is the only
chemical parameter that is responsible for ISFET pH sensitivity.

The pH sensitivity of 1.,, which is defined as the change
of 1., with respect to a change of the pH value of the solu-
tion 9., /IpH, has already been explained by the Hal and Ei-
jkel’s theory [18]. This is elaborated using the general accepted
site-binding model and the Gouy—Chapman-Stern model [15]
to yield

Oeo kT
= —-2303—
OpH q @

(6)

where « is a dimensionless sensitivity parameter, with the value
ranging between 0 and 1. The other physical constants have their
usual meanings. By integrating (6), the pH sensitive parameter
1, can be obtained as

kT
Peo = —2.303—a -pH + C @)
q
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where C' is a constant. Therefore, the voltage source Vepen, be-
comes

kT
Vehem = 2.303—a - pH + (x**' = C) ®)
q

where the first term is pH-dependent and the constant terms
in the parentheses are pH-independent. Finally, the drain-and-
source diffusion resistors R4 and Rg are added to take into ac-
count for a typical ISFET having longer source and drain diffu-
sion area than MOSFET counterparts [3].

C. ISFET Temperature Characteristic

Several investigations [22]-[25] have demonstrated that the
ISFET exhibits thermal instability. The temperature character-
istic of the ISFET is a complex function pertaining to the ref-
erence electrode, electrolyte-insulator potential, and MOS tran-
sistor. It can be expressed as

T.Ciotal = T.C.R. + T.C.F. + T.C.I. )

where T.C}tq) is the total temperature coefficient of ISFET.
T.C.R. is the temperature coefficient of Er.r, which has been
investigated by [22] with a typical value of 0.14 mV /°C. T.C.F.
is the temperature coefficient of MOS structure of ISFET. Based
on the device physics [20], [28], two parameters are mainly re-
sponsible for the temperature characteristics of MOS transistor:
one is the mobility whilst the other is the threshold voltage. For
a given temperature, 17, they are modeled as

T m
()| g, = 1(To) (ﬁ) (10)
V()| p_g, =Vr(To) + Kve(Ti = To) (1D

where T} is reference absolute temperature (note that the room
absolute temperature is taken as reference). 1 is a constant, with
typical values between —1.9 to —2.2 [26], depending on the
doping concentrations of silicon. Ky 7 is the temperature coef-
ficient of the threshold voltage, usually between —0.5 mV /°C
and —3.0 mV /°C [20]. The third item in (9), T.C.L, is the tem-
perature coefficient of the electrolyte-insulator interface poten-
tial. It has been studied that 7.C.1. is also a function of pH value
[22]-[25]. It may vary from 0.54 mV /°C to 1.1 mV/°C as the
pH increases from 4 to 10 [23].

III. ISFET INTERFACE CIRCUITS

For measuring pH physical variable, the ISFET sensor has to
be associated with an analog interface circuit for sensor signal
processing. The section gives the overview of different interface
circuits as well as presents the new transducer.

A. Review of ISFET Interface Circuits

Tremendous research works [2]-[8] are dedicated to the
design of different types of ISFET interface circuits. The first
category refers to the pH-sensing electrical signal derived
from the source of ISFET. The nonsaturation-based ISFET
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source follower structures [2]-[6] are common structures used
to test ISFET sensors. One of the representative circuits [2]
is operated with both the constant drain-to-source voltage
and drain-to-source current, but the usual Ag/AgCl reference
electrode of ISFET is applied with a reference voltage. There-
fore, according to (7), any change in the solution pH will be
translated to the variation of electrolyte-insulator potential 1), .
As a consequence, it causes the variation on ISFET threshold
voltage, which is reflected from changing its gate-to-source
voltage. The output signal is finally read from the buffered
ISFET source terminal. In this case, it can be observed that the
ISFET threshold voltage in (3) is not only a function of )., but
also displaying body effect. In second category, for any vari-
ation of ISFET threshold voltage caused by the pH variation,
the sensor can also be read from the reference electrode [4],
[71, [8]. In [4], the drain-to-source voltage and source voltage
of nonsaturation ISFET are biased with constant voltages. The
threshold voltage changes according to the pH value. In order
to maintain the constant drain current, the feedback mechanism
of the circuit will tend to regulate the reference electrode
voltage. Thus, the output signal is now obtained directly from
the reference electrode. Although this configuration reduces
the effect of ac-based source-to-bulk modulation on ISFET
threshold voltage, they still have body effect biased constant dc
voltage which is also a function of temperature. In [7]. direct
or indirect feedback on the saturation-based ISFET interface
circuits provides interesting means of pH sensing. The opera-
tion principle is to equalize the ISFET current and current of
constant current source via direct feedback to the reference
electrode or indirect feedback to current source. The schemes
eliminate the body effect and offer simple structures (using only
one op-amp in the core interface) but they are subject to stability
issue due to the existence of two high impedance nodes in the
feedback structures. In recent work [8], the voltage-current
(VI) converter-based ISFET interface circuit moves towards
similar direction but having only one high impedance node
in the circuit, and hence it is easy to ensure stability under
feedback condition.

B. New ISFET Interface Circuit

On the basis of the nonsaturation-based ISFET readout cir-
cuit design [8], a new ISFET readout circuit can be devised for
classification as the second category. The simplified schematic
is depicted in Fig. 2, which comprises an ISFET device oper-
ating in saturation region via the constant current source Ip and
a source follower formed by the transistor M1 and current source
L.

The ISFET readout circuit aims at detecting the change of
the ISFET threshold voltage that reflects the variation of the pH
value in the solution. The Vg s of ISFET will become self-biased
through a source follower in a feedback loop. The operation is
explained as follows. When passing a constant current through
the ISFET, the Vs must be established to fulfill the biasing
condition. As the gate of ISFET is tied to the source of transistor
M;, a floating dc will be developed in the gate of M; due to the
Vi s1 being established by I,. Any change on the ISFET’s Vg
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Fig. 2. Simplified schematic of the proposed saturation-based ISFET readout
circuit.

will shift the V51 dynamically in the source follower. There-
fore, the output of the readout circuit or the reference electrode
voltage of the ISFET is forced to settle to a value determined
by the pH value of the solution where the ISFET is immersed.
Besides, the source follower also performs as an economical
voltage buffer for driving next stage electronic circuit. This is
advantageous because of the elimination of an op-amp-based
buffer. According to (1) and (3), when an ISFET is operated
in saturation region, the output of the proposed interface circuit
can be derived as

/ 2Ip
Vout = Vs = Vinas +,/——F=~ +IsRs (12)
t g th(ISFET) NnCOX (%)

where the second term is defined as a quiescent dc biasing
voltage arising from the gate-overdrive bias, and the third term
is a dc component caused by the voltage drop across the source
diffusion resistor. Nevertheless, it can be negligible as far as
the product I Rg is made small in the design. Therefore, the
output V¢ becomes the only function of threshold voltage of
ISFET Viy,_1sreT, Which is linearly proportional to pH value
of the solution. With grounding ISFET’s source and bulk ter-
minals, the body effect dc does not alter the sensitivity but the
temperature-dependent body effect contributes few percentages
to the total 7.C. of temperature-uncompensated output, which is
insignificant. This new self-adjusted Vs ISFET sensing circuit
fulfills the first step for basic sensing function whilst meeting
simplicity and almost eliminating temperature-dependent body
effect item. The second step for temperature compensation will
be discussed in next section.

IV. ISFET TEMPERATURE COMPENSATION

Referencing to the ISFET temperature characteristics in
Section II, the strong temperature dependence of the ISFET
sensor would limit its accuracy on the ISFET-based measure-
ment systems. Therefore, another essential feature of the sensor

signal processing circuits is to support temperature compensa-
tion schemes. Herewith, the ISFET temperature compensation
techniques are firstly reviewed prior to the introduction of a
new temperature compensation methodology together with its
detailed second-order analysis and measurement procedures.

A. Review of ISFET Temperature Compensation Techniques

Research efforts have been spent on various ISFET temper-
ature compensation techniques [3], [4], [9]-[14] in along with
interface circuit design. In earlier work [12], the thermal sta-
bility of an ISFET is improved when biasing in an experimental
determined athermal operating point. However, the athermal
operating point of ISFET varies in different pH buffer solutions
due to the pH-dependent 7.C.I. in (9). This standalone constant
ISFET biasing method would not be sufficient for temperature
compensation in a wide range of pH. Other major research
works [4], [9]-[11], [13] have focused on the hybrid differen-
tial-pair amplifier configuration, commonly known as ISFET
operational amplifier, which appear in various circuit element or
method combinations: 1) differential pair of ISFET/MOSFET
[4], [9]; 2) differential pair of ISFET/MOSFET incorporating a
p-n junction diode method [13]; 3) differential pair of ISFET/
REFET [11]; and 4) differential pair of ISFET/ISFET with dif-
ferent materials for different pH sensitivities [3], [10]. The first
operational transducer [9], comprising an ISFET/MOSFET
source-coupled differential pair, fabricated with the same
technology, can provide certain immunity on the temperature
sensitivity of MOS structure of ISFET, or 7.C.F. in (9). It may
not be sufficient for compensation of temperature sensitivity
arising from electrochemical component such as 7.C.I. term.
This problem has been relaxed by using an ISFET/MOSFET
source-coupled differential pair configuration in combination
with a p-n junction diode method [13] for successful temper-
ature compensation around the pH6 buffer solution. This can
be explained by the fact that the negative T.C. of p-n junction
diode counteracts the positive 7.C. of reference electrode po-
tential and electrolyte-insulator interface potential [23] of the
ISFET. However, the pH-independent 7.C. of a p-n junction
diode is also not adequate for maintaining effective temperature
compensation for pH-dependence 7.C.1. in a wide pH range.

In circuit design perspective, arising from the mismatch
in the differential hybrid transistors, the input offset voltage
of ISFET operational amplifier consists of several nonideal
process-dependent and design-related terms that display dif-
ferent temperature coefficients. For an example, the mismatch
of total gate capacitance, semiconductor bulk charges, insu-
lator interface charges, and biasing current [4] can lead to
a mismatch in ISFET/MOSFET differential pair. Besides,
for ISFET/ REFET differential pair operation scenario, the
reference field-effect transistor, REFET, has an additional ion
blocking surface layer, hence the ISFET and REFET may not
be electrically identical, resulting in a residual differential
signal [19].

B. ISFET Athermal Biasing Points in Reference pH7

This proposed temperature compensation technique stems
from the physical theory of mutual compensation of mobility
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and threshold voltage temperature variation to achieve the
Z.T.C. biasing point in MOSFET. However, the main difficulty
rises from the fact that the 7.C. of ISFET threshold voltage is
a function of pH value. To deal with this problem, the electro-
chemical theory of ISFET is combined with the physical theory
of MOS transistor to establish the theoretical basis for the
research of dynamic biasing current temperature compensation
technique. Mutual compensation of mobility and threshold
voltage temperature effects in field-effect transistors are ex-
ploited in the literature [20], [28]. Detailed investigation for
Z.T.C. point in MOS transconductance characteristics has been
reported by [26]. Despite the difference between the MOSFET
and ISFET comes from their threshold voltages, the mutual
compensation analytical approach on MOSFET aspect can be
extended to ISFET counterpart. Due to the variation of T.C.
of ISFET threshold voltage in different pH buffer solutions, it
is natural to choose the pH7 buffer solution as the reference
parameter with respect to other buffer solutions. The measured
and analytical results of the reference parameters form the
initial guess values for solving the nonlinear equations in the
temperature compensation process in next phase. Therefore, the
analysis of mutual compensation on ISFET in pH7 buffer solu-
tion is carried out firstly. Similar to the analysis on MOSFET in
[26], it is possible to incorporate temperature effect on mobility
(10) and threshold voltage (11) and neglecting the dc voltage
drop of source diffusion resistor in an ISFET. When a constant
current source Ip = Ipg is applied to a drain level-shifted
diode-connected ISFET in Fig. 2, the gate-to-source voltage of
ISFET (12) in pH7 buffer solution, for a given temperature 73
can be approximated as

Vasenn (1)|r=r, = Vinpnr)(To) + Kvrepary X (11 — To)
21pg

+

(13)

m
C—CY
146 Vas(prm) (T1) — Vinern) (T1)] \ To

Here, Vinpur)(To) is the threshold voltage of ISFET in
pH7 buffer solution at room temperature and Ky ppur) =
OVin(pHT) /OT is T.C. of ISFET threshold voltage in pH7
buffer solution. f is the mobility degradation parameter and
Bo = o(To)Cox (W/L). In a saturation-based ISFET,
the variation of the temperature-dependent mobility term
0 (Vaspnr) (T1) — Vinpnr) (T1)), from temperature Tp to
another operation temperature 75 can be significantly small
due to minute value of 6, (VGS(pH7) (T1) = Vin(pur) (Tl))
and the square root effect in the gate overdrive term.
For this reason, the room temperature-based constant
0 (Vaspnr) (To) — Vinnry (To)) as a  replacement  of
0 (VGS(pH7) (Tl) - ‘/th(pH7) (Tl)) will be useful to sim-
plify the calculation without losing accuracy. Therefore, (13)
can be further approximated as

Vaseun)(T)lr=r = Vineur)(To) + Kvreury x (Tr — To)
2Ips

+ (14)

m
pR—
140 Vas (o) (To) = Vinprr) (To)] \ To
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Then, the T.C. of Vigs(pm7)(T') can be obtained as

WVasepun)(T) K
B — o VT (pHT)
2 Ips T\ o 1
i By —> (T>To'
146[Vas i) (To) — Vin(prr) (To)]
(15)

Like the compensation analysis of MOSFET [26], for any given
temperature 77, one can find a biasing current that is able to
satisfy (9VGS(pH7)/8T|T:T1 = 0. This is regarded as Z.T.C.
point or athermal operating point. This optimum biasing current
can be obtained by solving the equation

WVaspun (1)

=0.
oT

T=T

(16)

Thus, the corresponding optimum biasing current for ISFET to
sense in pH7 buffer solution can be derived as

2K 1 iy 1o
Ipspury = —
T m—+2
x Ho <—1> . a7
1+ 0 [Vaseun (To) — Vinenr) (To)] \Zo

Therefore, the (13)—(17) form the basis for the nonlinear tem-
perature compensation in next section.

C. Dynamic Biasing Current Temperature Compensation

Instead of constant biasing current, the ISFET can be biased
dynamically via a systematic calculation of specific parameters
in a smart sensor operation environment. There is a possibility
to achieve Z.T.C. at different pH values in a defined tempera-
ture range. In order to accomplish the task, it begins with the
derivation of ISFET temperature-dependent threshold voltage
in a unified form and the optimum biasing current for athermal
point at any pH in a temperature range. Steps are summarized
at the end.

With reference to (7), the value of 1., at pH7 and other pH
solution can be expressed as follows:

kT
’l/}eo(pH7) = — 2303704 . pH7 +C (18)

kT
Yeo(pm) = — 2.303—a - pH+ C
q

kT
= - 23037 ~a- (pH = PHT) + @eo(pur)- (19)

When incorporating the pH7 as a reference value and the re-
spective temperature-dependent term for threshold voltage re-
lated chemical part (19) and MOS part (11), the unified tem-
perature-dependent threshold voltage of ISFET in any pH value
can be written as

Vinasrer)(1)|r=1, = Vinenn)(To) + Kvreur) (11 — 1)

kT
+2.303° 20 - (pH — pH?)  (20)
q
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at a temperature 7. Furthermore, in (20)

ApH = pH — pH7. 2D

Similar to (14), the temperature-dependent gate-to-source
voltage of ISFET in any pH value can be approximated as

Vasem (T)|r=1, = Vinasrer) (11)
2Ips

_|_

(22)

m
Bo (Q)
146[Vaspm) (To)—Vinasre) (To)] \ 10

at a temperature 77 .

Using the same method of analysis on the pH7 buffer solution
and assuming a biasing current of Ipg, the T.C. of gate-to-source
voltage of ISFET in any given pH buffer solution can be derived
as follows:

Vs m(T)
oT =T,

X 21ps 1) 7 )
Bo To 2 )Ty '

1+9[VGS(;)H)(T0)—V«,h(lsmc'[‘)(TO)]

k
= KVT(pH7) + 23035(1 - APH

(23)

Similarly, for any given pH buffer solution, the optimum biasing
current that forces ISFET to operate at the athermal point can be
obtained from

Vs (T)

T =0

T=T

(24)

By solving (24), we have

k 2 , 2 (Th m+2
Ipspm= KVT(pH7)+2.303aO[-ApH TOW T
Bo

X .
1+ 0 [Vasem (To) = Vinasrer) (To)]

Therefore, the optimum biasing current required for the ISFET
to work around the athermal point in different pH buffer so-
lutions is a function of ApH and pH through (21). However,
the difficulty of implementing this methodology in practical pH
measurement is that the value of ApH cannot be obtained di-
rectly. It is because the pH value of the measured solution can be
unknown. To overcome the obstacle, a numerical iteration tech-
nique is proposed. This stems from the fact that V,,,; = Vs is
linearly proportional to pH value in absence of body effect at
fixed temperature while the temperature-dependent sensitivity
of ISFET device displays nonlinear relationship with the drain
current Ips. As pH is a function of V,,,; and Ipg is a function
of temperature-dependent sensitivity, the initial guess values at
room temperature can be approximated to obtain Ips(,ur) (17)
from extracted process parameters and measured reference pa-
rameters, and to obtain pH from the ISFET reference sensitivity.
Itis then solved nonlinearly for finding the optimum biasing cur-
rent to achieve Z.T.C. of ISFET at different pH values using an

(25)

iterative method in numerical analysis. The procedures to im-
plement the iteration algorithm are summarized as follows.
Step 1) Measure the ISFET V,,+—pH transfer character-
istic at different biasing currents for targeted test so-
lutions pH,;,,, pH7 and pH . at room temperature
as reference data. Since pHT7 lies between pH,;
and pH, ., for a natural choice, the Ipspu7) (17)
is treated as an initial biasing current for ISFET op-
erating around the athermal point in pH7 buffer so-
lution. Using the slope concept, the pH . can be es-
timated through the reference sensitivity data using
the following equations:

Vout — Vout(pH4)

H,- = pH4 26
PHc =P + (Vouc(pH7)—Vouc(pH4)) (26)
(pH7—pH4)
or
Vou, - Vou
pHy = pHT7 + —2 t(pHT) 27)

(Vom(pHg) 7Vout(pH7)) '
(pH9—pHT)

Note that pH is the pH value being converted from
the measured output voltage of the transducer. If
Vout is smaller than V. (,u7), (26) will be used,
otherwise, (27) will be selected.
Then, the pH, is substituted into (21). Since
ApH = pH — pH7 = pH, — pH7, the calculated
ApH is substituted into (25) again to iterate another
new biasing current.
The ISFET is then applied with the new biasing cur-
rent to obtain another new voltage output of inter-
face, which is used to find another new pH..

The proposed iteration-based temperature compensation
method will be demonstrated in electrochemical measurement
in next section.

Step 2)

Step 3)

V. MEASUREMENT RESULTS AND DISCUSSIONS

This involves numerous preparation tasks such as sensor
device characterization, parameter extraction, equipment setup
and test circuit prototype prior to test the functionality of
new readout circuit and to confirm the effectiveness of novel
temperature compensation method for the sensor as well as its
transducer to measure different pH values against a range of
temperature.

A. Measurement Setup and ISFET Parameters Extraction

The SigNy-gate pH-sensitive ISFET sensor is commercially
available by D+T Microelectrénica, A.ILE (CNM), Spain. The
interface circuit was built on a prototype board using discrete
electronic components. The MOS transistor M1 was realized
by a CD4007 transistor array IC chip having four nMOS tran-
sistors as well as four pMOS transistors. The constant biasing
currents I and Ip were established through two LM134 ICs,
with a 3-terminal adjustable current source programmable from
1 A to 10 mA in each IC. The whole circuit worked at a single
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Fig. 3. Experimental setup for the ISFET interface circuit.

3.3-V supply, having adequate headroom for the ISFET device
to operate in saturation region under discrete implementation.
The output of the circuit V,,,+ and the biasing current I, were
monitored by HP 3486 multi-meters. The buffer solution where
the ISFET was inserted was kept in a thermal buffer so as to
control temperature of buffer solution during the measurement
process. Although the thermal buffer supported the measure-
ment at room temperature or above, the temperature compensa-
tion method was still be verified. Fig. 3 shows the experimental
setup for the interface circuit.

The Ip-Vgs characterization of the ISFET device
under test (biasing in deep triode region in another cir-
cuit board) was performed using HP4156 Semiconductor
Parameter Analyzer in targeted buffer solutions, leading
to the extracted ISFET threshold voltages Vth(pH min) =
Vinepaa) = —244.413 mV, Viypoury = —87.6536 mV, and
Vih(pH max) = Vin(pHo) = —21.8782 mV at room temperature.
Besides, the threshold temperature coefficient in pH7 was
extracted as Kyppuyy = —2.034 mV/°C. Regarding the
ISFET temperature compensation methodology described in
Section IV, some of the important parameters of ISFET were
extracted on the basis of measured transfer characteristics
at room temperature. This was done using MATLAB. The
extracted parameters for computation are summarized as fol-
lows: 3y = 0.001357 A/VZ, 6 = 0.0821 V™! and m = —2.2.
In another remark, the pH sensitive parameter « ~ 0.9187
at room temperature was calculated from the measurement
result of interface circuit. It is interesting to point out that the
variation of ISFET biasing current has almost no effect on its
pH sensitivity [25] but the temperature has direct impact on
e, as revealed in (6).

B. Measured Results of ISFET Interface Circuit in Room
Temperature

The electro-chemical measurements of the proposed readout
circuit were conducted in three kinds of standard buffer solu-
tions having pH value of 4, 7, and 9. The ISFET and source
follower was biased at respective constant biasing current, with
Ip = 100 pA and I, = 30 pA under stable room tempera-
ture (22 °C). The output signal was measured when inserting
the ISFET sensor into different standard buffer solutions. The
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Vout=0.4879V
Temperature = 22 degree
PH Sensitivity=53.8mV/pH
Ip=100uA

Vout=0.3757V

0.3f

Output Voltage - Vout(V)
5

Vout=0.2189V

4 5 6 7 8 9
pH Value

Fig. 4. Measured output signal (V. ) of readout circuit against different pH
values at 22 °C.

ISFET sensor had been cleaned by Deionized (DI) water every
time before it was inserted into a new buffer solution. The mea-
surement result is plotted in Fig. 4. The slope denotes the pH
sensitivity of the readout circuit, showing about 53.8 mV/pH.
Hence, the experimental result has validated that the proposed
interface circuit is able to detect the variation of the ISFET
threshold voltage.

Unlike part of previous works, there is no critical matching
requirement in the design. Even though the body effect induced
to the source follower appears in a form of minute change of
drain potential in the ISFET, the drain current remains stable
because the drain current is almost independent against finite
variation of drain-to-source voltage in a long channel ISFET de-
vice. Due to absence of body effect in the ISFET sensor, a linear
response has been obtained by the measurement result in Fig. 4.
It is important to highlight that only a few reported works [7],
[8] can claim such an advantage. Table I compares the readout
circuit with the prior-art works. It can be seen that the proposed
readout circuit displays very simple structure (three transistors
plus 1 ISFET to form a core interface). Not only does it reduce
the number of current sources and operational amplifier(s), it is
expected to exhibit low dc offset sensitivity and to benefit the
temperature compensation in an ease manner. Furthermore, the
source follower formed by the transistor M1 and current source
1, in Fig. 2 offers low sensitivities with respect to design and
process parameters as well as good bandwidth efficiency, so the
circuit stability can be guaranteed easily when only one high
impedance node exists in the feedback structure.

C. Measured Results of Dynamic Biasing Current Temperature
Compensation

For demonstrating the temperature compensation method,
different buffer solutions (pH4, pH7, and pH9) are used in the
experiment. Consider the case of testing a pH4 buffer solution
at 40 °C as the first example; the steps for the iteration method
are given as follows.

Step 1) The ISFET V,,.—pH transfer characteristics for
specific test solutions pH, ;,, pH7 and pH , ,  atdif-
ferent biasing currents are measured in room tem-
perature, and the measured output voltage at spe-
cific pH point (pH = 4, pH7 or pH =9

min min
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TABLE II
MEASURED RESULTS OF ISFET READOUT CIRCUIT AT ROOM TEMPERATURE
(22 °C) FOR REFERENCE DATA

Biasing Output Voltage of Readout Circuit — (V)
Cul’;zzt)lg V()M(PHJ) Vout(PH7) V()ul(PH9)
( (at pH4) (at pH7) (at pH9)
Iz=100 0.2189 0.3757 0.4879
15=102 0.2244 0.3814 0.4937
1g=192 0.4286 0.5863 0.6989
15=306 0.6319 0.7901 0.9031
15=308 0.6351 0.7933 0.9062
Ig=316 0.6477 0.8058 0.9186
[5=360 0.7214 0.8798 0.9935

TABLE I
COMPARISON OF PROPOSED CIRCUIT WITH REPORTED REDOUT CIRCUITS
Design Sensitivity to No of DC offset s§nsitivity
i, major Op- to non-ideal
parameters body effect
amps components
Ravezzi Yes 3 Offsets in 3 op-amps
Ref[2] 1998 +
2 current sources
Yuan-Lung Yes 1 Oftset in 1 op-amp
Ref[13] 2001 +
ISFET/MOSFET
differential pair
Tukkineami Yes 2 Offsets in 2 op-amps
Ref[4] 2002 +
2 current source
Morgenshtein No 1 Offset in 1 op-amp
Ref[7] 2004 +
1 current source
D.Y.Chen No 1 Offset in 1 op-amp
Ref[8] 2005 +
1 current source
This Work No 0 1 current source
2006

in Table II is converted back to corresponding pH
value, which will be treated as the initial reference
data. As can be seen from the look-up Table II, the
linear response of output of the proposed ISFET
readout circuit with respect to the pH value of the
solution can represent the ISFET device character-
istics.

The term (T /Tp)" " = (Ty/To) "2 in (17) can
be simplified via Taylor series to get the approxima-
tion

—0.2
f (1) = (3) > [ (T) + f' (Tv) (T3 — To)

Step 2)

Step 3)

(28)

Since the temperature range in this experiment is
from 22 °C to 50 °C, the average value of 36 °C
is used as initial guess value. Through (28), one
can calculate the reference Ipspury = 192 pA
using (17) with the extracted parameters in
Section V-A and the measured output voltage
of Vour & Vgspur) = 0.4175 V. Since the output
voltage is smaller than the Vi (,n7) at a biasing
current of IDS(pm) =~ 192 pA in Table II, (26) is
selected and the result of calculation gives the initial
guess of pH, = pHyy = 3.789.

When pH, = 3.789 is obtained from step 1. It
is then substituted into (21) to get ApH = pH —
pH7 = pH,—pH7 = —3.211. Then, the calculated
ApH is substituted into (25) to calculate the new
biasing current, which is Ip(1) ~ 316 pA.

The ISFET is biased with this new current Ip(y)
and a new output voltage of the interface circuit
can be measured as V,,;+ = 0.6480 V. Since it is
smaller than the Vout(pH7) at a biasing current of
Ips@pury = 316 pA in Table 11, (26) is selected

again and the result of calculation gives pH, =
4.006 for the second iteration.

As pHpy # pHy (initial guess value), the step 2
and step 3 would be repeated. pH» = 4.006 from
step 3 is substituted into (21) again to obtain the
ApH = pHyy —pH7 = —2.994, which is then sub-
stituted into (25) to calculate the new biasing current
of Ip(s) ~ 308 pA. Hence, a new output voltage
of the readout circuit becomes V,,;; = 0.6348 V.
A new pH, can be converted from Table II to get
pHes = 3.994.

Since pH3 # pH o, which means the iteration re-
sult is not converged, the step 2 and step 3 would be
repeated in the same way as described in step 4. As a
result, a new biasing current Ip(3) ~ 308 uA and the
corresponding output voltage V,,,; = 0.6348 V are
obtained. From Table II and (26), the converted pH
value is pH, = 3.994. When pH, = pH3, the
pH converges from successive iterations. Finally,
the ISFET device will be biased at Ip(s), which
forces the ISFET device operating around the Z.T.C.
pointand so pH = pH, = 3.994 becomes the final
result.

Following the same procedures as described in above steps,
the iteration results of ISFET temperature compensation as
well as the final biasing current for providing the temperature
compensation in pH4 buffer solution at 30 °C and 50 °C are
shown in Table III. This will be repeated for pH7 and pHY
at identical temperature. The measured results for pH4, pH?7,
and pH9, with and without temperature compensation, are
depicted in Figs. 5-7, respectively. The final biasing currents
that achieve ISFET temperature compensation in pH7 at 30
°C, 40 °C, and 50 °C are 192, 190, and 190 pA, while the
final biasing currents for pH9 at 30 °C, 40 °C, and 50 °C
are 130, 130, and 134 pA.

Fig. 5 shows the negative 7.C. (without compensation) in
pH4 is compensated. However, the minute compensation in
pHT can be explained by the fact that it is used as the reference
in the compensation process and the calculated initial current
(17) already forces the ISFET to work in athermal point in

Step 4)

Step 5)
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9.5 T T T T T T

MEASURED RESULTS OF ISFET DYNAMIC TEMPERATURE COMPENSATION o4l T Real pH Value (given by solution producer) .
IN pH4 BUFFER SOLUTION . Measurement Results without Temperature Compensation
9.3k | H Measurement Results with Temperature Compensation -
Temperature (‘C) 30 40 50 9.2k e
Actual pH value 4.01 4.01 4.00
Before compensation 3.924 3.789 3.509
First iteration 3.998 4.006 3.926
Second iteration 3.998 3.994 3.874
Third iteration 3.994 3.899
Fourth iteration 3.899
Deviation 0.012 0.016 0.101
Final Biasing Current | 306 A 308 pd 312 87r 1
8.6 -
8.5 1 1 . L 2 2
45 . . . . . . 15 20 25 30 35 40 45 50
- Real pH value (given by solution producer) Temperature (Degree)
4.4F | A Measurement Results without Temperature Compensation | - ' . .
Fig. 7. Measured results of temperature compensation in pH9.
4.3F | E Measurement Results with Temperature compensation -
4.2F . TABLE IV
TEMPERATURE COEFFICIENTS OF BUFFER SOLUTION PROVIDED BY
24-1 " 1 MANUFACTURER AND MEASURED pH VALUES
©
> 4 —i— — W |
T A pH4 pH7 pH9
o
3.9
L a, (pHIC) a, (pHIC) a, (pHIC)
38r A 1 a, [pHICCY] | a,[pHACY] | a, [pHI(CY]
3.7F - Buffer solution 0.0002143 -0.003079 -0.007263
-2.77E-6 4 474E-5 1.579E-5
3.6 -
Without temp. -0.01406 0.007171 0.007237
3.5 1 1 1 1 1 L compensation -2.79E-5 -1.903E-4 -1.342E-4
15 20 25 30 35 40 45 50
Temperature(Degree) With temp. -0.002543 0.007158 -0.007263
compensation -1.23E-5 -2.095E-4 9.579E-5
Fig. 5. Measured results of temperature compensation in pH4.

7.5 T T T T T T
= Real pH Value (given by solution producer)
7.4F | A Measurement Results without Temperature Compensation | 4
7.3 Bl Measurement Results with Temperature Compensation -
7.2F L
o7.1F -
[
> 7F —i— b
I
Q6.9 -
6.8F -
6.7F -
6.6|- -
6-— L L L L L L
15 20 25 30 35 40 45 50

Temperature (Degree)

Fig. 6. Measured results of temperature compensation in pHT.

pH7. The compensation method also works for compensating
positive T.C. (without compensation) in pH9. Hence, the ex-
perimental evidence has confirmed that the proposed ISFET

iteration temperature compensation technique is able to per-
form compensation in the pH measurement range of 4 to 9. It
is noted that the full solid line within each figure represents the
temperature effect of pH buffer solution, which is provided by
the manufacturer and is served as a reference.

A quadratic polynomial is employed to approximate a pH
temperature-dependent function as follows:

F(T) = ao+ ay (Ty = To) + az (Ty — To)>  (29)

where T is the reference temperature (room temperature).
f(T1) is defined as the pH value at a given temperature 77} in
the range of T to 50 °C. ay is defined as the pH value at Tj). The
respective value obtained for ag in pH4, pH7, and pH9 buffer
solution is 4,7, and 9. a; and as is the corresponding first-order
and second-order temperature coefficient. The extracted values
for a; and a2 by MATLAB are given in Table IV.

As observed, the small values in first-order and second-order
temperature coefficients reflect the effectiveness of the temper-
ature compensation scheme. As pH?7 is treated as reference, the
temperature coefficients remain very close with or without tem-
perature compensation. The reason has already been mentioned.
Unlike prior-art work of ISFET temperature compensation tech-
niques, this proposed technique is nonlinear temperature com-
pensation. This is very suitable for compensation of nonlinear
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T.C. of ISFET threshold voltage in different pH buffer solu-
tions such that the deviation of measured pH value from actual
pH value will not be enlarged significantly with temperature,
thus demonstrating its advantage for supporting wider temper-
ature range. Since the ISFET temperature compensation tech-
nique can compensate the temperature effect on a single ISFET,
it supports ease of fabrication, thus leading to a low cost solu-
tion for smart sensors. Besides, the fabrication process for sep-
arated functional devices can be optimized to improve the per-
formance of ISFET sensor [19]. Finally, there is no temperature
sensor, such as p-n junction diode [13], to be fabricated and cali-
brated. Despite of current discrete implementation, in integrated
IC application perspective, the biasing current of mutual com-
pensation can be further minimized by reducing the W/ L aspect
ratios of ISFET device for lowering the total power consump-
tion [13] or optimized in the ISFET process technology. In the
future work, a micro-controller-based measurement system will
be employed to carry out the ISFET temperature compensation
automatically.

VI. CONCLUSION

A new CMOS ISFET readout circuit is presented. Validated
by electro-chemical measured results, the circuit has shown in-
sensitivity to the body effect. Therefore, the pH sensitivity of
the readout circuit well reflects the pH sensitivity of the ISFET
sensor. Besides, the intrinsic simple structure not only reduces
the circuit components and its circuit sensitivity, it also sup-
ports a novel ISFET temperature compensation technique, at ex-
pense of increased computation complexity, to give a low cost
solution. The derivation of a unified expression for tempera-
ture-dependent ISFET threshold voltage in association with mu-
tual compensation analysis on mobility and threshold voltage
establish the theoretical basis equations for temperature com-
pensation purpose. Through iteration method for solving non-
linear equations, there exists an optimum biasing current for
athermal point of the ISFET at different pH values in a temper-
ature range. This is contrasting to conventional techniques that
use circuit means to provide linear or nonlinear 7.C. compen-
sation, which is valid for narrow pH range. The proposed com-
pensation method has been verified by the experimental results.
As aresult, the new ISFET readout circuit in along with the dy-
namic biasing current temperature compensation technique will
be very useful for smart sensors.
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