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Abstract

A monolithic chip processing method is reported, which includes the ion sensitive field effect transistor (ISFET) of the pH sensor, p—n
diode of temperature sensor and readout circuit using 0.5 pm double poly double metal (DPDM) standard CMOS product with UMC IC
foundry company. We have designed a planar diffused silicon diode on a n-channel pH sensitive ISFET sensor to act as a temperature sensor
for on-chip temperature measurement and compensation. Furthermore, the device integrated the dual sensors and readout circuit has the
potential advantages of achieving, both the pH and temperature value display, with this process, ISFET’s temperature coefficient can be

minimized. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

ISFET pH sensors are being used increasingly for a
variety of purposes in the chemical, medicine and biological
industries, as well as various fields of basic research. Apart
form their small size, robustness, low power consumption
and simplicity in fabrication, ISFETSs have a distinct advan-
tage over conventional pH measuring systems [1]. Investi-
gations have demonstrated that ISFETSs have a large thermal
instability, which leads to inaccuracy in measurements. It is
often necessary for ISFETs to be used under thermostatic
conditions to ensure the necessary accuracy. Since this is not
convenient for many applications, it is important to inves-
tigate the thermal behavior of ISFETS to determine effective
methods to improve their stability.

In the previous papers published by Gui et al. [2] on
ISFET temperature pair compensation, the ISFET and MOS-
FET differential pair configuration with a low doping con-
centration can reduce the temperature coefficient. Aw and
Cheung [3] reported that ISFET exists the athermal point,
which is empirically determined to be at a drain current of
50 pA, and combine dual sensor for pH and temperature.

In this study, we report a method for ISFET temperature
compensation. A summation circuit was used to combine an
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ISFET and a p—n temperature sensor diode as shown in Fig. 1.
Using the p—n diode negative temperature coefficient and the
ISFET positive temperature coefficient together, the two
sensors can reduce the temperature characteristics of the
ISFET. In order to simplify the sensor fabrication into one
chip, the ISFET, p—n diode and readout circuit were pro-
duced using a CMOS standard IC process.

The ISFET temperature characteristics (TC) are investi-
gated and analyzed in Section 2. According to the TC,
methods to reduce the ISFET TC are developed. Section
3 presents the ISFET and p—n diode sensors produced using
the standard CMOS process. The readout circuit for the
ISFET temperature compensation is discussed in Section 4.
The experimental results and discussion are reported in
Section 5 followed by the conclusion.

2. Temperature characteristics of the ISFET

To derive a temperature model of the ISFET, the following
temperature coefficients were considered: reference elec-
trode, test solution, pH sensitive film/electrolyte interface
and the field effect transistor.

2.1. Temperature coefficient of the reference electrode (Tg)

The reference electrode used to measure the temperature
characteristics was the Ag/AgCl electrode with a filling of

0925-4005/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S0925-4005(01)00639-6



Y.-L. Chin et al./Sensors and Actuators B 76 (2001) 582-593 583

Temperature Signal Output
Temperature P 2 \ P

Sensor
Constant Current & pH Signal Output
Readout Circuit Compensation
Summation Circuit
ISFET

O
pH Signal Output

CCCYV or Differential Pair
Readout Circuit

Fig. 1. Block diagram of the ISFET temperature compensation.

3.5 M KCl, saturated with AgCl. The potential of this type of
reference electrode is as following [4]:

Erer(T) = Enss () & B (-2
Ref ABS H Ref AgCl

dERef
+ < o )(T298.16) )

where E ps(H'/H,) is the normalized hydrogen potential.

In the above equation, the temperature coefficient term is
applied when the hydrogen electrode is maintained at 25°C.
According to the experimental results [5], the temperature
coefficient of the dEg.¢/dT is equal to 0.14 mV/°C for an Ag/
AgCl electrode. The value of Exgs(H"/H,) is a temperature-
independent. Hansen and Kolb [7] and Bousse reported
values of 4.73, 4.7 and 4.74V, respectively [6-8]. The
relative potential of the reference electrode Eg.f{(Ag/AgCl)
is a constant 0.205 V. The above equation can be written as
following:

Eger(T) = 4.7 +0.205 + 1.4 x 107#(T — 298.16)
=4.905 4 1.4 x 1074(T — 298.16) 2)

The liquid-junction potential for the Ag/AgCl electrode with
a 3.5 M KCl filling solution is typically quite small. For a
typical liquid-junction potential of 3 mV, the value of this
temperature coefficient is 10 pV/K.

2.2. Test solution (Ts)

Since the pH value of an electrolyte solution is a negative
logarithmic form of the H' activity in the electrolyte, which
is a function of temperature. This variation in the pH value in
an electrolyte solution affects the measured results. The pH
values and the temperature coefficients used in this study are
listed in Table 1.

2.3. pH sensitive film/electrolyte interface (T;)

The potential between pH sensitive film/electrolyte inter-
face is also temperature-dependent. This phenomenon can

Table 1

Temperature coefficients for the different buffer solutions [9]
Temperature pH?2 pH 4 pH 6 pH 8 pH 10
coefficients (°C)

25 2 4 6 8 10

35 2.03 4.03 6 7.97 9.94
45 2.06 4.12 6.01 7.92 9.87
55 2.08 4.17 6.02 7.86 9.84

be explained using a site-binding model [10,11] as shown in

Eq. (3).
V4
2.303(pHpyc — pH) = q%“mh (iTE) @
where
2 N Ky /K.
g 24NV KoK @

KTCpy.

In this model the parameters such as K, Ky, N;, and Cp are
temperature-dependent, where K,, K, are dissociation con-
stants for potential determining ion and counter-ion surface
reactions as shown in the Egs. (5)—(8).

MOH, " £5MOH -+ H (5)
MOH][H* —q¥)/kT

k.  IMOHIH'}, exp(~qy)/ ©

[MOH, *]

MOH&MO™ + HY )
MO~ |[Ht —q¥)/kT

K, — MOTJHT), exp(—=q%y)/ ®)

[MOH]
That the total number of sites per unit area is as following:
N; = MO~ | + [MOH] + [MOH, "] 9)

The double layer capacitance is as following:
2k
Cpl = [ ](SkTsraoC) g (10)
q

Tang [12] derived the temperature coefficient of the pH
sensitivity film/electrolyte interface. In order to derive this
complexity factor, he made some assumptions as to which N
and Cp, are temperature-independent. From his results, the
temperature coefficient of the pH sensitive film/electrolyte
interface is not only temperature-dependent but will also
change when different test solutions are used. Using his
derived equations, a series of simulation results were derived
from pH sensitive membrane/electrolyte interfaces using
different values of K,, K, and N under different tempera-
tures. Fig. 2 shows the temperature coefficient of the inter-
face potential versus different N;. Fig. 3 shows the
temperature coefficient of the interface potential versus
different K,. Fig. 4 shows the temperature coefficient of
the interface potential versus different K. From these
results, the temperature coefficient of the pH sensitive
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Fig. 2. Simulation of temperature coefficient of interface potential vs.
different N.
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Fig. 3. Simulation of temperature coefficient of interface potential vs.
different K,.

membrane/electrolyte interface is not only a temperature-
dependent but also will change when different test solutions
are used. These curves become linear and agree with the
Nernst equation, when the K, is small, Ky, is large or Ny is
large.
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Fig. 4. Simulation of temperature coefficient of interface potential vs.
different K.

2.4. Field effect transistor (Tr)

Because that the ISFET is a chemical sensor based on the
MOSFET, the ISFET temperature characteristics are similar
to a conventional MOSFET [13]. The variations of the
threshold voltage in an ISFET are usually determined by
a feedback circuit, in which the gate-to-source voltage is
adjusted to keep the constant drain current, while the source-
to-drain voltage remains to be fixed. The current equation of
the field effect transistor in the linear region is given by
Eq. (11)

Ins = B(Vas — Vr —  Vbs) Vs (11)

Assuming that the source and the substrate are grounded,
where the parameter f§ in Eq. (11) which is the product of the
carried mobility in the silicon surface, the width over length
ratio of the transistor, and the insulator capacitance. Taking
the temperature derivative of this equation with Vpg con-
stant, we obtain the Eq. (12).

OVg 0OVp Ip 0
or _ oT | VporT
The last term in this equation can be found by measuring the
dependence of OVg/OT on Ip. By taking calculate and
measurement at various drain-to-source currents and extra-
polating to I'p that is to determine OV/OT be equal zero. And
I point as the isothermal point [14,15].

Following the above results, the current equation, Eq. (11),
in which the MOS of aspect W/L is equal to 600 pm/20 pm,
when the temperatures are between 30 and 130°C, step
20°C. These results are shown in Fig. 5.

According to above results we can see that the isothermal
point at which the threshold voltage and mobility affects the
MOS at different temperatures. The various isothermal
points with the different aspect ratios W/L are shown in
Fig. 6.

B (12)
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0.0 T

Gate to Source Voltage (V)

Fig. 5. Calculated data of threshold voltage and mobility in different
temperature. Curves of the drain-to-source current vs. gate-to-source
voltage under different temperatures by calculation.
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Fig. 6. Curves of the drain-to-source current vs. gate-to-source voltage
under different temperatures, where the aspect ratios of W/L are 20, 30,
respectively.

Fig. 7 shows the experiment for the MOS drain-to-source
current versus gate-to-source voltage, the ambient tempera-
tures are 25, 30, 50, 70, 100 and 130°C, respectively. The
aspect ratio of the MOS is 600 um/20 pm. The drain-to-
source voltage is 0.2V, the results compare with above
calculation is very similar.

From the above investigation and analysis, the temperature
coefficients Tt of the entire ISFET system can be written as

Tr=Tr+Ts + 11+ Tr (13)

In these items, the Tr and Ts almost are constant. The T and
the 77 should be investigated according to the drain-to-
source current equation of the linear region.

Ip = BVps(Vo — Eres + Po — V1) (14)

where the ¥, Vr are dependent on the Ty, Tg, respectively.
The above equation is made differential by the tempera-
ture (7), we can get the Eq. (15)

aV, In 0, _ OEResr 0¥y OV

0:_D_(ﬁ 1>+ Ref O0Y0 T (15)
or Vps OT or or or
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Fig. 7. Curves of the drain-to-source current vs. gate-to-source voltage
under different temperatures by experiment.

where the V, is output voltage of the ISFET. Following
Eq. (15), we can determine the output voltage of the ISFET.
The term for (OEges/OT — OWo /0T + OVr/OT) is a nega-
tive constant, when a current of (Ip/Vps) 8/8T(/i_1) is fixed,
a zero temperature coefficient, called the isothermal point
can be acquired. The OER./OT (Tr) and —OW/IOT (Ty)
terms, which are dependent on pH value, and produce
different isothermal points using different pH buffer solu-
tions. The isothermal point method can be used at a narrow
range of pH value, for example the human blood (the pH
value between 6.8 and 7.6). If a broad range of pH values is
used, then the method of temperature compensate appro-
priately for a differential pair of ISFET and MOSFET is
necessary. In the above section, we noted that both the
MOSFET and ISFET have relatively large dV/dT (TF),
which needs to be compensated by an ISFET and MOSFET
differential pair. The circuit is shown in Fig. 15. The ISFET
temperature parameters as reference electrode (7g) and pH
sensitive film/electrolyte interface (77) do not have revision.
To resolve this question, we used the p—n diode to combine
the summation circuit to produce an independent tempera-
ture of the ISFET. The temperature coefficients of Tg and 7}
have positive values, which are dependent on the tempera-
ture as in the above investigation. A silicon diode with stable
temperature characteristic has a negative value, which is
dependent on the temperature that can be combined with the
ISFET and a readout circuit to reduce the T, T} effect and
get the precise ISFET pH value and reduce the temperature
coefficient [16-20].

3. Integrated sensor design

To produce an ISFET using a CMOS compatible process
with no required extra mask. An extended [21] gate SnO,/Al
multi-layer electrodes sensor that consisting of a open
contact window and a transistor area was designed as shown
in Fig. 8. This configuration produces a linear dependence
between the pH ion selective membrane potential and the
output voltage. The p-n diode was used from the p* ion
implant region to n-well. The sensor was built on a silicon
wafer (p-type, 100-orientation). The NMOS has 135 A
thickness of the SiO, gate and channel to width ratio of
600 pm/20 pm. In the process, the wafers are carried
through a standard n-well, LOCOS isolated, polysilicon-
gate CMOS process sequence step-by-step. The ISFET uses

Open
Window Drain
Gate

Source
Sensor Film

Fig. 8. Schematic diagram of the ISFET.
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Fig. 9. Layout diagram of the pH-ISFET chip.
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Fig. 10. Cross-section of the discrete gate ISFET and p—n diode.

the NMOS as the base transistor. The mobility is better than
that of the PMOS. In the chemically active area, the ion
selective membranes were formed on SnO,/Al multi-layer
electrodes in which were connected to the NMOS gate. The
chip layout diagram is shown in the Fig. 9 and the cross-
section diagram of the ISFET and p-n diode are shown in
Fig. 10. An integrated ISFET chip is mounted on a ceramic
board and encapsulated with epoxy resin to provide elec-
trical insulation for the bonding wires and exposed silicon
regions on the side of the ISFET chip. The epoxy layer was
used as a protection layer against ion migration and hydra-
tion from the sample solution [22-25].

The SnO, thin film was deposited with the self-designed rf
sputtering system shown in Fig. 11. The deposition para-
meters are shown in Table 2 [26-31].

4. Readout circuit

The measuring circuit was completed by feeding both the
diode and ISFET output voltages with different gains into a

I:l Temperature Controller

—

Sputtering Gun

Diffusion Pump

Mechanical Pump

Fig. 11. Schematic diagram of the self-designed rf sputtering system.

Table 2

Growth conditions of film deposition using the sputtering system
Parameters Conditions
Deposition rate (A/s) ~20
Deposition pressure (mTorr) 20
Background pressure (Torr) 3% 107°
Ar/O, ratio 4:1
Substrate temperature (°C) 150
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Fig. 12. Schematic diagram of the summation circuit.
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Fig. 13. Layout diagram of the summation circuit.

summing amplifier to mutually offset to their temperature
coefficient, and produce a temperature-independent output
signal, as shown in Fig. 12. The layout diagram is shown in
Fig. 13. The readout circuit for the ISFET is used constant
current constant voltage (CCCV) or differential pair with
MOSFET and ISFET, shown in the Figs. 14 and 15. Any
change in the solution pH affects the solution gate interface
potential of the ISFET, which is detected by the ISFET gate
as a proportional threshold voltage change. To reduce the
temperature effect of bias voltage circuit, a bandgap refer-
ence bias circuit was used. The diagram of the circuit is
shown in Fig. 16. The diode is operated in forward bias with
a constant current. Various temperature, the diode current,
which can only be observed as a change in the diode forward
voltage since the current is kept constant. The circuit
diagram is shown in Fig. 17 [32-36].

Bandgap Reference
Reference ISFET
Elecirode pH Sensor
Output 4

Fig. 14. Block diagram of the constant current constant voltage (CCCV).
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Fig. 15. Schematic diagram of the differential pair with MOSFET and
ISFET.

5. Results and discussion

5.1. pH sensitivity of the SnO,/Al discrete gate ISFET

The HP4145B semiconductor parameter analyzer was
used to obtain the pH sensitivity of the ISFET in the pH

Wdd

—

Y.-L. Chin et al./Sensors and Actuators B 76 (2001) 582-593

VDD

OF

Diode

w Output

Vss

Fig. 17. Schematic diagram of the readout circuit of p—n diode.

2, 4, 6, 8, 10 buffer solutions, where the temperature was
room temperature (25°C). The ISFET was immersed in a
buffer solution for 1 min before testing. The transfer char-
acteristics of an integrated pH-ISFET at various reference
voltages (Vgrer) and pH buffer solutions are shown in Fig. 18.
The reference voltages were applied using an Ag/AgCl
reference electrode. The pH sensitivity of the SnO,/Al gate
ISFET can be obtained through a shift in the threshold
voltage of an ISFET sensor. The results are as shown in

ml

[

s

mf
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\‘l |~/
}

’_{
|

fohod
WY
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Chitptt to Cell
m7

e

P ':mm

?FS

v

Q3
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Fig. 16. Schematic diagram of the bandgap reference.
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Fig. 18. Curves of the drain-to-source current vs. reference voltage under
the different pH buffer solutions.

Fig. 19, in which the SnO,/Al extended gate ISFET sensor
has a linear pH sensitivity of approximately 58 mV per pH in
a concentration range between pH 2 and pH 10.

5.2. I-V characteristics of the ISFET device

The ISFET operation is very similar to that of a conven-
tional MOSFET, except that a solution gate was used instead
of a metal gate. When the ISFET and a reference electrode
(Ag/AgCl) are placed in the pH 2, 4, 6, 8, 10 buffer solutions,
a family of curves can be generated by applying 2 V for the
voltage of the reference electrode. The Ip—Vpg (drain current
versus drain-to-source voltage) characteristics of the ISFET
in a concentration range between pH 2 and pH 10 are shown
in the Fig. 20. The expression for the MOSFET saturation
region is as following:

:unCOX sol
= —(Vgs = [ Erer — Po + X*° —
) L ( GS ( Ref 0

Qox + st QB ?
—— 42
Coo G

where p, is the mobility of the electrons in the channel

(em?> V- 1s™h, C,, the capacitance per unit area of the gate
insulator (pF cm_z), W the channel width (um), L the

¥s;
q

Ip

1.7

1.6 4 Sensitivity = S8mV/pH

Output Voltage (V)
"
w

1.2
1.1
1.0 r T T T T
2 4 6 8 10
pH

Fig. 19. Curve of the output voltage vs. pH values.
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Fig. 20. Curves of the drain-to-source current vs. drain-to-source voltage
under the different pH buffer solutions.

channel length (um), Eg.s the contribution of the reference
electrode, ¥, the pH-dependent surface potential, X**' the
surface dipole potential dipole potential of the solution, Q.
the charges located in the oxide, Qg the charges located in
the surface and interface states, C,, the capacitance due to
the oxide film. Based on Eq. (16) and Fig. 20, we have
shown that the discrete structure has a linear pH response in
the saturation region under the different pH buffer solutions

[9].
5.3. Optical sensitivity of the extended gate ISFET

For conventional MOSFET, the influence of light expo-
sure is negligible, but for open-gate FET-based sensors,
optical radiation can cause a considerable threshold voltage
shift. The incident light causes a perturbation in the carrier
concentrations throughout the semiconductor. In this paper,
the extended gate ISFET in which the ion selective mem-
brane was formed on SnO,/Al multi-layer electrodes. We
investigated the optical characteristics of the extended gate
ISFET in the dark and under constant light exposure,
respectively. We used the constant halogen light exposure
of about 2000 Ix and illuminated the device of extended gate
ISFET, the results are shown in Fig. 21. The data have shown

1.0

0.8

0.6 -

0.4 -

0.2

Illumination

Drain to Source Current (mA)

0.0

T ™

T T —
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Reference Voltage(V)

Fig. 21. Optical characteristics of the extended gate ISFET.



590 Y.-L. Chin et al./Sensors and Actuators B 76 (2001) 582-593

1.82

4 Driftin pH 6 buffer solution
1.81 < Temperature =25 °C

S @
© O

L1

N
e

N

L

[ ]

1.78 4 .

1.77-. /

1.76: /

1.75-.

0 2 . 4 é ;3 1l0 1'2 1'4 16
Time ( Hour)

Output Voltage (V)

Fi

=

g. 22. Drift characteristic of the extended gate ISFET.

that the SnO,/Al extended gate ISFET structure has an
effective decrease in light sensitivity [26,37].

5.4. Drift characteristic of the extended gate ISFET

To study the drift characteristic of the extended gate
ISFET. The experimental result described in Fig. 22, which
was tested for 15 h. The drift value is 3.96 mV/h [24].

5.5. The temperature characteristics of the p—n diode

For diodes to be reliable temperature sensors, they must
display good linearity in order to eliminate tedious calibra-
tion. Eq. (17) shows the temperature relationship between
the current and voltage of the p—n diode. We measured the
current versus voltage at different temperatures as shown in
Fig. 23. The parameters of the p—n diode with standard
CMOS process are shown in Table 3. Fig. 24 shows good
linearity for this diode. They display a fast and stable
response for the small change of the temperature.

Ip = Is(e?">/"KT 1) (17)

0.1
0.01
0.001
0.0001
0.00001
1E-6
1E-7
1E-8
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1E-15 ! . 1 " I . 1
0.0 0.5 1.0 1
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YTy T

Diode Current (A)

R R B B B R R R B R

»

Fig. 23. Curves of the diode current vs. forward bias of p—n diode under
different temperature.

Table 3
Parameters of the temperature sensor of the p-n diode with CMOS
standard process

K I, (A) Vr n
1 200 19.7E—18 0.01725 1.696
2 220 7.51E—16 0.018975 1.66
3 240 9.23E—15 0.0207 1.615
4 260 1.19E—13 0.02425 1.574
5 270 1.05E—13 0.0232375 1.47
6 280 2.62E—13 0.02415 1.44
7 290 6.56E—13 0.025 1.416
8 300 1.92E—12 0.025875 1.410
9 310 5.23E—12 0.0267375 141

10 320 1.34E—11 0.0276 1.414

where I is the current of the diode, Ig the saturation current,
the factor n generally has a value between 1 (for diffusion
current) and 2 (for recombination current), Vp the forward
voltage of the diode.

Thermal cycle was performed at a constant temperature.
The nonlinear temperature coefficient of the solution pH,
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17941  TC=1.38mV/°’C

1.78 4
1.77 1

1.76 4
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1.75 1

25 30 35 40 45 50
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h
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Fig. 25. Curve of the output voltage of ISFET vs. the different
temperatures.

0.79

0.78 1 Sensitivity = -1.51m V/°C
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[}

0 10 20 30 40 50

Temperature ( °C)

Fig. 24. Sensitivity of the p—n diode with CMOS IC process.
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Fig. 26. Curve of the output voltage after temperature compensation.

provided by the manufacturer of the buffer solution, must be
taken into account. Using the ISFET’s sensitivity (58 mV
per pH), the temperature coefficient of 4+-1.38 mV/°C for the
ISFET is shown in Fig. 25.

Using the dual sensor design, a marked improvement is
shown in pH measurements where the temperature is chan-
ged. The output of the temperature compensation circuit is
shown in Figs. 12—17. The sensor operated at a drain current
of 100 pA in a pH 6 buffer over a temperature range of
25-55°C is shown in Fig. 26. The lower temperature coeffi-
cient of 0.16 mV/°C over to wide temperature range shows
the distinct advantage of the dual sensor design.

6. Conclusion

We have discussed the ISFET temperature characteristics
theory and design of CMOS-integrated ISFET chemical
sensor. An integrated ISFET pH sensor system, which
consists of the ISFET pH sensor, and a p—n diode tempera-
ture sensor, completed with on-chip CMOS amplifiers, was
fabricated and evaluated. The temperature coefficient of the
ISFET was reduced to 0.16 mV/°C in this device after
compensation. The development of integrated sensors and
readout circuit may be investigated with all of the advan-
tages of the CMOS IC process. The conclusions can be
summarized as follows:

1. Easy CMOS-IC integrated on-chip ISFET processing
with the extended gate mode, and the sensitive
membranes are the SnO,/Al.

2. The experimental data show that the SnO,/Al extended
gate ISFET sensor has a linear pH sensitivity of
approximately 58 mV per pH in a concentration range
between pH 2 and pH 10.

3. The CMOS integrated p—n diode temperature sensor
employed sensing and demonstrated compensation to
ISFET ambient temperature.

4. The integrated ISFET sensor and p—n diode temperature
sensor with on-chip bias and signal conditioning circuits
can be produced as a monolithic chip.
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