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Abstract

Design considerations for the multiplexing of pH-sensitive ISFETs are
studied and discussed Expermmental results with an ordinary multiplex
circuit show transients of the order of several seconds 1f the output voltage
of the applied amplifier 1s required within an accuracy of 0 5 mV (corre-
sponding to 0 01 pH unit) These transients appear to result from thermal
mstability of the ISFETs during switching operations, and can be cancelled
by guaranteeing a constant chip dissipation This necessitates the design of
a special multiplexer circuit for multiplexing separate ISFETs The output
voltage of the apphed amplifier then appears to be stable within 1 milli-
second with the required accuracy

1. Introduction

After the mntroduction of the single ISFET sensor as a new electronic
device for the measurement of chemical concentrations, several authors
described devices specially designed to obtain selectivity for one particular
1on, such as H*, Na*, K* or Ca* [1-5] In certain circumstances, for
example in biomedical applications, electrode arrays with a number of
ISFETs for the simultaneous measurement of several 1on concentrations
would be very useful The basic ISFET concept 1s very suitable for this
development because 1t makes use of standard microelectronic technology
It 1s very easy to realize several FET structures in one chip and the various
gate areas are well defined, membranes can easily be attached to each gate by
means of photolithography, thus providing selectivity [6] In order to
connect the different ISFETs to the ‘outside world’ 1t 15 usually troublesome
to use separate leads for each source and drain, which means that the chip
has to contain a multiplexer to connect one ISFET at a time to only two
leads

A second application of ISFET multiplexing 1s for simultaneous testing
of a number of ISFETS, usually of the same type, by means of one amplifier,
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connected to a parameter registration system In this case the multiplexer
consists of a separate electronic switching circuit incorporated 1n the amph-
fier circuitry

This paper investigates the influence of connecting and disconnecting
the ISFET source and drain on the electrical and chemical behaviour of the
device In particular, the time response of the ISFET after switching will be
examined, in relation to a given level of accuracy For example, 1t 1s useful
to know the time required after switching to read out a pH-ISFET with 0 01
pH unit accuracy First, however, 1t 1s necessary to examine the practical
conditions under which multiplexing 1s carried out

2. Practical conditions of ISFET application

In general, amplifier circuits developed for the application of ISFETSs
are based on the source and dramn follower concept, in which the drain
current I; 1s kept constant, but adjustable for calibration purposes, and
where the applhed drain—source voltage Vg, 1s also kept constant [7] In the
case of a multisensor apphcation one such amphfier will be used, while the
multiplexer connects the individual ISFETs i sequence to the amplifier A
reference electrode determines the potential of the measuring solution with
respect to the common terminal of the amplhifier, usually the ground connec-
tion of the complete measuring and data processing system

Using only one ISFET and a corresponding amplifier, the drain current
1s usually set to a value that relates the output voltage of the amplifier to an
appropnate calibration buffer For instance, for a pH ISFET this can mean
that the drain current is adjusted to a value such that the amphfier output
voltage V,,, = 0V corresponds to pH =7 Using this procedure for a mult:-
ISFET sensor, 1t imphes that the multiplexer should not only connect each
separate mdividual ISFET to the amplifier, but should also switch the drain
currents to the corresponding set-pomnt values, which will differ between
ISFETs due to production vanations This preblem 1s aggravated if the multi-
sensor contains ISFETs which are selective for different 1ons

A more practical solution would be to apply the same drain current, as
set by the amphfier, to all the separate sensors, and use a data processor to
store the amplifier output voltages in relation to the 1onic constituents of a
calibration solution This means that the source and dramn follower will
adapt the source and drain voltage with respect to the common amplifier
terminal (usually the grounded reference electrode), maintaining the same
constant values of Iy and Vg, for each connected ISFET For practical
reasons the sources of the different ISFETs of a multisensor are connected
(one common diffusion mn the chip) This means that the source and drain
potentials of the ISFETs not connected vary with respect to the one which
1s momentarily connected

Electromically 1t 1s no problem to design an amplifier with a pre-
connected multiplexer, separate or integrated in the ISFET chip, which
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operates 1n the manner mentioned above It should, however, be investigated
whether an ISFET will behave normally straight after being switched on, or
1f one should allow a certain time delay before samphng the amphifier output
voltage

The data for transient ISFET phenomena already given in the hiterature
[8] are not relevant here, because the measuring conditions were not directly
applicable to a practical measurement set-up The given constants are defined
as a 63% decay tume, but the corresponding values of the amplifier output
voltage cannot be extrapolated to the end-point values 1f the mechanism of
the transient 1s unknown In this paper the output voltage of an amphfier
with a pre-multiplexer, which sequentially switches two ISFETs, will be
analysed and discussed

3. The ISFETSs and the ISFET amplifier

The ISFETs used for the experiments were Al,0; gate ISFETs with a
sensitivity of approximately 50 mV per decade (H*) The chips were
mounted on a small glass fibre print plate with bond wires to conducting
leads and isolated with epoxy, except for the gate area

The ISFET amplifier 1s a source and drain follower circuit (see Fig 1),
whose operation has already been described 1n detail elsewhere [7] The
source and drain connections are low-ohmic due to the feedback of the two
supply operational amphfiers A; and A, A; i1s connected as a differential
amphifier with unity gain A, 1s connected as an inverter. A provides the
open loop gain of the total system and A, 1s a voltage follower The source
and drain voltages were set a 500 mV, determined by the current source
and R; The value of the drain current can be set by means of V. and
measured by means of V,,; where

Vout, =500 mV + Id(R3 + R4)

+ Vout,
Fig 1 Amphfier circuit diagram according to the source and drain follower concept

R1=R2=500 Q, R3=R4=22 kQ, R5=R6=R7=R8=R9=R10=R11=R12=33 kQ,
C=82 nF,A1=A2=0P 05, A3=A4=A5=A6=MC 1741
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V,.er can be adjusted between 1 and 10V, thus controlling the drain current
I; between 11 and 215 pA V,,, 1s equal to the source voltage with respect
to ground and follows the ISFET surface potential within an accuracy of
0 999 This amplifier circuit operates very well in practice The bandwidth
chosen 1s 0-5kHz, determined by the value of the feedback capacitor C of
As

4 The multiplexer

The multiplexer which has to be connected between the described
amplifier and a set of ISFETs must either be integrated with the ISFET chip
mn the case of a multi-ISFET, or a separate circuit for the simultaneous
testing of single ISFETs For the purposes of this mmvestigation, a simple
design 1s chosen which 1s applied to two separate ISFETs and 1s not inte-
grated to facilitate measurement of the actual operation at various points in
the circuit

Commercially available FET switches (Signetics SD 5001) are used, as
shown 1n Fig 2 The bulk of the FET switches F,, F, and F; 1s connected
to the ground The connections S and D are apphed to the source and drain
mputs of the amplifier shown 1in Fig 1 The square-wave voltage generator
can switch the drain D, of ISFET 1 or D, of ISFET 2 to D, while the sources
and substrates of the two ISFETs are continuously connected to S

i) + lé Fy
D
Q=" D’I FQ ~ DZ
2 |h 1SFET ISFET 2 xES
Fa s, 2
Gen rir

Fig 2 Circurt diagram for multiplexing two ISFETs applied to the amplifier circurt
shownmm Fig 1

5. Results

The tests were carried out in a buffer solution of pH4 Before testing
the response of the ISFETs under drain current switching conditions, the
response of the system was tested with only one ISFET constantly
connected (F; or F3; on), while the reference electrode was connected to a
square-wave voltage generator It appeared that the output voltage follows
the mput voltage within a millisecond, which 1s actually determined by the
amplifier frequency response and 1s independent of the value of I, fixed by
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the reference voltage V., This means that the ISFET, connected to the
amplifier by means of the multiplexer, can handle a stepwise change within
at least a millisecond During the actual multiplexing the reference electrode
was connected to earth and long transients were observed Depending on the
chosen value of the drain current, 1t took seconds before the output voltage
of the amplifier was stable within the required accuracy of 0 5 mV (0 01
pH)

Figure 3 shows a typical result for the output voltage V,,, of the
amplifier (see Fig 1) when I; was set to 20 uA and ISFET 2 was connected
with simultaneous disconnection of ISFET 1 The difference in V,; for
ISFET 1 and ISFET 2 results from differences in their characteristics
Forcing the same current I at the same drain—source voltage V4, ensures
that the source voltage (and the drain voltage) with respect to earth adapts
itself to the characteristic of the ISFET that 1s switched on The differences
may be of the order of volts, while the transients are of the order of milli-
volts The shape of the transients appeared to be a function of the drain
current and changed in direction with increasing drain current

This transient phenomenon was also observed for a MOSFET with
similar characternistics This suggests that electrochemical phenomena are not
responsible for the ISFET transient Further, no real physical RC time
constant with such a high value can be found in the MOSFET, ISFET or
multiplexer—~amplifier system The drain current itself was checked to be
constant (V,,; , Fig 1) during multiplexing with no transients These obser-
vations and considerations mean that the transient phenomenon 1s the result
of a shift in the 14—V, ISFET characteristic at the moment of switching on a
particular ISFET Such a shift can be induced by an increase 1n temperature
due to the dissipation of I; V4, The shape and sign of the transient agree
with these considerations, as shown in Fig 4, where recorded transients are
shown at three points of the 14~V charactenstic, 1 e , below, beyond and at
the 1sothermal point (I3 = 80 pA) The existence of the isothermal point for

——— ISFET 1
vout1 l, I1mv
10 sec
—t l/_“
T -——«-——L»—*—[SFETZ .

—= ISFET on

Fig 3 Typical recording of output voltage Vout, as a result of the multiplexing of two
ISFETSs

Fig 4 Typical recordings of the on-set of an ISFET at various values of the drain current
I4 1n relation to the I3—V, charactenstic as a function of temperature
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ISFETs has been confirmed in the hterature [9] Comparnison of the heat
conductivity values for water (0 2 mW cm™! °C™!) and S1 (2W cm™! °C™1)
makes 1t clear that any heat dissipation i1n the sihcon chip warms 1t up and
possible cooling of the surrounding liguid has hittle effect It was observed
that stirring does not influence the duration of the transient

As an example, we calculate the temperature effect for a chip 1 mm? X
200 pum, resulting from a reahistic dissipation of 50 uW (I3 = 100 uA, V4, =
500 mV) where thermal equilibrium 1s established after 2 5 s (the order of
the observed time constant) Taking the silicon density as 2 32 g cm ™3 gives
a chip mass of 4 6 X 10™% g, and the dissipation 1s 2 5 X 50 X 107°J Taking
the specific heat of S1as 0 76 J g~ ! °C7, the temperature increase of the chip
will thus be
AT = 125 X107 035°C

076 X46x10%

Knowing that the threshold voltage Vi of a MOSFET will shift by =2 mV
°C~! [10], 1t 1s thus not surprising that transients of the order of millivolts
will occur when an ISFET 1s switched on

6 Conclusion and discussion

The observations and calculation mentioned above suggest that during
multiplexing, where ISFETs are switched on and off at drain current values
below or beyond the i1sothermal operating point, the chip dissipation should
be kept constant When the ISFETs are part of a multisensor with an
itegrated multiplexer, this constant dissipation requirement can be easily
realized because one of the ISFETs 1s always 1n operation However, when
separate individual ISFETs are multiplexed, for instance for test facilities,
an alternative multiplexing system 1s requaired Figure 5 shows the principle
of such a system, where as an example two ISFETSs are connected 1n parallel
most of the time After a certain time interval one of them is disconnected
by the multiplexer for a very short time, for instance 10 ms, while the
second ISFET operates, determining the amplifier output voltage This
means that both ISFETs are dissipating constantly but are read out sequen-
tially However, the multiplexer circuit must connect and disconnect the
measuring resistors of the amplifier (R5; and R,4) simultaneously, 1in order to
adapt the amplifier to one ISFET or two ISFETSs 1n parallel, and the two
ISFETs should have approximately similar characteristics The time the
ISFET 1s being measured (10 ms) 1s short with respect to possible tempera-
ture effects

Measurement results with a system as shown in Fig 5 indicate that the
output voltage of the amplifier (Fig 1), where the source and drain mea-
suring resistors R; and R, are replaced by the switched resistors R;, R;', R4
and R, (Fig b5), gives a stable sampled value for each separate ISFET within
1 ms, fixed by the frequency response of the amplifier
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Fig 5 Principle of the alternative multiplexer switching system Rj= R3' =R,=R4 =
22 k2

It will be clear that the system with two ISFETs can easily be extended
to n parallel ISFETs where (n — 1) are briefly disconnected sequentially to
measure the remaining one
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