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Abstract - -With the development of  semiconductor transducers, such as Ls.f.e.t.s and related devices, a 
new class of transducers has been introduced in which the actual transducer function is 
integrated with part of the corresponding electronic circuitry. In the paper the transducer is 
therefore considered as being a new electronic component instead of  being seen by the 
classical approach, in which the transducer and the electronic circuit are simply series con- 
nected. This view appears to result in unique possibilities for stabilisation and control 
of transducer characteristics. This is illustrated in the paper with respect to the effects of 
internal series resistances and the temperature sensitivity of  i.s.f.e,t, devices. 
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1 Introduction 

BESIDES BEING used for electronic components, semi- 
conductor materials were also introduced in the past 
for the fabrication of transducers. Temperature and 
light sensitive resistors and semiconductors strain 
gauges are well known examples of 1-port transducer 
devices. The application of these devices is usually 
realised by connecting them to a voltage or current 
source and to an amplifier. 

Later on, transistor devices were also introduced 
as 2-port transducers in order to increase the 
sensitivity of the transducer. A phototransistor is an 
example of this development. More recently, the ion- 
sensitive field-effect transistor (i.s.f.e.t.) has been 
added to this type of transducer (CHEUNG, 1978). 
Although for the application of conventional 
electronic components, like bipolar transistors and 
f.e.t.s, a broad field of electronic circuits is being 
designed in order to control and stabilise the function 
of these devices, it is striking that, up to now, this 
has hardly been the case for transistor transducers. 
The papers describing these transducers, such as, for 
instance, those concerning the i.s.f.e.t, and related 
devices, are more or less limited to considerations 
and discussions about the principal operation 
(BERCVELD e t  al., 1978) and the development of an 
adequate technology for fabrication (EsAsm et  al., 
1978), but do not deal with the specific possibilities 
of these devices in the sense of being electronic com- 
ponents. A possible reason for this phenomenon is 
that the conventional way  of connecting a trans- 
ducer to an electronic circuit is a simple one-way 
series connection. Several papers have dealt with the 
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integration of the actual semiconductor transducer 
and the peripheral electronic circuits, e.g. impedance 
transformers and signal processing circuits, and this 
possibility is being promoted as one of the specific 
advantages of semiconductor transducers. The 
principle of the series connection has, however, 
never been discarded up to now. In this way the 
development of i.s.f.e.t.s is also scarcely more than a 
combined potentiometric sensor in series with an 
m.o.s.f.e.t, amplifier, eventual ly with integrated 
circuitry for supply stabilisation and buffering. 

With the aforementioned 'series approach', the 
problems with respect to transducer function control 
and stabilisation of device characteristics have to be 
fully solved by the solid-state technologist. This 
paper will, however, deal with some electronic con- 
cepts which can be used for parameter control of 
solid-state semiconductor transducers. In practice 
there will always be a discussion about Whether a 
solution will be found in the implementation of 
adequate solid-state technology or in the develop- 
ment of new electronic concepts. This is, however, 
also the case with the application of more con- 
ventional semiconductor devices, and will often give 
rise to some controversial points of view. Either the 
technologist produces devices with guaranteed 
characteristics, or the electronic engineer accepts 
deviations, within certain limits, and develops his 
circuits in such a way that a stable function of the 
device can still be guaranteed. 

The possibility of an electronic solution to meet 
various design and application problems with i.s.f.e.t. 
devices will be discussed in this paper with respect 
to the influence of the i.s.f.e.t, geometry on the 
device characteristics and the temperature depen- 
dence of its sensitivity and offset voltage. The 
principles described can also be used for other 
transistor transducers. 
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2 Influence of the i.s.f.e.t, geometry on device 
characteristics 

One of the advantages of using silicon as a base 
for semiconductor transducers is said to be the 
knowledge of silicon technology, which in principle 
makes it very easy to convert a new idea into an 
operating device in a relatively short time. This is 
completely true, but as soon as conceptual differences 
in devices occur, one must choose whether a new 
technology has to he developed or whether a less 
adequate conventional technology should be 
accepted. This latter solution can be chosen when it 
is possible to find an electronic concept that can 
meet the omissions in the technology. 

Focusing our attention on the difference between 
an m.o.s.f.e.t, and an i.s.f.e.t., besides the change in 
gate material from metal to electrolyte, the method of 
contacting the actual source and drain is also 
necessarily quite different. With an m.o.s.f.e.t, the 
source and drain regions can, in principle, be com- 
pletely evaporated with aluminium, which makes a 
very low resistance contact after alloying. On the 
contrary, with i.s.f.e.t.s this contact method is 
impossible because the gate has to be contacted by 
an electrolyte, which means that no metal contacts 
can exist in the vicinity of this area. Depending on 
the necessary length of the insulating lacquers over 
the oxidised source and drain region, the contact 
places are usually some millimetres away from the 
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Fig. 1 Geometric representation o f  a common i.s.f.o.t. 
configuration 

actual source and drain-to-gate interface. The most 
common i.s.f.e.t, configuration is shown in Fig. 1. 

Using a donor concentration No = 5 x 1019 cm -3 
for the source and drain regions, resulting in a 
square resistance R c~ = 40 ~,  internal source and 
drain resistances are created with a value 40 x I/w ~ ,  
in which l /w is the length/width ratio of the diffusion 
region. In the case of the geometry as shown in 
Fig. 1, the series resistance of  source and drain will 
thus be 4 x 4 0 f ~  = 160~. In practical cases of 
needle-shaped i.s.f.e.t.s this value is even larger 
(Esnsm et al., 1978). This internal resistance of  
source and drain, of which the value depends, of 
course, on the actual geometry of the device, will 
never be zero, and gives rise to serious problems with 
respect to the sensitivity of the device. This can 
easily be seen if we consider the simple lst-order 
equation for the drain current Id and the mutual 
conductance S~ of an m.o.s.f.e.t. 

l~ = ~e[V~(V~- V T ) - � 8 9  . . . . .  (1) 

dlo = fiVe . . . . .  (2) 
S g =  dV~ Va = ~o.~t 

in which fl is the geometry factor and Vr the 
threshold voltage. In the case of the source and drain 
having internal resistance R, and Re, respectively, 
the mutual conductance, or in other words the 
sensitivity of the device, will decrease to the effective 
mutual conductance 

S . e f f  = f l[Vd'--  ld (es  + R4)] . . . .  (3) 
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Fig. 2 Id/Vg characteristics o f  a normal m.o.s.f,e.t, for 
various values of  series resistors in source and 
drain leads Rs and Rd, respectively 
a M.O.S. T, without Rs or R d 
b M.O,S.T, with Rs = 1 2 0 ~  or Rd = 120 
c M.O.S. T, with Rs ---- Rd = 120 
Vd, = lOOmY 
fl = 4 X I O - 3 A V  -2 
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where Va' is the external applied drain to source 
voltage. This means that the sensitivity decreases as 
a function of (Rs + Ra) and In, resulting in a bending 
of the Ia-V~ curves, and even more for smaller 
values of Va'. This effect is shown in the curves of 
Fig. 2, measured with a normal m.o.s.t, without and 
with additional Rs and Ra. 

The shape of the Ia/Vg curves measured with 
i.s.f.e.t.s can be fully explained as being the result 
of the internal source and drain resistances (EsAsHI 
et al., 1978). Because only small values of Va can be 
used for Ls.f.e.t.s, the described effect is very pro- 
nounced (see eqn. 3) and will cause serious problems 
by the application of i.s.f.e.t.s. 

In view of the considerations mentioned in 
Section 1, there are, in principle, two ways of solving 
this problem; namely, technologically and elec- 
tronically. A technological way of approaching the 
problem is to contact the source and drain from the 
liquid-free side of the device. However, this implies 
new technologies because this technique is very 
unusual for standard transistor devices. The most 
promising solution is described by CLINE et al. 
(1976), while ZEMLL (1977) suggests that it could be 
used for i.s.f.e.t.s and related devices. It is much 
easier to solve the problem of decreased sensitivity 
owing to interpal source and drain series resistors 
by means of an electronic circuit, which is insensitive 
to series resistors due to the application of the feedback 
principle. The simplest way is to use a source follower 
system obtained by applying a current source in the 
source lead of the i.s.f.e.t. Also, the use of the bulk 
of the i.s.f.e.t, as an additionalinput lead for maintain- 
ing a feedback loop is reported (BERGVELD, 1972). 

A more effective approach is, however, the following 
design of a forced source and drain follower with a 
possible additional bulk feedback, depending on 
eventual special requirements. 

As can be seen in Fig. 3, the system consists 
essentially of a power supply (current source and 
adjustable reference voltage Vrej'), a n  instrumentation 
amplifier system and an operatio~.al amplifier. The 
i.s.f.e.t, is connected to the leads of the instrumenta- 
tion amplifier that are normally used to connect a 
resistor that determines the amplification of the 
amplifier. The usual inputs of the amplifier are, in 
this case, connected to a fixed voltage IR1, provided 
by the current source. The output voltage of the 
instrumentation amplifier is now inversely pro- 
portional to the channel resistance of the i.s.f.e.t. 
Note that the connections for source and drain are 
of very low resistance, as in earlier designs, which 
means that the i.s.f.e.t, can be connected to the 
system by means of long un shielded wires (BE~VELI~, 
1968, 1972). 

The difference between the output voltage of the 
instrumentation amplifier and an adjustable reference 
voltage V,~.r is amplified by the operational amplifier, 
from which the output 'injects' a feedback current 
If  into R2, resulting in a final source and drain 
voltage equal to VR2 and V(R2+m), respectively. The 
current is measured via the adjustable resistor Rg. 
If the open-loop amplification of the system deter- 
mined by the amplification of the combination of 
i.s.f.e.t, and instrumentation amplifier (approxi- 
mately R8/R7 x S~esr x (R3 + R4), and the open-loop 
amplification of the operational amplifier, is high 
enough, the source and drain potential with respect 
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Fig. 3 Principle diagram of Ls.f.e.t. amplifier 
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to earth follow a change in the input voltage vl of 
the i.s.f.e.t., resulting in an output voltage 

R9 
Vo : R~-vl 

If we focus our attention on a pH sensitive i.s.f.e.t., 
the procedure of a pH measurement with this system 
is as follows. If the i.s.f.e.t, is placed in a buffer 
pH = 7, the reference voltage is adjusted in such a 
way that I s = 0. The, output Voltage acros s R9 is 
thus also zero, independent of the value of R9. If 
the i.s.f.e.t, is then placed in another buffer, e.g. 
pH = 4, the value of R9 can be adjusted in such a 
way that an appropriate voltage is measured, e.g. 3 V 
if the desired sensitivity of the system should be 
1 V/pH. Of course the output voltage can be directly 
calibrated in pH units. 

Because the feedback of the system as shown in 
Fig. 3 is only effective if the liquid gate of the i.s.f.e.t, 

�9 has a defined potential with respect to ealth, the 
amplifier will not be biased as long as the i.s.f.e.t is 
not dipped in the liquid. Therefore, it is useful to 
connect the bulk not to the source, as commonly in 
use and shown in Fig. 3, but to the earth lead of the 
system. Then an additional bulk feedback loop is 
created by which the system will also be biased with 
an open gate (BERGVELD, 1972). Dipping the i.s.f.e.t. 
in the liquid now gives two feedback loops that are 
simultaneously active but do not influence the 
principal operation of the whole amplification 
system. Furthermore, the bulk itself can now be 
used as an earthed reference electrode if it is provided 
with a layer of Ag/AgCI. Summarising this Section, 
it has been shown that the sensitivity problems of 
i.s.f.e.t.s owing to internal source and drain resis- 
tances can be completely met by the design of an 
adequate electronic system. 

3 Temperature dependence of sensitivity and offset 
voltage of an i.s.f.e.t. 

A serious drawback of the application of semi- 
conductor transducers is the temperature sensitivity 
of the devices. This implies that they are a bad 
proposition compared with other more conventional 
transducers. If we focus our attention on a pH 
measurement, it should be noticed that the usual 
pH glass electrode is, of course, also temperature 
dependent, but to solve this problem the pH equip- 
ment is provided with possibilities for compensation 
by means of control of the asymmetry potential and 
temperature correction for the slope, which is a 
commonly accepted procedure for the calibration of 
pH electrodes. With the application of a pH sensitive 
i.s.f.e.t., the temperature-dependent semiconductor 
characteristics of the probe give rise to additional 
temperature dependency of the measurement. If 
these additional effects of temperature dependence 

can be cancelled, the i.s.f.e.t, application can com- 
pete with the normal pH electrode, and the 
advantages of miniaturisation, solid-state character, 
rigidity and multiprobe possibilities can be then fully 
utilised. 

Because the temperature-dependent semiconductor 
characteristics of an i.s.f.e.t, are essentially the same 
as those of an m.o.s.f.e.t., we will further consider in 
this Section the temperature dependency of 
m.o.s.f.e.t.s and discuss the possibilities of com- 
pensation for this temperature dependency. The 
following equation for the drain current describes 
all the effects that influence it (BERGVELO, 1969): 

1 2 2 

x a{(Vd- Vo + q~.)+- ( -  Vb + en)+)] (4) 

in which fl is equal to 12. Cox w/I, 12. is the electron 
mobility in the inversion layer, Cox is the oxide 
capacitance per square area, w/l is the geometry 
factor of the channel, V~ is the applied gate-source 
voltage, VeB is the flat band voltage, and 

k T NA 
eB = 2 - I n  (see eqn. 7) 

q n~ 

Vd = applied drain-source voltage 

~t = (2co esi qNa)+/Cox (see eqn. 7) 

Vb = applied bulk-source voltage 

In this equation, fl and ~bB are the temperature- 
dependent factors, resulting in an offset current 
Aid = f ( T )  and a sensitivity S e = flVo = g ( T )  (see 
eqn. 2). The sensitivity is thus temperature depen- 
dent, due to the parameter fl, but, referring to 
Section 2, this influence can be cancelled by using 
the feedback system of Fig. 3, where the output/input 
relationship was insensitive to device parameters 
such as ft. The resulting problem to be solved is the 
temperature-dependent offset current, which will be 
converted into a temperature-dependent offset 
voltage in the feedback system of Fig. 3. 

In the literature, the temperature sensitivity of fl 
and ~B is described as follows. The temperature 
sensitivity of fl = 12, Cox w/l is due to the temperature 
sensitivity of the electron mobility in the inversion 
layer, given by the following equation: 

d/in 12n 
d---T-= m T . . . . . . . .  (5) 

in which LE]STIKO et al. (1965) found experimentally 
that m = 1-5 for -200~ < T < +200~ while 
VADASZ et al. (1966) found m = 1 for - -55~  
T < +125~ Therefore, for room temperature 
measurements, the latter case results in 

d~ 
d T  T . . . . . . . .  (6)  
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The temperature sensitivity for 

k T  Na 
~bn = 2 l n - -  

q nt 

is also only empirically found, because the equation 
for the intrinsic carrier concentration 

W~s~ "~ 
h i =  C T - ~ e x p  - k T  ] 

is an empirical relationship (C is an empiric constant, 
W~s~ is the bandgap of silicon). F lom these equations 
it follows that: 

d d ~ _  d T  T 1[ 3kT +fin_ ~_sL ] q 

Although the relationships for dri/d T and d~bn/dT 
are both confilmed by measurements, it will be 
obvious that it is no use substituting the relationship 
ri(T) and ~B(T) in the equation for the drain 
current, hoping to find a relationship in which one 
tempelature-dependent factor will clearly show up 
that could then be influenced by technological 
methods to achieve a simple, e.g. a linear, tempera- 
ture dependency. Moreover, in practice the tem- 
perature dependency of R, and Rd, as described in 
Section 2, has also to be considered, which provides 
another complication. 

If, however, Ald(T) can be measured separately 
and simultaneously with Aid( T, Vg), then a possibility 
exists to design an electronic system in which the 
influence of the temperature can be compensated. 
This means that without knowing the exact relation 
AId( T ) concealed in AId(T, Vg), the signal AId(T) 
has to be withdrawn from the m.o.s.t. (or i.s.f.e.t.) 
itself. A measurement of T with a separate sensor is 
n o t  suitable, not even if this sensor is a second 
m.0.s.t, of a differential pair. The only solution is to 
find a measurable m.o.s.f.e.t, parameter, which is a 
function of T in the same way as ld and which is not a 
function of the input voltage V v For this parameter 
the mutual conductance of the bulk S0 is obviously 
an excellent candidate. Let us, therefore, consider 
the two equations for Id and So: 

Id = ft[(V~- V ~ -  r189 

X ~{(Vd-- Vo + ~.)~-- (-- Vo + ~.)~}] (8) 

did 
So = dVo Vd . . . . .  , 

= ari[(Vd -- lib + r -- ( -- Vo + ~bB) ~1 (9) 

in which the symbols have the usual meaning (see 
eqn. 4). 

Under the condition that V0 = 0 and with the 
approximation that (1 +x) m = 1 +rex, eqns. 8 and 9 
become 

ld = ri[(Vg-- VrB-- CB)Vd--�89 2-avd(q~8) § (10) 

SO = O~rikVd~B -~  . . . . .  . �9 �9 (I1) 

Assuming that due to a change in the temperature , 
fl and q~B change according to 

,8 = rio+Aft . . . . . . . . .  (12) 

~bB = ~bno+ A~bB . . . . . . . .  (13) 

ld and So will change correspondingly to 

Id = ldo + Aid . . . . . . . .  (14) 

So = S0o+AS0 . . . . . . . .  (15) 

rio, ~bBo, Ido and S0o refer to the values at a certain 
initial temperature, thus being constants. Substitu- 
tion ofeqns. 12, 13, 14 and 15 in eqns. 10 and 11 and 
again with the approximation as mentioned above, 
it follows that: 

Aid = --~-o-o ldo--rio 1+ VaAr189162 -~) 

(16) 

Ari Sbo_ flo(l + _~_o )VdA~B�88 (17) AS~ = 

in which ldo is given by eqn. 10 with the subscript 0 
in Sbo in the same way by eqn. 1 l. If we are able to 
measure ASh, and, as we will see at the end of this 
Section, this can very easily be done, we have in fact 
also measured AId if AId~ASh is a constant. This 
relationship therefore has to be considered further. 

AId Ido + ~IF1 
ASh Sbo + rl F2 

(18) 

in which 

F1 = (1 + � 8 9  -~ )  . . . . . . .  (20) 

F2 = �88 -~ . . . . . . . .  (21) 

Depending on the values of the different parameters, 
three cases of operation of the device can be 
distinguished: 

(a) ldo > ~IF1 and Sbo > ~/F2 
In this case AId/ASh = Ido/Sbo = constant 

(b)~lF1 > ldo and ~/F2 > Sbo 
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In this case AId~ASh = FI/F2 = constant because 
and {b,o are constant 

(c) In the intermediate range, if we denote 
I~o/Sbo = Fa, it follows from eqn. 18 that 

Aid Sbo-rlF1/F3 
- F 3  . . , . . ( 2 2 )  

ASv Svo -- qF2 

This relation is only constant if F1/F2 = F3 or 

1 _ l  
1 + a - e q / ~ o  ~ /do (23) 

� 8 8  - i  Sbo . . . . . . .  

This equality can be controlled by the proper 
adjustment of Ido, which is an independent variable. 
The conclusion is that a separately measured signal, 
which is directly related to ASb, multiplied by a 
constant factor, or, in other words, properly 
amplified, gives a signal A/a(T) that is independent 
of Vg but in the same way dependent on T as 
l,~(Vg, T). 

The realisation of the described principle is quite 
simple. In order to create a sensitivity independent 
of fl, the feedback system of Fig. 3 is used. In this 
system an additional sinusoidal signal is injected by 
means of a transformer that is connected between the 
source and the bulk. This is shown in Fig. 4. 

Because the whole feedback system is limited to a 
frequency of 3 kHz, the frequency of the bulk signal 
is chosen as 30 kHz, and is thus not affected by the 
feedback loop. The amplitude of the 30 kHz signal is 
measured at the output of the instrumentation 

amplifier by means of a lock-in amplifier and appears 
to be proportional to AS~. Of course, in this system 
the actual output of the system is not ld but Vo, 
which is, however, essentially the same. It appears 
that the curves Vo(T) and V~b(T) are of the same 
shape, which can best be illustrated by a simul- 
taneous recording of these signals, as shown in 
Fig. 5, where the m.o.s.f.e.t, under investigation was 
warmed up by a hair drier. 

In addition, a negative and a positive pulse of 
50 mY (to be compared with 1 pH unit in the case of 
an i.s.f.e.t.) were applied to the gate, which can be 
seen in the Vo curve and not in the S~ curve, as 
could be expected. The shift in the time axis is due 
to the distance between the two pens of the double 
trace recorder. 

It will be obvious that the Sb(T) curve can be 
simply subtracted from the Vo(T, Vg) curve to give 
the desired Vo (Vg) curve independent of temperature. 
In the meantime, the temperature signal itself is also 
available, which can be used in addition for a 
temperatme-dependent amplification of Vo in the 
case of an i.s.f.e.t., in accordance with the tempera- 
ture dependent slope correction with normal pH 
equipment. The signal Sb(T) can also be used for an 
automatic compensation if it controls V, ef. 

Summarising this Section, it was shown that a 
theoretically difficult to define temperature depen- 
dency of an m.o.s.f.e.t., which can also be any solid- 
state transducer based on the m.o.s.f.e.t, concept, 
can be handled with adequate electronic concepts. 
The quintessence of this idea is that the temperature 
signal is withdrawn from the measuring transducer 
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Fig. el Principle diagram of i.s.f.e.t, amplifier with additional circuitry for temperature measurement 
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itself; a unique concept,  because no problems occur 
with respect to temperature  fluxes and thermal 
resistances that  would certainly be the case with the 

Vds = 100 mV 
Id = 2001 ~A  

Vsb (T) 

I  vg= 5o 
Warming up W~arrning up 

iv I ~e~ 

Fig. 50riginalrecording of Vo(T, Vg) and I/sb(T ) 

use of  a separate sensor for the measurement  of  the 
process tempeiature .  In  the latter case it would also 
be a problem to m a t c h  the temperature  charac- 
teristics of  both  transducers. 

4 General conclusion and discussion 

Up to now it was argued that  the advantage of  the 
semiconductor  transducers was their  solid state and 
therefore the rigid character of the devices and the 
miniature design. Also the possibility of  mult iprobe 
constructions was often ment ioned as a great 
improvement  in the field of  transducers. In this paper 
a unique concept  is added to these statements, 
namely, a notable  breakthrough with respect to the 
classic approach of  a one-way series connection 
between a transducer and its conespond ing  electronic 
measuring circuit. In  fact the development  of  semi- 
conductor  transducers is not  only a modern  way of  
constructing transducers but  it introduces a whole 
new class of  transducers that opens up t remendous 
possibilities in the classical field of  transducers, not  
available up to now. 

With convent ional  transducers, the device 

characteristics were fully determined by the tech- 
nology of  their  fabrication and construction, while 
the new approach,  described in this paper, introduces 
electronic concepts for control l ing the transducers '  
device characteristics by external means. The  
principles described in this paper are only illustra- 
tions, but  it will be obvious that similar principles 
applied to other  semiconductor  transducers can be 
developed in the future. 
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