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Abstract 

A multi-ion sensing device, based on ISFETs, is described for horticultural applications. The advantages of a new 
packaging technique based on back-side contacted ISFETs are outlined. The basic pH-sensitive ISFETs can be 
modified to, e.g., potassium-sensitive devices by using neutral carrier-based membranes and an intermediate 
hydrogel. Both membrane and hydrogel are chemically anchored to the ISFET surface and the ionophore is 
chemically bonded to the membrane. It is shown that these chemical modifications of the membrane system lead to 
an increased lifetime for the sensor. 

Introduction 

The first developments concerning the growth 
on a commercial scale of horticultural crops using 
an artificial medium rather than soil took place in 
Scandinavia [ 11. Since 1980, in particular in the 
Netherlands, the area of crops on substrate has 
increased rapidly, especially for the growth of 
vegetables. The reasons for this remarkable shift 
are the urge to avoid infection of the soil with 
highly toxic and expensive chemicals and to in- 
crease the production and quality of the crop. 

The rockwool system has one major disadvan- 
tage. To achieve optimal growth conditions an 
excess of water has to be given to the plants. There 
are three reasons for this surplus: the substantial 
difference in transpiration between plants, the un- 
even supply of water per plant due to the inaccu- 
racy of the trickle irrigation system and, last but 
not least, accumulation of sodium and chloride or 
even certain nutrients in the rockwool slabs, which 
has to be avoided [l]. This excess of water con- 
taining nutrients (drainage water) flows freely to 
the surface water. Apart from the loss of raw 
materials, this causes considerable pollution of the 
environment. This form of environmental pollu- 
tion and loss of fertilizers and water can be pre- 
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vented by collecting the drainage water in a gutter 
system and reusing it. 

However, the composition of this drainage 
water is unknown and therefore precise control of 
the nutrients in the irrigation water (a mixture of 
fresh water and drainage water) is impossible. 
Since the plant-uptake of nutrients can vary con- 
siderably [2], continuous measurement of the 
drainage water composition is preferable to dis- 
continuous analysis from samples. This monitor- 
ing of the drainage water composition can also be 
used to follow the accumulation of sodium and 
chloride and initiate a warning signal to prevent 
damage to the crop. An ideal closed-loop system is 
shown in Fig. 1. Furthermore, information on 
plant-uptake, determined from irrigation water 
and drainage water composition, could lead to a 
better understanding of plant physiology and 
thereby improved control of plant growth, higher 
production and better quality. Although research 
has been done with conventional ion-selective elec- 
trodes [3], no continuous measurement system 
has been developed that is compatible with the 
demands of the application of sensors in horti- 
culture. 

In principle an ISFET-based system could fulfil 
the harsh horticulture requirements (lifetime > 1 
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Fig. I. Schematic representation of a’ closed-loop system. 

year, accuracy < 10% and low maintenance level). 
In order to ensure a long lifetime, both ISFET 
packaging and the organic membranes used to 
change the sensitivity have to be improved. These 
requirements mean that an automatic calibration 
system with low consumption of solutions has to 
be part of the measurement set-up. 

Experimental ’ 

The packaging problem is solved by using plas- 
tic encased back-side contacted ISFETs [4], with 
alumina as the pH-sensitive layer. The electrical 
contacts are isolated from the solution by means 
of O-rings, thereby circumventing the use of resins 
to establish electrical isolation from the analyte 
solution (Fig. 2). A multi-ion flow-through cell is 
constructed by placing individual sensors adjacent 
to each other, also by using O-ring connections. 

The application of polymeric membranes to 
modify the sensitivity of planar sensors introduces 
some problems, like the fixation of these mem- 
branes on the planar ISFETs, the necessity of an 
intermediate hydrogel [5] and the limited lifetime 
due to leaching out of the membrane components 
161. 

The membrane problems with respect to fixation 
are solved by covalently connecting the hydrogel 
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Fig. 2. (a) ,?hematic drawing of the packaging. (6) Single packaging 
unit. 

. 

and ion-sensitive membrane both to each other 
and to the sensor surface [7, g]. Then leaching out 
of the ionophore from the membrane face is pre- 
vented by chemical anchoring to the membrane. 
Potassium and calcium sensors based on the above 
concepts have been developed [9]. 

The ISFETs are hooked up to a system which 
operates the ISFETs in the constant-current mode 
whereby either analyte or one out of two calibra- 
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Fig. 3. Typical pH and pK measurements in nutrient solution with 

regular two-point calibration (Cal). 
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Fig. 4. The effect of output correction for drift and temperature 

changes on pH sensors with respect to one calibration solution. 

tion solutions can be measured automatically. In 
the greenhouse (tomato culture), irrigation water 
is continuously measured and every two hours a 
two-point calibration is carried out. From these 
calibration points the sensitivity, drift and temper- 
ature sensitivity can be calculated (a temperature 
sensor is included in the flow-through cell). The 
outputs of the ISFETs (in mV) are transformed 
into pH and potassium activities by means of an 
algorithm [ lo], using the calculated sensitivity, 
drift and temperature sensitivity. With this al- 
gorithm the effects of temperature and drift can 
be corrected (Figs. 3 and 4). The experiments 
are performed with pH-ISFETs and potassium 
ISFETs with both covalently attached (anchored) 
and non-covalently attached (free) ionophore. 

Resuits and discussion 

The pH-ISFETs have been tested for more than 
6 months in the greenhouse. Before this test they 
had already been used for laboratory experiments 
intermittently for over four months. Over the 
whole period no change in sensitivity was detected 
(53 mV/pH). Using the algorithm to calculate the 
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Fig. 5. Sensitivity of potassium sensors under continuous flow condi- 

tions for: +, free ionophore (in the greenhouse); tl, anchored 

ionophore (in the greenhouse); 0, anchored ionophore (laboratory); 

A, anchored ionophore (in the greenhouse with KCI/NaCI solu- 

tions). 

pH, an overall accuracy of better than 0.02 pH 
units over a period > 1 month can be achieved 
without recalibration. These results indicate that 
the drift and temperature sensitivity of pH-ISFETs 
are very stable over long periods of time. The 
recalibration frequency can therefore be low and 
consumption of the calibration solutions can be 
kept to a minimum. 

The time dependence of the sensitivity of the 
potassium sensors is shown in Fig. 5. It can be 
seen that the sensor with free ionophore loses its 
sensitivity very rapidly. For the sensor with an- 
chored ionophore, a small decrease is observed in 
the first weeks, after which the sensitivity remains 
stable over several months. In contrast, under 
laboratory conditions no decay of sensitivity was 
detected for the anchored ionophore. It should be 
noted that, in the greenhouse, the sensitivity was 
determined in mixed solutions containing different 
salts. For the laboratory experiments only solu- 
tions containing KC1 and NaCl are used. To inves- 
tigate this discrepancy the sensitivity of the 
potassium sensors in the greenhouse was deter- 
mined from time to time with the same solutions 
as used for the laboratory experiments. Using 
these solutions, no decay in sensitivity is detected. 
The reason for this difference has to be related to 
changes in the ion-selective membrane, such as 
leaching out of anionic sites. Experiments to clar- 
ify this phenomenon are in progress. 

Conclusions 

It has been shown that both ISFET packaging 
and ion-selective membranes can be improved to 



31 

meet the needs for horticultural applications. 
Thus when ISFETs for other ions become avail- 
able, a continuous control of irrigation and 
drainage water can be realized in the near future. 
Even a system containing only pH, potassium, 
calcium and sodium sensors can already be an 
important improvement with respect to the exist- 
ing system based on pH and electrical conductiv- 
ity for irrigation water control. 

Apart from the specific horticultural applica- 
tion, the basic packaging design is also suitable 
for flow-injection analysis systems (minimum 
sample volume of a single sensor is 2.5 ~1). Due 
to this construction, the choice of ion-sensitive, 
enzyme-sensitive or gas-permeable membranes, 
which can be used to change the sensitivity of 
the basic pH-ISFET, becomes nearly unlimited. 
The membranes do not have to be compatible 
with any kind of epoxy and, for on-wafer pro- 
duction, the final membrane layer is not subject 
to any photolithographic procedure which would 
be necessary if the contacts were located at the 
same side as the gate area. A practical advantage 
is that upon malfunction, the sensor can be re- 
placed in a few seconds and the housing can be 
reused. 
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