
risk of cross-contamination. In our earlier
studies on sensors based on photosensitive
polysiloxanes [1], it was found that leach-
ing of membrane components is a serious
problem resulting in an increase of noise
levels, whereas cross-contamination was
not observed with the tested configurations.
In conclusion, it appears that photo-poly-
merizable membrane materials are not the
best choice for the fabrication of solid-state
ion-selective devices.

Plasticized PVC is a more versatile
matrix for ion-selective sensors. By choos-
ing the appropriate plasticizer, it is even
possible to fine tune the selectivity of the
devices. A major problem, however, is the
adhesion of the membrane to the substrate
surface. Generally, membrane adhesion can
be improved either by mechanical fastening
or chemical anchoring. Examples of the
former are the suspended gate polyimide
mesh ISFET through which the plasticized
PVC membrane is cast [2] and devices
using plasticized PVC cast in cavities of
etched through-holes of a silicon wafer [3].
Mechanical fastening has the disadvantage
that it complicates the fabrication process
and increases the costs considerably.
Chemical anchoring of the membrane has
only been described for matrices other than
PVC since binding reactions with standard
plasticized PVC membranes do not proceed
at room temperature. Earlier attempts using
silanes to bind PVC to oxide surfaces [4–6]
were restricted to modified PVC or copoly-
mers of PVC, and the bonds formed were
prone to hydrolysis. 
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Abstract: A method is described that makes it possible to covalently link plasticized PVC membranes to glass
and other oxide surfaces. It involves the addition of an amine-group containing silane coupling agent and a
heating step. Using this method, ion-sensitive field effect transistors (ISFETs) were modified with ion-selective
plasticized PVC-membranes. The ion-selective properties of these devices were similar to those of devices
prepared without linking the membrane to the surface, while the adhesion was dramatically improved.
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Introduction

Since their introduction more than 30 years
ago, liquid membrane ion-selective elec-
trodes using plasticized PVC membranes
have become well established and highly
relevant analytical tools. With the develop-
ment of thin and thick film technology,
there is an increasing interest in the fabrica-
tion of ion-selective electrodes on solid-state
substrates. Typical examples of microfabri-
cated devices are membrane modified ion-
sensitive field effect transistors (ISFETs)
and planar coated wires. The former are
prepared with silicon thin film technology,
and the latter can be made by thin or thick
film technology on a variety of substrates
including silicon, ceramics, and polymeric
materials. The driving force for using
microfabrication techniques to manufacture
ion-selective electrodes are the presumed
low cost price and the small size of the
devices.
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For macro-electrodes it is not really an
issue which material should be used as a
membrane matrix. Although various poly-
mer matrices such as polyurethane, silicone
rubber and polyacrylates have been tested,
plasticized PVC membranes are still con-
sidered to be the best choice. However,
when changing from macro-electrodes to
microfabricated devices, several problems
may become acute. These include the ad-
hesion of the ion-selective membrane to the
substrate, the leaching of electroactive
components from the membrane, the depo-
sition of the membrane and the interface
processes between the membrane and the
transducer. A vast number of publications
have appeared in the literature that address
the aforementioned problems. 

Regarding the membrane deposition
technology, it is often mentioned that the
membrane materials should be photo-poly-
merizable or -crosslinkable in order to be
compatible with IC technology. However,
the development step after UV-exposure in-
volves washing the wafer with an organic
solvent. Through this intimate contact of
the cured membrane with the organic sol-
vent, any compound that is not covalently
bound may be leached out, leading to a
deterioration of the final sensor properties.
When aiming at fabrication of multi-
sensors, different ion-selective membranes
have to be handled in sequence. Hence, the
first deposited and cured membranes will
come into contact with the organic solu-
tions of monomers for the later prepared
ion-selective membranes, which bears the
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Special treatments to increase the
adhesion between plasticized PVC and sub-
strates like glass were developed for indus-
trial applications (see [7] and the references
found therein). For example cationic styryl
and amine group containing silanes have
been described to improve the adhesion be-
tween PVC plastisols and glass at 180 °C.
Based on this knowledge, we started inves-
tigations on the adhesion of PVC mem-
branes to glass substrates [8]. It was found
that silane coupling agents with amine
groups are capable of increasing the adhe-
sion considerably, but heating is indispen-
sable for good results (see also below). Sur-
face silanization of the glass substrates was
shown to be insufficient; instead, the silane
had to be added to the membrane mixture. 

The chemical anchoring method de-
scribed here is very simple and can be used
without any special equipment. Further, it
uses commonly available chemicals like 
γ-APS. This is in contrast to another proce-
dure [9] that basically uses the same
anchoring reactions, but requires the
synthesis of PVC modified with alkoxy
silane groups. 

The method described in the present pa-
per shows clear advantages to the method
of Boden et al. [9] as no special equipment
or chemicals are necessary. A patent appli-
cation for the method described here has
been granted [10].

Experimental

Reagents
The solvents cyclohexanone and tetra-

hydrofuran (selectophore) were purchased
from Fluka. The coupling agent 3-amino-
propyltriethoxysilane (APS) was from
ABCR, Germany. The ionophores valino-
mycin, ETH 5234 (calcium ionophore IV),
nonactin and tetradodecylammonium nitrate
(TDAN) and the ionic additives potassium
tetrakis(4-chlorophenyl) borate (KB(ΦCl)4),
potassium tetrakis (3,5 bis(trifluoromethyl)
phenyl) borate (KB(Φ(CF3)2)4) were of
selectophore quality from Fluka.

Poly(vinyl chloride), high molecular
weight, and plasticizer bis(2-ethylhexyl)
sebacate (DOS), both selectophore reagents,
were purchased from Fluka.

All electrolyte solutions were made
with salts of p.a. quality (Merck) in deion-
ized water.

ISFETs 
The ISFETs were prepared at the IMT

facilities. These n-channel devices embedded
in a p-well have dimensions 1.2 × 3.0 mm.
The Al2O3 gate oxide was deposited by a
CVD process. The gate is meander shaped,

covering an area of 300 µm long and 120 µm
wide. Around the gate, an oval shaped 
SU-8 (photosensitive epoxy resin) ring was
deposited using photolithography; the inner
dimensions of the ring are 300 by 500 µm.
The 100 µm thick ring is used to define the
area in which the adhesive layer and the
ion-selective membrane can be solvent-cast.
The ISFETs were mounted on a printed cir-
cuit board, wire-bonded, and encapsulated
using epoxy resin. 

Measurements were performed using a
custom made ISFET amplifier in a constant
drain current mode (ID = 100 µA) with a
constant drain-source voltage (VDS = 0.5 V).
A double junction Ag/AgCl reference elec-
trode with 1 M lithium acetate bridge elec-
trolyte was used. For the calculation of acti-
vity coefficients, the Debye-Hückel theory
was used. Emf values were correc-ted for
the liquid junction potentials using the Hen-
derson equation. Selectivity coefficients
were determined by the fixed interference
method at background levels of 0.1 M of
the interfering ions; chloride salts were
used for the cation-selective devices, and
potassium salts for nitrate-selective devices.

Ion-selective Membranes
The adhesive layer mixture was com-

posed of 100 mg PVC, 200 mg DOS, and 3
mg of APS in 3 ml of solvent. A droplet of
the solution was dispensed inside the SU-8
ring using a Hamilton syringe fitted with a
flexible fused silica needle. The devices
were left for evaporation of the solvent
overnight, and then heated for 2 h at 120 °C.
After cooling down, the ISFETs were pack-
aged as described above. The ion-selective
membranes were deposited in the last step
on the encapsulated devices. 

The composition of the ion-selective
membranes is given in Table 1. The valino-
mycin containing membrane 1 was dis-
pensed as a cyclohexanone solution and the
other membranes dissolved in tetrahydrofu-
ran. The membrane solution was dispensed
over the gate area, also spreading out on the
epoxy encapsulation material. The devices
were then left for evaporation of the solvent
overnight. Before use, they were condi-
tioned in 0.1 M solutions of the primary ion
for several hours. 

Results and Discussion

Membrane Adhesion
The chemical reactions that take place

are depicted in the Fig. The alkoxy-silane
reacts with water from the atmosphere and
is anchored to the gate-oxide surface. Dur-
ing heat-curing, the primary amine reacts
with the alkyl halide backbone of the poly-
mer in a nucleophilic substitution reaction
under release of HCl. The secondary amine
that is formed can react further to yield a
tertiary amine. 

Adhesion tests of plasticized PVC to
glass microscope slides have been described
in an earlier publication [8]. From this work
it was concluded that optimum conditions
for the heat treatment are 2 h at 120 °C.
Heating at a lower temperature was shown
to be insufficient. Longer heating or appli-
cation of higher temperatures, on the other
hand, increases the risk of polymer degra-
dation, which is indicated by a dark brown
color and loss of mechanical strength. The
proposed treatment results in a slightly yel-
low discoloration only, and the mechanical
properties not visibly changed. 

The adhesion to the Al2O3 gate-oxide of
ISFETs proved to be similar to the glass-
substrates.

Sensor Properties
In [8] it was shown that membranes

could be deposited in one step without
adverse effects on the sensor properties.
Apparently the curing treatment does not
degrade the ionophore action, nor does the
introduction of amine groups give rise to an
increase of pH-sensitivity. Despite these
results, it is preferable to perform the mem-
brane casting in two steps: casting and cur-
ing of the adhesive layer, and subsequently
casting of the ion-selective membrane. In
this way, any unsuspected adverse effect of
the adhesive layer is eliminated. Moreover,
if the introduction of amines would in-
crease the pH-sensitivity at the inner sur-
face of the ion-selective membrane, this
would be beneficial for compensation of
interference effects from CO2 or organic
acids [11].

Parallel to the casting of ion-selective
membranes on ISFETs with the adhesive

membrane PVC DOS neutral ionic additive 

ionophore KB(ΦCl)4 KB(Φ(CF3)2)4 TDAN

1 32.8 64.6 2.1 (valinomycin) 0.5

2 33.0 65.4 1.0 (nonactin) 0.6

3 33.0 64.7 1.5 (ETH 5234)  0.8

4 32.0 64.0    4.0

Table 1. Composition of the ion-selective membranes in wt%.



layer, ion-selective membranes were also
cast on devices without the adhesive layer. 

All the tested devices showed good ion-
selective properties with almost Nernstian
slopes (see Table 2). Sensor characteristics
such as linear ranges, detection limits and
selectivities were similar for devices with
and without adhesive layer. 

The lifetime of these ion-selective sen-
sors was at least in the order of two months.
For devices with the adhesive layer the
membrane adhesion was still excellent
even after two months of continuous im-
mersion. In contrast the membrane adhe-
sion on the devices without adhesive layer
turned out to be poor since the membranes

could easily be removed, leaving no residue
on the surface. Noteworthy is, however,
that these latter devices may function cor-
rectly for several weeks if no mechanical or
hydrodynamical force is applied to the
membrane.

Further investigations are necessary
regarding the long-term stability of these 
ion-selective sensors. Of special interest is
the establishment of a thermodynamically
well-defined interface between membrane
and the oxide surface. For membrane-
modified ISFETs, it is possible to use an ap-
proach with an inner electrolyte that is
buffered at an appropriate pH. This can be
realized by patterning a structure on the
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Fig. Schematic representation of the reactions between the silane
coupling agent, the PVC-backbone and the oxide surface

ISFET / i slope log Kij; j = 

membranea Na+ K+ Mg2+ Ca2+ Cl- SO4
2-

1a K+ 59.5 ± 0.6 -3.6 - -4.3 -4.6

1b K+ 58.7 ± 0.9 -3.6 - -4.3 -4.6

2a NH4
+ 57.3 ± 1.3 -3.0 -4.6 -4.6

2b NH4
+ 58.1 ± 1.1 -3.0 -4.6 -4.6

3a Ca2+ 27.3 ± 1.3 -3.0 -3.4 -4.9 -

3b Ca2+ 28.7 ± 0.7 -3.0 -3.4 -4.9 -

4a NO3- -57.9 ± 2.0 -2.7 -3.7

4b NO3- -59.0 ± 0.5 -2.7 -3.7

a The membrane numbers correspond to the membrane compositions given in Table 1; a: without
and b: with adhesive layer 

Table 2. Slopes and selectivity coefficients of the membrane-modified ISFETs

chip surface that consists of a double ring.
In the inner ring, the inner electrolyte is dis-
pensed either as a salt solution or a hydro-
gel. In the outer ring the adhesive layer is
dispensed and after the curing step, the ion-
selective membrane is dispensed over the
whole area. The inner electrolyte will take
up water according to the average osmotic
pressure acting on the sample solution side. 

Conclusions

Plasticized PVC membranes can be co-
valently bound to oxide surfaces using a
silane coupling agent with an amine group.
In the proposed method, first an adhesive
layer is bound to the surface, and then the
ion-selective membrane is cast on top of
this. The sensor characteristics like slope,
linear range, detection limits, and selectivi-
ty were comparable for devices with and
without adhesive layer. The lifetime of the
sensors needs to be investigated in further
detail, but is now no longer limited by the
membrane adhesion; the latter is still excel-
lent after two months of immersion. Further
investigations on the signal stability of sen-
sors prepared by the new method, are in full
progress.
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