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Abstract 

The response of miniaturized amperometric sensors depends heavily on the thickness of the diffusion-limiting 
membrane. Therefore, on-wafer processing of complete devices is an attractive technique to produce amperometric 
sensors with a reproducible and well-controlled sensitivity. In this paper we present a method for the deposition and 
photolithographic patterning of polyHEMA hydrogel membranes in the thickness range lo- 100 pm. The attachment 
of these membranes to the substrate is ensured by a chemical pretreatment of the substrate surface. The sensor 
behaviour is evaluated in solutions containing Fe(CN),4- and H,O,, and compared to that of the bare electrodes. The 
membrane appears to be impermeable for Fe(CN&-, whereas the complete sensor gives a linear response to H,Oz. 
Furthermore, the possibility of using the structure as an oxygen sensor is evaluated. 

1. Introduction 

The miniaturized planar three-electrode 
electrochemical cell serves as a basic element 
for different amperometric chemical and bio- 
chemical sensors such as oxygen [l] and glu- 
cose sensors [2,3]. In order to obtain a 
well-defined sensor response and a 
(bio)specific operation, polymeric mem- 
branes are frequently used. Up to now such 
membranes have either been applied onto 
separately mounted chips [2,4], resulting in 
relatively thick but not very reproducible 
membranes, or by photolithographic tech- 
niques (lift-off), which give reproducible 
membranes with a limited thickness of a few 
microns [ 1, 3, 51. In the latter case, a signifi- 
cant dependence of the sensor signal on the 
stirring rate of the sample solution is ob- 
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served [I]. Since the membrane thickness also 
critically influences the response time and 
sensitivity of the sensor, there is a strong need 
for a method to deposit and pattern repro- 
ducibility relatively thick (lo- 100 pm) poly- 
meric membranes on-wafer. We present here 
a method for depositing polyHEMA mem- 
branes on amperometric sensors. PolyHEMA 
hydrogel membranes have recently been used 
as intermediate. layers in ISFET-based ion 
sensors [6], and can be realized on-wafer with 
relatively large thicknesses. In addition, this 
material can be photolithographically pat- 
terned and chemically attached to the basic 
sensor surface. 

2. Experimental 

2.1. Basic amperometric structure 
The basic sensor structure consists of a 

three-electrode electrochemical cell realized 
on a silicon wafer. The working and counter 
electrodes consist of a 1500 A thick Pt layer 
on top of a 500 A thick Ti adhesion layer. 
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The area of the working electrode is 0.1 mm*. 
The reference electrode is made by chemical 
chloridation of a 1 pm thick Ag layer. Details 
of the device fabrication are given in ref. 2. 
The performance of the sensor without mem- 
branes was checked with cyclic voltammetry 
in a solution containing 1 M H,SO, and 
0.1 M KCI. 

2.2. Membrane material 
The deposited hydrogel membranes were 

made from a solution of 57.5 wt.% hy- 
droxyethyl methacrylate (HEMA) (Fluka), 
38% ethylene glycol (Merck, MOS Selec- 
tipur), 1 wt.% dimethoxyphenylacetophenone 
(DMAP) (Aldrich), 2.5 wt.% polyvinyl- 
pyrrolidone K90 (PVP) (Aldrich), and 
1% tetraethylene glycol dimethacrylate 
(TEGDM) (Fluka). The HEMA was purified 
prior to use by thoroughly stirring it for 4 h 
with 15 wt.% Na2C0,, followed by filtering 
off the salt to eliminate possible traces of 
methacrylic acid. 

2.3. Deposition of the membranes 
Depending on the required membrane 

thickness, an appropriate quantity of the 
monomer mixture was deposited either by 
pipette or by a special slow spinning pro- 
cedure on the wafer, which had previously 
been functionalized for 4 h in a solution of 
10% (trimethoxysilyl)propyl methacrylate 
(TMSM) (Aldrich) and 0.5 wt.% H20 in 
toluene at 90 “C. The monomer mixture was 
subsequently covered with a Mylar film in 
order to avoid oxygen quenching of the pho- 
topolymerization. Then, the film was pressed 
to the wafer until the complete wafer was 
homogeneously covered. Subsequently, the 
mixture was photopolymerized with UV light 
for 1 min under a Karl Stiss MA3 mask 
aligner. Development of the unpolymerized 
parts was carried out in ethanol, followed by 
rinsing and centrifuging with demineralized 
water. Prior to characterization of the mem- 
brane-covered sensors, the membranes were 
allowed to equilibrate in a 0.1 M KC1 solu- 
tion for 1 h. 

2.4. Instrumentation and methods 
Cyclic voltammetric measurements were 

performed using a PAR 273 potentiostat. For 
all cyclic voltammetry measurements a scan 
rate of 100 mV/s was used. For chronopoten- 
tiometric measurements, an in-house poten- 
tiostat was used. Measurements of H202, 
Fe(CN),4- and O2 were performed using 
working electrode potentials of + 700, +600 
and - 600 mV versus Ag/AgCl, respectively. 
Basic electrode verification was carried out in 
a deaerated solution of 1 M H2S04. The 
other cyclic voltammetric measurements and 
chronopotentiometric measurements were 
performed in a background electrolyte mix- 
ture of 0.1 M KC1 and 1% v/v pH 7 buffer 
(Merck). Oxygen sensitivity was measured by 
placing the sensor alternately in the back- 
ground electrolyte saturated with nitrogen 
and in air. All experiments described were 
performed at 25 “C. 

3. Results and discussion 

The electrochemical behaviour of the am- 
perometric sensors with and without mem- 
branes was evaluated with respect to H202 
and Fe(CN)64- oxidation. With the two cou- 
ples, quasi-reversible waves were observed 
with half-wave potentials of +550 and 
+ 250 mV versus Ag/AgCl, respectively. The 
sensitivities of the bare electrodes were ap- 
proximately 200 nA/mM for H202 (working 
potential + 700 mV) and 100 nA/mM for 
Fe( CN),4- (working potential + 600 mV). 
With the deposition procedure described 
above, membranes could be structured in a 
reproducible way on the wafer. When deposit- 
ing the membrane monomer mixture with a 
micropipette, membrane thicknesses were 
f 10% over the wafer, whereas with the spin- 
ning procedure the variations were approxi- 
mately _+5%. The membrane adhesion to the 
substrate surface was investigated by placing 
membrane-covered samples in an ultrasoni- 
cally agitated bath containing 0.1 M KCl. No 
loss of membrane adhesion was observed after 
one hour of agitation. Without chemical pre- 
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treatment of the wafer surface, all membranes 
lift off from the surface within a few minutes. 

After addition of the polyHEMA mem- 
brane, the oxidation current of Fe(CN):- 
was completely blocked ( < 100 pA in 
lop2 M Fe(CN),4-), whereas a thickness-de- 
pendent response to H202 was found. A cali- 
bration curve for a sensor with an 
approximately 32 pm thick membrane is 
shown in Fig. 1. The 90% response time was 
30 s and the zero current was 90 pA. This 
very low background current enabled a 
low detection limit of approximately 
1O-6 M H202 to be achieved. The sensor re- 
sponse was linear over a very wide range, as 
shown in Fig. 1, where in both graphs the 
same linear fit is shown. The reason for the 
blocking of the Fe(CN)64- oxidation current 
could be a permselective behaviour of the 
polyHEMA membrane, which may contain 
fixed negative charges originating from resid- 
ual methacrylic acid groups. However, on 
performing the same measurement in pH 2.5, 
where practically all such groups are neutral, 
only a slight increase in the response is found, 
namely 200 pA in lop2 M Fe(CN)64-. An- 
other reason may be the strongly cross-linked 
nature of the membrane. The much larger 
size of the Fe(CN)64- ion with respect to the 
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Fig. 1. Calibration curve of a three-electrode ampero- 
metric sensor covered with a 32 + 2 pm thick poly- 
HEMA membrane in H,O*. A linear response over 
three decades is found (see inset). Linear regression: 
n = 20; r2 = 0.9996, slope = 12.7 nA/mM. 
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Fig. 2. Time response of a polyHEMA-covered sensor 
in air- and nitrogen-saturated background electrolytes. 
A 5% signal change is observed upon stirring (see 
arrow). 

peroxide is thus probably responsible for the 
very low sensitivity. 

The applicability of the membrane-covered 
electrodes as oxygen sensors was also investi- 
gated. Placing the sensor alternately in air- 
and nitrogen-saturated background elec- 
trolytes resulted in curves as shown in Fig. 2. 
A reproducible response was found, with a 
90% response time of approximately 40 s. A 
slight remaining stirring dependence of 5% 
was observed, indicating that the optimal 
membrane thickness is still somewhat higher. 
The long-term stability of the sensor was 
found to be better than +2% over 10 h. 

4. Conclusions 

A new method for depositing diffusion-lim- 
iting hydrogel membranes on whole wafers is 
presented. The membrane thickness range 
that can be obtained is IO-100 pm, with a 
membrane thickness variation of _+ 5- 10%. 
The fabricated sensors are found to give no 
response to Fe(CN)64-, probably due to the 
impermeability of the crosslinked poly- 
HEMA membranes to the relatively large 
Fe( CN)64- ions. In contrast, a linear re- 
sponse to Hz02 is found over the concentra- 
tion range 10-5-10-2 M. The membrane- 
covered sensors can also be used as oxygen 
sensors with a response time of 40 s and an 
acceptable stability. 
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