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Abstract

A novel microfabricated electrochemical sensor has been developed for the detection and measurement of heavy metal ions
in aqueous media. The sensor consists of a silicon substrate, on which is fabricated an electrically interconnected, but diffusionally
isolated, array of thin-film iridium microelectrodes upon which a thin film of mercury is electrodeposited. Square-wave anodic-
stripping voltammetry is used for quantitative analysis. This method involves an initial preconcentration phase in which the
array is held at a cathodic potential such that the metal ions are reduced and amalgamated into the mercury, followed by
anodic stripping (re-oxidation) of the metal ions. The charge required to strip a given ionic species completely is proportional
to its initial concentration in the test solution. Sensitivity in the parts per billion range has been demonstrated without the
addition of supporting electrolytes, deoxygenation, agitation, or any other alterations to the water samples.
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1. Introduction

We present a novel microfabricated sensor for the
analysis of aqueous media to determine their content
of heavy metals, such as lead, cadmium, and the like.
An electrochemical technique, anodic-stripping voltam-
metry (ASV) is used for the analyses (discussed further
below) [1]. In its most general form, the ASV technique
involves the use of an electrode consisting of an un-
derlying metal layer upon which a small quantity of
mercury is electrodeposited. When making measure-
ments, the electrode is first held at a cathodic potential
so that heavy metal ions from the solution are reduced
(plated) at the surface of the mercury and are dissolved
within it, serving as a ‘preconcentration’ step to increase
their concentration greatly within the mercury. After
a period of time, the voltage applied to the electrode
is scanned in the anodic direction to reoxidize the
metals dissolved in the mercury and the resulting cur-
rents are measured. As the potential approaches the
value at which each metal reoxidizes, current begins
to flow, eventually reaching a peak. As the applied
potential is further increased, depletion of the elec-
troactive reactants and the formation of a concentration
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gradient leads to a decrease in current. If multiple
electroactive species are present, several peaks will be
seen superimposed on a rising baseline current as the
potential is shifted cathodically. The current peaks thus
obtained correspond to the complete oxidation of each
metal species from the mercury. By determining the
total charge or peak current corresponding to each
peak, the concentration of each metal ion in the test
solution can be computed (typically using pre-calibration
or serial additions of known reference concentrations).
This technique is very sensitive and useful in applications
such as trace heavy metal concentration measurements
in water and soil, as well as general applications in
analytical and clinical chemistry and other fields.

In general, voltammetry is carried out by applying
a potential that is varied linearly with time to the
working electrode (relative to a reference electrode).
The idea behind square-wave voltammetry (SWV) [2]
is to perturb the linear ramp voltage rapidly by su-
perimposing a higher-frequency square wave, as illus-
trated in Fig. 1. The advantages of this approach derive
from the facts that the Faradaic current can be isolated
from the electrode charging currents and that the rapid
perturbations of the electrode prevent the diffusion
layer from extending far away from the electrode.
Overall, SWV has significant advantages over simple
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Fig. 1. Example waveforms used in square-wave anodic-stripping voltammetry. A square wave of amplitude E,, is superimposed on a staircase
waveform of step height AEs. The resulting potential is applied to the working electrode via a potentiostat and the current is sampled at
the ends of both the cathodic and anodic phases of each square-wave cycle.

voltammetry, providing a net increase in sensitivity and
decreased analysis times.

When a square-wave voltage is applied, current flows
as a result of the Faradaic reaction (providing the
signal of interest) and to charge the double-layer ca-
pacitance of the electrode. The capacitive current, ic,
decays exponentially as a function (to first order) of
the electrode capacitance (on the order of 0.1-1 pF
pm™?) in series with the solution resistance. For a step
potential change AE, ic is given by

c= -AFE exp[—#/RC] @
where R is the solution resistance (2) and C is the
electrode capacitance (F). The capacitance of an elec-
trode is (for smooth electrodes) directly proportional
to area, and therefore ic is exponentially related to
the electrode area.

The Faradaic current, i, which decays more slowly,
is given for a hemispherical microelectrode by

. 1 1
zF—nFADCm[ ENE + rc] 2
where n is the number of electrons transferred, F is
9.6485x10* C mol~%, A4 is the electrode area (m?), D
is the diffusion coefficient of the species of interest
(m? s~1), C., is the bulk concentration of the species
under consideration (mol m™>) and r, is the radius of
the hemisphere (m).

Therefore, ir can be measured after a suitable time
has elapsed for the decay of ic. In SWV, ir is measured
at the end of both the cathodic and anodic phases of
each square wave, as indicated in Fig. 1. By subtracting

these measured currents, the net reaction current can
be directly obtained. Square-wave anodic-stripping vol-
tammetry (SWASV) is the combination of the SWV
technique with the previously mentioned cathodic pre-
concentration of the species of interest in (or on) the
electrode.

It can be seen from Egs. (1) and (2) that the ratio
of Faradaic to capacitive current increases with de-
creasing electrode area. Aside from electronic and
external noise, this is a key determinant of the net
signal-to-noise ratio (SNR), illustrating the principal
advantage of using microelectrodes. In addition, the
use of microelectrodes involves higher signal currents
than for larger electrodes due to the enhanced diffusion
of electroactive species. By designing an array of elec-
trically connected microelectrodes spaced far enough
apart on a substrate to guarantee non-overlapping
diffusion fields, each microclectrode maintains a spher-
ical diffusion layer and thus a large mass-transport
capability (larger signal currents). In addition, the size
of the current peaks scen during stripping can be
increased independently of the electronic noise floor
by increasing the predeposition time (up to the solid
solubility limits of the metals in mercury). This allows
for the modulation of the sensitivity of the sensor by
simple modification of the operational parameters.

Another issue that determines the net SNR of the
measurements is the fact that the reduction of dissolved
oxygen in the test solution occurs over the potential
range of interest. This leads to localized pH changes
and a large current, which can be a complex function
of time and potential and may interfere with the signal
current. The effects of the oxygen reduction can be
mitigated by using SWASV and further reduced by
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subtracting the oxygen-reduction background current
from the data [3]. The procedure involves carrying out
the anodic stripping, allowing the working electrode to
float electrically for a short time (typically a few seconds)
for diffusion of oxidation products away from it, and
then repeating the stripping potentials on the now-
depleted electrode to measure the oxygen-reduction
background current. The background current is then
numerically subtracted from the stripping current.

Another critical determinant of performance is the
choice of metal underlying the mercury of the ASV
electrodes. Mercury forms amalgams with most metals
suitable as electrodes, but its solubility in iridium is
well below 107° wt.% [4,5]. Thus neither dissolution
of the iridium nor intermetallic compound formation
between the iridium and mercury occurs. In addition,
it has been shown that the Hg-solution surface tension
in relation to Hg-Ir surface energy inherently favors
the formation of a stable well-adhering mercury hem-
isphere on iridium disks with diameters on the order
of a few microns [6]. Previously published work has
described the fabrication and characterization of single
Ir-based mercury electrodes using commercially avail-
able iridium wires (by sealing etched iridium wire in
a glass capillary or other insulating sleeve and polishing
a cleaved end) [7].

Previous authors have described both photolitho-
graphically or manually fabricated arrays of micro-
electrodes [8-10], taking advantage of their increased
SNR. Thin-film iridium microelectrodes for use as
interfaces to nervous tissue have been fabricated at
Stanford [11] and the University of Michigan [12]. This
work represents the first microfabricated thin-film ir-
idium microelectrode arrays specifically designed for
electrochemical analysis.

Since the patterns of these microelectrodes are de-
fined photolithographically, it is just as easy to fabricate
large arrays as single ones. The smaller dimensions
attainable in this way offer superior performance and
repeatability. This approach also provides the capability
to mass-produce microelectrodes in ‘arrays of arrays’
such that one or more elements of an array can be
used at a given time to make electrochemical mea-
surements, while the remainder can be used at a later
time. In addition, the high-accuracy photolithographic
processes used in their fabrication help assure re-
producibility of array geometries from device to device
(extremely difficult with manually fabricated electrodes,
such as drawn wires).

The use of silicon substrates has the additional ad-
vantage of providing for future integration of on-chip
microelectronic circuits such as potentiostats. Even
without monolithic integration, the combination of a
sensor of this type, an integrated potentiostat chip, and
a single-chip microcontroller will lead to a complete
electroanalytical system in less than a cubic centimeter

of volume. The overall goal of this work is to develop
such low-cost ‘intelligent’ sensor modules for environ-
mental and analytical chemistry, clinical and consumer
applications.

2. Fabrication

The fabrication process, as illustrated by a cross
section of a completed device in Fig. 2, is begun by
thermally oxidizing a 100 mm silicon wafer to a thickness
of 0.5 pm. The ‘wet’ oxide growth is carried out at a
temperature of 1100 °C for 45 min. On this insulating
layer of silicon dioxide the iridium microelectrodes are
then deposited and patterned at the same time using
a sputter lift-off process. The technique begins with
the deposition of a 0.5 um thick layer of Al (or any
other suitable material that etches quickly and whose
etchant will not attack the metal that is to be deposited
and patterned). Standard photoresist is applied and
patterned to define the microelectrodes, and subjected
to a deep ultraviolet cure and a 150 °C post-bake so
that it can withstand the sputter deposition environment.
The Al undercut layer is then wet etched (using a
phosphoric acid-based etchant) so that the top layer
of photoresist is undercut by 1-2 um. This overhanging
lip of photoresist prevents the sputtered metal from
coating the sidewalls during deposition and thus leaves
an access path for the stripper solvent to follow during
the dissolution step that removes the unwanted metal
above the photoresist layer. A 30 nm Ti adhesion layer
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Fig. 2. Illustration of the cross section of a completed microelectrode
device showing the relationships of the different layers (top) and
the approximate form of the electrodeposited mercury hemisphere
(bottom). ‘
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and then a 300 nm Ir layer are deposited using d.c.
magnetron sputtering, the resist and unwanted metal
are removed, and the undercut Al layer is removed by
wet etching.

Once the iridium microelectrodes are deposited, a
0.5 um gold interconnect and bond-pad layer is lift-
off deposited and patterned using Si as the undercut
layer rather than Al, due to its better adhesion to Ir.
This substitution also requires the use of isotropic plasma
etching (using CF, and O, reactant gases) instead of
wet etching to form an undercut structure with the Si,
since all wet Si etches will attack the Ti adhesion layer
beneath the Ir. A 30 nm Ti layer and then a 500 nm
Au layer are then deposited by electron-beam evap-
oration. This is followed by an acetone spray to lift
off unwanted metal and plasma etching to remove the
silicon (using SF¢ and C,CIF; reactant gases).

Next, a silicon nitride insulating layer is deposited
by a plasma-enhanced chemical vapor deposition
(PECVD) process to a thickness of 0.5 or 1.0 um, from
SiH, (2% in N, diluent) and NH;, reactant gases. Since
this deposition is carried out at 300 °C, it is compatible
with the inclusion of active microelectronic circuits in
the future (as opposed to other CVD silicon nitride
processes, which require considerably higher temper-
atures, on the order of 700 °C). This layer serves to
isolate the underlying metal traces from the external
environment both electrically and chemically. Via holes
through the silicon nitride layer are selectively plasma
etched (using SF, and C,CIF; reactant gases) to expose
the microelectrodes and the bond pads. The individual
devices are then separated by conventional wafer dicing,
cleaned, inspected, and sorted.

Custom-designed printed circuit board carriers were
fabricated commercially. Individual microelectrode de-
vices are mounted on a circuit board using cyanoacrylate
adhesive, and gold bond wires are connected between
the silicon device and gold-plated circuit board traces
on the carrier. The bond wires are then over-potted
with Epo-Tek K/5022-87DT two-part epoxy (Epoxy
Technology, Inc., Billerica, MA) to protect them from
mechanical and chemical damage.

3. Design

A primary objective for these devices is the ability
to use arrays of microelectrodes electrically in parallel
but with isolated diffusion fields for each site. Initial
work was carried out using an array of 16 individuaily-
addressable Ir microelectrodes with diameters of 20
wm at center-to-center spacings of 45 pm in two lines
of eight elements, separated by 375 um. A scanning
electron micrograph (SEM) of one of these arrays is
shown in Fig. 3.

Fig. 3. Optical micrograph of the type of microelectrode array with
individually addressable electrodes used for determination of the
minimum spacing of the array elements, The microelectrodes shown
on the right are iridium and those on the left are gold (not used
in this work). The arrays used had uniform 20 um diameter electrodes.

Using these devices, it was estimated that non-over-
lapping diffusion fields could be achieved (for the
electrochemical parameters used in this work, typically
f=120 Hz, E,, =25 mV, AE,=5 mV) with inter-elec-
trode spacings of approximately 100 um [13]. This was
demonstrated using chronocoulometric techniques, as
well as verification that the 1 um recess above the Ir
surfaces did not interfere with electrochemical response.
In addition, in the same work, the fact that the mi-
crolithographically fabricated Ir microclectrode array
exhibits electrochemical behavior as predicted by
hemispherical Hg microelectrode theory was demon-
strated.

The devices used for the SWASV experiments were
designed using this information and consist of 19 elec-
trically interconnected Ir microclectrodes measuring 10
um in diameter and spaced 300 um center-to-center
to nearest neighbors. Inter-electrode electrical con-
nections are made using a ‘skeleton’ of 30 um iridium
traces to minimize parasitic capacitances relative to a
solid iridium disk. The design trade-off inherent in this
approach, however, is that the resistance of the iridium
traces interconnecting the microelectrodes increases as
their width is decreased. The trace widths could readily
be decreased without undue resistive effects in future
designs. SEM views of the entire array, as well as an
individual microelectrode site, arc shown in Fig. 4.

4. Electrochemical methods

SWASV was carried out with a model 273 potentiostat/
galvanostat (EG&G PAR, Princeton, NJ) interfaced to
a DEC p420-SX (JBM™ compatible) microcomputer
and using EG&G model 270 software. A two-electrode
system was employed, with a custom-fabricated solid-
state Nafion™.-coated Ag/AgCl reference electrode em-
ployed to avoid introduction of electrolyte by the ref-
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Fig. 4. (a) Overall SEM view of a ‘skeleton’ microelectrode array.
Microelectrode sites are located at 300 um intervals on the central
‘skeleton’ of iridium. A gold interconnect trace can be seen running
from top to bottom on the left-hand side of the image. (b) Diagram
showing locations of the individual microelectrodes. (¢) Close-up
view of an individual 10 um diameter microelectrode site.

erence electrode into the sample. All potentials were
measured relative to this counter electrode (approxi-
mately +220 mV versus SCE), with the exception of
mercury deposition, as described below.

Mercury deposition was carried out using a solution
containing 8X107°> M Hg(ll) (from 99.9995%
Hg,(NO,), from ALFA-Johnson Matthey, Ward Hill,
MA) in 0.1 M HCIO, at a potential of —0.2 V versus
a sodium-saturated calomel reference electrode. The
amount of charge was controlled by timing the Hg
depositions, and the amount of Hg deposited could
readily be varied from a thin film to almost a sphere.

For maximal ruggedness and stability, a hemispherical
or spherical segment geometry was used.

For the 19-element microelectrode array described
above, a total charge of 260 uC resulted in hemispherical
Hg coverage. Once the Hg was deposited, the mi-
croelectrode arrays were rinsed with 18 MQ deionized
water and used for experiments.

Metal ion test solutions were prepared from 99.9995%
Cu(NO;),, Cd(NO3),, Zn(NO;), (ALFA-Johnson Mat-
they, Ward Hill, MA), and Pb(NO,), (Aldrich). Acetate
buffer solutions were prepared with 99.99+% am-
monium acetate and acetic acid, and the pH adjusted
to 4.5 by addition of HCIO, (Aldrich).

5. Results

In order to demonstrate the analytical utility of the
Ir microelectrode arrays, they were used for SWASV
testing of various solutions. Deionized water containing
2 mM acetate buffer was used for the initial tests, with
successive additions of Cd**, Pb%*, Cu?*, and Zn**
in concentrations ranging from 1 to 40 ppm for each
metal. The test solution was neither deoxygenated nor
stirred, and deposition was followed immediately by
anodic stripping (no equilibrium period). SWASYV was
carried out with £, =25 mV, AE,=5 mV, f=120 Hz,
with a deposition potential of —1400 mV for 260 s.
The resulting square-wave voltammograms (with base-
line subtraction) are shown for 1, 2, 3, 4, and 5 ppb
concentrations in Fig. 5.

The detected peaks for each metal were sharp and
well defined, and plots of peak current versus con-
centration yielded straight lines with intercepts at zero
with the exception of Cu and Zn, which showed a
slight curvature above 10 ppb. This is due to the fact
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Fig. 5. Square-wave voltammograms for successive additions of Cd?*,
Pb**, Cu®*, and Zn** to deionized water containing 2 mM acetate
buffer to yield concentrations of 1, 2, 3, 4, and 5 ppb for each metal.
This solution was neither deoxygenated nor stirred during analysis,
and stripping was begun immediately following the preconcentration
step. SWASYV was carried out with E, =25 mV, AE;=5 mV, f=120
Hz, with a predeposition potential of —1400 mV for 260 s.
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Fig. 6. Square-wave voltammogram for tap water (Stanford Sample
D) acidified to pH 2 (HNO;) and with standard additions of 5 and
10 ppb of lead, which indicate a sample concentration of 3.0+0.3
ppb Pb?**. The solution was neither deoxygenated nor stirred during
the analysis and no equilibration period was allowed between the
deposition and stripping steps. SWASV was carried out with E,, =25
mV, AE,=5 mV, f=120 Hz, with a predeposition potential of —900
mV (vs. 3 M Ag/AgCl) for 180 s.

that Cu and Zn form an intermetallic compound when
they are both simultaneously reduced into the Hg at
higher concentrations.

To provide an example of use of the sensor with a
sample of local potable water, SWASV testing was
carried out on tap water acidified to pH 2 with HNO;.
The results, also showing those for standard additions
of 5 and 10 ppb of lead, are shown in Fig. 6. The
results indicate a sample concentration of 3.0+0.3 ppb
Pb?*. The solution was neither deoxygenated nor stirred
during the analysis and no equilibration period was
allowed between the deposition and stripping steps.
SWASYV was carried out with E,, =25 mV, AE,=5mV,
f=120 Hz, with a predeposition potential of —900 mV
(versus 3 M Ag/AgCl) for 180 s.

6. Discussion and conclusions

We have demonstrated a versatile microelectrode
array transducer for the detection of heavy metal ions
with sensitivities down to parts per billion in aqueous
media. The devices are fabricated using techniques
available in most integrated-circuit fabrication labo-
ratories. Since these processes are inherently batch
oriented, the devices can readily be mass-produced.

A long-term goal of this work is to build not only
stand-alone microelectrode arrays for analytical/clinical
chemistry applications, but also to integrate them with
control circuitry to form complete compact electroan-
alytical instruments (for environmental or process mon-
itoring, clinical analysis or consumer use).

In order to realize such systems, we have undertaken
the development of a single-chip potentiostat that can
be directly interfaced to an inexpensive microcontroller,

with data transmitted from there to a personal computer
in digital form [14]. It is hoped that such systems can
be realized in the near term, with all of the active
elements contained within a volume on the order of
one cubic centimeter (naturally, application-specific
packaging would define the external form factor).

Present efforts are focused on further characterization
of the sensor (particularly in terms of determining
detection limits and verifying long-term repeatability),
optimization of the design and packaging, and the
realization of the integrated system version of the sensor
described above.
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