
Sensors and Actuators B 114 (2006) 239–247

Ag/AgCl microelectrodes with improved stability for microfluidics
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Abstract

A method for fabricating Ag/AgCl planar microelectrodes for microfluidic applications is presented. Micro-reference electrodes enable
accurate potentiometric measurements with miniaturized chemical sensors, but such electrodes often exhibit very limited lifetimes. Our goal
is to construct Ag/AgCl microelectrodes reliably with improved potential stability that are compatible with surface mounted microfluidic
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hannels. Electrodes with geometric surface areas greater than or equal to 100�m were fabricated individually and in an array form
y electroplating silver, greater than 1�m thickness, onto photolithographically patterned thin-film metal electrodes. The surface
lectroplated silver was chemically oxidized to silver chloride to form Ag/AgCl micro-reference electrodes. Characterization resul

hat Ag/AgCl microelectrodes produced by this fabrication method exhibit increased stability compared with many devices previously
lectrochemical impedance spectroscopy allowed device specific parameters to be extracted from an equivalent circuit mode
arameters were used to describe the performance of the microelectrodes in a microfluidic channel. Thus, stable Ag/AgCl micro

abricated with a combination of photolithographic techniques and electroplating, were demonstrated to have utility for electro
nalysis within microfluidic systems.
ublished by Elsevier B.V.
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. Introduction

While the theory and practice of reference electrodes
or chemical analysis have been established for decades
1–3], there remains much current interest in the practical
pplication of micro-reference electrodes to miniaturized
hemical sensors[4–8]. Particularly desirable are fabrication
echniques for Ag/AgCl electrodes, which can be compatible
ith complementary metal-oxide-semiconductor (CMOS)
icroelectronic circuit fabrication[9–12]. Also of interest
re electrodes compatible with microfluidics for separations

n lab-on-a-chip systems[7,13,14].
A vexing problem associated with most reported thin-film

g/AgCl electrodes has been their poor stability. Open circuit

∗ Corresponding author. Tel.: +1 301 975 6347; fax: +1 301 948 4081.
E-mail address: brian.polk@nist.gov (B.J. Polk).

potentials are typically observed to be stable for a time pe
in the range of a few minutes to a few hours[5,8,13,15]. Insta-
bility has generally been attributed to dissolution of the v
thin layer (few nm) of sparingly soluble AgCl and the sub
quently developed mixed potentials at the electrode/sol
interface. Silver chloride has a solubility product const
Ksp, of 1.8× 10−10, which implies, from a thermodynam
point of view, that about 1.9 mg of AgCl will dissolve in
liter of water at room temperature. On micro-scale te
a rectangular piece of silver, 100�m× 100�m× 1�m on
a side, could be converted entirely to silver chloride and
resulting AgCl could be dissolved in less than 75�L of water.

A commonly used method of improving stability has b
to coat the Ag/AgCl electrode with gel or polymer ma
rials, such as agar or polyurethane[15,16]. The coating
create a diffusion barrier to slow down the rate at wh
the AgCl dissolves and simultaneously provide a relati

925-4005/$ – see front matter. Published by Elsevier B.V.
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constant concentration of chloride ion at the Ag/AgCl sur-
face. A buffer layer of Ni between an adhesion layer of Ti
and an Ag top coat was recently reported to improve stability
[17]. However, the central problem remains; the AgCl coating
will dissolve relatively rapidly. In conventional macro-sized
electrodes confined to an isolated solution compartment, a
small amount of AgCl dissolution from a large wire actually
increases potential stability with fluctuating temperatures by
saturating the filling solution with AgCl. Such dissolution is
fatal to the performance of thin-film electrodes because the
very small quantity of AgCl available may entirely dissolve
away.

A simple solution to this problem, which does not
require polymer coatings is to increase the amount of sil-
ver chloride on the microelectrode surface. The typical
methods of forming AgCl on Ag include anodization in
chloride containing solutions, chemical oxidation and ther-
mal or plasma treatment in chlorine containing atmospheres
[11,12,14,15,18–20]. Any of these treatments can produce
similar quality AgCl but, applied to a thin layer of silver
(∼102 nm thick), they can only result in a thin-film of sil-
ver chloride. Therefore, the mass of silver available must be
increased. A facile technique to add mass is to electroplate
an additional quantity of silver (≈103 nm) onto evaporated
thin-film electrodes of either gold or silver. The electroplated
silver forms a quasi-bulk phase, which allows for subsequent
f er-
m rface
t emi-
c nt of
t uan-
t this
t es,
a

hin-
fi may
b th-
e abil-
i ition
w

asi-
r oved
s idic
a f the
f ro-
e The
r d with
s ntial
( ilable
A an
a ated
b ith
a nce
s array
i ling
h .

2. Experimental

2.1. Planar electrodes

All electrodes were fabricated by using oxidized silicon
(1 0 0) wafers as substrates. Thin-film metal electrodes were
patterned onto the substrates by using lift-off metallization
techniques[21]. Metals were deposited with thermal evapo-
ration. Cr (≈5 nm) was used as an adhesion layer, and either
Ag or Au (≈150 nm) was used as the top layer. In the case of
a silver top layer, an intermediate layer of gold (≈50 nm) was
used as a barrier between the Cr and the Ag. After lift-off, the
entire sample surface was coated with SiO2. A good passivat-
ing insulation was achieved with a thick (≈400 nm) coating
of SiO2 deposited with plasma enhanced chemical vapor
deposition (PECVD). Working electrode areas and contact
pads were opened by removing the SiO2 with dilute HF or
with reactive ion etching (RIE). A schematic cross-section
of the electrode layers and a top–down photograph of the
as-fabricated thin-film electrode are shown inFig. 1.

2.2. Silver electroplating

Surface cleaning was critical to achieving reproducible
platings. Electrode samples were cleaned by ultrasonic agi-
t ory
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ormation of a much thicker layer of silver chloride. Furth
ore, the electroplated silver has a much rougher su

han the evaporated layer, providing a larger electroch
ally active surface area in the same geometric footpri
he original microelectrode. Taken together, the large q
ity of AgCl and the increased surface area formed by
echnique enable stabilization of Ag/AgCl microelectrod
s demonstrated in this report.

An additional advantage of electroplating silver onto t
lm electrodes is that individual electrodes in an array
e selected for conversion to Ag/AgCl, while leaving o
rs unaltered. To achieve the same type of configur

ty using either metal evaporation or electroless depos
ould require extra mask steps.
Our objective is to create micrometer-sized qu

eference electrodes and electrode arrays with impr
tabilities and lifetimes, which can be used in microflu
pplications. This work discusses practical aspects o

abrication and characterization of stable Ag/AgCl mic
lectrodes, both individually and in an array format.
esultant quasi-reference electrodes were characterize
canning electron microscopy and open circuit pote
OCP) measurements versus an aged commercially ava
g/AgCl macro-reference electrode. The utility of
rray of the Ag/AgCl microelectrodes was demonstr
y monitoring potential in a microfluidic channel w
pplied electric field. Finally, electrochemical impeda
pectroscopy was conducted on the microelectrode
n a microfluidic channel, and equivalent circuit mode
elped identify the sources of impedance in the system
ation for 5 min each in isopropyl alcohol, dilute laborat
etergent solution and 1 M HCl (M, mol L−1) with DI water
inse in between. If the electrode showed appreciable cu
>10 nA) at zero applied bias in the silver plating bath
o surface contamination, then the cleaning procedure
epeated.

Plating onto clean electrodes was accomplished
.3 M AgNO3 in 1 M NH3(aq)by using a three-electrode c
t room temperature. A silver wire served as quasi-refer
lectrode, and a platinum wire coil served as counter

rode. The following procedure yielded the most repeat

ig. 1. (A) Schematic diagram of the layer structure of a planar Ag/A
icroelectrode. Material thicknesses are indicated on the diagram. Dr
ot to scale. (B) Top–down photograph of thin-film gold electrode after
ivation with PECVD SiO2 and etching open working area. (C) Top–do
hotograph of electrode after silver electroplating and oxidizing with f
hloride.
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Fig. 2. Scanning electron micrographs of electrode surfaces. (A) Polycrys-
talline silver as electroplated from silver nitrate in aqueous ammonia solution
onto gold at 13 mA/cm2. (B) Silver chloride particles formed by treating sil-
ver surface with 50 mM FeCl3 for 50 s. Note AgCl particles are conformal to
the irregular silver surface and have diameters on the order of 100–500 nm.

results among several plating procedures tested. Plating on
the planar electrode was performed in two steps. First, an
oxidative pre-treatment at +0.95 V was applied for 30 s. The
plating solution was agitated after the oxidative pre-treatment
to remove any microscopic gas bubbles on the electrode sur-
faces prior to plating. Then plating was driven at 13 mA/cm2

for 300 s. On an electrode footprint of 40�m× 160�m, the
silver layer grew to about 5�m thick, as estimated with sty-
lus profilometry. The surface was composed of 1�m to 5�m
diameter crystallites of silver as seen inFig. 2.

2.3. Silver chloride formation

Both electrochemical anodization in HCl and chemical
oxidation with aqueous FeCl3 were investigated as methods
to produce the AgCl. Treatment with ferric chloride was much
faster to perform and produced a uniform coating of≈100 nm
particles of AgCl, such as those shown inFig. 2. While the
electrode stability was about the same regardless of the oxi-
dation technique, chemically oxidized electrodes tended to
have a more ideal Nernstian response in solutions of vari-
ous chloride ion concentration. The chemical treatment was
therefore chosen as the standard oxidation method. A 50 mM
solution of FeCl3 was applied to the electroplated silver sur-
face for 50 s at room temperature, followed by rinsing with DI

Fig. 3. Ag/AgCl microelectrode array with surface mounted microfluidic
channel made from PDMS. (A) Top–down schematic layout of electrode
array and microchannel. (B) Top–down photograph of an example Ag/AgCl
microelectrode positioned inside of microfluidic channel.

water. This procedure was performed very soon after electro-
plating to minimize the formation of silver oxide and silver
sulfide, which would alter the electrode potentials. The fer-
ric chloride treatment was not specifically optimized, though
there was no significant difference noted in electrode stabil-
ity when different solution concentrations or reaction times
were used. Two examples of the silver plated, silver chloride
coated electrode are shown inFigs. 1C and 3B.

2.4. Individual microelectrodes

Individual Ag/AgCl microelectrodes with different initial
active areas were fabricated as described above. The samples
had silver as the top evaporated metal coating. The geometric
areas included 1× 106, 1× 104 and 1× 102 �m2. All elec-
trode sizes were characterized in bulk solutions with different
chloride ion concentrations. Samples of 1× 106 �m2 area
were tested for long-term stability in bulk solution of 1 mM
KCl.

2.5. Microelectrode array layout

Electrodes of a 40�m× 160�m geometric area were
fabricated in an array format. Electrodes were uniformly
separated by ca. 4 mm on a planar substrate (seeFig. 3A).
E t the
e nel.
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t d the
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lectrode size and spacing were chosen such tha
lectrodes fit within a surface mounted microfluidic chan
ach electrode sampled a reasonable volume of solution

he middle of the channel width, and the array spanne
ajority of the channel length. The top layer of evapor
etal was gold. Silver and silver chloride layers were for
s described above.
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Successful silver plating required stringent cleanliness of
all apparatus. Because of the very small currents applied to
the microelectrodes, any parasitic current caused by contami-
nation had a negative impact on plating quality. All apparatus
were therefore cleaned, as appropriate for the given material,
with solvent, detergent, or acid washing followed by rinsing
with copious amounts of DI water.

2.6. Surface mounted microfluidic channel

The Ag/AgCl microelectrode arrays were used inside of a
surface mounted elastomeric microfluidic channel, as shown
in Fig. 3B. The channel was molded from poly(dimethyl
siloxane) (PDMS) elastomer, cleaned by ultrasonic agitation
in isopropyl alcohol, rinsed with DI water and blown
dry with N2, then aligned and sealed over the electrode
array [22]. The channel had a trapezoidal cross-section,
approximately 45�m high by 240�m wide at half height,
giving a cross-sectional area of 1.1× 104 �m2. Three
molar NaCl solution filled the channel under stagnant flow.
Potential steps were applied to the outermost electrodes
while potential at in the inner electrodes was simultaneously
monitored. In a separate experiment, impedance at each elec-
trode in the array was measured as a function of frequency
from 63 kHz to 1 Hz with zero dc bias (versus reference)
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electrodes of this type was considered unacceptable for refer-
ence electrode performance and the samples were not further
characterized.

3.2. Individual microelectrodes

Individual Ag/AgCl electrodes with an evaporated sil-
ver surface and subsequent silver electroplating and FeCl3
treatment were studied for long-term potential stability in
1 mM KCl versus an aged commercial Ag/AgCl electrode
with 1 mM KCl filling solution and porous glass frit. Data
given inFig. 4 show that electrode samples generally stabi-
lized quickly and held potentials within±2 mV for at least
1000 min continuously before a large potential discontinu-
ity was detected. At least one of the four replicate samples
shown held potential for over 4 days of continuous mea-
surement. Potential values of the replicate samples might
differ from each other by approximately 10 mV. The rela-
tively large variation was typically due to a single outlier
from a batch. All potentials were somewhat higher than the
expected value of near zero volts. This may be attributed
to imperfect coverage of electroplated silver, differences in
the concentration of Cl− in the test solution and the macro-
electrode filling solution, and the uncertain junction poten-
tials. Stability seemed relatively unaffected by these sources
o with
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nd 5 mV ac input while using the first electrode a
eference.

. Results and discussion

.1. Electrodes without electroplated silver

In order to compare with electroplated electrodes, e
rodes with only evaporated silver surfaces treated with e
hemical or electrochemical oxidation were also fabrica
owever, electrodes of this type did not hold stable o
ircuit potentials for longer than a few minutes in chlor
olutions. It was concluded that a greater quantity of s
nd silver chloride was required. The observed instabili

ig. 4. Open circuit potentials of Ag/AgCl microelectrodes in bulk solu
eplicate samples of microelectrodes with geometric areas of 1× 106 �m2 in
reas of 6.4× 103 �m2, initial potentials in 3 M NaCl.
f potential error. The electrode surfaces were examined
canning electron microscopy after the open circuit pote
easurements. The images indicated that the AgCl p

les were absent from the Ag surface, which supporte
iew that loss of the AgCl results in poor electrode sta
ty.

The single electrode samples were also tested for N
tian response to chloride ion activity. Activity of t
olution of known salt concentration was estimated f
ebye–Ḧuckel theory. In the concentration range from

o 1 mM, the electrodes of the 1× 106 �m2 geometric are
esponded with a mean slope of 51.5 mV/decade with
epeatability between electrode samples of about 1% re
rror. Electrodes of smaller geometric area were simi

ested. Electrode geometric areas of 1× 104 �m2 gave a mea

. an aged Ag/AgCl macro-reference electrode obtained commerciallyA) Four
Cl over a period of days. (B) Array of seven microelectrodes with geom



B.J. Polk et al. / Sensors and Actuators B 114 (2006) 239–247 243

slope of 49.2 mV/decade, and 1× 102 �m2 gave a slope of
52.1 mV/decade but with higher relative errors of 6% and
14%, respectively.

The original electrode geometric area was seen to have
some effect on the long-term stability tests. The larger area
electrodes tended to stay stable for a longer time, again
attributable to the relative amount of Ag/AgCl available. Fur-
thermore, the smallest electrodes tended to be slightly more
difficult to plate uniformly with silver. In the larger electrodes,
silver grains formed at many nucleation sites and tended to
grow together during the plating process, leading to a uniform
surface coverage. At the smaller electrodes, a single nucle-
ation site may form a silver crystallite with a surface area
close to that of the original surface. The crystallite would then
dominate the subsequent plating because of radial diffusion
profiles and concentrated electric fields, leaving much of the
original surface un-coated. Subsequent dissolution of the thin
AgCl layer on the unplated surfaces would expose the under-
lying metals to the electrolyte after which mixed potentials
would be formed and the electrode would become unstable.
Organic additives, known as levelers, might be added to the
plating bath to promote better coverage of the smaller elec-
trodes.

3.3. Microelectrode array
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the macro-reference electrode filling solution provided by the
commercial manufacturer. Potential stability in other buffers
was generally found to be similar, including the cell culture
media, DMEM/F12[23], though the basic pH caused an error
in the expected positive potential shift from 81 to 65 mV.

The last evaporated layer in the array was gold while,
in the single electrodes, it was silver. However, there was
no observed difference in electrode stability based on the
type of evaporated metal layer. This was because the elec-
troplated silver completely covered the evaporated layer and
was present in much greater quantity. The electrolyte solu-
tion therefore only contacted the plated Ag/AgCl. There may
have been a small contact resistance between the dissimilar
metals, but the data indicated that the metal/metal interface
could be treated as an equi-potential surface, and the possi-
ble contact resistance was therefore ignored in the subsequent
analysis.

3.4. Noise in bulk solutions

A feature noted in this data was the induced noise, which
appears periodically during the open circuit potential mea-
surement. This noise was attributed to environmental dis-
turbances (e.g., vibrations, drafts, etc. creating stray electric
fields) disrupting the stability of the electrode/solution inter-
face and was more pronounced for electrodes of smaller
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A high quality coverage (i.e., plating covered all of
lectrode surface, dense packing of crystallites, and very
vergrowth) of electroplated silver on all electrodes in
rray format could be obtained with good repeatability o
ith stringent cleanliness. Even with very clean devices
pparatus, inconsistent plating quality on electrodes in
ame array was occasionally observed. It was found t
ualitative assessment of the quality of the silver platin
isual inspection of the electrode surface strongly corre
ith the probability that the electrode would give a sta
otential near the ideal value.

Microelectrode stability in the array was measured
ulk container of 3 M NaCl, saturated with AgCl vers
n aged commercial Ag/AgCl macro-electrode with por
lass frit with 3 M NaCl filling solution.Fig. 4B gives an
xample of the initial potential compared with the mac
lectrode for an array of Ag/AgCl electrodes with high qua
ilver coverage. All values in the data set shown clustered
han 1 mV with respect to each other. However, it was
nusual for a single electrode in an array to measure ou

he main cluster. Drift was estimated to be less than 1�V s−1.
ll the data in this set were measured only 2 mV off the id
alue of zero. Such a small error may be attributed to un
ain junction potentials or slight differences in the chlor
ctivity in the test solution and the macro-reference fil
olution.

Electrode stability was noted to be approxima
quivalent, regardless of chloride ion concentration, tho
bviously the magnitude of the potential shifted. A 3
olution was chosen for this work because it closely mat
eometric area. The potentials of smaller electrodes
isturbed to a relatively greater extent because of the sm
urface area in contact with solution. This observation lea
he recommendation that very small electrodes be shield
Faraday cage during measurement to reduce the noise
nce when high precision is required. Further, a low-pass
ould also be incorporated in the measurement circuit. A
atively, the electrodes might be used as sensitive dete
f stray electric fields.

.5. Use of Ag/AgCl electrodes to observe potentials in
microfluidic channel

The application of small, planar micro-reference e
rodes to monitor potential inside of a microfluidic chan
nder the influence of applied electric field was dem
trated with the Ag/AgCl electrode array (seeFig. 3for array
nd microchannel layout). Potential steps of±20 mV were
pplied to E1 with respect to E7 (abbreviated E1E7). Poten

ial was simultaneously monitored at E3, E5 and E6
espect to E2 (abbreviated E3E2, E5E2, E6E2) with a nea
ero current in the measurement circuit. The input pote
teps, measured E1 to E7 current, and measured pote
f E3E2, E5E2 and E6E2 are given inFig. 5. E3E2, E5E2
nd E6E2 were normalized to zero initial potential and th
ffset for clarity. Current between E1 and E7 followed
xpected Cottrell-like decay with time. Potentials meas

n the channel closely followed the changes in current,
he sign of the potentials with respect to E2 also followed
xpected.
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Fig. 5. Measured applied voltage, current and potentials between electrodes in a microchannel. The microchannel was filled with 3 M NaCl. (A)±20 mV
potential steps applied between E1 and E7 to induce the electric field. (B) Measured current between E1 and E7 during potential steps. (C) Potential measured
at E3, E5 and E6 all vs. E2 during potential steps at E1E7. Data were offset for clarity.

When the quasi-steady potentials (Fig. 5C) were divided
by the corresponding current in the channel (Fig. 5B), an
estimate of the resistance of the channel could be calcu-
lated. The average resistance over several external potential
pulses was found to be 23.2, 69.9 and 91.1 k� for E3E2 (one
electrode spacing), E5E2 (three electrode spacing) and E6E2
(four electrode spacing), respectively. Because the electrodes
were evenly spaced, the resistance between any arbitrary
pair of electrodes should be unit multiples of the resistance
between adjacent electrodes. This was experimentally con-
firmed. The resistance between E5 and E2 (three electrodes
spacing) was found to be 3.01 times the resistance between
E3 and E2 (adjacent electrodes). The resistance between
E6 and E2 (four electrodes spacing) was found to be 3.93
times the resistance between E3 and E2. All three resistances
were averaged to give an estimate of the channel resistance
between two adjacent electrodes, found to be 23.1 k�, or
on a per unit length basis, 5.76 k�/mm. This value was rea-
sonable given the channel dimensions (area = 1.1× 10−4 cm2

and length = 0.4 cm) and the estimated conductivity of 3 M
NaCl solution (σ in the order of 0.2 S/cm), giving an
expected resistance of approximately 18 k� between two
electrodes.

When the resistance of the channel was estimated from the
quasi-steady state current (Fig. 5B) and the known potential
input, E1 (Fig. 5A), the resistance between the electrodes
w -
c ed
i clar-

ified by tracing the current path. When current was forced
through E1 and E7, it passed not only through the channel,
but through the electrode double layer as well. The resis-
tance of the double layer was of similar magnitude to the
resistance of the channel itself, leading to the larger total
resistance value. When potential was measured on the inner
electrodes, the high input impedance meters utilized ensured
that almost no current passed through the electrode inter-
face. Corresponding measured potential differences therefore
yielded a better estimate of the channel resistance, separate
from the resistance of the interface. Subtracting the chan-
nel resistance from the resistance of the (channel + electrode)
gave an estimate of the resistance of the electrode itself
and in this case yielded a value of approximately 10 k� per
electrode.

3.6. Noise in microchannel

Noise similar to that observed in bulk solutions was
also observed when the electrodes were placed inside the
microchannel. The small solution volume seemed to exacer-
bate the problem, leading to deviations from median poten-
tials of greater magnitude than those seen in the bulk solu-
tions. Again the noise was attributed to environmental factors
and reinforced the need for shielding and noise filtering.
Luckily, the noise did not seem to affect the baseline OCP,
a ntial
a step
c

E7
as found to be 255 k� total or 42.5 k� between two adja
ent electrodes (10.6 k�/mm), almost twice that measur
nside the channel. The source of the discrepancy was
nd the electrode would typically return to a quiet pote
few seconds after the disturbance. Thus, monitoring

hanges in potential was still reliable.
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Fig. 6. Impedance analysis of Ag/AgCl microelectrode array inside of microfluidic channel filled with 3 M NaCl. Impedance measured at E2, E3, E4, E5, E6
and E7 with respect to E1. Zero dc bias vs. E1 with 5 mV ac input signal. Connector lines between data points as a visual aid. (A) Bodé plot. Each point gives
the real and imaginary components of impedance at a single frequency. Frequency increases from right to left, as indicated on the plot. (B) Absolute magnitude
of impedance as a function of frequency. (C) Phase angle as a function of frequency.

3.7. Electrochemical impedance spectroscopy in a
microfluidic channel

Considering the importance of impedance in electrochem-
ical measurements, electrochemical impedance spectroscopy
was carried out inside of a microfluidic channel with an array
of matched Ag/AgCl microelectrodes; the resulting data are
given in Fig. 6. The Bod́e plot indicated a clear trend with
electrode separation in the microchannel. Equivalent circuit

modeling helped deconvolute the impedance contribution
from each interface in the system. The model used to fit the
experimental data is given inTable 1. It consisted of four com-
ponents in series: one constantR, twoRC parallel circuits, and
oneR in parallel with a constant phase element (CPE). The
unconstrained fitting parameters are listed inTable 1 [24].
Goodness of fit was indicated with Chi2, the square of the
standard deviation between the raw data and the calculated
curve, and with Sum Sq, the weighted sum of squares, which

Table 1
Unconstrained fit parameters for the impedance model, as indicated

Electrode label

E2 E3 E4 E5 E6 E7

R1 (k�) 0.62 1.55 1.75 1.96 1.84 1.48
R2 (k�) 46.8 64.8 94.6 118.6 144.9 154.8
C2 (×10−10 F) 7.28 6.65 5.47 4.09 3.44 3.2
R3 (k�) 24.64 27.91 28.24 12.68 5.52 8.17
C3 (×10−10 F) 3.39 3.89 4.45 5.58 8.46 9.05
CPE-T (×10−10 F) 2.19 0.81 1.28 0.29 0.39 0.64
CPE-P 0.393 0.488 0.451 0.582 0.55 0.514
RCPE (k�) 1384.3 524.2 447.7 703.6 411.5 2202.5
C 0.000
S 0.037
hi2 0.000414 0.000412
um Sq 0.0356 0.0354
429 0.000511 0.000365 0.000238
3 0.0439 0.0314 0.0205
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is proportional to the average percentage error between the
raw data and the calculated values. The very small values of
both Chi2 and Sum Sq indicated that the model was a very
good fit to the data.

A more common impedance model of only one parallel
RC in series with anotherR could not be used in this instance
for two reasons. First, the reference electrode and the working
electrode were of similar area. This implies a similar current
density at each electrode, and therefore the contribution of
the reference electrode to the impedance spectra could not
be ignored. Second, the solution was confined to a microflu-
idic channel, which implied significant impedance due to the
small cross-sectional area despite the low resistivity of the
solution.

The constant phase element was fit to the data with a nearly
constant “non-ideality parameter” (CPE-P) of about 0.5, indi-
cating a slow diffusion process and a Warburg impedance.
Capacitance varied from 10−7 to 10−6 F. The corresponding
resistance,RCPE, was quite high, about 0.5 M� or greater.
From this information, the CPE circuit component might be
attributed to the movement of charge through the solid AgCl
layer. In such a case, the mobile charge was likely silver
ion [25,26]. The possibility exists that the CPE component
represents a capacitive coupling and mobile charges in the
silicon oxide layers. However, this interpretation was ruled
out because the fitting parameters did not scale with electrode
s
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gives microampere currents, which generally decrease with
increasing electrode separation. The experimental condition
of zero bias versus the reference electrode actually leads to
an applied bias versus the open circuit potentials, inducing a
small and relatively constant current.R1 is in fact an indicator
of this relationship.

It would be incorrect to infer electrode impedance directly
as a function of active area in these devices because the actual
surface area available was uncertain. Resistance should scale
inversely with area. An estimate of the product of resistance
and area has a lower bound of 6.4× 107 � �m2 based on the
surface area of the bare (not electroplated) surface. Actual
resistance times area should be higher than this value because
of the increased surface area of the rough surface of the elec-
troplated Ag and AgCl.

From the above discussion, it seemed reasonable to spec-
ulate that impedance spectroscopy and equivalent circuit
modeling may be a useful tool for analysis of microfluidic
systems in general. By using this analysis, the properties of
fluids in the microchannel were separated from the properties
of the electrodes themselves. Importantly, confidence in such
an analysis was greatly improved when measurements were
made with stable micro-reference electrodes.

4. Conclusions
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eparation.
R2C2 yielded a nearly linear correlation between re

ance and electrode separation within the microchannel
2 value between E2 and E1 was modeled to be 46.8 k�, and

he average difference between any two adjacent electr
2 through E7, was calculated to be 21.6 k�. These value
re in close agreement with the electrode resistance v

ound during the potential step experiments. ThereforeR2
as taken to be the resistance felt by a test charge trave

he reference electrode double layer, the microchanne
hen the working electrode double layer.

The componentR3C3 was attributed to the contribution
he electrode double layer to the signal. Because the
nce and working electrodes were of similar surface are

herefore current density, the value ofR3 for closely space
lectrodes was calculated around 25 k�. Past a certain se
ration distance,R3 dropped to around 10 k�, which would
e the value expected for only one electrode. It was s
lated that the resistance of the channel was much g

han the double layer past a certain critical distance and
he working electrode was measured. These resistances
greement with the estimated electrode resistance given
otential step experiments. Notice that asC2 decreases wit
lectrode separation,C3 increases with roughly the same to
apacitance. This would be expected for electrode inter
ith similar surface areas and compositions.
R1 seems related to the small dc bias applied to the wor

lectrode in order to hold it at 0 V versus the reference
rode. The current estimated from the initial OCP betw
he working and reference electrode and the value oR1
,

A reliable method for fabricating stable, planar Ag/Ag
lectrodes on a micrometer scale was developed. Thin
lectrodes were coated with electroplated silver meta

he surface converted to silver chloride by chemical ox
ion. The resulting surfaces were characterized with scan
lectron microscopy and were found to have a larger

ace area when compared with the geometric footprint o
lectrode. The relatively large amount of silver chloride
ade available led to a greatly increased potential stab

n some cases electrodes were found to be stable over 4
icroelectrodes of various geometric areas subjected to

lar surface treatments were shown to respond in a n
ernstian fashion to solutions of different chloride ion ac

ty.
Ag/AgCl microelectrodes were fabricated in an array

at as part of this study. Complete arrays of electrodes
hown to have stable, repeatable potentials in high con
ration chloride solutions. The utility of the electrode ar
n a microfluidic system was demonstrated. Potential ins

icrochannel during application of an electric field was m
ured. Electrochemical impedance spectroscopy inside
icrochannel was carried out, and results closely mat

hose observed in the potential step experiments. Equiv
ircuit modeling of the system was shown to deconvolute
ontributions of the channel impedance independent o
lectrode impedance.

While environmental noise clearly needs to be addre
urther, an array of stable Ag/AgCl microelectrodes m
nd additional applications in other microfluidic syste
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An example might be electrochemical detection and char-
acterization of DNA or protein separations. Future work will
focus on integrating the microelectrode array with CMOS
electronics, such as an operational amplifier. Constructing
an electrode array with an amplifier and other circuitry inte-
grated on the same chip may lead to enhanced signal detection
by decreasing loading and also reduce the effects of environ-
mental disturbance.
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