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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
channels. Electrodes with geometric surface areas greater than or equalpm?@@re fabricated individually and in an array format
by electroplating silver, greater than.in thickness, onto photolithographically patterned thin-film metal electrodes. The surface of the
electroplated silver was chemically oxidized to silver chloride to form Ag/AgCI micro-reference electrodes. Characterization results showed
that Ag/AgCl microelectrodes produced by this fabrication method exhibit increased stability compared with many devices previously reported.
Electrochemical impedance spectroscopy allowed device specific parameters to be extracted from an equivalent circuit model, and these
parameters were used to describe the performance of the microelectrodes in a microfluidic channel. Thus, stable Ag/AgCI microelectrodes,
fabricated with a combination of photolithographic techniques and electroplating, were demonstrated to have utility for electrochemical
analysis within microfluidic systems.

Published by Elsevier B.V.
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1. Introduction potentials are typically observed to be stable for a time period
in the range of a few minutes to a few ho{Bs3,13,15] Insta-
While the theory and practice of reference electrodes bility has generally been attributed to dissolution of the very
for chemical analysis have been established for decadeghin layer (few nm) of sparingly soluble AgCl and the subse-
[1-3], there remains much current interest in the practical quently developed mixed potentials at the electrode/solution
application of micro-reference electrodes to miniaturized interface. Silver chloride has a solubility product constant,
chemical sensoffg—8]. Particularly desirable are fabrication Kgp, of 1.8x 1019, which implies, from a thermodynamic
techniques for Ag/AgCl electrodes, which can be compatible point of view, that about 1.9 mg of AgCl will dissolve in a
with complementary metal-oxide-semiconductor (CMOS) liter of water at room temperature. On micro-scale terms,
microelectronic circuit fabricatiof9—12). Also of interest a rectangular piece of silver, 10@n x 100pm x 1 um on
are electrodes compatible with microfluidics for separations a side, could be converted entirely to silver chloride and the
in lab-on-a-chip systen|s,13,14] resulting AgCl could be dissolved in less thanud5of water.
A vexing problem associated with most reported thin-film A commonly used method of improving stability has been
Ag/AgCl electrodes has been their poor stability. Open circuit to coat the Ag/AgCI electrode with gel or polymer mate-
rials, such as agar or polyurethafie,16] The coatings
* Corresponding author. Tel.: +1 301 975 6347; fax: +1 301 948 4081.  Create a diffusion barrier to slow down the rate at which
E-mail address: brian.polk@nist.gov (B.J. Polk). the AgCI dissolves and simultaneously provide a relatively
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constant concentration of chloride ion at the Ag/AgCI sur- 2. Experimental
face. A buffer layer of Ni between an adhesion layer of Ti
and an Ag top coat was recently reported to improve stability 2.1. Planar electrodes
[17]. However, the central problem remains; the AgCl coating
will dissolve relatively rapidly. In conventional macro-sized All electrodes were fabricated by using oxidized silicon
electrodes confined to an isolated solution compartment, a(1 0 0) wafers as substrates. Thin-film metal electrodes were
small amount of AgClI dissolution from a large wire actually patterned onto the substrates by using lift-off metallization
increases potential stability with fluctuating temperatures by technique$21]. Metals were deposited with thermal evapo-
saturating the filling solution with AgCl. Such dissolution is ration. Cr &5 nm) was used as an adhesion layer, and either
fatal to the performance of thin-film electrodes because the Ag or Au (=150 nm) was used as the top layer. In the case of
very small quantity of AgCl available may entirely dissolve a silver top layer, an intermediate layer of gotb0 nm) was
away. used as a barrier between the Cr and the Ag. After lift-off, the

A simple solution to this problem, which does not entire sample surface was coated with Si®good passivat-
require polymer coatings is to increase the amount of sil- ing insulation was achieved with a thick400 nm) coating
ver chloride on the microelectrode surface. The typical of SiO, deposited with plasma enhanced chemical vapor
methods of forming AgCl on Ag include anodization in deposition (PECVD). Working electrode areas and contact
chloride containing solutions, chemical oxidation and ther- pads were opened by removing the Siith dilute HF or
mal or plasma treatment in chlorine containing atmosphereswith reactive ion etching (RIE). A schematic cross-section
[11,12,14,15,18-20]JAny of these treatments can produce of the electrode layers and a top—down photograph of the
similar quality AgCl but, applied to a thin layer of silver as-fabricated thin-film electrode are showrfig. 1
(~10% nm thick), they can only result in a thin-film of sil-
ver chloride. Therefore, the mass of silver available must be 2.2, Siiver electroplating
increased. A facile technique to add mass is to electroplate
an additional quantity of silverx{10° nm) onto evaporated Surface cleaning was critical to achieving reproducible
thin-film electrodes of either gold or silver. The electroplated platings. Electrode samples were cleaned by ultrasonic agi-
silver forms a quasi-bulk phase, which allows for subsequent tation for 5min each in isopropyl alcohol, dilute laboratory
formation of a much thicker layer of silver chloride. Further-  detergent solution and 1 M HCI (M, moI‘Ll) with DI water
more, the electroplated silver has a much rougher surfacerinse in between. If the electrode showed appreciable current
than the evaporated layer, providing a larger electrochemi- (>10nA) at zero applied bias in the silver plating bath due
cally active surface area in the same geometric footprint of to surface contamination, then the cleaning procedure was
the original microelectrode. Taken together, the large quan- repeated.
tity of AgCl and the increased surface area formed by this  Plating onto clean electrodes was accomplished from
technique enable stabilization of Ag/AgCl microelectrodes, 0.3M AgNQzin 1M NHs(aq) by using a three-electrode cell
as demonstrated in this report. at room temperature. A silver wire served as quasi-reference

An additional advantage of electroplating silver onto thin- electrode, and a platinum wire coil served as counter elec-
film electrodes is that individual electrodes in an array may trode. The following procedure yielded the most repeatable
be selected for conversion to Ag/AgCl, while leaving oth-
ers unaltered. To achieve the same type of configurabil-
ity using either metal evaporation or electroless deposition I_l—Agc‘
would require extra mask steps. Ag, 5000 nm

. . . . . . Auor Ag, 150 nm

Our objective is to create micrometer-sized quasi- ALk B0
reference electrodes and electrode arrays with improved Cr.5nm
stabilities and lifetimes, which can be used in microfluidic
applications. This work discusses practical aspects of the
fabrication and characterization of stable Ag/AgCl micro-
electrodes, both individually and in an array format. The
resultant quasi-reference electrodes were characterized with
scanning electron microscopy and open circuit potential
(OCP) measurements versus an aged commercially available
Ag/AgCIl macro-reference electrode. The utility of an
array of the Ag/AgCl microelectrodes was demonstrated
by monitoring potentia| in a microﬂuidic Channe' W|th Flg 1. (A) Schematic.diag.ram of the Iaygr §tructure of a planar Ag/AgQI
applied electric field. Finally, electrochemical impedance microelectrode. Material thlcknessesareln@cqted on the diagram. Drawing

. not to scale. (B) Top—down photograph of thin-film gold electrode after pas-

_spectr(_)scop)_/ Was conducted on Fhe mlcrpele_‘CtrOde ‘jirraysivation with PECVD SiQ and etching open working area. (C) Top—down
in a microfluidic channel, and equivalent circuit modeling photograph of electrode after silver electroplating and oxidizing with ferric
helped identify the sources of impedance in the system. chloride.

SiOp 400 nm
Si0p, 600 nm
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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/AgCI
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
Fig. 2. Scanning electron micrographs of electrode surfaces. (A) Polycrys- sylfide, which would alter the electrode potentials. The fer-
talline silver as electroplated_from S|Ive_r nltratgln aqueous ammonlgsolytlon ric chloride treatment was not specifically optimized, though
onto gold at 13 mA/crh (B) Silver chloride particles formed by treating sil- L. . . .
ver surface with 50 mM Fegfor 50 s. Note AgCl particles are conformal to there was no S|gn|f|cant difference noted in electrode stabil-
the irregular silver surface and have diameters on the order of 1000-500 nm.ity When different solution concentrations or reaction times

were used. Two examples of the silver plated, silver chloride

results among several plating procedures tested. Plating orf-oated electrode are shownfigs. 1C and 3B

the planar electrode was performed in two steps. First, an

oxidative pre-treatment at +0.95V was applied for 30s. The 2.4. Individual microelectrodes

plating solution was agitated after the oxidative pre-treatment

to remove any microscopic gas bubbles on the electrode sur-  Individual Ag/AgCl microelectrodes with different initial
faces prior to plating. Then plating was driven at 133mAdcm  active areas were fabricated as described above. The samples
for 300 s. On an electrode footprint of 4tn x 160um, the had silver as the top evaporated metal coating. The geometric
silver layer grew to about am thick, as estimated with sty-  areas included & 10°, 1 x 10* and 1x 107 um?. All elec-

lus profilometry. The surface was composed piid to 5um trode sizes were characterized in bulk solutions with different
diameter crystallites of silver as seerfFiy. 2. chloride ion concentrations. Samples ok 10f um? area
were tested for long-term stability in bulk solution of 1 mM

2.3. Silver chloride formation KCI.

Both electrochemical anodization in HCI and chemical 2.5. Microelectrode array layout
oxidation with aqueous Feglvere investigated as methods
to produce the AgCl. Treatmentwith ferric chloridewas much ~ Electrodes of a 40.m x 160pm geometric area were
faster to perform and produced a uniform coating:@b0 nm fabricated in an array format. Electrodes were uniformly
particles of AgCl, such as those shownFig. 2. While the separated by ca. 4mm on a planar substrate Fgpe3A).
electrode stability was about the same regardless of the oxi-Electrode size and spacing were chosen such that the
dation technique, chemically oxidized electrodes tended to electrodes fit within a surface mounted microfluidic channel.
have a more ideal Nernstian response in solutions of vari- Each electrode sampled a reasonable volume of solution near
ous chloride ion concentration. The chemical treatment wasthe middle of the channel width, and the array spanned the
therefore chosen as the standard oxidation method. A 50 mMmajority of the channel length. The top layer of evaporated
solution of FeCd was applied to the electroplated silver sur- metal was gold. Silver and silver chloride layers were formed
face for 50 s at room temperature, followed by rinsing with DI as described above.
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Successful silver plating required stringent cleanliness of electrodes of this type was considered unacceptable for refer-
all apparatus. Because of the very small currents applied toence electrode performance and the samples were not further
the microelectrodes, any parasitic current caused by contami-characterized.
nation had a negative impact on plating quality. All apparatus
were therefore cleaned, as appropriate for the given material,3 > 1,4ividual microelectrodes
with solvent, detergent, or acid washing followed by rinsing

with copious amounts of DI water. Individual Ag/AgCl electrodes with an evaporated sil-
ver surface and subsequent silver electroplating andsFeCl
2.6. Surface mounted microfluidic channel treatment were studied for long-term potential stability in

1 mM KCI versus an aged commercial Ag/AgCI electrode
The Ag/AgCI microelectrode arrays were used inside of a with 1 mM KCI filling solution and porous glass frit. Data
surface mounted elastomeric microfluidic channel, as showngiven inFig. 4 show that electrode samples generally stabi-
in Fig. 3B. The channel was molded from poly(dimethyl lized quickly and held potentials withi2 mV for at least
siloxane) (PDMS) elastomer, cleaned by ultrasonic agitation 1000 min continuously before a large potential discontinu-
in isopropyl alcohol, rinsed with DI water and blown ity was detected. At least one of the four replicate samples
dry with Ny, then aligned and sealed over the electrode shown held potential for over 4 days of continuous mea-
array [22]. The channel had a trapezoidal cross-section, surement. Potential values of the replicate samples might
approximately 45um high by 24Qum wide at half height, differ from each other by approximately 10 mV. The rela-
giving a cross-sectional area of &10*um?. Three tively large variation was typically due to a single outlier
molar NaCl solution filled the channel under stagnant flow. from a batch. All potentials were somewhat higher than the
Potential steps were applied to the outermost electrodesexpected value of near zero volts. This may be attributed
while potential at in the inner electrodes was simultaneously to imperfect coverage of electroplated silver, differences in
monitored. In a separate experiment, impedance at each electhe concentration of Clin the test solution and the macro-
trode in the array was measured as a function of frequencyelectrode filling solution, and the uncertain junction poten-
from 63kHz to 1Hz with zero dc bias (versus reference) tials. Stability seemed relatively unaffected by these sources
and 5mV ac input while using the first electrode as a of potential error. The electrode surfaces were examined with
reference. scanning electron microscopy after the open circuit potential
measurements. The images indicated that the AgCl parti-
cles were absent from the Ag surface, which supported the
3. Results and discussion view that loss of the AgCI results in poor electrode stabil-
ity.
3.1. Electrodes without electroplated silver The single electrode samples were also tested for Nern-
stian response to chloride ion activity. Activity of the
In order to compare with electroplated electrodes, elec- solution of known salt concentration was estimated from
trodes with only evaporated silver surfaces treated with either Debye—Hickel theory. In the concentration range from 100
chemical or electrochemical oxidation were also fabricated. to 1 mM, the electrodes of thex110° um? geometric area
However, electrodes of this type did not hold stable open responded with a mean slope of 51.5 mV/decade with good
circuit potentials for longer than a few minutes in chloride repeatability between electrode samples of about 1% relative
solutions. It was concluded that a greater quantity of silver error. Electrodes of smaller geometric area were similarly
and silver chloride was required. The observed instability of tested. Electrode geometric areas af 10* pm? gave amean
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Fig. 4. Open circuit potentials of Ag/AgCI microelectrodes in bulk solution vs. an aged Ag/AgCl macro-reference electrode obtained comrgiealty. (
replicate samples of microelectrodes with geometric areasdft® wm?in 1 mM KCl over a period of days. (B) Array of seven microelectrodes with geometric
areas of 6.4 10° um?, initial potentials in 3M NaCl.
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slope of 49.2 mV/decade, andx110? um? gave a slope of  the macro-reference electrode filling solution provided by the
52.1 mV/decade but with higher relative errors of 6% and commercial manufacturer. Potential stability in other buffers
14%, respectively. was generally found to be similar, including the cell culture
The original electrode geometric area was seen to havemedia, DMEM/F1423], though the basic pH caused an error
some effect on the long-term stability tests. The larger areain the expected positive potential shift from 81 to 65 mV.
electrodes tended to stay stable for a longer time, again The last evaporated layer in the array was gold while,
attributable to the relative amount of Ag/AgCl available. Fur- in the single electrodes, it was silver. However, there was
thermore, the smallest electrodes tended to be slightly moreno observed difference in electrode stability based on the
difficult to plate uniformly with silver. Inthe larger electrodes, type of evaporated metal layer. This was because the elec-
silver grains formed at many nucleation sites and tended totroplated silver completely covered the evaporated layer and
grow together during the plating process, leading to a uniform was present in much greater quantity. The electrolyte solu-
surface coverage. At the smaller electrodes, a single nucle-tion therefore only contacted the plated Ag/AgCI. There may
ation site may form a silver crystallite with a surface area have been a small contact resistance between the dissimilar
close to that of the original surface. The crystallite would then metals, but the data indicated that the metal/metal interface
dominate the subsequent plating because of radial diffusioncould be treated as an equi-potential surface, and the possi-
profiles and concentrated electric fields, leaving much of the ble contactresistance was therefore ignored in the subsequent
original surface un-coated. Subsequent dissolution of the thinanalysis.
AgCl layer on the unplated surfaces would expose the under-
lying metals to the electrolyte after which mixed potentials 3.4. Noise in bulk solutions
would be formed and the electrode would become unstable.
Organic additives, known as levelers, might be added to the A feature noted in this data was the induced noise, which
plating bath to promote better coverage of the smaller elec- appears periodically during the open circuit potential mea-

trodes. surement. This noise was attributed to environmental dis-
turbances (e.qg., vibrations, drafts, etc. creating stray electric
3.3. Microelectrode array fields) disrupting the stability of the electrode/solution inter-

face and was more pronounced for electrodes of smaller

A high quality coverage (i.e., plating covered all of the geometric area. The potentials of smaller electrodes were
electrode surface, dense packing of crystallites, and very little disturbed to a relatively greater extent because of the smaller
overgrowth) of electroplated silver on all electrodes in the surface areain contactwith solution. This observation leads to
array format could be obtained with good repeatability only the recommendation that very small electrodes be shielded in
with stringent cleanliness. Even with very clean devices and a Faraday cage during measurement to reduce the noise influ-
apparatus, inconsistent plating quality on electrodes in the ence when high precisionis required. Further, alow-pass filter
same array was occasionally observed. It was found that acould also be incorporated in the measurement circuit. Alter-
qualitative assessment of the quality of the silver plating by natively, the electrodes might be used as sensitive detectors
visual inspection of the electrode surface strongly correlated of stray electric fields.
with the probability that the electrode would give a stable
potential near the ideal value. 3.5. Use of Ag/AgCl electrodes to observe potentials in

Microelectrode stability in the array was measured in a a microfluidic channel
bulk container of 3M NaCl, saturated with AgCl versus
an aged commercial Ag/AgCIl macro-electrode with porous  The application of small, planar micro-reference elec-
glass frit with 3M NacCl filling solutionFig. 4B gives an trodes to monitor potential inside of a microfluidic channel
example of the initial potential compared with the macro- under the influence of applied electric field was demon-
electrode for an array of Ag/AgCl electrodes with high quality strated with the Ag/AgCl electrode array (d€g. 3for array
silver coverage. All values in the data set shown clustered lessand microchannel layout). Potential stepst#0 mV were
than 1 mV with respect to each other. However, it was not applied to E1 with respect to E7 (abbreviated-ij1Poten-
unusual for a single electrode in an array to measure outsidetial was simultaneously monitored at E3, E5 and E6 with
the main cluster. Drift was estimated to be less thaivs 1. respect to E2 (abbreviated E3 E5:», E6g2) with a near
All the data in this set were measured only 2 mV off the ideal zero current in the measurement circuit. The input potential
value of zero. Such a small error may be attributed to uncer- steps, measured E1 to E7 current, and measured potentials
tain junction potentials or slight differences in the chloride of E3g, E5e2 and Eg2 are given inFig. 5 E3g2, E52
activity in the test solution and the macro-reference filling and E&» were normalized to zero initial potential and then
solution. offset for clarity. Current between E1 and E7 followed an

Electrode stability was noted to be approximately expected Cottrell-like decay with time. Potentials measured
equivalent, regardless of chloride ion concentration, though in the channel closely followed the changes in current, and
obviously the magnitude of the potential shifted. A 3M the sign of the potentials with respect to E2 also followed, as
solution was chosen for this work because it closely matched expected.
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Fig. 5. Measured applied voltage, current and potentials between electrodes in a microchannel. The microchannel was filled with 3 MA2@hVA)
potential steps applied between E1 and E7 to induce the electric field. (B) Measured current between E1 and E7 during potential steps. (C) Batextial mea
at E3, E5 and E6 all vs. E2 during potential steps at/EData were offset for clarity.

When the quasi-steady potentialsd. 5C) were divided ified by tracing the current path. When current was forced
by the corresponding current in the chanrieig( 5B), an through E1 and E7, it passed not only through the channel,
estimate of the resistance of the channel could be calcu-but through the electrode double layer as well. The resis-
lated. The average resistance over several external potentialance of the double layer was of similar magnitude to the
pulses was found to be 23.2, 69.9 and 9Xifr E3:2 (one resistance of the channel itself, leading to the larger total
electrode spacing), b (three electrode spacing) andgz6 resistance value. When potential was measured on the inner
(four electrode spacing), respectively. Because the electrode®lectrodes, the high input impedance meters utilized ensured
were evenly spaced, the resistance between any arbitrarythat almost no current passed through the electrode inter-
pair of electrodes should be unit multiples of the resistance face. Corresponding measured potential differences therefore
between adjacent electrodes. This was experimentally con-yielded a better estimate of the channel resistance, separate
firmed. The resistance between E5 and E2 (three electrodegrom the resistance of the interface. Subtracting the chan-
spacing) was found to be 3.01 times the resistance betweemel resistance from the resistance of the (channel + electrode)
E3 and E2 (adjacent electrodes). The resistance betweemave an estimate of the resistance of the electrode itself
E6 and E2 (four electrodes spacing) was found to be 3.93and in this case yielded a value of approximately Q0der
times the resistance between E3 and E2. All three resistance&lectrode.
were averaged to give an estimate of the channel resistance

between two adjacent electrodes, found to be 221dr 3.6. Noise in microchannel
on a per unit length basis, 5.7&kmm. This value was rea-
sonable given the channel dimensions (area <110~ cn? Noise similar to that observed in bulk solutions was

and length=0.4cm) and the estimated conductivity of 3M also observed when the electrodes were placed inside the
NaCl solution ¢ in the order of 0.2S/cm), giving an  microchannel. The small solution volume seemed to exacer-
expected resistance of approximately I8 ketween two bate the problem, leading to deviations from median poten-
electrodes. tials of greater magnitude than those seen in the bulk solu-

When the resistance of the channel was estimated from thetions. Again the noise was attributed to environmental factors
quasi-steady state currefitig. 5B) and the known potential  and reinforced the need for shielding and noise filtering.
input, EXe7 (Fig. 5A), the resistance between the electrodes Luckily, the noise did not seem to affect the baseline OCP,
was found to be 255 total or 42.5 K2 between two adja-  and the electrode would typically return to a quiet potential
cent electrodes (10.6¥mm), almost twice that measured a few seconds after the disturbance. Thus, monitoring step
inside the channel. The source of the discrepancy was clar-changes in potential was still reliable.
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3.7. Electrochemical impedance spectroscopy in a modeling helped deconvolute the impedance contribution
microfluidic channel from each interface in the system. The model used to fit the
experimental datais givenirable 1 It consisted of four com-

Considering the importance of impedance in electrochem- ponents in series: one const&ntwo RC parallel circuits, and

ical measurements, electrochemical impedance spectroscopgpneRr in parallel with a constant phase element (CPE). The

was carried out inside of a microfluidic channel with an array unconstrained fitting parameters are listedlable 1 [24]

of matched Ag/AgCl microelectrodes; the resulting data are Goodness of fit was indicated with Ghithe square of the

given inFig. 6. The Bock plot indicated a clear trend with  standard deviation between the raw data and the calculated

electrode separation in the microchannel. Equivalent circuit curve, and with Sum Sq, the weighted sum of squares, which

Table 1
Unconstrained fit parameters for the impedance model, as indicated
R1 R2 R3 RCPE
AN —
C2 Cc3 CPE
| | 1 | >
Electrode label
E2 E3 E4 E5 E6 E7
R1 (k) 0.62 155 175 196 184 148
R2 (kS2) 46.8 648 946 1186 1449 1548
Co (x10710F) 7.28 665 547 409 344 32
R3 (kS2) 24.64 2791 2824 1268 552 817
C3 (x10710F) 3.39 389 445 558 846 905
CPE-T (x10710F) 2.19 081 128 029 039 064
CPE-P 0.393 @88 0451 0582 Q55 0514
Rcpe (k) 1384.3 524 4477 7036 4115 22025
Ch?? 0.000414 000412 0000429 0000511 0000365 0000238

Sum Sq 0.0356 0354 00373 00439 00314 00205
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is proportional to the average percentage error between thegives microampere currents, which generally decrease with

raw data and the calculated values. The very small values ofincreasing electrode separation. The experimental condition

both Ch? and Sum Sq indicated that the model was a very of zero bias versus the reference electrode actually leads to

good fit to the data. an applied bias versus the open circuit potentials, inducing a
A more common impedance model of only one parallel small and relatively constant curreRt.is in fact an indicator

RC in series with anothek could not be used in this instance  of this relationship.

fortwo reasons. First, the reference electrode and the working It would be incorrect to infer electrode impedance directly

electrode were of similar area. This implies a similar current as a function of active area in these devices because the actual

density at each electrode, and therefore the contribution of surface area available was uncertain. Resistance should scale

the reference electrode to the impedance spectra could notnversely with area. An estimate of the product of resistance

be ignored. Second, the solution was confined to a microflu- and area has a lower bound of 640’ Q um? based on the

idic channel, which implied significant impedance due to the surface area of the bare (not electroplated) surface. Actual

small cross-sectional area despite the low resistivity of the resistance times area should be higher than this value because

solution. of the increased surface area of the rough surface of the elec-
The constant phase element was fit to the data with a nearlytroplated Ag and AgCl.
constant “non-ideality parameter” (CPE-P) ofabout0.5,indi- ~ From the above discussion, it seemed reasonable to spec-

cating a slow diffusion process and a Warburg impedance. ulate that impedance spectroscopy and equivalent circuit
Capacitance varied from 10 to 10 F. The corresponding  modeling may be a useful tool for analysis of microfluidic
resistanceRcpg, was quite high, about 0.5 or greater. systems in general. By using this analysis, the properties of
From this information, the CPE circuit component might be fluids in the microchannel were separated from the properties
attributed to the movement of charge through the solid AgCl of the electrodes themselves. Importantly, confidence in such
layer. In such a case, the mobile charge was likely silver an analysis was greatly improved when measurements were
ion [25,26] The possibility exists that the CPE component made with stable micro-reference electrodes.

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 electroded4. Conclusions

separation.

R,>C> yielded a nearly linear correlation between resis- A reliable method for fabricating stable, planar Ag/AgCI
tance and electrode separation within the microchannel. Theelectrodes on a micrometer scale was developed. Thin-film
Ry value between E2 and E1 was modeled to be 48.8kd electrodes were coated with electroplated silver metal and
the average difference between any two adjacent electrodesthe surface converted to silver chloride by chemical oxida-
E2 through E7, was calculated to be 21<B kl'hese values tion. The resulting surfaces were characterized with scanning
are in close agreement with the electrode resistance valueslectron microscopy and were found to have a larger sur-
found during the potential step experiments. Thereffige,  face area when compared with the geometric footprint of the
was taken to be the resistance felt by a test charge traversinglectrode. The relatively large amount of silver chloride thus
the reference electrode double layer, the microchannel, andmade available led to a greatly increased potential stability;
then the working electrode double layer. in some cases electrodes were found to be stable over 4 days.

The componenR3C3 was attributed to the contribution of ~ Microelectrodes of various geometric areas subjected to sim-
the electrode double layer to the signal. Because the refer-ilar surface treatments were shown to respond in a nearly
ence and working electrodes were of similar surface area andNernstian fashion to solutions of different chloride ion activ-
therefore current density, the value R for closely spaced ity.
electrodes was calculated around 2k Past a certain sep- Ag/AgCl microelectrodes were fabricated in an array for-
aration distance®3 dropped to around 1&k which would mat as part of this study. Complete arrays of electrodes were
be the value expected for only one electrode. It was spec-shown to have stable, repeatable potentials in high concen-
ulated that the resistance of the channel was much greatetration chloride solutions. The utility of the electrode array
than the double layer past a certain critical distance and onlyin a microfluidic system was demonstrated. Potential inside a
the working electrode was measured. These resistances are imicrochannel during application of an electric field was mea-
agreement with the estimated electrode resistance given in thesured. Electrochemical impedance spectroscopy inside of the
potential step experiments. Notice thatgsdecreases with  microchannel was carried out, and results closely matched
electrode separatiofig increases with roughly the same total those observed in the potential step experiments. Equivalent
capacitance. This would be expected for electrode interfacescircuit modeling of the system was shown to deconvolute the
with similar surface areas and compositions. contributions of the channel impedance independent of the

R seemsrelated to the small dc bias applied to the working electrode impedance.
electrode in order to hold it at 0V versus the reference elec-  While environmental noise clearly needs to be addressed
trode. The current estimated from the initial OCP between further, an array of stable Ag/AgCl microelectrodes may
the working and reference electrode and the valu&of  find additional applications in other microfluidic systems.
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An example might be electrochemical detection and char- microlithographically defined microelectrode, Anal. Chem. 60 (1988)

acterization of DNA or protein separations. Future work will 2770-2775.

focus on integrating the microelectrode array with CMOS [10] J-C. Ball, D.L. Scott, J.K. Lumpp, S. Daunert, J. Wang, L.G. Bachas,
lectronics. such as an operational amolifier. Constructin Electrochemistry in nanovials fabricated by combining screen print-

€ ! . p e P t o 9 ing and laser micromachining, Anal. Chem. 72 (2000) 497-

an electrode array with an amplifier and other circuitry inte- 501.

grated onthe same chip may lead to enhanced signal detectiofi1] H. Suzuki, H. Shiroishi, S. Sasaki, I. Karube, Microfabricated liquid

by decreasing loading and also reduce the effects of environ-  junction Ag/AgCI reference electrode and its application to a one-
mental disturbance. chip potentiometric sensor, Anal. Chem. 71 (1999) 5069-5075.
[12] C.D. Bratten, P.H. Cobbold, J.M. Cooper, Micromachining sensors
for electrochemical measurement in subnanoliter volumes, Anal.
Chem. 69 (1997) 253-258.
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