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Abstract

The limited electrodedensityandthus,the limited spatialresolutionof substrate-integratedmicroelectrodesarrays(MEAs) usedin
in-vitro electrophysiologyarecurrentlyconsideredasthe main constraintsof this technique.By taking advantageof the commercially
availablecomplementarymetaloxidesemiconductor(CMOS)standardtechnology, highdensitymiroelectrodearraysonlargeactiveareas
couldberealized.However, thealuminumalloy usedin CMOSasthemetalliclayershowspoorelectrochemicalstability in physiological
mediaaswell asa poorbiocompatibility. A post-processingtechniqueis thereforenecessaryfor depositinga suitableelectrodematerial.
The methodologydevelopedin this work relieson a gold electrolessdepositiontechniqueusingcommerciallyavailablegold cyanide
platingsolutions.Themainadvantageof theelectrolessprocessis that it needsneithera photolithographicstepnor theapplicationof a
reductionpotential.Theelectrolessprocesswas developedin two stages,to begin with on aluminum–MEAsteststructuresandthenthe
optimizedprocesswas transposedto theCMOSdevices.Thegold layerswerecharacterizedby ESEM,cyclic voltammetryandXPS.
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1. Introduction

With the commercialavailability of microelectrodear-
rays (MEAs), the extracellularrecordingsof the electrical
activity of in-vitro electrogeniccells, e.g.neuronesor car-
diomyocytes, are now largely acceptedas an interesting
methodologycomplementaryto the standardpatch-clamp
technique[1–4]. Thearrayscomprisetypically 30–120mi-
croelectrodes(Pt, Au, IrOx, ITO, and TiN) embeddedin
an insulation layer (Si3N4, EPON SU-8, polyamide)and
arefabricatedmainly by thin-film technology. Thecellsare
platedandcultureddirectly on the active areaallowing the
non-invasive, long-term(up to several months)monitoring
andstimulationof thenetwork electrophysiologicalactivity.

In orderto further enhancethe functionalfeaturesof the
MEAs, thecurrentresearchefforts aredirectedtowardsthe
increaseof thespatialresolutionandtheimprovementof the
recordedsignalquality, with theultimategoalof providing
to electrophysiologistsahigh-resolutiondevice for studying
thecomplex network dynamics[5–7]. To enhancethespatial
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resolution,theelectrodedensityonalargeactiveareashould
be strongly increased.However, the limiting factorsof the
currentthin-film technologyarethemanageablenumberof
electrodes,contactpadconnectionsandtheincreasingcom-
plexity of the external amplification circuit. Improvement
of the signalquality (signal-to-noiseratio) canbe achieved
by modifying theelectrodematerialandof its roughnessas
well asby placingtherecordingelectroniccircuit asclosely
aspossibleto theelectrode[8,9].

The useof the complementarymetaloxide semiconduc-
tor (CMOS)technologymightbebeneficialfor bothaspects
mentionedabove: it would allow to integratea local ampli-
ficationjust behindtheelectrodesaswell asto significantly
increasethe electrodedensity. The main drawback of the
standardCMOS technologyis that it usesaluminumalloys
asthemetallic layer. Sincethesealloys presentlimited sta-
bility in physiologicalsolutionsand,evenmoreimportantly,
poor biocompatibility, they are not suitableas electrodes’
material.Thus,prior to investigatingapossibleuseof CMOS
technologyfor the fabricationof high-densityMEAs, the
electrodematerialhasto be adaptedto the foreseenappli-
cation.

As mentionedabove, gold has proven to be a suitable
electrodematerialfor MEAs.Differenttechnologies,suchas
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evaporation/sputteringfollowed by lift-of f or wet etchpat-
terning,electrodepositionand electrolessdepositionmight
be usedas a post-processingstep of the CMOS devices.
Amongthem,theautocatalyticelectrolessdepositionof gold
appearsto be the mostconvenient.It needsneithera pho-
tolithographicprocessnor theapplicationof a reductionpo-
tential.Electrolessdepositionof gold hasbeeninvestigated
fundamentally[10–12] and applied to different substrates
suchasNi, Pd,Pt, Rh, Au or Cu [13]. On aluminum,gold
electrolessdepositionis largely describedin the literature
for solder bumping and wire bonding where it is usually
platedfollowing adepositionof Zn and/orNi [14–17]. Gold
modificationof aluminummicroelectrodesby Ni/Au plating
hasbeenreportedby Krasopoulosfor the caseof an array
of integratedmicroelectrodes[18].

In anattemptto simplify theplatingprocessandto avoid
inter-layersbetweenaluminumand gold, we have investi-
gatedthe direct gold electrolessdepositionon aluminum
microelectrodesand silicon–aluminum alloy microelec-
trodesresultantfrom a CMOSprocess.A systematicinves-
tigationof variousplatingparameterswas performedto be-
gin with on aluminumtestmicroelectrodes.The optimized
processwas thentransposedto the CMOS device, consist-
ing of 64 × 64 (4096) microelectrodes.The gold layers
were characterizedusing environmentalscanningelectron
microscopy (ESEM), cyclic voltammetryand analyzedby
X-ray spectroscopy (XPS).

2. Materials and methods

2.1. Aluminum MEAs test structures

A previously describeddesign,comprising32 microelec-
trodesof 10�m diameterand four pseudo-referenceswas
usedfor thealuminum-testMEAs structures[4]. Thearrays
werefabricatedon4inchand525�mthicksiliconwafersin-
sulatedwith a2000Å-thick layerof siliconnitridedeposited
by low-pressurechemical vapor deposition(LPCVD). A
250Å-thick layer of tantalum(adhesionlayer) and 1�m
thick aluminum layer were depositedby evaporationand
patternedby a lift-of f process.The top insulationlayer of
2000Å-thick LPCVD silicon nitride was openedby SF6/O2
plasmaetching.A schematiccross-sectionof the electrode
is shown in Fig. 1. For electrochemicalcharacterization,the
individual devicesweremountedon a printedcircuit board
(PCB),wire-bondedandencapsulatedwith epoxyresin.

silicon nitride  

silicon substrate 

aluminum  

Fig. 1. Schematiccross-sectionof the test Al–MEAs.

2.2. CMOS high density MEAs

Thesedevices are basedon active pixel sensortechnol-
ogy (APS)andweredesignedin collaborationwith theIm-
ageSensingSectionof the CentreSuissed’Electroniqueet
MicrotechniqueSA (CSEM SA, Zurich, Switzerland)[19].
The array consistsof 64 × 64 (4096) pixels on an active
areaof 2.56 × 2.56mm2. Each pixel has a dimensionof
40× 40�m2 integratinga microelectrodeof 20× 20�m2

andunderneatha local pre-amplifier. Eachelectrodecanbe
individually addressedwith theon-chipaddressinglogic in-
tegratedon the sides.Thesedevices have beenfabricated
usingALCATEL 0.5�m standardCMOStechnology.

2.3. Electroless gold deposition

The electrolessgold depositionwas performedin two
stepsusingcommerciallyavailableplating solutions.First,
the aluminumelectrodesweretreatedwith the Atomex so-
lution (Engelhard-Clal,Bienne, Switzerland),allowing to
depositgold by galvanic displacement.Then, the process
was continuedautocatalyticallyin theCatagold2A solution
(Engelhard-Clal,Bienne,Switzerland).

The Atomex solution was preparedas indicatedby the
manufacturer, by dilution in deionisedwaterto obtainagold
concentrationof 3–4g/l. ThepH of this solutionis between
7 and8. Themanufacturerspecifiestypical depositiontem-
peraturesbetween45 and75◦C and,on a coppersubstrate,
a depositionrateof 0.055�m/5min.

TheCatagold2A solutionisahighlyalkalinegoldcyanide
solutionwith a pH of 13.7.The solutionis provided ready
for plating, and contains3.75g/l of KAu(CN)2. The typi-
cal depositiontemperaturespecifiedby themanufactureris
75◦C with a depositionrateof ∼2�m/h.

2.4. Characterization of the gold layers

Gold depositswerecharacterizedby environmentalscan-
ning electron microscopy (Philips XL 30 ESEM-FEG),
cyclic voltammetry (CV) and X-ray spectroscopy (XPS).
CVswereperformedusingastandardthree-electrodeset-up
(Pt counter electrodeand Ag/AgCl referenceelectrode,
Metrohm)in a deaerated1M H2SO4 solution.

TheXPSanalysiswas performedon a KratosAxis Ultra
spectrometer. Due to the small size of the electrodes,the
X-ray spotof 50�m in diameterwas focusedon thecontact
pads.Thespectrawerecollectedover abindingenergy range
between0 and1100eV with a passenergy of 80eV andan
acquisitiontime of 480s.

3. Results and discussion

Aluminum is not a standardsubstratefor the gold elec-
trolessdeposition.Indeed,the manufacturerspecifiesthat
thedepositionin theCatagold2A solutioncanonly beper-

2



Fig. 2. ESEM picture of the deposited Au on two Al–MEA (5 min in Atomex solution and 5 min in Catagold,T = 57◦C). Bottom-left, a part of the
integrated pseudo-reference Al structure.

formed on gold or copper substrates. The other normally
used substrates, i.e. nickel, zinc or iron alloys, need to be
pre-coated with gold. The use of the Atomex solution for Au
deposition by galvanic displacement is therefore required
for Al substrates. This step allows a gold seed layer to be
formed, creating initiation points for the subsequent growth
of the gold electroless layer. Following a series of initial
tests, a deposition time of 5 min at 25◦C in the Atomex so-
lution was found to be sufficient to activate the subsequent
Catagold 2A deposition process. These conditions were
thus used in all experiments described below.

The first electroless depositions on aluminum–MEAs
were performed following the conditions specified by the
solution manufacturer i.e. temperature of 75◦C in the as
received Catagold 2A solution. This results in a deposition
rate of 2�m/h. After 1 h, the resulting microelectrodes did
not show a visible gold deposit and the silicon nitride insu-
lating layer around the microelectrodes was severely dam-
aged. Surprisingly, however the aluminum did not show the
effect of a vigorous etching as would be expected to occur
in a high alkaline solution. The absence of gold deposits on
the microelectrodes could be due to a too fast deposition
rate and lack of adhesion of the resulting thick layers which
lift-off of the microelectrodes.

This hypothesis was confirmed upon reducing the deposi-
tion time in Catagold 2A. The ESEM picture inFig. 2shows
the deposition on a pseudo-reference electrode and on two
microelectrodes for a deposition time of 5 min in Catagold
2A solution at 60◦C. A close up view of a single microelec-
trode is shown inFig. 3a. The resulting dendritic deposition
has a maximal height of about 20�m, which corresponds
to an estimated deposition rate of 4�m/min. This means a
deposition rate of about 120 times faster than that specified
by the solution provider.

The deposition rate of a gold electroless process can be
reduced by decreasing the deposition temperature and/or the
gold concentration. A systematic investigation of the influ-
ence of these two parameters on the morphology of the gold
layers was performed. The deposition shown inFig. 3bwas
obtained for a deposition time of 1 min in the non-diluted
Catagold 2A solution at 25◦C. However, even if the lateral
outgrowth is reduced the resulting microelectrode is still
about two times larger than the original one. When the depo-
sition temperature in the Catagold 2A solution was further
reduced to−9◦C, a completely different morphology was
obtained for a deposition time of 1 min (Fig. 3c). However,
as in the previous experiment, the modification of the depo-
sition temperature was not sufficient for limiting the lateral
outgrowth.

The lateral outgrowth is better controlled by decreasing
the concentration of the gold complex. Following a series
of tests using different dilution factors, the 1:20 (1 part of
Catagold 2A solution in 20 parts of deionised water) was
found to yield, for a 15 min deposition time at 25◦C, well
controlled and reproducible gold layers (Fig. 3d). This pro-
cess allows a homogeneous deposition on the 32 microelec-
trodes of the array, without any damage of the silicon nitride
passivation layer to be performed. Moreover, the resulting
gold microelectrodes seem particularly well adapted for the
electrophysiological application due to the rather compact
and rough layer as well as to the small lateral outgrowth.
Additionally, the deposition is fast at room temperature and
at low gold cyanide concentration.

The gold layers deposited in the diluted Catagold 2A solu-
tion were evaluated by cyclic voltammetry and analyzed by
XPS. Comparing the CVs of a gold wire,Fig. 4a, and of the
deposited gold layerFig. 4b, identical oxidation–reduction
behavior is observed. This is a first indication of the good
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Fig. 3. ESEM images of different Au electroless depositions on Al microelectrodes: (a) 5 min in Atomex followed by 5 min in Catagold,T = 60◦C, (b)
5 min in Atomex followed by 1 min in Catagold,T = 25◦C, (c) 5 min in Atomex,T = 25◦C followed by 1 min in Catagold,T = −9◦C, and (d) 5 min
in Atomex followed by 1 min in 1:20 Catagold: DI water,T = 25◦C.

Fig. 4. Cyclic voltammograms in a deaerated 1 M H2SO4 solution of
(a) a gold wire, (b) electroless Au on Al microelectrode (anodic poten-
tial sequentially increased). Commercial Ag/AgCl reference electrode, Pt
counter electrode, scan rate 100 mV/s.

quality and purity of the electroless gold layers. Moreover,
the electrical interface between aluminum and gold does not
introduce resistive or capacitive components, which con-
firms the good contact between the two layers. The XPS
spectrum, shown inFig. 5, shows a clear evidence of gold,
in particular in form 4f. It should be mentioned that due to
the difficulties in focusing the X-ray spot on the microelec-
trodes of 10�m diameter, the XPS analysis was performed
on the larger (100�m × 100�m) bonding pads. However,
while the deposition on the microelectrodes results in com-
pact layers, the contact pads show slightly less dense de-
posits. Therefore a small contribution from the underneath
Al can be seen on the spectrum.

The optimized deposition protocol (1:20 dilution, deposi-
tion time 15 min at 25◦C) was then transposed to the CMOS
device. It should be noted that, in this case, the metallic layer
is not pure aluminum, but a silicon–aluminum alloy.

Due to the packaged chip geometry, instead of immersing
the device into the Atomex and Catagold 2A solutions, gold
was deposited using only a drop of the solutions on the active
area of the chip. At first, the active area was treated for 5 min
with a drop of the Atomex solution at 25◦C. Then, after
rinsing in deionised water and drying, a drop of 1:20 diluted
Catagold 2A solution was used to deposit the gold (15 min at
25◦C). Fig. 6ashows an optical image of four pixels before
andFig. 6bafter the electroless process. The deposition was
homogeneous on the whole active area and well localized on
the aluminum microelectrodes. It is interesting to note that
the chips were not cleaned before the deposition and that
no treatment was used for removing the native aluminum
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Fig. 5. XPS survey spectra of the electroless Au on an Al contact pad.

Fig. 6. Optical image of the CMOS device showing four electrodes before (a) and after (b) the electroless deposition.

oxide layer. Unfortunately, an electrochemical evaluation of
the deposited gold on the CMOS chip could not be realised
since it was not possible to directly contact the electrodes
and perform cyclic voltammetry measurements. However,
the electrical characterization in a phosphate-saline buffer
solution showed excellent results, good electrical contacts
between the aluminum alloy and the gold and no damage of
the integrated circuit.

4. Conclusions

Although aluminum has never been used so far without a
prior modification as a substrate material for gold electroless
deposition we could demonstrate that it is possible to deposit
gold on aluminum microelectrodes using a commercially
available gold cyanide solution.

Gold depositions were performed in two steps: by gal-
vanic displacement in the Atomex solution and then by elec-
troless deposition in the Catagold 2A solution. The treatment
by galvanic displacement, producing a gold seed layer, is
necessary for activating the following electroless deposition
process.

Different morphologies of gold can be obtained by modi-
fying the electroless deposition conditions, i.e. temperature
and solution concentration. For our application, the best de-
posits with respect to the morphology, control of the lat-
eral outgrowth and homogeneity were obtained in a 1:20
diluted Catagold 2A solution at a deposition temperature
of 25◦C. This process was then successfully applied to a
CMOS chip, where the metallic layer is not pure aluminum
but a silicon–aluminum alloy.

The good quality of the gold layers as well as the ra-
pidity and convenience of the electroless process make this
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post-processingtechniqueparticularlyattractive for the de-
velopmentof high densitymicroelectrodearraysbasedon
CMOStechnology. Thedepositioncanbeperformedfrom a
dropof solutionon thepackagedchip. This aspectis rather
convenientandinteresting,asit would allow thegold depo-
sitionsshortly beforethe electrophysiologicalexperiments,
ensuringthuscleanandreproducibleelectrodesurfaces.Fur-
thermore,the preliminaryelectricalcharacterizationof the
gold-modifiedCMOS devices in a phosphate-salinebuffer
solutionconfirmedthe goodfunctionality of the integrated
pre-amplifiercircuit.This,togetherwith positivebiocompat-
ibility evaluationresults,suggestthattheCMOStechnology
can be a possibleapproachtowardsrealizing high-density
microelectrodearraysfor in-vitro electrophysiology.
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