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a b s t r a c t

This paper reports on the adaptation of standard complementary metal oxide semiconductor (CMOS)
integrated circuit (IC) technology for biocompatibility, enabling a low-cost solution for drug discovery
pharmacology, neural interface systems, cell-based biosensors and electrophysiology. The basis for the
process is the anodisation of IC aluminium electrodes to form nanoporous alumina. The porous alumina
was electrochemically thinned to reduce the alumina electrode impedance. For applications where a
porous electrode surface is either preferred or acceptable, we demonstrated that porosity can be manip-
ulated at room temperature by modifying the anodising electrolyte to include up to 40% polyethylene
glycol and reducing the phosphoric acid concentration from 4% (w/v) to 1%. For applications requiring
a planar microelectrode surface, a noble metal was electrodeposited into the pores of the alumina film.
Limited success was achieved with a pH 7 platinum and pH 5 gold cyanide bath but good results were
demonstrated with a pH 0.5 gold chloride bath which produced planar biocompatible electrodes. A fur-
ther reduction in impedance was produced by deposition of platinum-black, which may be a necessary
additional step for demanding applications such as neuronal recording. During this work a capability

for real-time electrochemical impedance spectroscopy (EIS) was developed to study anodisation, barrier
oxide thinning, oxide breakdown and electrodeposition processes. To study the pore morphology, focused
ion beam (FIB) was employed to produce cross-sectional cuts of the IC features which were inspected by
SEM with an ‘In-lens’ detector.

The anodisation process and the optional electrodeposition steps require only simple bench equipment
ature
CMO
operated at room temper
electrodes from standard

. Introduction

The concept of using standard complementary metal oxide
emiconductor (CMOS) integrated circuit (IC) technology for bio-
ogical sensors is appealing due its ubiquity and low cost. Potential

arkets for such sensors include drug discovery pharmacology,
eural interface systems, cell-based biosensors and electrophys-

ology research tools [1]. Unfortunately biological environments
re often damaging to IC components—the semiconductor industry
pent decades developing passivation and packaging technologies

o keep electronic components separate from hostile external envi-
onments. In principle, electrodes can be formed by opening the
C passivation to form windows onto the aluminium conductors
elow, this being standard practice where bondpads are formed to

∗ Corresponding author. Tel.: +44 0 1225 386071.
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and is therefore a viable route for manufacturing low-cost biocompatible
S ICs.

© 2010 Elsevier B.V. All rights reserved.

allow off-chip connection via bondwires. However, a pivotal issue
has been the difficulty in exposing the standard aluminium metal
to biological media. Our previous work has confirmed that alu-
minium electrodes corrode in cell culture media [2]. For research
purposes additional microfabrication can be undertaken in a clean-
room environment to deposit biocompatible platinum electrodes
on top of the passivation but this may make products prohibitively
expensive if scaled to high volume sensor production. In ref. [2]
we demonstrated the feasibility of low-cost post-processing that
can convert the electrochemically active aluminium to biocompat-
ible nanoporous alumina by anodisation. It was demonstrated that
the electrical potential and currents required for this process were
compatible with CMOS technologies. We proposed that several
potential electrode designs were feasible: the porous alumina could

be used directly as the electrode or the pores could be filled with a
noble metal to form an electrochemically stable and biocompatible
planar surface. This paper shows how the electrical characteristics
of a porous alumina electrode can be optimised by thinning the
alumina barrier oxide that underlies the porous layer. We study

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:abmahdg@bath.ac.uk
mailto:abmahdg@agraham.me.uk
dx.doi.org/10.1016/j.snb.2010.03.030


6 nd Ac

t
i

p
s
w
b
∼
a
C
t
t
t
c
e
s
p
s
c
p
t
b
a
l
w
g
T
u
a
s
e

2

t
a
t
r
s
a
w
o
w
m
p
t

F
3

98 A.H.D. Graham et al. / Sensors a

he anodisation of the CMOS aluminium alloy and show how this
s different from anodisation of pure aluminium substrates.

As presented in ref. [3], it may be desirable to modify the surface
orosity for cell-based porous alumina electrodes to improve adhe-
ion. For this previous work, a phosphoric acid anodising electrolyte
as selected to enable flexible one-step anodisation at voltages

etween 20 V and 120 V resulting in inter-pore distances up to
300 nm. This was achieved at room temperature, without burning
nd avoiding high current densities that are incompatible with the
MOS implementation. Electropolishing [4] and two-step anodisa-
ion processes [5] are not practical with the CMOS metallisation due
o the layer’s limited thickness of ∼1 �m. The phosphoric acid elec-
rolyte had been demonstrated to be biocompatible, enabling good
ell vitality and cell-substrate adhesion. The work had therefore
stablished that the surface chemistry resulting from the anodi-
ation in phosphoric acid was suited to this application: surfaces
roduced using other anodisation electrolytes such as oxalic and
ulphuric acids remain less well characterised with respect to cell
ulture. Lower porosities can also be achieved by using oxalic or sul-
huric electrolytes, but anodising at voltages up to 120 V requires
he temperature to be lower than room temperature to avoid
urning and high current density [6]. This would require cooling
pparatus that does not fit well with our objective of developing a
ow-cost manufacturing process. We have therefore extended the

ork of Chen et al. [7] on pore size manipulation using polyethylene
lycol (PEG) by changing their 15 ◦C experiment condition to 21 ◦C.
his same technique also enables lower anodising voltages to be
sed (i.e. voltages that are more readily implemented in CMOS) for
given porosity. Additionally, we present a novel method of mea-

uring the electrode impedance in real time during anodisation and
lectrodeposition.

. Experimental methods

The overall process investigated was to convert aluminium elec-
rodes which corrode in cell culture media to bio-inert porous
lumina by anodisation, then reduce the impedance by thinning
he alumina barrier oxide. For some applications such as neuronal
ecording, a low impedance electrode is required to minimise John-
on noise. Therefore, to further reduce impedance or to provide
planar electrode surface, filling the pores with a noble metal
as studied. To reduce cost and avoid difficulties with analysis
f microelectrodes (typically 700 �m2), preliminary experiments
ere performed on coated glass coverslips with metal layers that
atched the metallisation of CMOS ICs. Later experiments were

erformed using CMOS ICs with an array of 48 planar microelec-
rodes.

ig. 1. An assembled CMOS device and schematic of the electrode array. Each of the 48
.2 mm sides.
tuators B 147 (2010) 697–706

2.1. Coverslip fabrication

The relevant CMOS metal layers were reproduced on 22 mm ×
32 mm glass substrates, coated (Teer Coatings, UK) to represent
the same CMOS metallisation as the ICs (austriamicrosystems AG,
0.8 �m process). This comprised ∼40 nm of titanium followed by
∼960 nm of aluminium alloy (Al–1.0 wt%Si–0.5 wt%Cu). The glass
coverslip substrate performed a similar role to the interlayer dielec-
tric (i.e. the insulator that separates metal tracks) of the ICs. For
the evaluation of the influence of Si and Cu alloying elements on
the vertical orientation of the nanopores, coverslips to be used as
controls were similarly coated but with pure aluminium (99.9 wt%)
instead of the alloy.

2.2. IC fabrication

Multiple electrode array (MEA) ICs were fabricated by aus-
triamicrosystems AG, Germany, supplied in 48-lead ceramic
dual-in-line packages (DIP) with removable die-cavity lids. These
evaluation ICs were passive devices with no transistors: an array of
48 electrode pads, each 30 �m diameter and pitched 190 �m apart,
was connected directly to the pins of the ceramic package (Fig. 1).
Glass chambers were bonded to the top of the ceramic package
and the bondwires isolated from the medium in the chamber by
encapsulation using Silastic® 9161 (Dow Corning, UK) elastomer.

2.3. Anodisation

Unless otherwise stated, anodisation was performed at 30 V or
60 V using a 0.4 M (4%, w/v) phosphoric acid electrolyte at 21 ◦C.
Anodisation at 60 V in 0.3 M oxalic acid electrolyte at 15 ◦C was used
in the evaluation of pore structure (anodisation times are discussed
in Section 2.6). Anodisation was performed by holding the coverslip
in a miniature crocodile clip and submerging approximately 2 cm2

of its length into the electrolyte. Porosity manipulation experi-
ments were performed using coverslips in 0.05–0.4 M (0.5–4%)
phosphoric electrolyte with 375 mM–2.0 M (15–80%, w/v) of PEG-
400 (Sigma–Aldrich, UK) at 21 ◦C. Porosity was measured via
image analysis using the open-source ImageJ software [8]. Plat-
inum counter electrodes were used for all experiments: a 4 cm2

mesh electrode for coverslips or 1 cm2 plate electrode for ICs.

2.4. Stand-alone impedance spectroscopy
Measurements were taken at open circuit potential (OCP) and
room temperature between 0.01 Hz and 104 Hz which has been
shown to be sufficient to characterise porous alumina [9,10].
The electrochemical impedance spectroscopy (EIS) was performed

electrodes is connected directly to a pin of the ceramic package. The square IC has
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ig. 2. EIS cell for coverslips: (a) coverslip under test; and (b) disassembled cell base (
nterface of 0.5 cm2. The upper brass counter electrode has a clearance fit which all
he coverslip is via a stainless steel needle point spring probe.

sing a Solartron 1260A Impedance/Gain-phase Analyzer with
296 Dielectric Interface, in a 0.6 M K2SO4 electrolyte. For cov-
rslips, an EIS cell was devised as shown in Fig. 2 in which the
ubstrate–solution interface has a known area. For EIS of ICs, con-
ections were via the package pin(s) and a 1 cm2 platinum plate
ounter electrode placed in the chamber.

.5. Real-time impedance spectroscopy

It is common practice to record current and/or voltage versus
ime during anodisation [11,12] and also during electrodeposition
13]. Impedance measurements are usually restricted to ‘before and
fter’ characterisations. However, we are interested in how the
mpedance varies during anodisation of the thin aluminium film
nd during barrier oxide thinning (see below) and so devised instru-
entation to record complex impedance as a function of both fre-

uency and time. This was achieved using the iBasic scripting lan-
uage of the Agilent 4294A Precision Impedance Analyzer. A block
iagram of the apparatus is illustrated in Fig. 3. An external Keithley
400 SourceMeter was controlled via the 4294A through the GPIB
IEEE-488) interface to enable high voltage (140 V) anodisations. A
elay switch box allowed temporary isolation of the SourceMeter
or the few seconds required to make an impedance sweep at OCP.
xample programs are provided as supplementary data.
.6. Barrier oxide thinning

Coated coverslips were first anodised at 60 V. The insulating
arrier oxide between the pores and the titanium layer was then

ig. 3. Block diagram showing method for anodisation and real-time impedance measurem
he Keithley 2400 SourceMeter and double-pole-double-throw (DPDT) relay switch box.
athode is connected to the counter electrode in the electrolyte. For electrodeposition, th
overslip in place) and cell top showing the O-ring that creates a substrate–electrolyte
to be inserted until it contacts the electrolyte surface. The electrical connection to

thinned either using an unbiased ‘pore-widening etch’ or by elec-
trochemical thinning, the latter simply being anodisation whilst
reducing the voltage either by stepping down the current or ramp-
ing the voltage. Several thinning schemes were investigated since
this aspect is considered a key factor for successful electrodeposi-
tion [12]. The schemes were defined as:

1. ‘Anodisation to cusp’: 60 V was maintained until the anodisa-
tion current began to fall. It was postulated in [2] that this is the
point where a small proportion of the pores have reached the
titanium layer; as more pores reach the titanium layer the cur-
rent falls further. Barrier oxide thinning was commenced when
the current fell below 85% of the steady-state anodising current:
this allowed a reasonable margin against false-triggering due to
fluctuations in the steady-state anodising current.

2. ‘Anodisation to completion’: 60 V was maintained until the
anodisation current fell to <10% of its steady state.

3. ‘Partial anodisation’: only approximately 50–70% of the alu-
minium film was anodised prior to commencing barrier oxide
thinning. This provided highly conductive aluminium metal
below the porous alumina so that comparisons could be made
with other work using thick aluminium films [12,14], i.e. the
effect of the thin 40 nm titanium resistance was eliminated for

these experiments.

4. ‘Pore-widening etch’: after anodising using one of the above
schemes, the substrate remained in the 4% phosphoric acid elec-
trolyte, unbiased, whilst collecting impedance data. This method
of barrier oxide thinning [15,16] was used in our experiments as

ent. The Agilent 4294A with the iBasic program acts as a master controller, driving
For anodisation, the anode output is connected to the coverslip or IC pins and the
e outputs are reversed with cathode connected to the coverslip or IC pins.
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a control for comparison with the biased electrochemical thin-
ning.

Voltage ramps were used rather than stepped or ramped current
ince the former were more readily scalable between the coverslip
rea and microelectrodes. Initial experiments on coverslips used
inear voltage ramps. Exponential ramps were used for later cov-
rslip experiments and IC anodisation as these better mimic the
oltage decay during constant current thinning [12]. Duration of
he ramps varied to ensure correct thinning of the barrier oxide (see
ection 3.3): for anodisation in oxalic or 4% phosphoric acid at 21 ◦C,
amp duration between 30 V and 5 V was 300 s and for 60 V and
V was 600 s. Ramp times in 40% PEG between 30 V and 5 V were
800 s, 780 s, 540 s and 360 s for 0.5%, 1%, 2% and 4% phosphoric
cid, respectively.

.7. Electrodeposition

Initial experiments used the pulsed electrodeposition (PED)
cheme discussed in [17] which is tailored to baths with low metal
on concentrations, high aspect ratio porous films and minimises
ndesirable hydrogen gas evolution: this comprises a −70 mA
athodic pulse of 8ms, followed immediately by a +3 V anodic pulse
f 2 ms, after which there is a zero bias recovery period. The wave-
orm period is 100 ms. A circuit was constructed to generate this
aveform (see supplementary data files for the circuit schematic)

nd so avoid the need for expensive industrial PED equipment. For
ater experiments, the Agilent 4294A was again used to measure
mpedance during electrodeposition and was also used to control a
ED current generated directly by the Agilent 33220A waveform
enerator. For deposition onto IC microelectrodes, current den-
ity was controlled using 68 M� resistors in series with each pin,
iving an approximation to individual and ideal current sources.
ith approximately 2.3 V as the measured potential across the sys-

em (cathode to anode) during PED, and with the resistors driven
y a 10 V waveform from the 33220A, the expected current was
10–2.3)/68 × 106 = 113 nA per electrode ( 16 mA cm−2 and com-
arable with the 20 mA cm−2 used for the coverslips).

Two principal platinum baths were used, as described in ref.
18]. Firstly, 16 mM (5.0 g l−1) dinitrodiammine-platinum “P-Salt”
t(NH3)2(NO2)2, (Strem Chemicals, UK) in a buffer of 674 mM dis-
dium hydrogen phosphate dihydrate and 136 mM diammonium
ydrogen phosphate, pH adjusted to 7.0 using NaOH or H3PO4 and
perated at 35 ◦C. Secondly, 24 mM (1%) chloroplatinic acid (CPA)

2PtCl6·6H2O (Sigma–Aldrich, UK) with 264 �M (0.01%) lead(II)
cetate trihydrate operated at 21 ◦C or 45 ◦C. The CPA bath was
lso used for platinum-black deposition but operated at higher cur-
ent density (100 mA cm−2). Gold deposition was achieved using
ither 59 mM (20 g l−1) gold chloride HAuCl4·3H2O (Sigma–Aldrich,

ig. 4. SEM images taken at 36◦ after FIB cross-sectioning showing the effect of CMOS al
t 30 V. The pore orientation varies slightly and so are not perpendicular to the FIB secti
traightness; and (b) an Al–1%Si–0.5%Cu coverslip anodised at 30 V. The pore walls are in
lloy coverslips anodised at 60 V, for anodisation in oxalic acid and for CMOS microelectro
he image definition of the pore structure). Scale bars are 500 nm.
tuators B 147 (2010) 697–706

UK) with 71 mM (7 g l−1) H2SO4 (pH 0.5), or 26 mM (7.5 g l−1) gold
cyanide KAu(CN)2 (pH ∼5, Spa Plating, UK), both at 21 ◦C. A 1 cm2

platinum counter electrode was used for all deposition experi-
ments. A saturated calomel electrode (SCE) was used as a reference
only during set up of the bath.

2.8. Microscopy

A Carl Zeiss 1540 XB system consisting of field emission scanning
electron microscope (SEM) and focussed ion beam (FIB) was used
for all analysis. The FIB enabled precision cross-sectioning of cover-
slips and processed IC pads using 2 nA current and energy of 30 kV.
SEM images at 36◦ were taken after each FIB cross-section to inspect
the sample morphology. The SEM “In-lens” detector provided not
only high-resolution images but also gave a unique morphological
contrast (e.g. electrodeposited metal grain structure), which fur-
ther facilitated the analysis. Due to the close working proximity
of the SEM column, ICs were first disassembled by removing the
culture chamber and the white elastomer shown in Fig. 1.

3. Results and discussion

3.1. Effects of CMOS alloying elements on pore structure

Coverslips coated with titanium and pure aluminium were
anodised in phosphoric acid at 30 V or 60 V. Coverslips coated with
the titanium and Al–1%Si–0.5%Cu were processed identically, with
additional coverslips anodised in oxalic acid at 60 V. ICs were also
anodised at 30 V and 60 V. The cross-sections illustrated in Fig. 4
show the respective pore structures. Other studies of anodisation
of aluminium containing higher proportions of alloying elements
than CMOS show similar disruption to the pore growth [19–23].
Here we confirm this effect also applies to CMOS thin film metalli-
sations with only 0.5% copper and 1.0% silicon. This effect is distinct
from the more commonly observed disordered structure of pores
at the surface – as viewed from the top – which is attributed to
the lack of surface preparation (which is not practical with pro-
cessing of CMOS ICs). The attributed cause of the pore disruption
is substantiated by the fact that changing the anodising potential
or using oxalic acid electrolyte did not alter the nature of pore
growth. For neuronal recording sensors these interconnected pores
may have a negative impact on the electrical performance as the
model discussed in ref. [2] suggests the interconnects will result

in reduced lateral impedance of the ‘cleft’ under the cell. Unfor-
tunately, the CMOS metallisation comes from the foundry ‘as is’
and has been optimised for semiconductor reliability. Since the
alloying elements cannot readily be reduced, applications such as
neuronal recordings can use electrodeposition of a noble metal into

loying elements on pore structure: (a) pure aluminium (99.9%) coverslip anodised
on surface. The length of uninterrupted pore wall therefore gives an indication of
terrupted by cross-linking to adjacent pores. The same pore structure was seen on
des anodised at 30 V and 60 V (c.f. Fig. 12(b) where the electrodeposition enhances
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he pores which may provide a more suitable surface, as discussed
elow.

.2. Manipulation of surface porosity for cell adhesion
ptimisation

As discussed in Section 1, the addition of PEG to an electrolyte is
xpected to reduce the acid’s pore-widening action during anodi-
ation and so reduce the porosity of the film. This is a useful
ethod for controlling surface porosity whilst maintaining room

emperature processing and low voltage anodisation. Using 4%
w/v) phosphoric acid, there was no effect on porosity with addi-
ion of up to 60% (w/v) PEG-400. However, at 40% PEG, reducing the
hosphoric acid concentration demonstrated the desired porosity
anipulation: reducing the phosphoric acid concentration from 4%

o 0.5% resulted in halving the surface porosity (Fig. 5). It was also
bserved there seems to be an upper limit to the usefulness of
his technique since coverslips anodised with low (0.5%) phospho-
ic acid concentration or >50% PEG resulted in poor quality films
xhibiting reduced porous alumina thickness. This was visible to
he naked eye as pin-holes through the substrate and was con-
rmed by SEM. Cross-sections showed that the vertical orientation
f the pore growth in the Al–Si–Cu alloy was not notably different
o that of those samples anodised in 4% phosphoric acid. Therefore,
y using 40% (w/v) PEG-400 with only 1% (w/v) phosphoric acid

nstead of the standard 4% (w/v) electrolyte, this room tempera-
ure method can be used to reduce surface porosity by up to ∼47%.
t is acknowledged that this work is very limited but is deemed
ufficient to be implemented as a useful tool in the manufacture
f the proposed biocompatible electrodes. Further work could be
erformed to fully characterise the effects of PEG concentration,
lectrolyte concentration and temperature.
.3. Barrier oxide thinning

After anodisation the oxide film was subjected to thinning to
ecrease its electrical impedance. The anodising voltage and cur-

ig. 5. SEM imaging (top view) showing the effect of surface porosity manipulation usin
% H3PO4; (c) 1% H3PO4; and (d) 0.5% H3PO4. Anodisation was at 30 V using coverslips. Po
cale bars are 500 nm.
tuators B 147 (2010) 697–706 701

rent versus time characteristics for the various barrier thinning
schemes are illustrated in Fig. 6. This demonstrates the ability to
control the system for ‘cusp’, ‘completion’, or ‘partial’ anodisation
schemes, with linear or exponential ramps. It was noted that if the
anodising voltage is reduced too quickly then the current drops
sharply and the impedance reduction stalls. This is believed to be
due to the barrier oxide having similar characteristics to a p–n junc-
tion [13,24]: anodisation requires the barrier oxide to be in a state
of avalanche breakdown, as seen at high fields across a reverse-
biased p–n diode. A bias magnitude below this threshold causes the
current to cease. This is not a problem with current ramp barrier
thinning schemes (since by definition the forced current maintains
the required bias), but demonstrates that it is necessary to limit the
ramp rate during voltage thinning schemes so that an anodisation
current is maintained.

Fig. 7 shows |Z|(f,t) for an aluminium alloy coated coverslip
anodised to ‘cusp’, with complex impedance, Z, versus frequency, f,
and time, t. The initial data-point shows the impedance of the un-
modified aluminium. The increasing impedance versus f is due to
the double layer at the solid-solution interface [10]. The increased
impedance during steady-state anodisation is due to the thick
barrier oxide at the base of each pore, the thickness being approxi-
mately proportional to anodising voltage, 1.1 nm V−1 [25]. Prior to
reaching the cusp in the current–time curve (Fig. 6a(i)), it is inter-
esting to note that the impedance (40 Hz < f ≤ 105 Hz) starts to rise
further before any change in anodising (d.c.) current can be seen.
The cause of this is not understood, but perhaps could be an indica-
tion of barrier oxide deformation when forming immediately above
the titanium layer.

3.4. Pore-widening |Z| versus t
To understand better the commonly-adopted pore-widening
etch as a method for reducing barrier impedance, the impedance
was recorded versus time during dissolution in 4% phosphoric acid
at 21 ◦C. A pure aluminium coverslip was partially anodised at 30 V,
without voltage ramp barrier thinning. The results are shown in

g 40% PEG-400 at 21 ◦C with varying acid concentrations (w/v): (a) 4% H3PO4; (b)
rosities, measured using ImageJ software, are 68%, 48%, 36% and 32%, respectively.
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Fig. 6. Voltage and current versus time for the various anodisation and barrier thin-
ning schemes: (a) ‘cusp’ – the exponential voltage ramp is triggered by a fall (i)
of current from the steady-state; (b) ‘completion’ – the exponential voltage ramp
is triggered (ii) when the anodisation current has fallen to 10% of its steady-state;
and (c) ‘partial’ – the exponential voltage ramp is initiated after a fixed period (iii),
calculated as 50–70% of the duration to the cusp. Drop off in currents during ini-
tial ramping (iv) indicate the barrier oxide temporarily falling out of the anodising
breakdown state. The desired approximation to a linear current ramp can be seen in
the latter stages of the voltage ramp (v). The arrows indicate the corresponding y-
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Fig. 7. Impedance magnitude, |Z|, versus frequency, f, and time, t, during anodisation
to ‘cusp’ and voltage ramp thinning for a coverslip of area 2.0 cm2. The same data
are shown in 2D (a) and 3D (b): the impedance rapidly increases as the 30 V bias is

coverslips and ICs with the neutral P-salt bath at 35 C generated
gas, was slow and resulted in poor deposits after terminating at
2 h. No improvement was noted either through increasing the duty
cycle (i.e. the ‘on time’ proportion of the waveform) or increas-
ing the platinum concentration of the bath by a factor of 10. It

Fig. 8. Impedance magnitude, |Z|, at 300 Hz during pore-widening of 2.0 cm2 of
pure aluminium coverslip in 4% phosphoric acid at 21 ◦C: (a) the initial aluminium
substrate with |Z| = 50 �; (b) anodisation increases |Z| to ∼990 �. Anodisation was
stopped after 328 s leaving un-anodised aluminium and titanium below the porous
xis. Data are for a CMOS array of 48 electrodes with combined area of 3.4 × 10−8 m2,
nodised in 4% phosphoric acid at 21 ◦C.

ig. 8 and, by correlation with optical appearance of the coverslip,
t was confirmed that the linear decrease in impedance was due
o barrier oxide thinning. This was followed by a rapid decrease in
mpedance due to the remains of the pore structure being etched.
he remaining un-anodised aluminium then presents a planar sur-
ace of similar impedance to the coverslip prior to anodisation. After
tching through the aluminium the impedance increases slightly as
he 40 nm titanium layer is reached.

Prior to pore-widening the barrier oxide thickness resulting
rom the 30 V anodisation is approximately 33 nm (1.1 nm V−1):
ssuming the start of region e at 5722 s in Fig. 8 corre-
ponds with complete removal of the barrier oxide, this indicates

n oxide thinning rate of 33/((5722-328)/60) = 0.37 nm min−1.
ates of 0.13 nm min−1 [26] for 5% (w/v) phosphoric acid and
0.1 nm min−1 [27] are reported for room temperature dissolu-

ion. This method provides a useful tool for calculating suitable
ore-widening times for multi-layer substrates.
first applied (i); the impedance remains constant during steady-state anodisation
(ii); just prior to the ‘cusp’ the impedance starts to rise slightly at all measured
frequencies (iii); during the voltage ramp the impedance decreases for f ≤ 104 Hz
(iv).

3.5. Electrodeposition

Deposition of a noble metal into the pores can be used to lower
the electrode impedance or to provide a planar surface whilst
maintaining electrochemical isolation of the aluminium. Plating

◦

film; (c) the unbiased pore-widening etch results in a decrease in impedance as
the barrier oxide and pore walls are thinned; (d) the porous layer is eventually com-
pletely etched leaving a planar aluminium surface with impedance ∼40 �, similar to
the initial surface; (e) the remaining aluminium is thinned; and (f) the titanium layer
is eventually reached and results a slightly higher impedance of ∼53 �, probably due
to its slenderness of only ∼40 nm.
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Fig. 9. Platinum deposition of an anodised IC pad: SEM image taken at 36◦ after FIB
cross-sectioning. The circular edge of the pad is shown at (i) and porous alumina
electrode surface (ii). The aluminium track leaving the pad is at (iii) which connects
to the bondpads at the edge of the IC. The insulating interlayer (iv) dielectric is
below the metallisation, with silicon substrate below but out of view. The P-salt
bath resulted in poor deposition, generally plating only at the pad periphery (v),
and caused dissolution of the alumina film from it base upwards (vi). Scale bar is
2 �m (calibrated for cross-section only).

Fig. 10. Impedance magnitude, |Z|, versus time, t, for gold deposition into pores of an

Fig. 11. Impedance magnitude, |Z|, per unit area and phase, �, for an IC array at various
electrochemical thinning (‘porous alumina’); after gold deposition into the pores (‘gold’);
each electrode being 30 �m diameter. The individual electrode impedance, |Z|pad, is show
Al–Si–Cu coverslip of area 1.0 cm2: (a) nucleation; (b) pores filling; (c) a minimum
impedance is reach as the gold emerges with high roughness, i.e. creating an effective
surface area larger than the geometric (planar) area; and (d) the impedance increases
as the gold roughness decreases and forms a more planar surface.

is believed that the slow plating was caused by a very low cur-
rent efficiency when operated below ∼85 ◦C [18]. SEM/FIB analysis
showed little platinum and dissolution of the alumina at the pore
bases, eroding the porous structure upwards towards its surface
(Fig. 9). This, combined with the observed gas evolution, suggests

hydrogen evolution may have dominated platinum deposition at
the barrier oxide or titanium layer, possibly causing a localised low
pH due to the higher H+ ion concentration. This is also supported
by the fact that current efficiency for P-salt at 35 ◦C is known to
be low [18]. It was postulated that a factor in the poor deposition

stages of processing: unprocessed CMOS pads (‘aluminium’); after anodising and
and after platinum-black deposition (‘Pt-black’). Data are for a 48-electrode array,
n on the second y-axis for reference.
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ay have been the remaining oxide barrier. The following process
odifications were investigated: using partially anodised cover-

lips (see definition in Section 2.6) to provide a lower impedance
ubstrate; extending voltage ramp thinning to 0.5 V instead of 5.0 V;
erforming a ‘full’ anodisation followed by a pore-widening etch;
xalic-based anodisation instead of phosphoric. None of these fac-
ors improved deposition using the P-salt.

These problems were overcome by replacing the platinum by
gold chloride bath which had higher metal concentration and

igher current efficiency at room temperature [18,28]. The |Z|–t
lot of Fig. 10 shows the various stages of deposition into porous
lumina and is in agreement with the I–t characteristic discussed
n ref. [13].

Having achieved the goal of deposition of a noble metal into
he porous alumina, the +70 mA/−3 V PED scheme was revisited
o determine if it could be simplified. The circuit was replaced
y a simple positive pulse (100 ms period, 10–50% duty) gen-
rated directly by a waveform generator (Agilent 33220A). This
roduced results indistinguishable from those achieved with the
70 mA/−3 V circuit. It is therefore likely that, for our thin 1 �m
ubstrates, the simplified PED scheme is acceptable due to the
ower aspect ratio of the porous alumina compared to the porous
lms of up to 50 �m used by others [16,29,30]. Similar, and sim-
ler schemes such as a.c. and d.c. bias, have been successfully used
lsewhere to deposit metals into porous alumina films [13,31].

The commercial gold cyanide bath was evaluated as a com-
arison to the gold chloride bath. Deposition with cyanide was
on-uniform with an appearance similar to ICs processed using the
-salt. The cause of this difference is not yet understood, but it is
oted that the cyanide (pH ∼5) and P-salt (pH 7) baths were less

cidic than the gold chloride (pH 0.5). This warrants further investi-
ation. Platinum-black was deposited on electrodes produced using
he gold chloride bath to reduce further the impedance.

Fig. 11 shows impedance magnitude, |Z|, per unit area and phase,
, for IC arrays. Unprocessed CMOS pads showed a predominantly

ig. 12. Completed biocompatible electrodes (SEM images using the ‘In-lens’ detector, tak
howing the circular edge (i) of the electrode and porous surface (ii); the aluminium track
he same electrode showing the branching alumina pores and thin titanium layer; (c) poro
nd (d) high magnification of the FIB section in (c) showing the pores (v) filled with gold. A
orm a solid film (vi) that fills the pad opening up to the chip surface. The high surface are
mage. A distinct interface between the gold and platinum-black cannot be seen in the im
eposition; platinum-black duration to achieve ≤40 k� per electrode). Scale bars are 1 �
tuators B 147 (2010) 697–706

capacitive characteristic (i.e. � < −70◦ except at low frequencies)
which is due to the double layer capacitance [2]. This is usually
considered a ‘constant phase element’ due to the phase being some-
what larger than −90◦. Each processing step resulted in a reduction
of impedance — anodising and electrochemically thinning, gold
deposition and platinum-black. The phase indicates the electrode
characteristics become less dominated by the double layer capac-
itance during processing, with the platinum-black showing more
significant resistive elements: at high frequencies the impedance
magnitude of the double layer becomes sufficiently low to allow the
solution resistance to start to dominate the system, as illustrated
by the reduced magnitude of d|Z|/df and the increased phase angle.
Fitting these elements to an equivalent circuit is discussed in ref.
[10] and is expected to be useful for future amplifier design work.

These completed electrodes (Fig. 12) therefore present bio-
compatible surfaces with lower impedances than the unmodified
aluminium and have similar electrical performance of microelec-
trodes produced by others [10,32]. Depositing platinum-black
using the chloroplatinic acid bath reduced the impedance of the
gold pads by a factor (at 1 kHz) of at least 50 (and often by a fac-
tor of up to 250), making the electrode more suitable for neuronal
recording applications.

3.6. Application suitability

The basic porous alumina CMOS electrode with thinned barrier
oxide provides functional biocompatible electrodes suited to many
biological applications such as cell-substrate impedance sensing
[32] and manipulation of cells and proteins by ((negative-)di-
)electrophoresis [33]. However, it is possible that the lateral linking

of adjacent pores seen in the CMOS metallisation may prevent the
plain porous alumina electrode from successfully recording action
potentials from adherent neurons. For this particular application,
or others requiring a non-porous surface, we have shown that
the pores can be filled with a bio-inert noble metal. This retains

en at 36◦ after FIB cross-sectioning): (a) porous alumina electrode with a FIB section,
(iii) is electrically connected to the titanium layer (iv); (b) higher magnification of

us alumina and gold electrode enhanced with platinum-black for lower impedance;
t the top of the porous layer the gold deposition has been allowed to continue so to

a of the subsequent platinum-black deposition (vii) can be seen along the top of the
age (60 V phosphoric anodisation to cusp; exponential ramp to 5 V; gold chloride

m.
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he benefit of removing the electrochemically active aluminium
rom the vicinity of cells and culture medium without the need
o modify the CMOS using non-standard and costly clean room
acilities. Low noise electrodes for small signal neuronal record-
ngs require minimising the impedance and this is likely to require
he platinum-black deposition.

. Conclusion

It has been demonstrated that CMOS microelectrodes can be
ade biocompatible by removing corrosive aluminium by convert-

ng it to nanoporous aluminium oxide. This was achieved through
nodisation and barrier oxide thinning, resulting in an impedance
omparable to the unmodified aluminium and other planar elec-
rodes. The manufacturing scheme also tailors the impedance and
orosity of films by thinning the barrier oxide and widening the
ores. Infiltrating pores with metal further reduces impedance. For
pplications requiring a planar electrode surface, gold was elec-
rodeposited into the porous alumina to provide a bio-inert surface.
or neuronal recording applications that often call for particu-
arly low impedances, the planar gold electrode was coated with
latinum-black resulting in at least a further 50-fold reduction in

mpedance.
The work was made possible by real-time impedance

pectroscopy during anodisation, electrochemical thinning, pore-
idening and electrodeposition processes, and can be used as a
exible tool for the study of many electrochemical systems.

FIB was used to produce cross-sectional cuts to study the
C anodisation and electroplating processes. The SEM “In-lens”
etector provided high-resolution images and gave a unique mor-
hological contrast which further assisted analysis.

This low-cost process has been developed for manufacturability
nd enables CMOS integrated circuits, fabricated using standard
rocessing, to be used as biocompatible microelectrodes.
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