
F

A
a

b

c

a

A
R
R
A
A

K
E
C
A
C
B
N

1

b
t
d
b
o
m
r
a
t
v
g
e
o
e

i
m
a
a
p
f

0
d

Sensors and Actuators B 138 (2009) 296–303

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical

journa l homepage: www.e lsev ier .com/ locate /snb

ormation of a porous alumina electrode as a low-cost CMOS neuronal interface

nthony H.D. Grahama,∗, Chris R. Bowenb, Jon Robbinsc, John Taylora

Department of Electronic & Electrical Engineering, University of Bath, 2E 2.24, Claverton Down, Bath, BA2 7AY, UK
Department of Mechanical Engineering, University of Bath, Bath, BA2, UK
Receptors & Signalling, Wolfson CARD, King’s College London, London, SE1 1UL, UK

r t i c l e i n f o

rticle history:
eceived 18 November 2008
eceived in revised form 13 January 2009
ccepted 26 January 2009
vailable online 5 February 2009

a b s t r a c t

A low-cost electrode design has been devised for drug discovery pharmacology, neural interface sys-
tems, cell-based biosensors and electrophysiology research, based on high volume CMOS (complementary
metal oxide semiconductor) integrated circuit technology. The electrode is formed by the anodisation of
CMOS metallisation to form nanoporous alumina. The process was developed to address the concern of
aluminium neurotoxicity, improve corrosion resistance under physiological conditions and to present a
eywords:
lectrode
MOS
nodic aluminium oxide
orrosion

preferential morphology for cell–substrate adhesion.
Thin-film anodisation is optimised to overcome problems of thermal fusing, enabling a variety of sub-

strate morphologies to be produced using potentials of 10–100 V. Current density scaling factors are
shown to confirm the suitability of CMOS circuit geometries to the anodisation process. Corrosion tests
demonstrate improved corrosion performance of the porous alumina electrode. The process and scaling

nodis
iocompatibility
euron

factors are validated by a

. Introduction

Drug discovery pharmacology, neural interface systems, cell-
ased biosensors and electrophysiology research are key applica-
ions of neuron stimulation and recording. Currently, commercial
evices exist primarily for research platforms and are custom-built
y the deposition and patterning of conducting and insulating films
n glass substrates. These designs require investment in expensive
icro-fabrication facilities and result in high product cost. A pre-

equisite to establishing neuron stimulation and recording in the
bove markets will be to significantly reduce the product manufac-
uring costs. An alternative to custom fabrication is to exploit high
olume CMOS (complementary metal oxide semiconductor) inte-
rated circuit technology which forms the basis of most commodity
lectronic products. Through this route, the manufacturing costs
f electrode products are potentially considerably lower, thereby
nabling market growth.

Whilst CMOS is a potentially attractive solution, the neurotox-
city of aluminium persists as a topic of much debate [1,2]. One

ethod to address this concern has been devised [3] where the

luminium is covered using additional deposition and patterning
t the backend of the CMOS fabrication process. However, these
ost-processing steps reintroduce a reliance on micro-fabrication

acilities which increase production costs.

∗ Corresponding author. Tel.: +44 1225 386071.
E-mail address: abmahdg@bath.ac.uk (A.H.D. Graham).
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ation of a simple CMOS device.
© 2009 Elsevier B.V. All rights reserved.

Electroless plating of gold onto the CMOS aluminium has also
been investigated [4]. This approach is of notable merit due to its
simplicity and ability to meet a low-cost criterion. However, the
process may require further development to eliminate defects in
the deposited coating that risk causing rapid galvanic corrosion of
the aluminium [5,6].

1.1. Electrode material

Aluminium forms the conventional basis for high volume inte-
grated circuit (IC) metallisation and this is likely to continue for the
foreseeable future. Mature CMOS processes that are likely to be used
for small quantity production of biocompatible electrodes, such as
for multiple electrode arrays (MEAs), are typically >0.1 �m gate
length processes. The transition to copper metallisation may not
be totally complete for niche applications until 45 nm gate length
processes are reached [7–9].

1.2. Electrode morphology

It has been found that nanoporous morphologies formed in sili-
con wafers can create a basis for CMOS electrodes [10,11]. Sapelkin
et al. [12] etched CMOS ICs to form porous silicon (pSi) struc-

tures which were found to be biocompatible and to which cells
exhibited preferential adhesion. Unfortunately, access to the silicon
substrate on standard CMOS technology is only possible by etching
directly through the metallisation and interlayer insulation layers.
This also exposes the active regions (those areas of an IC substrate

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:abmahdg@bath.ac.uk
dx.doi.org/10.1016/j.snb.2009.01.050
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here transistors are formed) to the physiological medium (i.e. in
ivo extracellular medium or in vitro cell culture medium), which
esults in rapid degradation of the circuits due to ionic contamina-
ion [13]. Moxon et al. [14] used pSi in fabricated MEA electrodes
ithout adhesion promoters and confirmed that the nanoporous

lectrode surface displayed better biocompatibility than a smooth
urface, illustrated by the increased growth of neurites and the
educed adhesion of astrocytes (glial cells). Similar results were
lso reported in Ref. [15] where axons extended preferentially on
Si with pores between 150 and 500 nm rather than smooth silicon,
mall pores (100 nm) or large pores (1500 nm). With the exception
f Low et al., the above studies evaluated porous substrates without
he use of adhesion molecule coatings. These would have otherwise

odified the nature of the surfaces under investigation.
.3. Aims of paper

As a result of the published research on pSi it is possible that
here may be preferential adhesion to nanoporous alumina formed

ig. 1. Formation of electrode. (a) Section through a typical CMOS IC process showing ‘pad
ere), with passivation layer (ii), and transistor area (iii), within the silicon substrate. (b) E
lloy (iv), with titanium barrier layer (v), and anti-reflective coating (vi). (c) Modified e
nodised. (d) The adherent neuron cell membrane (viii), forms a seal with the top of the p
mplifier.
tuators B 138 (2009) 296–303 297

by anodising CMOS aluminium metallisation. This could have the
advantages of providing a porous morphology similar to that of the
pSi, combined with the benefit of converting the electrochemically
active aluminium metal into bioinert alumina. Previous work has
been reported on neuron cells cultured on porous alumina, but the
substrates were either coated with cell adhesion molecules (which
affect electrical performance [16]) or were not configured as elec-
trodes [17,18]. Others have evaluated non-neuronal cell types on
porous alumina, in particular osteoblasts, and showed good bio-
compatibility [19–23].

This paper introduces a novel low-cost technique to modify
standard CMOS circuits to create electrodes based on nanoporous
alumina. The feasibility of constructing such electrodes using CMOS
is explored. The aim is to determine whether such an approach

can form a foundation for various electrode designs. We examine
the simplest design scenario of a cell positioned above open pores
that are filled with physiological medium, but we anticipate this
foundation may also lead to other designs such as created by elec-
trodeposition into the pores. Validation through stimulation and

’ openings to form electrodes (i), on the uppermost of the metal layers (four shown
nlarged view of electrode area showing the metallisation, comprising of aluminium
lectrode formed by anodisation, with remnants of aluminium (vii) remaining un-
ores. (e) Electrical model for a single pore element and input into high impedance
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The above description demonstrates that is possible to measure
changes in intracellular potential, vcell, using this electrode config-
uration. The methods to form the nonporous alumina electrode will
now be described.
98 A.H.D. Graham et al. / Sensors a

ecording with a working electrode array will be required but is not
ncluded at this stage since it will depend on the actual design built
rom the porous alumina foundation.

A simplified section of a CMOS device before modification is
hown in Fig. 1a. The electrode areas are formed by openings (i)
n the passivation layer (ii). Transistors are constructed at the sil-
con substrate surface (iii). Fig. 1b shows detail of the aluminium

etallisation material (iv) to be anodised. This is typically 1 �m
hick and usually includes a small proportion of copper (typically
.5 wt.%) to inhibit electromigration [13,24]. During the elevated
emperatures of IC fabrication, ‘contacts’ formed by depositing
luminium directly onto a silicon substrate tend to alloy at their
nterface. The underlying semiconductor (p–n) junctions near to
his silicon–metal interface can be damaged by spikes of aluminium
enetrating them. This phenomenon, ‘contact spiking’, is usually
liminated by depositing aluminium that has been alloyed with
ilicon (typically 1–2 wt.%) and by including a ‘barrier layer’ of
itanium, titanium nitride or titanium–tungsten [24] below the alu-

inium (Fig. 1b(v)) to separate it from the silicon in contact areas.
dditionally, it is frequently necessary to include an anti-reflective
oating (ARC), often titanium nitride, on top of the aluminium to
acilitate photolithography (vi).

.4. Electrode concept

In order to demonstrate the plausibility of the proposed elec-
rode design, it is necessary to consider its physical and electrical
tructure. Anodisation of the aluminium CMOS pads to form porous
lumina can ultimately produce the structure shown in Fig. 1c.
nless the duration of anodisation is greatly extended, remnants
f aluminium film often remain (vii). The neuron–alumina junc-
ion (Fig. 1d) forms a wet electrode below the cell membrane (viii):
he electrode is formed via the low impedance alumina pores filled
ith physiological medium, through the impedance at the pore

ase (anodic barrier oxide) and to the high impedance transistor
ate input. The design relies on sufficient conductance through the
ase of the alumina pore to enable the recorded action potential to
e sensed at the CMOS transistor gate and vice versa for stimula-
ion.

Fig. 1e shows a simplified electrical model for one element (one
ore): the intracellular potential, vcell, is coupled to the electrode
ia the cell membrane impedance, cm and rm: the seal resistance
lement, rs, represents the lateral leakage path from the extracellu-
ar space below the cell membrane to ground. (The extracellular

edium is grounded through a bath electrode.) These electrical
haracteristics have been investigated elsewhere [25–28]. Max-
mising resistance rs is critical to forming a good electrical junction
etween cell and electrode, as demonstrated in Ref. [29]. To achieve
his without using mechanical manipulation of cells, the height of
his ‘cleft’ must be minimised by good cell adhesion.

The resistance rp represents the physiological medium in the
ore. Due to the relatively high conductivity of the medium (typi-
ally 103 S m−1 [17,27]), rp is small, even for long pores formed by
nodising the entire 1 �m of aluminium.

A double-layer impedance is formed at the solid–solution inter-
ace [30] for which a simple equivalent circuit is usually sufficient
nd comprises of a capacitance cd and resistance rd [31]. With
ction potential characteristic frequencies, f, in the order of 1 kHz
t has been shown that the magnitude of the impedance (2�fcd)−1

hat results from the double-layer capacitance typically dominates
esistance rd by a factor of 103 to 105 [32,33].
For a nanoporous alumina film in a physiological medium or
ther electrolyte, it is the anodic barrier layer impedance at the
ase of the alumina pore space that governs the overall electri-
al characteristics of the film [34,35]. During the formation of the
anoporous layer the anodic barrier oxide layer at the base of each
tuators B 138 (2009) 296–303

pore is of high impedance, defined by cb and rb [35–37]. However,
where a thin film has been completely anodised, the characteris-
tic hemispherical pore base is deformed [38] and the barrier oxide
impedance reduces, becoming resistive, and defined solely by rb.
The impedance of the pore base can also be decreased by elec-
trodeposition of a noble metal [39], by thinning of the barrier
oxide by a post-anodisation etch, or by electrochemical thinning
[40–42].

A further consideration is that the pore walls of insulating alu-
mina do not contribute to the active area of the electrode. Defining
the proportion of pore area to wall area as porosity, P, then for
very thin walls P approaches unity and the active area approaches
the total electrode area. As P decreases the electrode impedance is
expected to increase and with P = 0 the pores would be non-existent
so that the electrode becomes an insulator. It is also expected
that the lateral seal resistance of the cleft will scale with porosity:
since the cleft height is much less than the pore height the lateral
impedance across the pore can be considered negligible compared
to the lateral resistance along the cleft between the top of the pore
walls and cell membrane. The seal resistance is then expected to
be proportional to 1 − P. With P = 0 the seal would represent the
whole of the adhered membrane surface area as in the case of a
conventional planar electrode. A poor seal resistance may there-
fore be anticipated for highly porous films where P approaches 1.
The above suggests there will be a trade-off between good seal
resistance and good coupling through the base of the pores and
that extremes of porosity are likely to produce particularly poor
electrical performance.

Below the porous alumina barrier oxide, the titanium barrier
layer, together with any residual aluminium ((vii) in Fig. 1c), forms
a conductor to the periphery of the electrode, rt. Sufficient conduc-
tance of this layer for stimulation and recording is assured since
anodisation can only occur by conduction through the layer, i.e. the
decrease in conductance that occurs towards the end of thin-film
anodisation becomes self-limiting. The electrode is then connected
to the IC circuit, i.e. the elecotroneurogram (ENG) amplifier or
driver, through the standard low impedance CMOS metal tracks.
Fig. 2. Typical anodisation of 960 nm aluminium thin films (2 wt.% oxalic acid, 40
and 60 V, 10 ◦C, on 40 nm Ti and glass substrate. Anodised area, A ≈ 400 mm2): bar-
rier forming (a); barrier completion (b); porous layer growth (c); aluminium film
consumed (d); leakage current (e).
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. Experimental methods

In order to avoid the difficulties of evaluating working elec-
rodes of small geometries (typically 7 × 10−4 mm2), the relevant
MOS metal layers were initially reproduced on glass substrates,
roviding surface areas of 10 mm2. Glass coverslips were coated
Teer Coatings, UK) to represent a typical CMOS metallisation
austriamicrosystems AG, 0.8 �m process). The upper metal layer
as reproduced by depositing ∼40 nm of titanium followed by
960 nm of aluminium (99.5% purity). The coverslips did not
ave an upper titanium nitride ARC since during CMOS fabrica-
ion this layer is removed from the pad areas when etching the
assivation.

.1. Thin-film anodisation
A simple apparatus was used, comprising an open glass beaker
ontaining 4 wt.% phosphoric acid electrolyte, magnetic stirrer,
latinum gauze cathode and the coated coverslip suspended using
miniature crocodile clip. The anodisation bias was provided by

ig. 3. Scanning electron microscope (Hitachi S-4300) images of porous alumina films p
rior to pore widening).
tuators B 138 (2009) 296–303 299

a Keithley 236 Source-Measure Unit operated by a PC running
a custom Labview 7.1 (National Instruments) program. The soft-
ware enabled easy selection of either potentiostatic or galvanostatic
anodisation, bias ramping, and datalogging of the respective cur-
rent or voltage. The anodisation potential defines the anodic ‘cell’
size—the spacing between adjacent pore centres (and to avoid con-
fusion with references to biological cells, we always refer to this
spacing as either ‘anodic cell size’ or ‘pore pitch’). With thick (bulk)
substrates of optimised electropolished aluminium the established
relationship – the ‘anodisation ratio’ – in a 4% phosphoric acid
electrolyte is 2.5–2.7 nm V−1 [43] but such a ratio has not been
established for anodisation of thin films. Nevertheless, by adjusting
the anodising voltage it is possible to produce a variety of anodic cell
sizes. Potentiostatic anodisation was generally used to give a pore
pitch constant throughout the layer since galvanostatic anodisation

would give a branching pore structure not conducive to a simple
electrode design [43]. It is also possible to vary the anodic cell size by
selecting different electrolytes but our selection of phosphoric acid
enabled the largest anodic cell sizes for a given anodising voltage
[44].

roduced at the stated anodisation voltages (40, 60 and 80 V substrates are shown
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ig. 4. Fit of measured pore density data to the two models of anodic cell size (with
rea of image, A, and number of pores, n). The generally accepted ‘anodisation ratio’
f 2.5 nm V−1 is shown for reference.

Fig. 2 shows characteristic current–time curves for anodising
nder potentiostatic conditions at 40 and 60 V. During period (a) the
arrier layer is formed and the current is limited by the maximum
urrent of the supply (0.1 A). During period (b) the barrier layer
rowth is completed and the porous layer begins to form, leading
o an increase in the anodisation current. Period (c) is steady-state
orous layer growth. As the pores reach the base of the aluminium
lm, the current falls (d). The 40 V anodisation curve shows that
ontinuing to apply bias after the aluminium is consumed results
n a steady-state leakage current (e).

During initial setup of the apparatus it was observed that a com-
lication of anodising thin aluminium films is thermal fusing of
he metal due to high current densities. This was solved by three

odifications. Firstly, the electrolyte temperature was lowered to
0 ◦C by immersing the beaker containing electrolyte within a larger
uter beaker containing coolant (3% (v/v) ethylene glycol). A coil
and-formed from 6 mm diameter copper tube was submerged in
he coolant and a primary circuit of coolant was pumped through
he coil using a constant temperature bath and circulator (RTE-
01, ThermoNeslab Instruments Inc.). Secondly, the phosphoric acid
lectrolyte was diluted with 25% (v/v) ethanol to prevent localised

urning at the pore bases and to improve the coolant properties
f the electrolyte [45]. Thirdly, the entire aluminium coated cov-
rslip was submerged in the electrolyte by soldering a sheathed
ire to the centre of the coverslip (Carrs ‘Grey Label’ flux and Carrs

ig. 5. Corrosion of aluminium after exposure to physiological medium, 40 ◦C, 48 h: (a) C
hows a non-corroded electrode that was not exposed to medium; (b) discoloured cover
ith a ring characteristic of hydroxide precipitate.
tuators B 138 (2009) 296–303

‘No. 179’ solder) and insulating the connection (‘TRV’, Electrolube,
UK).

2.2. Pore widening

To produce alumina films with morphologies similar to the
biocompatible porous silicon and alumina substrates of the work
outlined previously, the pores of the 40, 60, 80 and 100 V anodised
substrates were widened. A standard method for pore widening
was used which involved a simple post-anodisation etch using the
4% phosphoric acid solution [17,18,46–49]. At 45 ◦C the mean rate
of dissolution was found to be approximately 9 nm min−1 allowing
fast modification of the pore size.

2.3. Corrosion tests

CMOS ICs were fabricated using a standard double poly double
metal 0.8 �m gate length process (austriamicrosystems AG). The
ICs contained an array of 48 circular aluminium pads of 30 �m
diameter and were assembled in 48 pin dual-in-line packages with
removable lids. Glass cylinders were bonded to the package tops to
form culture chambers and the bondpads and bondwires insulated
using a silicone elastomer (Silastic 9161 RTV, Dow Corning). The cul-
ture chambers were filled with Krebs buffer solution (NaCl 118 mM,
NaHCO3 25 mM, KCl 4.8 mM, KH2PO4 1.2 mM, MgSO4 1.2 mM, glu-
cose 11 mM, CaCl2(2H2O) 1.5 mM) and the ICs incubated at 40 ◦C in
an air environment. Aluminium coverslips were also tested under
these conditions.

3. Results and discussion

3.1. Aluminium coated coverslips and anodic cell size analysis

Porous substrates of various morphologies were successfully
produced on the coverslips coated with titanium and aluminium
(Fig. 3). The anodic cell size for each morphology was analysed to
test whether it conformed to the 2.5 nm V−1 anodising ratio that is
generally accepted for thick aluminium substrates. For the study of
highly ordered porous layers this task is simplified by the regular-
ity of the pores. However, the disordered nature of simple anodised
layers (as in Fig. 3) makes this task more complex. It was therefore
the mean anodic cell size from the scanning electron microscope
(SEM) images. With an irregular pore structure there is no single
method for determining which pores are adjacent. Two models
were considered:

MOS IC electrode pads are discoloured (diameter = 30 �m). For reference the inset
slip surface with localised brightening at corrosion pits. The inset highlights a pit
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(i) assuming a regular square layout of pore centres, the mean
anodic cell size, d, is (A/n)1/2, where A is the area represented by
the image being processed and n is the number of pores within
that image.

ii) if a hexagonal pore structure is assumed, as expected for highly

ordered films, d = (A/(
√

3 · n))
1/2

.

The above models (with n ranging from 48 to 461) yield the
nodic cell sizes shown in Fig. 4 revealing anodisation ratios of
.72–2.27 nm V−1. Possible reasons for the smaller than expected
nodisation ratios are as follows: firstly, there are limitations in the
odels in that pores do not conform to the assumed regular spacing

nd so there is difficulty in establishing the inter-pore boundaries.
his is the case for both automated image processing and manual
nalysis. Pores may also branch and merge considerably along their
ength through the alumina film. A more regular pore structure has
een achieved by others through refinements such as preparing
he surface with electropolishing [51], using a two-step anodisa-
ion process [52] and by starting with higher purity metal than the
9.5% used by us to date [43]. We may expect to see such irregular-

ties in the typical Al–1.0% Si–0.5% Cu CMOS metallisation. Future
ork will study this alloy in order to understand the effects of the

lloying materials. Secondly, the smaller anodisation ratio could be
result of the potential drop across the substrate length due to the
igher resistivity of the thin film compared to a thick aluminium
ubstrate. Thirdly, it could be due to limitations of the basic two-
lectrode configuration, resulting in loss of applied voltage at the
athode and in the electrolyte.

.2. Corrosion of aluminium and anodised substrates

The non-anodised CMOS ICs and the aluminium coated cover-
lips that had been stored in Krebs buffer were inspected after 48 h.
any of the IC pads and all aluminium coated coverslips had a

iscoloured brown appearance. Fig. 5a highlights the localised dis-
olouration of the IC pads. Fig. 5b shows that the discolouration
f the aluminium coated coverslips was much more generalised.
urther examination showed pitting corrosion on both the IC pads
nd the aluminium coated coverslips. The inset of Fig. 5b shows
rominent precipitate deposition forming a ring around a pit and

s characteristic of hydroxide precipitate associated with this cor-
osion mechanism. Pits are known to initiate at localised defects on
he surface, such as flaws in the native oxide, and are frequently acti-
ated by aggressive ions such as the chlorides present in the Krebs
olution [53]. No corrosion was seen on any of the porous alumina
oated coverslips that had been tested in Krebs buffer. This demon-
trates the effectiveness of the anodisation as protection against
orrosion.

.3. Scaling factors

Having established that the coverslip metallisation can be
uccessfully anodised, it is now necessary to confirm that the maxi-
um voltage and current ratings of a CMOS circuit are not exceeded.

irstly, the appropriate configuration of the IC during anodisation
llows the large anodisation potential to be dropped solely across
he oxide at the aluminium–electrolyte interface and therefore this
oes not present an electrical overstress hazard to the underlying
ctive CMOS components. Secondly, the current density is indepen-
ent of the surface area to be anodised, i.e. the anodisation current
s proportional to the anode (IC pad) area. The relationship between
wo different areas is simply I1/I2 = A1/A2, where Ix are the anodising
urrents and Ax are the respective anodising surface areas. With a
overslip anodising area of A1 = 400 mm2, a circular CMOS electrode
rea of radius, r, of 15 �m (A2 = �r2) and a peak coverslip anodising

Fig. 6. Anodising of CMOS pad: (a) assembled IC with culture chamber and exposed
pad array; (b) array of 48 pads; (c) SEM image of a single pad, tilted 55◦ ((i) electrode
surface; (ii) passivation rising over outer edge of metal; (iii) metal track connection);
(d) an anodised pad (30 V, 4% phosphoric acid, 22 ◦C), with passivation at lower right.
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urrent of 100 mA for V ≤ 100 V, the peak CMOS current for one pad
s estimated to be 177 nA.

For the simple IC design discussed above where tracks connect
o one side of each pad, the maximum track width is the same as
he electrode diameter, i.e. 30 �m. By applying typical design rules
nd process parameter limits such as maximum current density
0.8 �m gate length process [54]), the maximum current capacity
f the 30 �m track is 84 mA. This represents an excellent margin to
he 177 nA peak anodisation current. For simultaneous anodisation
f an array of electrodes, the current can be sourced through the
sual supply rail, assuming maximum ratings for the supply are
ot exceeded.

.4. IC anodisation

The CMOS IC with an array of 30 �m diameter pads was anodised
t 40 V using a 4% phosphoric acid electrolyte in the culture cham-
er. This preliminary IC design was not optimised for anodisation
nd had metal tracks between bondpads and electrodes of only
2 �m wide. To avoid fusing these tracks, the large initial current
ow during barrier oxide formation was limited by ramping the
otential to 40 V over 30 s. SEM analysis confirmed correct anodi-
ation of the IC (Fig. 6). This demonstrated that standard CMOS
etal tracks are capable of carrying sufficient current to electrode

ads undergoing anodisation and substantiates the current scaling
odel discussed above.
Further work is being conducted to characterise and optimise

lectrode conductivity and to enhance the CMOS IC design for
nodisation. Biocompatibility and cell adhesion tests are also forth-
oming. It will be necessary to investigate the porosity trade-off
etween seal resistance and electrical coupling through the base
f the pores and compare performance to planar metal electrodes.
final electrode design will then enable validation by means of

timulation and recording of mammalian neuronal cells.

. Conclusion

A low-cost processing method has been devised to overcome
he biocompatibility and corrosion limitations of unmodified CMOS
lectrodes. Glass coverslips with CMOS-like metallisation have
een successfully anodised and the thin-film anodisation process
haracterised. Scaling factors have shown that the currents are suf-
ciently small to allow 30 �m CMOS IC pads to be anodised, and this
as been confirmed by successfully anodising a passive CMOS elec-
rode array. It has therefore been demonstrated that the approach
eveloped provides a controlled and low-cost method of fabricat-

ng CMOS multiple electrode arrays with good corrosion resistance
nd a nanoporous morphology conducive to good cell adhesion.
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Special modes of corrosion under physiological and simulated physiological
conditions, Acta Biomaterials 4 (2008) 468–476.

[7] Y. Nishi, R. Doering (Eds.), Handbook of Semiconductor Manufacturing Tech-
nology, Dekker, New York, 2000.

[8] Semiconductor Industry Association, International Technology Roadmap For
Semiconductors 1997 Edition: Technology Needs, Semiconductor Industry
Association, 1997.

[9] International Technology Roadmap For Semiconductors, International Tech-
nology Roadmap For Semiconductors 2007 Edition: Interconnect, ITRS,
2007.

[10] S.C. Bayliss, L.D. Buckberry, P.J. Harris, M. Tobin, Nature of the silicon–animal
cell interface, Journal of Porous Materials 7 (2000) 191–195.

[11] S.P. Low, K.A. Williams, L.T. Canham, N.H. Voelcker, Evaluation of mammalian
cell adhesion on surface-modified porous silicon, Biomaterials 27 (2006)
4538–4546.

12] A.V. Sapelkin, S.C. Bayliss, B. Unal, A. Charalambou, Interaction of B50 rat
hippocampal cells with stain-etched porous silicon, Biomaterials 27 (2006)
842–846.

[13] A.G. Sabnis, VLSI Reliability (VLSI Electronics Microstructure Science 22), Aca-
demic Press, London, 1990.

[14] K.A. Moxon, N.M. Kalkhoran, M. Markert, M.A. Sambito, J.L. McKenzie, J.T. Web-
ster, Nanostructured surface modification of ceramic-based microelectrodes to
enhance biocompatibility for a direct brain–machine interface, IEEE Transac-
tions on Biomedical Engineering 51 (2004) 881–889.

[15] F. Johansson, M. Kanje, C.E. Linsmeier, L. Wallman, The influence of porous sili-
con on axonal outgrowth in vitro, IEEE Transactions on Biomedical Engineering
55 (2008) 1447–1449.

[16] H. Sorribas, D. Braun, L. Leder, P. Sonderegger, L. Tiefenauer, Adhesion pro-
teins for a tight neuron–electrode contact, Journal of Neuroscience Methods
104 (2001) 133–141.

[17] P. Prasad, J. Quijano, Development of nanostructured biomedical micro-drug
testing device based on in situ cellular activity monitoring, Biosensors & Bio-
electronics 21 (2006) 1219–1229.

[18] B. Wolfrum, Y. Mourzina, F. Sommerhage, A. Offenhäusser, Suspended
nanoporous membranes as interfaces for neuronal biohybrid systems, Nano
Letters 6 (2006) 453–457.

[19] A.R. Walpole, E.P. Briggs, M. Karlsson, E. Pålsgård, P.R. Wilshaw, Nano-porous
alumina coatings for improved bone implant interfaces, Materialwissenschaft
und Werkstofftechnik 34 (2003) 1064–1068.

20] M. Karlsson, E. Pålsgård, P.R. Wilshaw, D. Silvio, Initial in vitro interac-
tion of osteoblasts with nano-porous alumina, Biomaterials 24 (2003) 3039–
3046.

21] E.E. Leary Swan, K.C. Popat, C.A. Grimes, T.A. Desai, Fabrication and evaluation of
nanoporous alumina membranes for osteoblast culture, Journal of Biomedical
Materials Research: Part A 72A (2005) 288–295.

22] A. Hoess, N. Teuscher, A. Thormann, H. Aurich, A. Heilmann, Cultivation of
hepatoma cell line HepG2 on nanoporous aluminum oxide membranes, Acta
Biomaterials 3 (2007) 43–50.

23] M. Karlsson, A. Johansson, L. Tang, M. Boman, Nanoporous aluminum oxide
affects neutrophil behaviour, Microscopic Research and Technique 63 (2004)
259–265.

24] P. Van Zant, Microchip Fabrication, 5th ed., McGraw-Hill, London, UK, 2004.
25] S. Ingebrandt, C.K. Yeung, M. Krause, A. Offenhäusser, Neuron–transistor cou-

pling: interpretation of individual extracellular recorded signals, European
Biophysics Journal 34 (2005) 144–154.

26] M.H. Ulbrich, P. Fromherz, Opening of K+ channels by capacitive stimulation
from silicon chip, Applied Physics A: Materials Science & Processing 81 (2005)
887–891.

27] R. Gleixner, P. Fromherz, The extracellular electrical resistivity in cell adhesion,
Biophysics Journal 90 (2006) 2600–2611.

28] S.B. Prakash, P. Abshire, A CMOS capacitance sensor that monitors cell viability,
IEEE Sensors Journal 1–2 (2005) 1177–1180.

29] A. Cohen, J. Shappir, S. Yitzchaik, M.E. Spira, Reversible transition of extracellular
field potential recordings to intracellular recordings of action potentials gen-
erated by neurons grown on transistors, Biosensors & Bioelectronics 23 (2008)
811–819.

30] M. Starzak, The Physical Chemistry of Membranes, Academic Press, Orlando,
1984.

31] D.A. Robinson, The electrical properties of metal microelectrodes, Proceedings
of the IEEE 56 (1968) 1065–1071.

32] A. Ouerd, C. Alemany-Dumont, G. Berthomé, B. Normand, S. Szunerits, Reac-
tivity of titanium in physiological medium I. Electrochemical characterization
of the metal/protein interface, Journal of Electrochemical Society 154 (2007)
C593–C601.

33] W. Franks, I. Schenker, P. Schmutz, A. Hierlemann, Impedance characterization
and modeling of electrodes for biomedical applications, IEEE Transactions on
Biomedical Engineering 52 (2006) 1295–1302.
34] R.K. Potucek, R.G. Rateick, V. Birss, Impedance characterization of anodic barrier
Al oxide film beneath porous oxide layer, Journal of Electrochemical Society 153
(2006) B304–B310.

35] B. van der Linden, H. Terryn, J. Vereecken, Investigation of anodic aluminium
oxide layers by electrochemical impedance spectroscopy, Journal of Applied
Electrochemistry 20 (1990) 798–803.



nd Ac

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

fessor of microelectronics and optoelectronics and director of the University Centre
for Advanced Sensor Technologies. His research interests are in the fields of analogue
A.H.D. Graham et al. / Sensors a

36] S. Feliu Jr., J.A. Gonzalez, V. Lopez, M.J. Bartolome, E. Escudero, E. Otero, Charac-
terisation of porous and barrier layers of anodic oxides on different aluminium
alloys, Journal of Applied Electrochemistry 37 (2007) 1027–1037.

37] N.D. Cogger, N.J. Evans, An introduction to Electrochemical Impedance Mea-
surement, Solarton Ltd., Farnborough, UK, 1999.

38] S.Z. Chu, K. Wada, S. Inoue, S. Todoroki, Formation and microstructures of anodic
alumina films from aluminum sputtered on glass substrate, Journal of Electro-
chemical Society 149 (2002) B321–B327.

39] R.D. Gould, D.N. Sadler, The electrical properties of porous anodic Al2O3 films
incorporating Ag within the pores, International Journal of Electronics 54 (1983)
21–30.

40] G. Koh, S. Agarwal, P.S. Cheow, C.S. Toh, Characterization of the barrier layer of
nanoporous alumina films prepared using two different contact configurations,
Electrochimica Acta 52 (2007) 2815–2821.

41] G.D. Sulka, V. Moshchalkov, G. Borghs, J.P. Celis, Electrochemical impedance
spectroscopic study of barrier layer thinning in nanostructured aluminium,
Journal of Applied Electrochemistry 37 (2007) 789–797.

42] R.C. Furneaux, W.R. Rigby, A.P. Davidson, The formation of controlled-porosity
membranes from anodically oxidized aluminium, Nature 337 (1989)147–149.

43] J.P. O’Sullivan, G.C. Wood, The morphology and mechanism of formation of
porous anodic films on aluminium, Proceedings of the Royal Society of London
Series A-Mathematical and Physical Sciences 317 (1970) 511–543.

44] S. Wernick, R. Pinner, The Surface Treatment and Finishing of Aluminium and
its Alloys, vol. 1, 4th ed., Draper, Teddington, UK, 1971.

45] Y. Li, M. Zheng, L. Ma, W. Shen, Fabrication of highly ordered nanoporous
alumina films by stable high-field anodisation, Nanotechnology 17 (2006)
5101–5105.

46] H. Masuda, H. Yamada, M. Satoh, H. Asoh, M. Nakao, T. Tamamura, Highly
ordered nanochannel-array architecture in anodic alumina, Applied Physics
Letters 71 (1997) 2770–2772.

47] D.H. Choi, P.S. Lee, W. Hwang, K.H. Lee, H.C. Park, Measurement of the pore sizes
for anodic aluminum oxide (AAO), Current Applied Physics 6 (2006)e125–e129.

48] D. Al-Mawlawi, C.Z. Liu, M. Moskovits, Nanowires formed in anodic oxide nan-
otemplates, Journal of Materials Research 9 (1994) 1014–1018.

49] N.V. Myung, J. Lim, J.P. Fleurial, M. Yun, W. West, D. Choi, Alumina nanotemplate
fabrication on silicon substrate, Nanotechnology 15 (2004) 833–838.

50] M.D. Abramoff, P.J. Magelhaes, S.J. Ram, Image processing with ImageJ, Biopho-
ton International 11 (2004) 36–42.

51] S. Ono, M. Saito, H. Asoh, Self-ordering of anodic porous alumina formed in
organic acid electrolytes, Electrochimica Acta 51 (2005) 827–833.

52] J.M. Montero-Moreno, M. Sarret, C. Müller, Some considerations on the influ-

ence of voltage in potentiostatic two-step anodizing of AA1050, Journal of
Electrochemical Society 154 (2007) C169–C174.

53] G.E. Totten, D. Scott MacKenzie (Eds.), Handbook of Aluminum: Alloy Produc-
tion and Materials Manufacturing, vol. 2, Dekker, New York, 2003.

54] Austriamicrosystems AG, 0.8 �m CMOS CXQ Process Parameters, Munich, Ger-
many, Austriamicrosystems AG, 2008, 9933013.
tuators B 138 (2009) 296–303 303

Biographies

Tony Graham received the BEng degree (1988) in Electrical and electronic engineer-
ing from The University of Nottingham. He then spent 13 years with Intel Corporation
in the UK as their European memory components quality and reliability engineer
and as a corporate quality programs manager responsible for worldwide enabling
of customer manufacturing lines. A change in direction in 2002 led to an MSc in the
conservation of historic buildings from the University of Bath (2004) after which
he ran a conservation business partnership. In 2007 he returned to the University
of Bath to undertake a PhD in the department of electronic and electrical engineer-
ing where his interests are extracellular stimulation and recording of neuronal cells
using CMOS integrated circuits.

Chris Bowen is a reader in materials at the Department of Mechanical Engineering,
University of Bath. He obtained a DPhil from the University of Oxford on the ther-
mal modelling and processing of ceramic composites. He undertook postdoctoral
research at the Technical University of Hamburg-Harburg on ceramic composites
and was a senior scientist at Defence Evaluation and Research Agency. His cur-
rent research areas include electromechanical properties of functional materials and
composites, dielectric materials and polarised biomaterials. He has over 70 papers in
refereed journals and is a member of the UK Smart Materials and Systems Committee
of the Institute of Materials.

Jon Robbins received a BSc in physiology from University College London in 1982 and
a PhD in neurophysiology from the University of London (UMDS) in 1987. At King’s
College London he became a fellow of the Higher Education Academy in Teaching
Practice (2002) and is a lecturer in Pharmacology and Senior Tutor in Neuroscience.
His research interests are the role and modulation of ion channels in neuronal cells
and he has published over 100 papers, book chapters and conference proceedings.

John Taylor received the BSc and PhD degrees from Imperial College, London Univer-
sity, London, in 1973 and 1984, respectively. During 1984–1985 he held the post of
research fellow in the Department of Electrical Engineering, University of Edinburgh,
where he worked on certain theoretical aspects of switched-capacitor filter design.
He joined the Department of Electronic and Electrical Engineering at University Col-
lege London in 1985 and subsequently, in 2002, the Department of Electronic and
Electrical Engineering at the University of Bath where he holds the position of pro-
and mixed analogue and digital system design, including communication systems
and low-power implantable systems for biomedical and rehabilitation applications.
He has published more than 140 technical papers in international journals and
conferences and has co-edited a handbook on filter design.


	Formation of a porous alumina electrode as a low-cost CMOS neuronal interface
	Introduction
	Electrode material
	Electrode morphology
	Aims of paper
	Electrode concept

	Experimental methods
	Thin-film anodisation
	Pore widening
	Corrosion tests

	Results and discussion
	Aluminium coated coverslips and anodic cell size analysis
	Corrosion of aluminium and anodised substrates
	Scaling factors
	IC anodisation

	Conclusion
	Acknowledgement
	References


