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a b s t r a c t

The ability to monitor and to elicit neural activity with a high spatiotemporal resolution has grown essen-
tial for studying the functionality of neuronal networks. Although a variety of microelectrode arrays
(MEAs) has been proposed, very few MEAs are integrated with signal-processing circuitry. As a result,
the maximum number of electrodes is limited by routing complexity, and the signal-to-noise ratio is
degraded by parasitics and noise interference. This paper presents a single-chip neuroelectronic interface
integrating oxide-semiconductor field-effect transistors (OSFETs) with signal-processing circuitry. After
the chip was fabricated with the standard complementary-metal-oxide-semiconductor (CMOS) process,
polygates of specific transistors were etched at die-level to form OSFETs, while metal layers were retained
to connect the OSFETs into two-dimensional arrays. The complete removal of polygates was confirmed by
high-resolution image scanners, and the reliability of OSFETs was examined by measuring their electri-
cal characteristics. Through a gate oxide of only 7 nm thick, each OSFET can record and stimulate neural
activity extracellularly by capacitive coupling. The capability of the full chip in neural recording and stimu-
lation was further experimented using the well-characterised escape circuit of the crayfish. Experimental
results indicate that the OSFET-based neuroelectronic interface can be used to study neuronal networks as
faithfully as conventional electrophysiological tools. Moreover, the proposed simple, die-level fabrication
process of the OSFETs underpins the development of various field-effect biosensors on a large scale with
on-chip circuitry.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Many studies indicate that neurons employ changes of trans-
membrane potential to communicate with each other, and
information is encoded as ensembles of neural activity (Zigmond
et al., 1999). To unveil how neurons can form a variety of functional
networks, the ability to monitor and to elicit neural activity with a
high spatiotemporal resolution is essential. However, conventional
tools like glass pipettes are limited by their sizes, making it difficult
to build a neuroelectronic interface with more than ten channels.

The rapidly-growing microelectronic technology has shed light
on this obstacle, facilitating the fabrication of high-density micro-
electrode arrays (MEAs) with customised geometry (Rutten, 2002;
He, 2005; Olsson and Wise, 2005; Patolsky et al., 2006). The in-
plane MEAs are particularly useful for building a noninvasive,
multi-site interface with neural tissues (Eversmann et al., 2003;
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Lambacher et al., 2004; Heer et al., 2006, 2007; Meyburg et al.,
2006; Claverol-Tinture et al., 2007; Giovangrandi et al., 2006). Such
an interface enables the long-term study of neural development
and plasticity (Breckenridge et al., 1995; Jimbo et al., 2003; Morin
et al., 2005; Vato et al., 2003). Most MEAs interface with neu-
rons extracellularly. With microelectrodes located intimately near
a neuron, neural activity is monitored or elicited by capacitive cou-
pling. The coupling efficacy depends very much on the impedance
across the neural membrane, the electrode impedance, and the
proximity (sealing) of the electrodes to the neuron (Eversmann et
al., 2003; Vassanelli and Fromherz, 1998; Castellarnau et al., 1995).
Limited by the maximum level of sealing, extracellular recording is
only adequate for detecting action potentials (APs), but not post-
synaptic potentials which are important for the study of neural
plasticity. To record postsynaptic potentials and to improve sen-
sitivity, intracellular recording by patch-clamping neurons with
micro-holes was proposed (Klemic et al., 2002). However, the
intracellular approach unavoidably damages neuronal membranes,
leading to neuronal death within several hours. In addition, the
diameter of micro-holes is greater than 1 �m, making it diffi-
cult to achieve a sealing as satisfactorily as does a conventional
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micropipette with a diameter of around 200 nm. Extracellular MEAs
are thus more favourable for interfacing with neurons for more than
one month.

However, MEAs are seldom integrated with signal-processing
circuits, without which the maximum number of electrodes is
limited by the compromise with routing complexity, and the signal-
to-noise ratio is degraded by parasitics and noise interference
(Jenkner et al., 2001; Parak et al., 1999; Hutzler and Fromherz,
2004). The difficulty in integration is attributed to the fact that
micromachining processes for modifying electrode surfaces, or for
creating customized geometry, are not fully compatible with the
standard CMOS technology, the main technology for fabricating
integrated circuits. For example, coating inert metals (Pt or Ir) on
electrode surfaces is essential for avoiding the erosion of elec-
trodes (He, 2005), while gaining access to deposit inert metals in a
standard CMOS technology can be costly and even hindered when
equipment contamination is concerned. Electrode modification is
thus normally carried out upon the completion of the standard
CMOS process. However, post-CMOS micromachining processes are
particularly constrained for IC designers who adopt a multiple-
project-wafer approach and hence receive dies instead of a full
wafer. The limited die size makes it difficult to carry out processes
even as trivial as coating photoresist for photolithography.

Under the aforementioned concerns, neuroelectronic interfaces
based on the oxide-semiconductor field-effect transistors (OSFET)
become attractive (Fromherz and Offenhausser, 1990; Hutzler and
Fromherz, 2004), because the recording relies on purely capac-
itive coupling through the gate oxide of transistors. Long-term
usage is thus achieved without the need for electrode modifica-
tion. However, the gate-removal process proposed by Fromherz et
al. sacrifices all metal layers, impeding the connection of transistors
into a two-dimensional array, not to mention the integration with
signal-processing circuitry. This constraint compelled Eversmann
et al. to integrate Pt-coated electrodes with CMOS technology, so as
to image neural activity at a high spatial resolution (Eversmann et
al., 2003; Lambacher et al., 2004). Heer et al. further demonstrated
a single-chip system integrating Pt electrodes with both record-
ing and stimulating functions (Heer et al., 2006). The integration
with cell-immobilising structure has also been reported (Greve et
al., 2007). Nevertheless, micromachining process for coating Pt is
costly, as discussed above. Berdondini et al. thus adopted a chemical
approach to deposit gold on electrodes of a CMOS chip at die-level
(Berdondini et al., 2005).

Instead of employing metal electrodes, this paper proposes
a CMOS-compatible, neuroelectronic interface based on two-
dimensional arrays of OSFETs. The OSFETs can be fabricated by
a simple, die-level micromachining process. Fig. 1 illustrates the
cross-sectional view of the structure of the OSFET. The OSFET has
a circular active (sensing) region whose diameter is designed to
be smaller than the size of a neuron. The OSFET exhibits three
major differences from that proposed by Fromherz et al. First, only
materials on top of the active region of the OSFET are removed,
while metal layers are retained for interconnection. Secondly, a
multifinger structure is employed to increase the transconductance
significantly. Thirdly, the field oxide around the active region forms
a circular hole of 7 �m deep, which could enhance the immobil-
isation of neurons cultured on top of the active region (Zeck and
Fromherz, 2001). Moreover, the OSFET is fabricated from P-type
transistors in the N-well. Through a gate oxide of only 7 nm thick,
each OSFET is able to not only record but also stimulate neural
activity by applying voltage pulses to the N-well, as illustrated by
Fig. 1.

A CMOS chip comprising two-dimensional OSFET arrays, multi-
plexers, and recording amplifiers has been realised with the TSMC
0.35 �m CMOS technology. After die-level, post-CMOS process,

the reliability of the OSFETs was carefully examined by scanning
their structures with high-resolution microscopes, as well as by
measuring their current–voltage characteristics. The recording and
stimulating functions of the full chip were further experimented
using the well-characterised escape circuit of the crayfish, Procam-
barus clarkia (Furshpan and Potter, 1959; Watanabe and Grundfest,
1961; Tsai et al., 2005). By comparing with conventional electro-
physiological tools, the capability of the OSFET chip and its future
improvements are discussed and concluded.

2. Methods

2.1. Fabrication of the multifinger OSFET

Fig. 1 illustrates the post-CMOS process for fabricating the
multifinger OSFET. As coating photoresist over a die evenly is
difficult, stacks of metal layers are utilised to define the active
region of an OSFET. In the passivation layer, the passivation above
the active region is opened, while that above the wire-bonding
pads is retained. Once the chip was fabricated with the standard
CMOS process, metal layers were removed by wet etching with
“piranha”(H2SO4:H2O = 2:1) at 85 ◦C for 80 min. The multifinger
polygates were then removed by wet etching with diluted KOH
(KOH:DI water = 1:2 by weight) at 80 ◦C for 20 s. Subsequently, the
passivation on wire-bonding pads was opened by reactive-ion etch-
ing. By placing the pads around the periphery of the chip, a simple
mask such as fragments of a silicon wafer was sufficient for protect-
ing the OSFETs and the circuitry during the reactive-ion etching. As a
result, the die-level micromachining process avoided photolithog-
raphy and preserves metal layers for interconnection.

The circular active region of the OSFET is designed to have a
diameter of 12 �m, smaller than the size of cultured neurons such
as the hippocampal neurons of rats (20 �m). This design allows the
active region to be covered entirely by the cell body of a neuron,
so as to guarantee good selectivity. Inside the active region, the
OSFET has five polygates with an effective W/L of 50 �m/1 �m. The
minimum linewidth (0.35 �m) is not applied in order to facilitate
the complete removal of polygates.

2.2. Monolithically-integrated circuitry

Fig. 1 also shows the full circuit integrated with individual
OSFETs. The multiplexers enable each OSFET to be addressable for
either recording or stimulation. For neural recording, a current
amplifier similar to that proposed in Fromherz and Offenhausser
(1990) and Eversmann et al. (2003) is employed. Transistor M2
sets the biasing current and thus the transconductance of the
OSFET. With biasing current varying from 1 to 256 �A, the transcon-
ductance can vary from 50 to 800 �A/V. As neural activity is
transduced into changes in the drain current of the OSFET, the
current Id becomes nonzero and Id is amplified by 25 times with
OPA1 and M3–M6. The amplified current is then fed into the
current–voltage converter whose feedback resistance is tunable
between 30 and 100 k (Banu and Tsividis, 1982). Together with the
OSFET’s adjustable transconductance, the overall gain of the record-
ing circuit can vary from 40 to 2000 V/V, facilitating the recording
of neural activity across several orders of magnitude.

For neural stimulation, a 16-to-1 multiplexer is used to select
the N-well of one OSFET for applying stimulating signals. To pre-
vent the PN junction between the source/drain and the N-well from
being forward biased, the source is disconnected from VS and the
drain voltage is set by Vref1 through the virtual short provided by
OPA1. Based on the point-contact model (Weis and Fromherz, 1997;
Fromherz et al., 1993), the recording and stimulating capability of
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Fig. 1. The structure of the multifinger OSFET and its full circuit integrated on the same chip. The die-level micromachining process for fabricating the OSFET is illustrated at
the top-right corner.

the full circuit has been estimated analytically and simulated with
the HSPICE (Lin et al., 2007).

2.3. System description

Fig. 2 shows the microphotograph of the CMOS chip con-
taining one 8 × 3 multifinger OSFET array, one 4 × 4 rectangular
OSFET array, multiplexers, and recording amplifiers. The chip
size is 2.7 × 2.5 mm2, and the maximum power consumption of
each recording circuit is 1.14 mW. The rectangular OSFETs hav-
ing large rectangular active regions (20 × 20 �m2, 30 × 30 �m2,
40 × 40 �m2, and 50 × 50 �m2) were mainly implemented for
monitoring the progress of the micromachining process. There-
fore, the rectangular OSFETs were not connected with recording
amplifiers, but their N-wells were accessible for neural stimula-
tion. The separation between any two OSFETs was designed to be
40 �m, preventing a single neuron from covering more than two
OSFETs. A testing circuit with the OSFET’s polygate retained was
also included to characterise the effect of micromachining process
on the circuitry (Lin et al., 2007). Moreover, multifinger OSFETs with
their sources and drains connected to probe pads were included
as testkeys for electrical characterisation of the post-processed
OSFETs and for the modeling of the neuron-OSFET interface (Weis
and Fromherz, 1997). After micromachining processes, the chip was
wire-bonded to a printed-circuit board (PCB), to which a glass O-
ring was attached to form a culturing bath, as shown in Fig. 2. The
entire chip surface except for the OSFET area was then coated with
industrial epoxy (WK-8126H, WinKing) to prevent short circuits
introduced by neural buffers in the bath.

2.4. Biological experiments

The chip’s capability in neural recording and stimulation was
experimented using the well-characterised escape circuit of the
crayfish. The diagram at the top-left corner of Fig. 2 illustrates the
functionality of the escape circuit. The lateral giant (LG) neurons
(LG6) receive inputs from the mechanosensory afferents (SA) in
the tail. Once the afferents are stimulated simultaneously by the

approach of a predator, LG6 neurons generate action potentials and
propagate the APs to posterior LG neurons (LG5 and LG4) through
electrical synapses. The sequential firings of LG neurons subse-
quently induce muscle contraction for the crayfish to escape from
the predator.

Fig. 2 also shows the experimental setup. The nerve fiber of the
crayfish, dissected less than 30 min before each experiment, was
placed in the culturing bath with crayfish saline (210 mM NaCl;
15 mM CaCl2, 5.4 mM KCl, 2.6 mM MgCl2 and 5 mM HEPES, pH 7.4).
One twisted, teflon-coated silver wire (no. 1) was placed in close
proximity to the sensory afferents for stimulating the SAs extra-
cellularly, while the other silver wire (no. 2) was used to record
extracellularly the activity of the LG neurons located above the
OSFET arrays. The signals recorded by the silver wire (no. 2) pro-
vided a credible reference for comparison with the signals recorded
by the OSFET arrays. To enhance the sealing between the OSFET
arrays and the crayfish nerve, the nerve fiber was pressed against
the OSFET arrays by a micromanipulator (no. 3). Finally, the Ag/AgCl
wire (no. 4) set the bias voltage in crayfish saline. Signals recorded
by the silver wire (no. 2) were amplified with a commercial AC
amplifier (A-M Systems 1700, USA). Recordings of both the silver
wire and the OSFET chip were then low-pass filtered at 10 kHz, digi-
tised through the PCI-1602 data-acquisition card (ICP DAS,Taiwan),
and analysed with a graphical-user-interface application designed
by the National Tsing Hua University, Taiwan.

3. Results and discussion

3.1. Gate-removal process

A post-processed OSFET was cut into half by the Focus-Ion-Beam
system. The cross-section of the OSFET was then photographed by
the scanning-electron-microscope (SEM), as shown in Fig. 3. The
two subfigures at the bottom-right corners illustrate the top views
of the OSFETs before and after the gate-removal process. The subfig-
ure on the right, in contrast to that on the left, reveals clearly that
the metal reflection disappeared after the gate-removal process.
This result not only indicates the removal of metal layers, but also
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Fig. 2. The packaged OSFET chip and its setup for biological experiments. The microphotograph at the bottom-left corner shows that the chip contains (1) testing circuit, (2)
one 8 × 3 multifinger OSFET array, (3) one 4 × 4 rectangular OSFET array, (4) multifinger OSFET testkeys, (5) recording amplifiers, and (6) multiplexers. The diagram at the
top-left corner illustrates the escape circuit of the crayfish. The experimental setup contains (1) a silver twisted wire for stimulating sensory afferents, (2) a twisted silver
wire for recording lateral giant neurons (3) a micromanipulator, (4) an Ag/AgCl reference electrode, and (5) dissected nerve fiber of the crayfish.

Fig. 3. The SEM photograph of a multifinger OSFET after the application of the post-CMOS process. The images at the bottom-right corners are the top views of the pre-processed
and post-processed OSFETs.
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relieves the concern that the impurity accumulated between metal
layers could had impeded metal etching. The surface profile of one
row of rectangular OSFETs was further scanned by an �-stepper.
The active regions of OSFETs had a depth of around 7 �m (data not
shown), agreeing with the technology profile provided by the TSMC.
The complete removal of metal layers was thus confirmed. Further-
more, the SEM photo in Fig. 3 reveals that the OSFET exhibited five
rectangular grooves after the etching of polygates, indicating the
removal of polygates clearly.

3.2. Electrical test

To examine whether the OSFETs and the circuitry were affected
by micromachining process or by the contact with neural saline,
the electrical characteristics of the chip were first tested with the
crayfish saline filled in the bath, wherein an Ag/AgCl electrode was
immersed to set or to record the saline potential.

The yield of the OSFETs was first investigated by measuring the
current–voltage (I–V) relationship of 30 OSFET testkeys. With the
saline potential set to 0 V and the source voltage of OSFETs swept
from 0 to 3 V, 27 out of the 30 OSFETs exhibited normal I–V curves.
The proposed post-CMOS process thus produced a yield of 90%. One
major concern was whether the thin gate oxide was well retained
and was able to resist moisture or ion diffusion from the saline
(Morrison et al., 1980). To investigate this issue, the I–V curves of
the same OSFET were measured in four days. All curves except for
the original one overlap with each other (see Supplementary). The
original curve was measured immediately after the filling of saline,
at which instance the ion concentration in the active region might
have yet to reach its equilibrium. In addition, ion diffusion into the
gate oxide introduced extra sensory drifts, which normally settled
at a constant value within several hours (Morrison et al., 1980). The
curves measured after 24 h (Day1–Day4) thus had negligible dif-
ferences. Similar results were obtained from all OSFETs, indicating
that the OSFET was robust against the exposure to the saline.

To examine the process variation across OSFETs, the I–V curves
of 12 OSFET testkeys distributed on four different dies were mea-
sured. All the testkeys had an identical size and each three were
on the same die. As having the same gain across an OSFET array
is important for neural recording, the relationship between the
transconductance (gm) and the biasing current (Is) was derived
from the I–V curve of each OSFET. Fig. 4 plots the gm–Is curves
of OSFETs on different dies, as well as that of three pre-processed
testkeys on a single die. Each curve is averaged over three OSFETs
on the same die, with the error bars indicating standard devia-
tions calculated at various Is. The variation across different dies
is apparently greater than that specified by the foundry, implying
the post-CMOS process has introduced extra variations. Neverthe-
less, the variation across different OSFETs on the same die is not
significantly larger that across pre-processed testkeys (the curve
UC). Therefore, the post-CMOS process mainly introduced varia-
tion across different dies, and the variation within the same die
should be able to be compensated by the calibration circuit pro-
posed in Eversmann et al. (2003). More interestingly, Fig. 4 reveals
that all post-processed OSFETs have smaller transconductance than
the pre-processed OSFETs. The transconductance of a transistor in
saturation region is given by

gm =
√

2�Cox(W/L)ID (1)

where �, Cox, W/L and ID denote the carrier mobility, gate-oxide
capacitance, size, and drain current of the transistor, respectively.
Given that pre-processed and post-processed OSFETs had identical
size and biasing current, the reduction in transconductance should
be attributed to the decrease in Cox. Cox could become smaller if

Fig. 4. The curves of transconductance versus biasing current for 12 post-processed
OSFET testkeys on four different dies, as well as for three pre-processed testkeys on
a single die. Each curve is the average over three testkeys (n = 3) on the same die and
the error bars correspond to standard deviations (S.D.s) calculated at various bias
current (Is = 50 �A and Is = 100 �A). The S.D.s of the pre-processed testkeys (UC) are
6.13 �A/V and 15 �A/V for Is = 50 �A and 100 �A, respectively. The S.D.s of the four
processed chips are 8.67 �A/V and 12.5 �A/V for PC45, 5.41 �A/V and 25 �A/V for
PC49, 8.39 �A/V and 1.21 �A/V for PC55, 6.16 �A/V and 11.5 �A/V for PC59.

the polygate above the gate oxide was not removed completely and
oxidised into silicon dioxide, leading to an effectively thicker oxide
layer. This also explains why the micromachining process mainly
introduces variation across different dies, as the extent of polygate
removal can easily vary from one die to another.

The recording functionality of the full circuit had been examined
by applying sinusoidal signals into the buffer (Lin et al., 2007). The
OSFET chip was able to record sinusoidal signals with an amplitude
of more than 1 mV, while the recorded signal could hardly be distin-
guished from the noise as the amplitude reduced to 400 �V. As the
gain of the recording circuit was 400, the output noise measured
in the absence of the sinusoidal signal was 17 mVRMS, correspond-
ing to an input-referred noise of 42.5 �VRMS. This noise level is
slightly unsatisfactory because extracellular neural signals can be
as small as 20 �V (He, 2005). The noise spectra of pre-processed
and post-processed OSFET testkey were further measured and com-
pared (see Supplementary). The post-processed OSFET appeared to
exhibit extra noise, especially for the frequency above 1 kHz. While
micromachining process may introduce extra noise by inducing
more trapping states in the gate oxide, the significant increase in
high-frequency noise implies there are other types of noise, e.g.
random ion flows above the gate oxide. To take full advantage of
increasing transconductance with the multifinger structure, the
noise level must be reduced. The main causes of noise and possible
improvements will thus be discussed in Section 3.5. The stimulation
function had also been tested by applying a 3-V pulse to the N-well
of one multifinger OSFET (Lin et al., 2007). The induced potential
change in the saline was more than 200 mV. Given a good sealing
between the OSFET and the neuron cultured on top, the potential
change was sufficient for eliciting neural activity.

3.3. Recording from the escape circuit of the crayfish

In the setup shown in Fig. 2, a monophasic pulse with a pulse-
width of 0.2 ms was applied to the silver wire (no. 1) to stimulate
the sensory afferents. Simultaneous activation of the afferents
subsequently induced action potentials in the LG neurons. Pilot
experiments showed that the OSFET chip was able to record the
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neural activity extracellularly and amplified it into several hun-
dreds of milli-volts. To validate the recording of the OSFET chip, both
the OSFET chip and another silver wire (no. 2) were used to record
the same event, and their recordings were acquired and compared
by the same data-acquisition system. Fig. 5 shows the recordings
obtained as the sensory afferents received different levels of stim-
ulation. According to the recordings of the silver wire (the upper
graph in Fig. 5), LG neurons were activated about 1 ms after the
stimulation, and the response time decreased with the pulse ampli-
tude. As the pulse amplitude reduced to 1.4 V, no action potential
was recorded. Therefore, a pulse amplitude greater than 1.5 V was
required for exciting the sensory afferents and thus the LG neurons.
The recordings of the OSFET chip (the lower graph in Fig. 5) revealed
exactly the same phenomena. With the on-chip recording ampli-
fier, the amplitude of the recordings was several hundred times
greater than that acquired by the silver wire. The detected spikes
were less obvious because the sealing between the OSFET and the
nerve floating in the saline was not easily maintained in a good con-
dition consistently. In addition, the spike shapes differed from those
detected by the silver wire not only because the OSFET recorded LG
neurons in a different ganglion (LG5 in Fig. 2), but also because
extracellular recordings depended very much on the type and the
direction of ion flows around OSFETs (Fromherz, 1999; Vassanelli
and Fromherz, 1998). Compared to the recordings of the silver wire,
the activity recorded by the OSFET chip preceded that by the silver
wire by 0.3 ms consistently. The timing difference coincided with
the time required for transmitting an action potential from one LG
ganglion to its posterior ganglion (Watanabe and Grundfest, 1961).
Therefore, the timing difference was simply attributed to the fact
that the LG neurons (LG5 in Fig. 2) above the OSFET were closer to
the sensory afferents than the LG neurons (LG4) in proximity to the
silver wire. These promising results demonstrate that the OSFET
chip can record neural activity as faithfully as conventional tools.

3.4. Stimulating the LG neurons

The LG neurons can also be excited directly by extracellular
voltage pulses. But experiments revealed that a single multifinger
OSFET could not stimulate LG neurons effectively, mainly owing to
the poor sealing between the OSFET and the LG neurons. Instead, LG
neurons were successfully stimulated by applying voltage pulses to
the common N-well of six OSFET testkeys. Fig. 6 shows the activity
of LG neurons recorded by the silver wire (no. 2). A stimulating pulse
of 5 V at 1 kHz induced periodic activity with a consistent lag of

Fig. 5. Extracellular recording of LG neurons obtained by the silver wire (the upper
graph) and the OSFET chip simultaneously (the lower graph) as different levels of
voltage pulses were applied to sensory afferents. In all plots, the triangles denote
stimulation artifacts and asterisks the neural activity.

Fig. 6. The activity of LG neurons elicited by the OSFET testkeys as different levels
of voltage pulses were applied to the N-well of the testkeys. The triangles denote
stimulation artifacts, and asterisks the neural activity.

400 ms. The lag increased slightly as the pulse amplitude decreased
to 4.4 V, and the neural activity diminished when the amplitude
became 4.35 V. The absence of neural activity in the last case proved
that the periodic activity was elicited by the OSFET, instead of being
spontaneous firings. Moreover, the minimum amplitude required
for inducing neural activity was 4.4 V in this experiment.2

In addition to a good sealing, inducing sufficiently large current
density close to a neuronal membrane is crucial for stimulating
neurons extracellularly. The current density depends on two fac-
tors for the OSFET chip. One is the sealing between the OSFET and
the neuron, and the other is the coupling capacitance provided by
the OSFET. The minimum current required for stimulating LG neu-
rons, as well as the current induced by a single OSFET, was thus
further measured (detailed in the Supplementary). First of all, the
surface of the nerve fiber was sucked tightly by a glass pipette to
provide a good and unique sealing at its tip. An Ag/AgCl electrode
in the pipette was then connected to the reference ground. A pure
silver wire except for its tip was coated with epoxy (AB gel) and
used to generate capacitive stimulation as an OSFET. With voltage
pulses applied either to the OSFET or to the silver wire, currents
were induced to flow through the Ag/AgCl electrode and the glass
pipette. A large enough current subsequently elicited neural activ-
ity at the tip of the suction pipette where the unique sealing was
created. Experiment with the silver wire revealed that a single 4.8-
V pulse with a duration of 0.1 ms was sufficient for inducing neural
activity similar to that shown in Fig. 5. The corresponding stimulat-
ing current was 100 �A. However, a single OSFET induced only 6 �A
with a 5-V pulse (detailed in the Supplementary). To stimulate LG
neurons with a single OSFET, the area of the active region has to be
increased.

4. Discussion

This study demonstrates the feasibility of fabricating two-
dimensional OSFET arrays with simple, die-level, post-CMOS
process. The yield of the proposed process is 90%, and the pro-
cess variation across OSFETs on the same die remains comparably
small. As the gain for neural recording depends on the transconduc-
tance of an OSFET, the process variation can be largely calibrated
by the circuits proposed in Eversmann et al. (2003). Therefore, the
CMOS-compatible OSFETs proposed in this study not only avoid the
need for coating inert metal on electrodes (Eversmann et al., 2003;

2 It is notable that the minimum amplitude varies from one trial to another,
depending very much on the proximity to the neurons and neural health.
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Lambacher et al., 2004; Heer et al., 2006), but also eliminate the
routing limitation faced by previously-proposed OSFETs (Fromherz
and Offenhausser, 1990; Hutzler and Fromherz, 2004). The capabil-
ity of the OSFET chip in neural recording and stimulation has also
been demonstrated, while several aspects have yet to be improved
before the OSFET neuroelectronic interface is applicable to general
neuroscience research.

The transconductance of OSFETs was found reduced after the
post-CMOS process, implying that polygates might not be removed
completely. However, the thin gate oxide can be easily damaged by
over-etching, as shown by Fig. 3. To identify the optimum length
of time for etching polygates completely, it is crucial to incorporate
testkeys like two pads connected by a polygate wire. The optimum
etching time can then be identified by detecting the exact instance
at which the two pads become open-circuit.

For neural recording, the minimum detectable signal is 400 �V,
mainly limited by the noise level of the system. The noise level is
comparable to that reported in Lambacher et al. (2004) (280 �VRMS)
but greater than that achieved by conventional tools or the micro-
electrodes in Heer et al. (2006, 2007) (11.7 �VRMS). The main
difference between these works is that neural activity is transduced
and amplified as current signals in our work and in Lambacher et
al. (2004), but as voltage signals in Heer et al. (2006, 2007). As it
is not easy to filter current-mode signals in integrated circuits, the
lack of on-chip filters leads to less satisfactory noise performance.
According to the circuit shown in Fig. 1, the total output noise, etot,
is given by

etot = Rf × (25 × (e2
n,OSFETg2

m,OSFET + e2
n2g2

m2 + (e2
n3 + e2

n,OPA1)g2
m3

+e2
n4g2

m4) + e2
n5g2

m5 + e2
n6g2

m6) + e2
n,OPA2 (2)

where eni and gmi denote the noise and the transconductance of
the transistor Mi, respectively. en,OPA1 and en,OPA2 are noise out-
puts of OPA1 and OPA2, respectively, and Rf the feedback resistance
of OPA2. As the transconductance of the OSFET (gm,OSFET) is much
greater than others, Eq. (2) indicates that noise in the OSFET has
the largest gain and thus dominates etot. Moreover, noise in the
OSFET was found to increase remarkably after the post-CMOS pro-
cess. The noise should thus be reduced or avoided as much as
possible.

Except for the intrinsic noise relating to trap states at the oxide-
semiconductor interface, the OSFET should exhibit at least three
extra noise sources. The first is the disturbance of ion flows above
the gate oxide. The second is the interference coupled to the source
node of the OSFET (VS in Fig. 1), which receives the same gain as
neural signals. Finally, the light penetrating through the gate oxide
also introduces non-negligible noise currents. Given so many noise
sources in OSFETs, it is essential to convert the current signal of the
OSFETs back to a voltage signal at the front end as early as possible
and to filter the signal in voltage mode before amplification. On the
other hand, the interference at the source node could be greatly
reduced by employing an “OSFET differential pair”, composed of
two identical OSFETs with only one having its gate removed. The
interference would thus become a common-mode signal and be
rejected directly. Finally, the floating-gate structure can be adopted
to reduce the light-induced currents (Cohen et al., 2004; Meyburg
et al., 2007), but the signal level will be compromised due to the
separation between sensing and active regions.

For neural stimulation, the coupling capacitance provided by
a single OSFET was found insufficient for stimulating LG neurons.
Although the constraint can be relieved by increasing the size of
the OSFET, increasing the size will degrade the selectivity of neural
recording. As cultured neurons are expected to have a better sealing
with the OSFET, it is important to further identify the minimum size
required for stimulating cultured neurons. This result will indicate

whether using separate OSFETs for neural recording and stimula-
tion is necessary (Hutzler and Fromherz, 2004; Zeck and Fromherz,
2001).

Finally, in addition to functioning as a neuroelectronic interface,
the CMOS-compatible OSFETs proposed here are able to be trans-
formed into various field-effect biosensors with on-chip circuitry
for a wide range of applications (Bergveld, 2003; Shinwari et al.,
2007; Kim et al., 2004; Barbaro et al., 2006; Castellarnau et al., 2007;
Dzyadevych et al., 2006).

5. Conclusions

A CMOS neuroelectronic interface integrating two-dimensional
OSFET arrays with signal-processing circuitry has been proposed
and tested. The die-level, post-CMOS process for fabricating OSFETs
is proved to be simple and reliable. By retaining metal wires for
interconnection, the CMOS-compatible OSFETs can be easily inte-
grated into a two-dimensional array as well as connected with
on-chip circuitry. Electrical measurements further indicate that the
OSFETs and on-chip circuitry are robust against the micromachin-
ing process or exposure to neural saline. Furthermore, biological
experiments demonstrate that the OSFET chip can record neural
activity as faithfully as conventional tools, while the noise level
should be further improved. On the other hand, neural stimulation
can only be achieved by applying voltage pulses to multiple OSFETs
simultaneously. A careful experiment indicates increasing the size
of the OSFET is necessary. This leads to the debate on the practicality
of using the same OSFET for both recording and stimulation, even
though the technology has been proved feasible. Experiments with
cultured neurons will thus be carried out to examine the necessity
of employing separate OSFETs to achieve both satisfactory record-
ing selectivity and effective stimulation.

Based on the experiment results, a large-scale, multi-functional
neuroelectronic interface using OSFETs will be developed for in
vitro study of general neuronal networks. By incorporating the
technology of fabricating CMOS microprobes (Ho et al., 2006),
CMOS neural probes using OSFETs will be further developed for in
vivo applications. Moreover, the transformation of the OSFET arrays
into various field-effect biosensors with on-chip circuitry will also
be explored.
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