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Abstract— A spiking chemical sensor (SCS) is presented for
detection of neurogenic ion concentration associated with active
nerve fibres in nerve bundles. Based on the ”integrate-and-fire”
circuit, the SCS uses a chemically-modified ISFET front end
encoding the sense data in the spike domain. Used in an array,
it provides a spatio-temporal map of chemical activity around
the nerve bundle which may be relayed off chip using low
power asynchronous communication hardware. The circuit is
shown to be tunable to yield a linear relation with either pH
or actual hydrogen ion concentration. Furthermore, its compact
pixel footprint in addition to efficient use of the sensing surface,
makes it ideal for use in neuro-chemical imaging.

I. INTRODUCTION

Devices for monitoring neural activity can be used for
a range of applications including studies of neurophysiol-
ogy and neuropathology, diagnostics, drug monitoring and
rehabilitation [1]. Although nerve conduction is based on
ionic current flow, most neural monitoring studies focus on
bioelectric recording (recording of electroneurogram or ENG)
with very few studies using ionic sensing in-vitro or in-vivo.
This is almost entirely due to the conventional apparatus for
ion sensing in chemical laboratories being cumbersome, slow
and innapropriate for small concentrations [2].

ISFET (Ion Sensitive Field Effect Transistor) based chem-
ical sensors, first introduced by Bergveld [2], have gained
considerable interest due to their ion sensitivity, fast temporal
response, compact size and prospect of monolithic integration
[3]. Although much of the initial literature predicted ISFETs
to be mainly used as future tools for electrophysiological
measurements, the sensors were not further developed for
biomedical applications in particular, but rather for ion sensing
in general [2].

In order to develop an ISFET-based interface for mea-
suring neurogenic ion concentration variations [4], certain
customization is needed. The main requirements of a neuro-
chemical interface include robustness, compactness, spatio-
temporal selectivity and ionic specificity. To achieve this,
custom designed ISFETs based on CMOS technology are inte-
grated with compact local processing to realise an “intelligent
chemical sensor”. This can be combined with a multitude of
such sensors in an array, providing spatio-temporal sensing
and the added advantage of sensor failure immunity (by
redundancy). The next step is to characterise the sensors by pH
measurements which can then be adjusted to be selective to
specific ions that relate to neural conduction. Although ISFETs
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are intrinsically sensitive to hydrogen ions, the selectivity may
be changed by depositing various ionophores on the surface

[5].

Fig. 1. Potassium ion sensing from a nerve bundle. The ISFET array is used
to generate a spatio-temporal map of chemcial activity.

Presented here is an integrated chemical image sensor
with local signal conditioning and pre-processing circuitry.
Fabricated in a commercially available CMOS technology, the
SCS includes an ISFET-based device modified for potassium
ion sensitivity in addition to bias, drive and signal conversion
circuitry. Moreover, a matrix of sensors has been tesselated on
a single chip, forming the basis of a chemical image sensor
and additionally improving robustness and accuracy through
redundancy. Furthermore, by embedding additional local pro-
cessing, added functionality can be realised in chemical sense
applications, such as spatiotemporal chemical filtering, multi-
chemical sensing and action potential detection from neural
ensembles.

In neural sensing systems a significant portion of power
dissipation and chip area is attributed to the ADC and the
digital signal processing. In order to overcome this issue, a
neuromimetic circuit has been adopted to perform the pro-
cessing of the recorded bio-signals and convert them to a form
that is compatible an external device. The processing circuitry
adopted within this sensor is a low power “integrate-and-fire”
neuron circuit, (I&F), proposed by Indiveri [6], encoding the
sensor information in the spike domain with multiple sensor
fusion and off-chip transmission facilitated using a standard
AER (Address Event Representation) [7] protocol.
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This paper is organised as follows. First, one of the target
applications is explained, specifically spatio-temporal selectiv-
ity in nerve bundle interfacing, which was the motivation for
making an array of spiking chemical sensors. The advantages
of chemical neural sensing and the circuit used are also
specified. This is followed by the circuit implementation in
weak inversion CMOS and explanation of how sensor linearity
is achieved for both pH and hydrogen ion concentration.
Implementation of the ISFET sensor in standard CMOS
technology is also explained followed by a discussion and
concluding remarks.

II. THEORY
A. Neural Conduction

Based on nerve conduction theory, the membrane of a
“firing” neuron exchanges ions with the surrounding extra-
cellular space, through so called ion-pumps. The firing of
a group of nerves in one or more fascicles (a group of
nerves) creates ionic currents that flow between the fascicles
to the extracellular space [8], which generate detectable ENG
signals. Thus, localised ionic concentration variations taking
place during an action potential occurrence can be detected
using modified ISFETs (i.e chemFETs), tailored for specific
ion selectivity, close to the active nodes of Ranvier, Fig. 1.
The potential benefits of neurochemical sensing using arrays
versus conventional bioelectric recording methods include
increased myoelectric interference immunity, fascicle-specific
monitoring, and distinction between sensory and motor signals
when both take place in a nerve bundle [4].
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Fig. 2. Change in conductance in sodium and potassium when an action

potential occurs [9]

B. Ion Sensing

Considering there is an outflow of potassium ions for each
action potential, having an array of chemFETs in close prox-
imity with the nerve bundles allows for detection in variation
of potassium concentration as the action potential propagates.
Fig. 2 depicts the measured change in ionic conductance
when potassium and sodium ions are flowing in and out
of the neuron during an action potential. Chemical spatio-
temporal mapping of these events along the nerve allows both
identification of signal direction, but also neuron diameters by
the speed of propagation. The first allows for discrimination
between motor or sensory signals and the latter allows for
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signal association with different categories of organs or muscle
groups.

Development of chemFETs by ISFET modification has been
reported in [10]. Fig. 3 shows calibration curves conducted
using potassium chemFETs from IMT, Neuchatel Switzerland.
The results demonstrate the appropriateness of ISFET based
potassium sensors for sensing concentrations well within the
range observed during neural conduction (typically SmM -
150mM [8]).
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Fig. 3. Potassium chemFET calibration curve.

C. Integrate and Fire

Integrate and fire as its name suggests integrates a sensory
current on a capacitive node creating a spike or digital pulse
after a threshold has been reached resetting the capacitor. As
a result sensor information, in this case concetration of ions,
is conveyed in the frequency domain (spike rate), i.e. pulse
position modulation (PPM).

Encoding the sensor data in the spike domain has the advan-
tages of improved versatility in dynamic range (i.e. tradability
between dynamic range and response time), robustness in sig-
nal integrity, in addition to inherent compatibility to address-
event encoding. AER is an established, asynchronous method
of relaying single-bit data from multiple pixels by transmitting
address-events i.e. the pixel co-ordinates of the active pixel.
This reduces bandwidth and therefore also power, as it is an
event-driven (data-dependant) architecture, in addition to being
easily scalable for sparse data sets [7]. Relaying the chemical
information in this fashion using an array of SCSs allows for
energy efficient spatio-temporal mapping of potassium varia-
tions across the nerve bundles for the applications mentioned.

ITI. CIRCUIT DESCRIPTION

Fig. 4 shows the schematic of the SCS (excluding the AER
handshake switches). The circuit comprises of a custom ISFET
device, the H-Cell module [11] and a leaky integrate and fire
neuron [6]. The ISFET device sinks an output current which
is dependant on the pH of the solution. This is due to the
binding of hydrogen ions to the silicon nitride surface (CMOS
passivation layer) above the gate forming a capacitive coupling
with the Ag/AgCl reference electrode [2]. The ISFET is biased
in the weak inversion region of operation to minimise power



Fig. 4. Circuit schematic of chemical pixel sensor. The circuit comprises of
the H-cell with the ISFET sensor and a leaky integrate and fire neuron circuit.
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Fig. 5. Spike generation period set by charging and discharging of capacitive
nodes.

consumption and exploit the exponential device characteristic.
The output current relation to hydrogen ion concentration is
given by Eqn. 1 and to pH by Eqn. 3, where K pep, 1S a
pH independent constant, n the sub-threshold slope factor, U
is the thermal voltage and a is a dimensionless sensitivity
parameter relating the ISFET’s sensitivity to the Nernstian
relationship. The function of the H-cell is to linearise the
drain current to hydrogen ion concentration relationship, as
analysed in [11]. This sensor current is fed directly into the
leaky I&F circuit, where the current magnitude representation
is translated into the frequency domain (spike rate).
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The spike-rate dependence on the sense current is expressed
in Eqn. 4, where Ieps0r is the linearised sense-current output
(from the H-Cell) and is assumed to be considerably larger
than the leakage current Ij.,;. The maximum frequency,
frr = 1/tr sy, is determined by the time taken for the charge
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on node V2 to discharge through device M12, allowing for
the capacitor to start charging up again and spike shown in
Fig. 5. This time is tunable by adjusting voltage V,¢,. C
is the integrating capacitor and V is the voltage at which
the neuron spikes, i.e. the threshold level at time t.prg =
C.V/Isensor- What can be observed from this equation is
that when Isensor << C.V.frpr then fopike increases linearly
(with sense current), but as the sense current continues to
increase then f,,ixe converges to the maximum spiking rate
(i.e. fr¢r). Thus, operating the circuit in the linear region of
operation (where the hydrogen ion concentration is propor-
tional to the sense current), gives a linear relation with spike
rate when the current range is smaller than C.V.f, ;.. When
operating at current ranges which make the frequency plateau
at fy ¢, the current to spike-frequency relation is compressive.
Considering that the sense current to pH relation given by Eqn.
3, is exponential, operating with similar input currents in this
region also yield a linear relationship with pH.

Iscnso’r‘-fr'f'r
Isensor + Cvfrfr

The feedback current Iy, serves to limit the short-circuit
currents in the inverters during switching and therefore reduc-
ing the power consumption. Furthermore, the voltage bias Vi
defines the neurons threshold voltage [6].

“

fspike =

IV. SIMULATED RESULTS

This circuit was simulated using the Spectre simulator
(v5.1.41usr2) under the Cadence IC design environment with
foundry supplied models for a commercial 0.35um CMOS
process. The ISFET was implemented using a spice behavioral
macro-model derived from fabricated devices. The circuit bias
conditions used are as follows: V;.. ;=874 mV, V=V, (=400
mV and Ip=100 nA. These were chosen assuming y=324 mV,
giving an ISFET current of 11.6 nA for pH 7. The spike
frequency dependence on hydrogen ion concentration is shown
in Fig. 6.b, with frequency increasing linearly with the ISFET
sense current and Fig. 6.a shows spike trains produced for
3 different pH values. Fig. 6.c shows the spike frequency
dependence on the pH of the test solution, during operation in
the “compressive region”, yielding a linear relationship. The
peak power consumption at the maximum spike frequency of
operation was 35uW at 3.3 V supply voltage.

V. ISFET FABRICATION

The ISFET sensors are based on standard MOSFET struc-
tures with the polysilicon gate being extended to create the
sensing surface of charge, mainly hydrogen ions, binding to
the silicon nitride passivation layer. The methodology used to
design the ISFETs is adopted by Hammond et al [3] where by
the polysilicon gate is connected via the metal layers to the
top metal layer covered by silicon nitride passivation. This is
left floating to be biased by an external reference electrode.

The layout of the SCS is shown in Fig 7 with the device
cross section shown on the bottom. The ISFET sensor is
designed with a large gate area to minimise 1/f noise. The
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Fig. 6. a.) Spike generation for pH 6, 7 and 8. b.) Spike frequency
response (linear) with the hydrogen ion concentration of test solution. c.)
Spike frequency response (linear) with the pH of the test solution.

total pixel size with the I&F circuitry is 65pum x 100pm.
Implementing the ISFET in CMOS enables the active gate
to be extended to the top metal layer. Furthermore, this is
designed to cover the entire pixel area, thus achieving a near
100% effective fill factor (active sensor area to pixel ratio).

The ISFET is then modified for potassium detection by
deposition of a potassium ionophore. A photocurable polymer
ion-selective membrane based on urethane acrylate with good
adhesion to the sensor surface is applied for direct monitoring
of the potassium ion concentration.

VI. CONCLUSION

This paper describes the front-end implementation of an
ISFET-based chemical sensor with embedded neuromimetic
signal processing. An array of spiking chemical sensors has
been designed for monitoring of neural signatures. This was
developed to provide two advanced modes of selectivity;
directionality and nerve fibre distinction by diameter. The
ISFET has been custom built so that it makes 100% use of the
pixel surface. The I&F stage has been designed for minimimal
power and area. The spike rate has been shown to be tunable
to be either linear with hydrogen ion concentration or with
pH.
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