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The artificial olfactory image was proposed by Lundstrom et al. in 1991 as a new strategy for an electronic nose system
which generated a two-dimensional mapping to be interpreted as a fingerprint of the detected gas species.
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| 1. Introduction

The concept of an artificial olfactory image was proposed by Lundstrém et al. in 1991 [, Following the discovery of the
sensitivity of a Pd-gate metal-oxide—semiconductor (MOS) transistor to hydrogen in 1973, Prof. Ingemar Lundstrém
paved the way for the realization and understanding of various gas sensors based on field-effect structures with catalytic
metal gates and their applications to sensor arrays, electronic noses, and artificial olfactory images 23],

An artificial olfactory image is an image generated by a field-effect sensor device to be classified by pattern recognition to
identify the composition of the gas sample under testing. From a technical point of view, it is realized by combining two
technologies: a catalytic field-effect device, which generates a potential difference in response to the gas, and the
scanned light pulse technique (SLPT) 4, which reads the two-dimensional distribution of the surface potential in the field-
effect structure.

In some contexts, the artificial olfactory image is said to be the first example of a two-dimensional extension of the light-
addressable potentiometric sensor (LAPS) proposed by Hafeman et al. in 1988 & a chemical sensor based on a
mechanism of signal generation similar to that of the SLPT. It should be noted, however, that an artificial olfactory image
does not carry information on the spatial distribution of the analyte. Unlike other imaging technologies based on a LAPS [
(8191 in which the obtained image represents a map of the spatial distribution of the analyte, an artificial olfactory image
is not a spatial map but a fingerprint of the gas. Despite this essential difference, the feasibility of image generation
demonstrated in @ inspired and promoted, directly and indirectly, the development of various chemical imaging
technologies based on a semiconductor field-effect structure scanned by a light beam.

| 2. From SLPT to LAPS and Artificial Olfactory Images—How It Started

The SLPT is a method to visualize two-dimensional distributions of interface properties, such as the flat-band voltage and
the interface state density in a metal-insulator—semiconductor (MIS) structure, as shown in Figure 1a 4. A bias voltage
Viias iS applied to the MIS structure so that the majority carriers in the semiconductor layer are driven away from the
insulator—semiconductor interface to form a space charge layer (SCL). Under this situation, the semiconductor layer is
illuminated with a chopped light beam with a photon energy larger than the bandgap of the semiconductor. When the light
is switched on, the electrons and holes generated by the internal photoelectric effect in the semiconductor are separated
by the electric field inside the SCL and a transient current flows in the external circuit until a steady state is reached. When
the light is switched off, a transient current flows in the reverse direction. The amplitude of this alternating current /g is
recorded in the external circuit as a function of Vjas, and a current-voltage (Isig—Vyias) curve, as shown in Figure 1b, is
obtained at each illuminated position. The amplitude of the current increases with the SCL's thickness until strong
inversion is reached. The in-plane distribution of the flat-band voltage in the MIS structure, for example, can be obtained
by recording the horizontal shift in the I55—Vyias curve at each position, or equivalently, by recording the change in Igjg
under a fixed value of Vs chosen within the transition region of the curve.
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Figure 1. Comparison of SLPT (top) and LAPS (bottom) principles. (a) In SLPT, a chopped light beam illuminates an MIS
structure under a bias voltage Vpias, and the amplitude of the photocurrent /g is recorded. (b) The /sig—Vpias curve of SLPT
shifts horizontally depending on the flat-band voltage of the MIS structure. Under a fixed value of Vjas, the current signal
Isig varies depending on the local value of the flat-band voltage. (c) The sensing surface of a LAPS is the surface of the
insulator, which is in contact with the solution under test, forming an electrolyte—insulator—-semiconductor (EIS) structure. A
potential difference V hem is built up between the solution and the sensing surface, depending on the activity of the target
analyte. The semiconductor layer is illuminated with a chopped light beam to generate the current signal /sig. (d) The
Isig—Vhias curve of a LAPS shifts horizontally depending on the activity of the target analyte. Under a fixed value of Vyas,
the current signal /iy varies depending on the local value of the activity of the target analyte.

The operating principle of a LAPS is closely related to that of the SLPT. As shown in Figure 1c, a LAPS consists of a
semiconductor plate covered with an insulator, and its surface is in contact with the solution under test, forming an
electrolyte—insulator—semiconductor (EIS) structure, which is common to the gate region of an ion-sensitive field-effect
transistor (ISFET) 29, The surface of the insulator layer serves as the sensing surface, typically by selectively capturing
the target ions, which builds up a potential difference V.hem between the solution and the sensing surface, as shown in
Figure 1c, depending on the activity of the target species. Since V¢hem is in series with the externally applied Vyas, their
sum will be the effective bias voltage applied to the EIS structure. The measurement process hereafter is identical to that
of the SLPT. The semiconductor layer is illuminated by a chopped light beam and the amplitude of the alternating current
Isig is measured as a function of Vyas. The horizontal shift in the /sig—Vhias Curve represents the change in Venem, which can
be translated into the activity or the concentration of the target ion in the solution. Figure 1d shows an example of a shift
in the Isig—Vpias curve of a LAPS that responds to pH changes. As a member of the family of semiconductor-based
chemical sensors with a field-effect structure, the LAPS shares many features in common with other such sensors such
as the ISFET and capacitive EIS sensor 8. They have essentially the same response in the surface potential to the
activity of target analytes, and the surface modification technologies and materials developed for one can easily be
applied to others. In this way, various ions have been measured by a LAPS furnished with ion-selective membranes, and
the application of a LAPS to biosensing has also been extensively studied L2 For example, enzymes immobilized
on a LAPS surface can catalyze a reaction involving the substrate, enabling detection of a pH change. In an affinity-type
of biosensing LAPS, the variation in the surface potential due to selective bindings, such as those between antibodies and
antigens or even cells, between aptamers and proteins, or between complementary single-stranded DNAs, has been
detected successfully.

Artificial olfactory images were realized by applying the SLPT to a gas sensor comprising an MOS structure with a
catalytic metal gate 2B, The history of the development of catalytic field-effect devices, from a hydrogen sensor based
on a Pd-gate MOS transistor 14 to electronic noses 12! and artificial olfactory images W, is described in B, In a catalytic
field-effect device, the top metal layer in the MOS structure is composed of a catalytic metal, which catalyzes the reaction
of the target gas, like hydrogen, on the surface. As a result, a potential difference due to atomic hydrogen is produced at
the metal-oxide interface. A variation in this potential difference is observed as a change in the flat-band voltage, which
can be read by the SLPT. To obtain an artificial olfactory image as a fingerprint of the gas species, different catalytic
metals (Pd, Ir, and Pt) were deposited on the surface, and a temperature gradient was formed along one direction of the
sensor plate. In this way, measurements at different positions on the sensing surface can be carried out under different
conditions, and therefore, each pixel on the sensing surface can be regarded as an independent sensor that constitutes a
large virtual array of sensors, whose output forms the input to the electronic nose system. Examples of artificial olfactory
images for different gases such as ammonia, hydrogen, and ethanol were obtained in [, These images can be fed as
inputs to an electronic nose system or used to train a machine learning system, such as an artificial neural network (ANN),
which will be able to recognize and identify unknown gas samples. In &, the authors also point out the similarity between



the proposed method and the olfactory recognition mechanism in our brain, where the signals from olfactory receptor
neurons are once encoded into a two-dimensional image.

Whereas a conventional electronic nose system relying on an array of discrete gas sensors can be bulky, an artificial
olfactory image can be recorded with a single sensor chip. In addition, as the sensor chip has a temperature gradient in
one direction, the response of each catalytic metal at different temperatures is embedded in an artificial olfactory image.
The richness of information to be fed into machine learning is an additional benefit of artificial olfactory images.

Kanai et al. 18 applied the same concept to generate taste images. In this electronic tongue system, five different lipid
membranes (oleic acid, lecithin, cholesterol, phosphatidyl-ethanolamine, and dioctyl phosphate) were deposited on the
sensing surface, which was brought into contact with the sample solution. Photocurrent images were obtained as
fingerprints of taste substances such as NaCl for saltiness, HCI for sourness, quinine-HCI for bitterness, saccharose for
sweetness, and sodium glutamate monohydrate for umami, as well as several beverages such as coffee, black tea, and
beer. Furthermore, Shimizu et al. 12 applied the same technique to biosensing, integrating photopolymer membranes
containing enzymes such as urease and glucose oxidase on the sensing surface. Their response was acquired in the
form of photocurrent images, which demonstrated the feasibility of monolithically integrated biosensors with a plurality of
enzymes.
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