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Abstract

A light-addressable potentiometric sensor (LAPS) is a semiconductor-based
chemical sensor, in which a measurement site on the sensing surface is de-
fined by illumination. This light addressability can be applied to visualize
the spatial distribution of pH or the concentration of a specific chemical
species, with potential applications in the fields of chemistry, materials sci-
ence, biology, and medicine. In this review, the features of this chemical
imaging sensor technology are compared with those of other technologies.
Instrumentation, principles of operation, and various measurement modes
of chemical imaging sensor systems are described. The review discusses and
summarizes state-of-the-art technologies, especially with regard to the spa-
tial resolution and measurement speed; for example, a high spatial resolution
in a submicron range and a readout speed in the range of several tens of thou-
sands of pixels per second have been achieved with the LAPS. The possibility
of combining this technology with microfluidic devices and other potential
future developments are discussed.
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1. INTRODUCTION

A light-addressable potentiometric sensor (LAPS) (1-5) is a semiconductor-based chemical sensor
that was proposed by Hafeman et al. (1) in 1988. The typical structure of a LAPS sensor plate
and a measurement setup are schematically illustrated in Figure 1. It belongs to the family of
field-effect sensors that have an electrolyte-insulator-semiconductor (EIS) structure (6-10), in
which the sensing surface of the insulating layer is in contact with the solution to be analyzed. An
ion-sensitive field-effect transistor ISFET) (11-14) and an EIS capacitive sensor (15-20) are two
other examples of chemical sensors belonging to the same family.

These sensors detect redistribution of carriers inside the semiconductor layer caused by varia-
tion of the potential on the sensing surface responding to the analyte concentration. Whereas an
ISFET detects variation of the source—drain conductance, an EIS capacitive sensor and a LAPS
detect variation of the capacitance of the depletion layer in the semiconductor, the thickness of
which responds to the analyte concentration on the sensing surface. In a LAPS, the variation of
the capacitance is read out in the form of an AC photocurrent signal induced by illumination,
whereas the capacitance in an EIS capacitive sensor is electrically measured.

As indicated by its name, a LAPS is capable of spatially resolved measurement through the
use of a localized illumination. This light addressability implies further applications of the LAPS
in three different ways. First, a multiwell sensor device (1, 21-24) can be realized by defining a
plurality of measurement sites on a single sensor plate, each of which functions as an independent
sensor for the same species. Second, a multianalyte sensor device (1, 25-30) can be achieved
by depositing different sensing membranes on a plurality of measurement sites, each of which
is sensitive to different species. Third, a LAPS can be applied to chemical imaging (30, 31), in
which the spatial distribution of a particular species is visualized. This type of sensor was initially
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(@) A typical layer structure of a light-addressable potentiometric sensor plate and a standard three-electrode
configuration. A DC bias is applied between the RE and the semiconductor substrate. An AC photocurrent
signal is generated by illuminating the semiconductor substrate with a modulated light beam and measured
by an AC ammeter (A). (b) A simplified setup using a bypass capacitor. The semiconductor substrate is
virtually grounded via a transimpedance amplifier, which converts the photocurrent signal into a voltage
signal. Abbreviations: 2D, two-dimensional; CE, counter electrode; Pt, platinum; RE, reference electrode;
WE, working electrode.
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called a pH-imaging sensor, as it was first employed to visualize a pH distribution (32-34). A
more generalized term, chemical imaging sensor (35), was introduced later to refer to sensors that
visualize the distribution of other chemical species as well. This review summarizes and discusses
the state-of-the-art technologies of chemical imaging sensor systems based on LAPS.

2. FEATURES OF THE LIGHT-ADDRESSABLE
POTENTIOMETRIC SENSOR

Visualization of analyte distribution is an essential technology in many disciplines of science, lab-
oratory analysis, and industrial processes. Applications include analysis of chemical and electro-
chemical reactions, investigation of biological samples such as organs, tissues, and cells, the study
of material surfaces, and inspection of food samples. For such purposes, there exists a variety of
technologies, including () various staining methods (36) combined with fluorescence microscopy,
(b)) scanning electrochemical microscopy (SECM) (37), and (c) arrayed electrodes/sensors, such
as microelectrode arrays (38-41), ISFET arrays (42-45), charge-coupled device-based chemical
imaging sensors (46-50), and a field-effect-addressable potentiometric sensor/stimulator (51).
Staining methods are widely used and especially preferred in biology and medicine, thanks to the
variety of available dyes and the maturity of optical imaging technologies. SECM probes a surface
with a microelectrode tip and provides information on electrochemical kinetics at a high spatial
resolution. Arrayed electrodes/sensors rely on microfabrication technologies, which integrate a
large number of measurement sites on a single chip at a high density. Direct wirings and peripheral
circuits allow fast readout from individual electrodes/sensors.

In comparison, a LAPS-based chemical imaging sensor has the following features. The variety
of measurable species and the detection limit are essentially the same as those of other potentio-
metric sensors, such as an ISFET. The spatial resolution is typically on the order of 10 to 100 pm,
but possibilities of submicron resolution have been also reported (52-54). In contrast to arrayed
electrodes/sensors, a LAPS sensor plate has no built-in pixel structures, and the pixel layout is
defined by a scanning light beam at the time of use. The absence of built-in pixel structures in a
LAPS sensor plate has the following advantages. First, the pixel layout can be flexibly changed for
zooming in and out. There is no limitation in the number of pixels, and the measurement area
can be as large as desired with any shape. Second, there is no need for wires connecting pixels and
passivation to protect wires from the solution, which makes it durable for long-term use. Third,
the flatness of the sensing surface makes it easy to combine a LAPS with microfluidics. Finally, a
LAPS sensor plate requires no microfabrication processes such as photolithography, which makes
it low cost and applicable to disposable uses.

3. MEASUREMENT SYSTEM

A chemical imaging sensor system consists of a LAPS sensor plate, a light source, and op-
tics with a scanning mechanism to deliver a light beam to different locations on the sensor
plate; it also comprises an electrochemical setup, measurement electronics, and software. The
front side of a semiconductor plate is covered with an insulating layer, whose surface serves as
the sensing surface. The semiconductor plate is typically made of Si with a resistivity in the
range of 1 to 10 Q and a thickness of 100-200 pm, covered with stacked layers of SiO, and
Si3Ny, with a total thickness of approximately 100 nm. Although the sensor signal is an AC
photocurrent, a LAPS is a potentiometric sensor, in which the potential on the sensing sur-
face responds to the analyte concentration. The mechanism in which the surface potential re-
sponds to the analyte concentration is essentially the same as in an ISFET and is explained by the
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SCANNED LIGHT-PULSE TECHNIQUE

A measurement setup similar to that of a LAPS-based chemical imaging sensor system was originally employed
in the scanned light—pulse technique (SLPT) (142) for visualization of interface properties, such as the flat-band
voltage and the concentration of interface states in a metal-insulator—semiconductor system. A measurement setup
without a metal layer was also proposed (92), in which distributions of crystal defects and interface trap densities

in a thermally oxidized Si wafer were visualized by collecting the current through a capacitively coupled electrode

placed near the oxide surface via an air gap, instead of directly contacting the oxide surface. SLPT was also applied
to gas sensing by using a catalytic metal layer deposited on the insulator surface (143-146). An artificial olfactory
image (143), a two-dimensional response pattern obtained with a combination of catalytic metals with a temperature

gradient, was proposed as a fingerprint of gases. As an application of an olfactory image, diagnosis of diabetes based

on the olfactory image of the breath was proposed (146).
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site-dissociation—site-binding model (8, 55-58). Materials such as Sis N4 (1), AL, O3 (59, 60), T2, Os
(61), HO, (62, 63), and NbO, (64) have been used for pH sensing. An SiO; interlayer is often
inserted to lower the density of surface states at the insulator-semiconductor interface. An an-
odic oxide (54) and a self-assembled organic monolayer (65) exhibit higher sensitivities. Various
chemical species other than H can be also selectively measured by modifying the sensing surface
with appropriate sensing materials. See sidebar, Scanned Light-Pulse Technique, for details of
the method, which employs a similar measurement setup.

An ohmic contactis formed on the back side of the sensor plate to read out the AC photocurrent
signal as well as to apply a DC bias voltage across the EIS system. A standard setup constitutes
a three-electrode system that consists of a reference electrode (RE) such as Ag/AgCl, a counter
electrode such as platinum wire, and a sensor plate as a working electrode (WE) (Figure 1a).
Because no DC current flows through the EIS system, a potentiostat can be omitted by using a
bypass capacitor (Figure 15). In the literature, two different notations are used to describe the
bias voltage, following different conventions of electrochemistry and semiconductor electronics,
respectively; a bias voltage refers to the potential of the semiconductor substrate (i.e., WE) with
respect to the RE in electrochemistry and vice versa in semiconductor electronics, in which the
Si substrate is considered as a reference.

A modulated light, typically in the form of periodic pulses in a frequency range of 100 Hz
to 100 kHz (66-68), illuminates the sensor plate to generate an AC photocurrent signal. In the
case of an Si sensor plate, either visible or near-infrared light with a photon energy larger than
the bandgap is used. For spatially resolved measurements, a focused light beam scans the sensor
plate to obtain a photocurrent map, which is converted into a chemical image. Two different
arrangements, frontside and backside illuminations, are possible (66, 69, 70). Whereas backside
illumination requires diffusion of photocarriers across the sensor plate, frontside illumination
generates photocarriers directly inside the depletion layer, which is advantageous in terms of a
larger current signal, a higher cutoff frequency, and a higher spatial resolution. In the case of
frontside illumination, however, scattering and absorption of light by the specimen placed on the
sensing surface disturb uniform delivery of light (71); therefore, a backside illumination is more
often used.

In a typical setup, a laser beam is focused onto the backside of the sensor plate through an
objective lens, and the light spot is moved by means of a mechanical scan stage (25, 35, 72) or
mirrors (32, 73) for raster scanning of the area to be measured. In some setups, an arrayed light
source, such as a light-emitting diode (LED) array (70, 74) and a vertical-cavity surface-emitting
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laser array (75), are employed for parallel readout from a plurality of locations on the sensing
surface. A pixel of a display panel (76) or video projector (77, 78) can be also employed as a light
source. On one hand, these light sources are advantageous in terms of miniaturization, as they
require no mechanical scan, but on the other hand, the flexibility of the pixel layout is limited.

The AC photocurrent signal of the WE is converted by a transimpedance amplifier into a
voltage signal, which is digitally sampled and processed (72) to generate a chemical image. The AC
photocurrentis typically in the range of 10 nA to 1 pA, and the gain of the transimpedance amplifier
is selected in the range of 10° to 107 V/A. A field-programmable gate array is advantageous for
real-time data processing (79).

4. PRINCIPLES OF OPERATION AND MODELING

Generation of an AC photocurrent signal in a LAPS is understood as follows (66, 80). When the
light is turned on, photocarriers, i.e., pairs of electrons and holes, are generated by absorption of
photons in the semiconductor layer. Although a certain part of photocarriers is lost by recombi-
nation, electrons and holes arriving at the depletion layer by diffusion are separated by the electric
field inside the depletion layer, resulting in a transient current. When the light is turned off,
excess electrons and holes eventually recombine, resulting in a transient current in the opposite
direction. The analyte concentration can be determined by measuring the current, as it depends
on the capacitance of the depletion layer.

Figure 24 depicts a circuit model, in which repeated generation of a transient current by mod-
ulated illumination is represented by an AC current source, Iyhow, to be divided by the capacitance
of the insulating layer, C;, and the capacitance of the depletion layer, Cy, in the illuminated area
(81, 82). Z, is the serial impedance of the external circuit including the solution, the electrochem-
ical double layer on the sensing surface, the semiconductor layer, the backside contact, and the
input impedance of the transimpedance amplifier. The variable gy is the conductance across the
depletion layer due to photocarriers. If both Z and g4 are negligibly small, the AC photocurrent
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(@) A circuit model of a LAPS, in which repeated generation of photocarriers by a modulated light beam is
represented by an AC current source o, to be divided by Cy, Ci, and g4 connected to Zs. Cy is the
capacitance of the depletion layer that responds to the analyte concentration, Cj is the capacitance of the
insulating layers, gq is the conductance of the depletion layer, and Z; is the serial impedance of the external
circuit. The AC photocurrent signal, /, is measured by an ammeter (A). (b)) A schematic of AC
photocurrent-DC bias voltage (I-}) curves of a LAPS sensor plate that shift along the voltage axis with a
Nernstian response. An example of pH response of a LAPS sensor plate with an n-type semiconductor is
shown. Abbreviations: LAPS, light-addressable potentiometric sensor; RE, reference electrode.
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A schematic representation of a carrier diffusion model in the case of backside illumination. The incident
light beam enters the semiconductor substrate and generates electron—hole pairs (photocarriers) at a
different depth from the back surface. The loss of photocarriers in the course of diffusion toward the front
side is characterized by the diffusion length of minority carriers. Photocarriers that arrive at the depletion
layer contribute to the current signal depending on the local value of Cy4/C; (34). The illuminated point on
the back surface of the semiconductor substrate is the origin of the xyz coordinate system, in which z is the
depth from the back surface and d is the thickness of the semiconductor substrate. Abbreviations: Cy,
capacitance of the depletion layer; C;, capacitance of the insulating layer.

signal I is given by a simple expression,

G
Ci+Cy’
where Cy varies with the bias voltage across the EIS system.

Figure 25 shows an example of current—voltage (I-}") characteristics of a LAPS with n-type Si

1= Iphoto .

for different pH values. For a fixed pH value, [ increases as the EIS system is more depleted and
Cy is reduced. The surface potential responds to pH according to the Nernst equation, resulting
in a shift of the (I-}) curve along the voltage axis.

To investigate the operation of a chemical imaging sensor, a carrier diffusion model (33, 34, 66,
69, 83) for the case of backside illumination, schematically shown in Figure 3, has been employed.
In this model, the AC photocurrent signal is calculated as follows. First, the number of electron—
hole pairs generated at a depth between z and z + dz from the back surface in a unit of time is
given by

P

e o -exp(—az)-dz, 2.
where P is the power of the incident light beam, /v is the photon energy, and « is the absorption
coefficient of light in the semiconductor. Second, by assuming isotropic diffusion of carriers and
taking account of recombination in the course of diffusion, the number of minority carriers arriving
at an infinitesimal area dxdy of the depletion layer in a unit of time is given by

P r\ dxdy d-—z
[b—voz-exp(—az)dz-exp(—z)-4nr2- " :| 3.

l‘:\&.

d
aP N d—z
2=0
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where d is the thickness of the semiconductor layer, L is the diffusion length of minority carriers,
and 7 is the traveling distance of minority carriers given by

r=ya2 4y +d—27. 4.

Finally, the total AC photocurrent signal [ is calculated by integrating the contribution of
each area on the sensing surface, taking account of the local value of Cy/C;, which varies with the
local concentration of analyte. Using the carrier diffusion model, the dependence of the signal
intensity, and the spatial resolution of a chemical imaging sensor on various parameters, such as
the thickness of the semiconductor layer, the wavelength of the incident light, and the diffusion
length of minority carriers have been investigated. A fair agreement between predictions and
experimental results has been demonstrated in spite of simplifications (34, 83).

In some cases, however, assumptions of the carrier diffusion model are oversimplifications, and
other factors also significantly affect the performance of the chemical imaging sensor. Guo et al.
(84) pointed out that an increase of excess carriers reduces the local thickness of the depletion layer,
depending on the light intensity and the distance from the illuminated point. Poghossian et al.
(85) showed the influence of the capacitive coupling of the solution and semiconductor substrate
through the entire LAPS surface in contact with the solution. This coupling acts as an AC current
path in parallel to the external circuit, as shown in Figure 4. If the impedance of the capacitive
coupling is small and comparable to that of the external circuit Z;, which may occur at higher
frequencies and for alarge contactarea, the AC photocurrent signal measured in the external circuit
is reduced, depending on both the local value and the global distribution of analyte concentration.

A physical simulation based on a semiconductor device simulator (68, 84, 86) allows a much
more detailed analysis of the operation of a chemical imaging sensor. It takes into account
the generation, drift, diffusion, and recombination of electrons and holes in a semiconductor
and numerically calculates the temporal changes of distributions of the potential and carrier
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An additional current path due to capacitive coupling of the solution and the semiconductor substrate
through the insulating layer and the depletion layer of the nonilluminated area. When the impedance of the
capacitive coupling is comparably small to the serial impedance of the external circuit Zs, the current signal
to be measured in the external circuit is reduced. Adapted with permission from Reference 85. Copyright
2017, Elsevier. Abbreviations: Cy, capacitance of the depletion layer; Cj, capacitance of the insulating layer;
g4, conductance across the depletion layer due to photocarriers.
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Figure 5

AC photocurrent signals reproduced in a physical simulation of a light-addressable potentiometric sensor
(LAPS) operation by a semiconductor device simulator. In the simulation, a light beam with a wavelength of
700 nm modulated at different frequencies of 100 Hz—100 kHz illuminated a 200-um-thick LAPS sensor
plate, and the subsequent generation, diffusion, drift, and recombination of photocarriers were numerically
calculated. Adapted with permission from Reference 68. Copyright 2014, John Wiley & Sons.

concentrations. The effects of various parameters, such as the wavelength, intensity, and modula-
tion frequency of light, the lifetime of minority carriers, and the thickness of the semiconductor
substrate and insulating layers, can be investigated. Figure 5 shows an example of simulated wave-
forms of the AC photocurrent signal at different frequencies, which were in good agreement with
experimental results. An extension of a semiconductor device simulator that includes the analyte
solution was recently proposed for an ISFET (87). This would provide even more detailed and
accurate information on the performance of a chemical imaging sensor, considering the distribu-
tion of double-layer capacitance, impedance of the solution, the geometry of electrodes, and the
capacitive coupling between the solution and the semiconductor substrate.

5. MEASUREMENT MODES

When the potential of the LAPS surface varies in response to the analyte concentration, the effec-
tive DC bias applied to the EIS system varies accordingly. This change can be quantified by mea-
suring the horizontal displacement of the I~} curve represented by the bias voltage corresponding
to the inflection point of the curve, either by numerically calculating the second derivative (1, 88)
or by fitting the curve with a model function (89). The horizontal location of the inflection point
can then be correlated to the analyte concentration through the calibration step. As explained in
the sidebar, Scanning Photo-Induced Impedence Microscopy, the variation of the vertical height
of the I-V curve is detected for impedance mapping.

In imaging applications, however, it is usually too time consuming to acquire the I~} curves at
all pixels. In the constant-bias mode (32), which is the most frequently used measurement mode
of a chemical imaging sensor, the DC bias is fixed at a constant value within the transition part
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SCANNING PHOTO-INDUCED IMPEDANCE MICROSCOPY

Whereas a variation of the analyte concentration results in a horizontal shift of the -} curve of a LAPS sensor plate
along the voltage axis, the serial impedance of the analyte affects the vertical height of the I~} curve. The spatial
distribution of the impedance within a specimen can therefore be visualized by recording the AC photocurrent at
a constant bias voltage fixed in the inversion region, where the current is no longer dependent on the bias voltage.
This measurement mode is called scanning photo-induced impedance microscopy (SPIM) (147). The measurement
setup and procedure of the SPIM mode are exactly the same as those of the constant-bias mode LAPS except that
the bias voltage is set in the inversion region in the former and in the depletion region in the latter. A submicron
resolution was achieved by the two-photon effect (54, 65), and high-resolution SPIM was applied to the visualization
of impedance change in PAH/PSS polyelectrolyte microcapsules labeled with Au nanoparticles (148).

of the I-V/ curve, where a map of the AC photocurrent signal is acquired. The photocurrent map
is then converted into a map of potential shift using the average slope of the transition part of
the I-V curve and then converted further into a map of the analyte concentration. An essential
limitation of the constant-bias mode is that the measurable range of the potential shift is limited
within the transition part of the I-V curve. When it is necessary to measure a large variation of
analyte concentration, the constant-current mode (90) or the potential-tracking mode (89) is used.

In the constant-current mode (90), a feedback loop controls the DC bias to maintain the
AC photocurrent signal at a constant value, and the required offset of the DC bias is recorded,
which is then converted into the variation of analyte concentration. If the initial value of the AC
photocurrent signal is spatially uniform, a common target value can be set for all pixels, which is
not usually the case. In a general case, the initial values of the AC photocurrent signal are recorded
at all pixels within the first scan. During the subsequent scans, a feedback loop controls the DC
bias to reproduce the initial value of the AC photocurrent signal at each pixel.

In the potential-tracking mode (89), the horizontal shift of the -7 curve at each pixel is
detected. Instead of measuring the I-J curve at each pixel, a series of AC photocurrent maps is
acquired at several DC bias voltages, from which the I~} curves are reconstructed at all pixels.
Although the total number of data is the same, the latter scheme is much faster because the DC bias
is scanned only once throughout the measurement. Every time the DC bias is updated, a settling
time is required until the capacitance of the entire sensing surface in contact with the solution is
charged at the new DC bias. The number of bias voltages at which the AC photocurrent maps
are acquired can be relatively small, and a sparse set of data points on the I-}" curve at each pixel
is fitted to a model function, such as a logistic function to calculate the horizontal shift. The
potential-tracking mode can follow a large displacement of the I~} curve, and it is robust against
variation of the height of the I~} curve, which is caused by variation of the impedance of the
solution.

Whereas the conventional measurement modes rely on variation of the amplitude of an AC
photocurrent signal in response to the analyte concentration, the phase shift of an AC photocurrent
signal with respect to the excitation light can be correlated to the analyte concentration (91). The
advantage of the phase mode over the conventional amplitude mode is that the phase of the AC
photocurrent is much less sensitive to certain types of disturbances that affect the amplitude. The
crystal defects in Si are known to result in nonuniformity of the carrier recombination rate (92).
Although an amplitude image is strongly affected by the distribution of defects, a phase image is
immune to it (91).
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Table 1  Target species of a light-addressable potentiometric sensor other than H' reported in the literature
Type of target
species Target species Type of sensing element Reference(s)

Cations K+, Mg?*, Ca?* Tonophore/PVC membrane 59
Nat, Kt, Ca?t Tonophore/PVC membrane 27
Lit, K*, Ca?t Tonophore/PVC membrane 28,29
Lit, K*, Cst, Mg?*, Ca’* Tonophore/photocurable membrane 30, 93
Pb**+ Chalcogenide glass 96
Fe3t, Ph2t, Créot Chalcogenide glass 94
Cd** Chalcogenide glass 95
Nat Oxide (CF4 plasma-treated HfO;) 62
NH;* Oxide (CF;4 plasma-treated HfO;) 63

Anions F- Tonic crystal (LaF3) 97
NOs~ Organic ion exchanger/PVC membrane 98
S04~ Tonophore/PVC membrane
Cl- Oxide (nitrogen-incorporated Sm;O3) 99

Molecules Ethanol Enzyme (in solution) 100
Urea, glucose Enzyme 26
Urea Enzyme 35,103
Urea, penicillin, glucose Enzyme 101
Acetylcholine (chloride, iodide), Enzyme 105

butyrylthiocholine (iodide)

Penicillin Enzyme 7,104
Urea, butyrylcholine (iodide) Enzyme 102
Acetylcholine (chloride) Enzyme 106
ATP ATP-sensitive aptamer 108
ssDNA Complimentary ssDNA immobilized on graphene oxide | 109
ssDNA Complimentary ssDNA immobilized on SiO; 110-112

Taste NaCl, HCl, quinine, saccharose, Artificial lipid membranes 25

substances sodium glutamate monohydrate

Abbreviations: ATP, adenosine triphosphate; PVC, polyvinyl chloride; ssDNA, single-stranded DNA.
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6. TARGET SPECIES

In addition to measurement of pH or the activity of H*, the LAPS surface can also be functionalized
to respond to a variety of other chemical species. As members of the family of potentiometric
sensors, many technologies that have been developed for ion-selective electrodes, ISFET's, and EIS
capacitive sensors are also applicable to functionalization of a LAPS surface. Table 1 summarizes
various target species of a LAPS that were thus far reported in the literature.

Several different types of sensing elements have been employed to produce an ion-sensitive
LAPS. For example, sensitivities to the alkali metal ions Na* (27), Li* (29, 30, 93), K* (27-30,
59, 93), and Cs* (30, 93) and the alkaline earth metal ions Mg?* (30, 59, 93) and Ca** (27, 28, 30,
59, 93) have been achieved with corresponding ionophores in a liquid membrane supported by
polyvinyl chloride or a photocurable membrane. Several heavy metal ions, such as Cr* (94), Fe*+,
(94), Cd** (95), and Pb** (94, 96), were detected by a chalcogenide glass membrane deposited
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on a LAPS surface using a pulsed-laser deposition technique. Sensors for several anions [F~ (97),
NO;~ (98), and SO42~ (98)] have been realized with different types of sensing elements on a LAPS
surface. Enhancement of cross sensitivities of an oxide surface to ions other than H* have been
also reported (62, 63, 99).

Another large category of functionalization relies on the biocatalytic activity of enzyme
molecules immobilized on a LAPS surface. Examples of enzymes applied to a LAPS include
alcohol dehydrogenase (100), urease (26, 35, 101-103), penicillinase (7, 101, 104), glucose oxidase
(26, 101), acetylcholinesterase (105, 106), and butyrylcholinesterase (102, 105). In some cases,
a substrate-rich condition was employed to quantify the enzyme concentration rather than the
substrate concentration (100). Toxins were detected by measuring the inhibition rate of an enzy-
matic activity (102, 105, 107). Various types of sandwich immunoassays for proteins, viruses, and
bacteria, as well as a gene probe assay and an inhibition assay, were demonstrated with a LAPS
measuring the enzymatic activity of urease conjugated to an antifluorescein antibody binding to a
fluoresceinated antibody (107).

Yet another category of functionalization relies on the specific binding or affinity of molecules.
ALAPS surface functionalized with an adenosine triphosphate (ATP)-sensitive aptamer monitored
ATP secreted by a taste receptor cell (108). Detection of a potential change caused by hybridization
of a single-stranded DNA (ssDNA) and a complementary probe ssDNA on a LAPS surface was
also reported (109-112). In a multianalyte application, a set of artificial lipid membranes was
prepared by a modified Langmuir-Blodgett method, and their responses to taste substances were
investigated (25).

7. CALIBRATION

Similar to all chemical sensors, a LAPS requires calibration at a certain frequency depending on the
accuracy needed. In a calibration procedure, I} curves are acquired for several standard solutions
of known concentrations, and their inflection points are determined. The slope sensitivity is then
obtained by least-square fitting the plot of bias voltages at inflection points as a function of the
logarithm of analyte concentration.

In the case of imaging, additional procedures are necessary to correct for in-plane nonuni-
formities inherent to an individual sensor plate. Two types of nonuniformities in a sensor plate
are known (113). The first type originates from the distribution of defects in the semiconductor
crystal, at which the current signal is reduced due to a loss of carriers by enhanced recombination
(92, 114). The second type of nonuniformity arises from contamination of the sensing surface,
such as the intake of ions into the insulating layer during use, which changes the local flat-band
voltage of the EIS system. These two types of nonuniformities can be corrected for by using a
pair of calibration maps, i.e., a current calibration map and a potential calibration map, prepared
for the particular sensor plate through the measurement of a homogeneous solution (113).

8. SPATTAL RESOLUTION

Spatial resolution is one of the most important indices representing the performance of a chemical
imaging sensor, as it determines the smallest structure that can be observed. Because a LAPS sensor
plate has no isolations between neighboring pixels, spatial resolution is determined by the lateral
extent to which photocarriers diffuse in the semiconductor layer (31, 66, 83).

In a case where a light illuminates a point on the back side of a sensor plate, and the thickness
of the semiconductor layer 4 is much larger than the penetration depth of the light, the photocar-
riers diffuse three-dimensionally from the illuminated point (Figure 64). In a simplified model,
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4 ﬁ é

Schematic illustrations of (#) the diffusion of photocarriers from the illuminated point on the backside of a
light-addressable potentiometric sensor (LAPS) plate, (5) the effect of thinning the sensor plate, and (¢) the
effect of using an infrared light that enters deeper into the sensor plate. The thickness of the sensor plate is
denoted by d and the arrow.

Figure 6

the spatial resolution in this case is given by /L - (L + 2d), where L is the diffusion length of
minority carriers (31). In a case of the other extreme, where d is small, the carrier diffusion is
two-dimensional, and the spatial resolution is given by L.

The simplest approach to improve the spatial resolution is reducing the thickness of the semi-
conductor layer d (33, 66, 69, 83) (Figure 6b). However, a sensor plate thinner than 100 pm
is fragile, and some mechanical support is indispensable for a practical application. A 5-pm test
pattern was resolved with a LAPS sensor plate based on a silicon-on-sapphire (SOS) wafer with
an active layer of 0.5 pm (115).

The use of an infrared light, which generates photocarriers after entering deeper into Si, has
an effect equivalent to reduction of the thickness of the sensor plate (34) (Figure 6¢). A 10-pm
test pattern was resolved with a 20-pm Si sensor plate in combination with an infrared light with
a wavelength of 830 nm, which had a penetration depth of 13 um (34).

Another approach to improving spatial resolution is to choose a semiconductor material with
a shorter diffusion length L. In the case of a thick substrate, however, a smaller L also means more
loss of carriers, which results in a small current signal (66). Therefore, the sensor plate must be
thin when a semiconductor material has a smaller L. A spatial resolution of 15 pm was obtained
by increasing the doping concentration of Si to reduce L and by thinning the sensor plate (69).
Semiconductor materials with a direct bandgap, such as GaAs (116) and GaN (117), have a smaller
value of L compared to those with an indirect bandgap, such as Si, and it is expected to achieve a
higher resolution. A spatial resolution better than 3.1 pm was obtained for a LAPS sensor plate
with an 8-nm epilayer of GaAs (116). A spatial resolution in a submicron range was obtained with
a thin-film amorphous Si deposited on a transparent glass substrate (52).

A method based on the two-photon effect, which was previously applied to optical beam—
induced current imaging (118), was proposed to enhance spatial resolution (54, 65). An infrared
light with a wavelength of 1,250 nm, the photon energy of which was smaller than the energy
bandgap of Si, was focused inside the sensor plate, so that photocarriers were generated by the
two-photon effect only in the vicinity of the focal point near the depletion layer. With this tech-
nique applied to an SOS with an active layer of 0.5 um, a spatial resolution of 0.8 um was
achieved (54).

An auxiliary illumination to improve the spatial resolution was also devised (119, 120). In this
method, a ring-shaped constant light illuminates the surrounding of the modulated light and
increases the carrier concentration. Enhanced carrier recombination in the surrounding region
blocks the lateral diffusion of photocarriers induced by the modulated light. This effect was pre-
dicted by simulation (119) and experimentally verified (120).
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Yet another method to improve spatial resolution based on temporal analysis of the transient
current signal was recently proposed (121). A short pulse of a laser beam illuminates a point on the
sensor plate, from which photocarriers start diffusion. The transient currentsignal is then recorded
ata high temporal resolution. An earlier part of the signal reflects charging of the capacitance near
the illuminated point, whereas a later part includes the signal from distant locations. Therefore,
the spatial resolution can be improved by reducing the integral time of the transient current signal.
The validity of this approach was verified both by simulation and experiments (121).

9. HIGH-SPEED MEASUREMENT

The image acquisition time of a chemical imaging sensor is given by the product of the measure-
ment time per pixel and the number of pixels, so far as a single light beam is used for readout.
The measurement time per pixel is chosen to obtain a satisfactory signal-to-noise ratio, if not
limited by the speed of mechanical scan. In a typical setup, where the frequency of the modulated
light is several kilohertz, and the sampling time is chosen to include several tens of cycles, the
typical measurement time per pixel is on the order of milliseconds. Therefore, a typical image
acquisition time at a resolution of 128 x 128 pixels, for example, is on the order of minutes, which
would be acceptable for recording slow processes, such as cell growth (122, 123) and corrosion of a
metal surface (124). To record faster processes or to enhance the throughput of analysis, however,
reduction of the measurement time is indispensable.

The image acquisition time can be greatly reduced by using more than one light beam for
readout in parallel (125). In this method, a plurality of light beams modulated at different fre-
quencies illuminates different locations of the sensor plate and generates an AC photocurrent
depending on the local analyte concentrations at respective locations. The current signal mea-
sured in the external circuit is a superposition of respective frequency components, which can be
separated by lock-in detection. For separation of signals in the frequency domain, the frequency
step, Af, must be larger than or at least equal to the inverse of the sampling time, 7; therefore,
a frequency bandwidth of N, x Af' > N./7T; is required, where N, is the number of channels or
multiplicity.

This technique based on frequency-division multiplex was applied to a multianalyte sensor
(94, 126) and a chemical imaging sensor (70, 74, 127). A chemical imaging sensor system with
a multiplicity of N. = 64 was constructed (74), in which 64 locations on the sensing surface
were simultaneously illuminated by light beams from 64 LEDs guided by optical fibers and
driven at different frequencies between 6.4 and 12.7 kHz with Af = 100 Hz. Frequencies below
6.4 kHz were skipped to avoid interference of harmonics. The sampling frequency, the number
of samplings, and the sampling time, 7, were 400 kHz, 4,000, and 10 ms, respectively, which
realized a movie recording of pH at a frame rate of 100 frames per second (fps). Figure 7 shows
a series of snapshots extracted from a movie recording, in which a buffering action of phosphate
buffer was recorded (74).

The highest frequency that can be used for a LAPS is determined by the low-pass filtering effect
of carrier diffusion across the sensor plate (66). The available bandwidth can be therefore extended
by using frontside illumination (66, 70) or a thinner sensor plate, which allows modulation of carrier
concentrations at higher frequencies. A movie recording at an even higher frame rate would be
accomplished by increasing Afand reducing 7. For example, a frame rate of 1,000 fps would be
achieved for a multiplicity N, = 64 using a set of frequencies between 64 and 127 kHz with Af
= 1 kHz, which corresponds to a readout speed of 64,000 pixels/s. However, a dramatic increase
in the multiplicity N. seems difficult, considering the available bandwidth and complexity of the
light source. Thus, to increase the pixel number in movie recording, a combination of arrayed
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Figure 7

A series of snapshots extracted from a movie recording at 100 frames per second, in which a buffering action
of phosphate buffer was recorded. (#) Samples of 0.2 ml of 10 mM HCl and (b) 0.2 ml of 10 mM NaOH were
injected into 2 ml of phosphate buffer, respectively, at a rate of 0.1 ml/s. A temporary change and subsequent
recovery of pH were clearly observed. An area of 12 x 12 mm? was illuminated by 8 x 8 optical fibers
delivering 64 light beams modulated at different frequencies in the range of 6.4 to 12.7 kHz with Af =

100 Hz (74).

light beams and a scanning technique seems to be a realistic solution, which makes a compromise
between the pixel number and frame rate.

10. APPLICATIONS

Historically, much effort has been directed toward biological and biomedical applications of a
LAPS used as a microphysiometer (2, 21, 88, 128-133), which quantifies the response of metabolic
activity of cells to chemical substances for the purpose of drug screening. A cell-semiconductor
hybrid LAPS (134) was proposed as a cell-based biosensor to detect the response of the extracellular
potential to chemical substances.

As an imaging version of LAPS, a chemical imaging sensor was applied, for example, to visualize
the pH distributions around microbial colonies cultured on agarose (32, 34, 122). This method is
expected to automate the plate count and quantify the metabolic activity of individual colonies.
Efforts have been also made to record the extracellular potentials of cardiac myocytes (71) and
neural cells (135-137) cultured on a LAPS surface. Recently, application of a LAPS to deep brain
imaging was proposed (138). A tiny LAPS chip with a dimension of 500 x 500 wm? was attached
to the tip of a flexible polymer-based neural probe, which included conducting wires and optical
waveguide bundle for delivering an array of light beams to the LAPS chip for spatially resolved
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LIGHT-ADDRESSABLE ELECTRODES FOR ELECTROCHEMISTRY

The insulating layer on the LAPS surface blocks DC current, which allows potentiometric sensing of the surface
potential at equilibrium but prohibits electrochemical reactions on the surface. There have been attempts inspired
by LAPS to control the localized electrochemical reactions, taking advantage of light addressability. Suzurikawa
etal. (149) proposed a light-addressable electrode, in which a low-conductive passivation layer on a-Si:H contacted
the solution. The light addressability in this case relied on the photoconductivity of a-Si:H, the illuminated region of
which functioned as a current path. An arbitrary shape of region defined by illumination with a digital micromirror
device functioned as an anode or a cathode in electrolysis to create a pH gradient in the solution. Choudhury
et al. (150) proposed the concept of light-activated electrochemistry, in which a hydrogen-terminated Si surface
modified with organic monolayers contacted the solution, and a DC faradaic current was allowed to flow only at an
illuminated location with a micron-scale resolution.

measurement. This device could record neuronal activities as well as pH values. The probe was
chronically implanted into the hippocampal formation of the brain of a mouse, and the low-
frequency brain events were successfully recorded. Other examples of biomedical applications
include visualization of pH changes on plant leaves in response to an acidic droplet (139), surface
analysis of dentinal caries in human teeth (140), and visualization of the recovery process of a
cultured cell layer of human epithelial cells, Caco-2 (123).

The chemical imaging sensor is also useful in the field of materials science. It was recently
applied to the study of crevice corrosion of stainless steel. (124). In spite of the high resistance to
corrosion, stainless steel is known to corrode when placed in a gap of a few micrometers. Because
the gap is narrow and difficult to access for analysis, the mechanism of crevice corrosion is not
fully understood. The sensing surface of a LAPS was placed in the proximity of the surface of the
test piece with a narrow gap filled with seawater, and the pH change associated with corrosion
was successfully visualized under potentiostatic polarization.

Another possible application of a chemical imaging sensor is its use as a readout unit of a
microfluidic device, such as a micrototal analysis system or a lab-on-a-chip. By constructing a
microfluidic device on the flat sensing surface of a chemical imaging sensor (21), spatiotemporal
change of pH or the concentration of a target species inside the microchannel can be visualized
(141), which provides useful information to analyze the dynamics of reaction and diffusion. This
format is advantageous for analyzing many small-volume samples in parallel, which makes it a
prospective strategy to develop new types of high-throughput biomedical assays (31). In addi-
tion to sensing and imaging, the light-addressing technique has been applied to induce localized
electrochemical reactions (see sidebar, Light-Addressable Electrodes for Electrochemistry).

11. SUMMARY AND OUTLOOK

The performance of LAPS-based chemical imaging sensor systems has been greatly enhanced over
the past two decades. Various technologies to improve the spatial resolution were invented, and a
high spatial resolution in the submicron range has been achieved. An array of light beams enabled
parallel access to a plurality of pixels to acquire a signal multiplexed in the frequency domain for fast
readout in the range of several tens of thousands of pixels per second. A number of measurement
modes have been devised to meet different requirements and priorities of particular applications.
Researchers established a calibration procedure to correct for in-plane nonuniformities of an
individual sensor plate.
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There seem to be two different strategies for further development of LAPS-based chemical
imaging sensor systems. The developments thus far are mainly directed to construct a general-

purpose instrument that can be adapted for a wide variety of analyses. This strategy was successful

in enhancing the instrument’s overall performance. For more practical applications, however,

development of a customized instrument would be valuable to elicit high performance to meet

specific requirements. More application-oriented development will be key to expanding the us-
ability of LAPS-based chemical imaging sensor systems.
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