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Chapter 1: Introduction

The chemical imaging sensor based on the principle of the light-addressable potentiometric sensor (LAPS) has
been a key technique for detecting the distribution of target ions in the sample on its sensing surface for some
decades, which is expected to be an effective detection tool for chemical and biochemical analytes. In addition, it
is considered as a highly potential multi-analyte, multi-sample sensor due to its possibility of spatially resolved
detection of ion concentration on its sensing surface addressed by a focused light beam. The development of
LAPS-based chemical imaging sensor responds to the demand of biochemical analysis in various fields such as
environmental monitoring, clinical diagnosis and drug screening.

The spatial resolution and the measurement speed are both very important to the performance of the chemical
imaging sensor, and much effort has been focused on improving them. It has been demonstrated that a thin
sensor plate could achieve a higher resolution because of the restriction of carrier diffusion. It has been also
demonstrated that a thin sensor plate could improve the signal-to-noise ratio at higher frequencies, which would
be advantageous for high-speed measurements. However, the fragileness of a thin sensor plate has been a
problem for practical applications.

In this thesis, partially-thinned structures of LAPS, which are advantageous in the spatial resolution, the
measurement speed as well as the mechanical strength, are investigated. Furthermore, their applications and
benefits in measuring a plurality of samples on a single sensor plate without the need of additional multi-chamber
structures are studied.

Chapter 2: Partially-etched structure on the backside of LAPS sensor plate

A partially-etched structure of LAPS sensor plate was fabricated by optimization of an anisotropic etching
process based on tetramethylammonium hydroxide (TMAH). Partially-etched structures were fabricated on
n-type Si (100) substrates with a thickness of 200 um, coated with insulating layers of 50 nm silicon dioxide
(SiO2) and 50 nm silicon nitride (SisNa), respectively. The frame region with a larger thickness supports the



etched region with a smaller thickness.

In this study, the characteristics of the etched region with a thickness of about 50 pm and the frame region with
a thickness of 150 pm on the same sensor plate were compared to guarantee that measurement parameters were
identical except for the thickness. The maximum photocurrent of the I-V curve for a pH 7 buffer solution in the
etched region was 2.6 times that obtained in the frame region. Furthermore, the etched region could visualize
smaller structures on the sensing surface. The frequency bandwidth was enlarged by a factor of more than 10 and
12-fold-enhancement of photocurrent amplitude at 120 kHz was also achieved.

These results suggest enhancement of the photocurrent signal and therefore the signal-to-noise ratio in the
etched region, while the mechanical strength of the sensor plate is reinforced with the frame structure. The
availability of a wider frequency bandwidth can allow frequency-domain multiplexed measurement with a
plurality of light sources for movie recording at a high frame rate.

Chapter 3: Multi-well sensor based on partially-etched structure on the frontside of LAPS sensor plate

Partially-etched structures or multi-wells were formed on the front side of the sensor plate rather than on the
back side. Compared to the proposed structure in Chapter 2, the multi-wells on the sensing surface can directly
accommodate a plurality of liquid samples to be analyzed independently, without the need of additional
multi-chamber structures. At the same time, an enhancement of the sensor performance is expected because of
the reduced recombination of photocarriers in the thinned active layer.

A multi-well LAPS plate is developed for measuring a plurality of sample solutions on a single sensor plate.
This sensor utilized the partially-etched structures in Chapter 2 as multiple sensors with the SiO, sensing surface
having an area of 14x14 mm? including the wells. The capacity of each well was about 0.35 pL. At the bottom of
the well structure, a test pattern with a minimum width of 19.9 um was resolved. A wider frequency bandwidth
of up to 200 kHz for the sensor signal was obtained in the well structure.

As a demonstration of multi-well measurement, a plurality of different pH buffer solutions were measured in
different wells on the same sensor plate. Nine wells were filled with pH buffer solutions of pH 1 to 9 and the shift
of the bias voltage at the inflection point of the I-V curve with respect to its value at pH 7 was calculated for each
well. A good linearity was obtained between the shift and the pH value, which suggested the validity of the
calibration procedure.

These results suggest that the multi-well LAPS can be used as an array of independent sensors for analyzing a
plurality of samples placed on a single sensor plate, which is capable of high-resolution chemical imaging inside
the well structure and is suitable for high-speed measurement and recording chemical images at high frame rates.
This structure can be applied, for example, for quantification of metabolic activities and imaging of biological
samples incubated in the well structure.

Chapter 4: Measurement of Escherichia coli metabolism with multi-well LAPS

The developed multi-well LAPS sensor plate was applied to measure the metabolic activity of Escherichia
coli (E. coli) bacteria. Nine samples were measured on a 9-well sensor plate to measure the extracellular
acidification of E. coli from their potential shifts. Three of these samples were pH buffer solutions of pH 4, 6 and
8, and the other six samples were LB media with different E. coli concentrations of 0, 1.25x106, 2.5x106, 5x108,
1x107 and 2x10” CFU/ml. The pH values of samples with E. coli started to decrease after 1-3 hours and became



stable at about ApH = -1.5. Based on the relation between the initial cell concentration and the time until a certain
pH shift of -0.8 was achieved, the doubling time was calculated to be about 24 min.

By using the multi-well LAPS sensor plate combined with the setup for long-term measurement, it is able to
measure a plurality of samples with small volumes under well-defined and controllable conditions, which
contributes to the measurement of metabolic activities of bacteria and the determination of the doubling time.

Chapter 5: Microfluidic channel for dispensing samples into multiple wells

A multi-well sensor plate was combined with a microfluidic channel. The microfluidic channel was designed
and cut from an 80-um-thick double-side tape, one side of which was bonded with the sensor surface and the
other side of which was bonded with an ITO glass for electrical contact. The channel dispenses and separates a
solution into different wells on the multi-well sensor. As a result, it was possible to dispense and separate the
solution into the wells. With electrical contact of the solution to the ITO surface, it was possible to obtain the
photocurrent image.

By increasing the number of wells connected with a microfluidic channel, this structure is expected to be
applicable to cell counting. This structure can be applied in biochemical analysis with advantages of real-time,
accurate, compact and disposable chip.

Chapter 6: Conclusions

This thesis discussed the performance improvements of LAPS for chemical imaging and applications for
multi-well sensor arrays, especially in relation to the spatial resolution and the measurement speed. A
partially-etched structure of LAPS was fabricated using anisotropic wet etching in TMAH solution for
high-spatial-resolution and high-speed imaging of chemical species. Its applications to measuring multiple
biological samples on a same sensor plate was also proposed. The enhanced characteristics of the sensor plates
would be advantageous in quantitative analysis in different applications of environmental detection, clinical
diagnosis and drug screening platforms.
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