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Sensing technology using image sensors is expected as a fundamental technology for the loT and Big Data era in various fields such as healthcare,

agriculture, environment, automotive, and industrial applications for a safe, secure, and sustainable society. These applications require a wide dynamic
range (WDR) performance that can image subjects with severe differences in brightness, a high signal-to-noise ratio (SNR) performance that enables
high-precision analysis in 2-dimensional image, which has not yet been tackled, and a high sensitivity performance in a wide spectral response that can
image various light-absorbing and light-emitting objects. An CIS achieving all requirements mentioned above leads to the realization of unprecedented
functions in image sensors. In addition, high-precision absorption imaging will contribute to the creation of novel measurement technologies and play
important roles in variety of fields. In view of this background, the purpose of this dissertation is to establish CMOS image sensor (CIS) technology
with high SNR, WDR, and wide spectral response, and to demonstrate its sensing applications. This dissertation is structured as follows with five

chapters.

Chapter 1 is the introduction. The role of CIS and key parameters for sensing applications were briefly introduced including basic architecture and
operation of CIS, high SNR requirement, WDR requirement, wide spectral response requirement, relationship between absorption ratio and SNR of
photo detector, and relating approaches and issues for those requirements. In conventional absorption analysis, single photodiodes or linear array
sensors with 70-80 dB maximum SNR have been used as photodetectors. However, it is difficult to adapt current CIS for absorption analysis because
of its low SNR 0f 30-40 dB. A CIS with over 70 dB SNR and spatial resolution is expected to dramatically improve the functions and performance of
the photodetection part of imaging, measurement, and analysis equipment, and contributes to a safer and more secure society. WDR is required for
applications capturing targets with strong light contrast, such as machine vision, automotive, and security cameras. In those applications, over 120 dB

dynamic range is highly required with linear response, single exposure, single photodiode (PD). As previously reported WDR techniques, multiple
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exposures, multiple PDs, dual conversion gain (DCG), single-stage LOFIC have been introduced. This study focused on LOFIC because sensitivity
and saturation can be designed independently. A single-stage LOFIC CIS that achieved a WDR of 100 dB and 32 dB SNR at the signal switching point
has been reported, however, there is a challenge that the SNR at the signal switching point decreases when the WDR is further extended. These
backgrounds have led the purpose of this study to develop a CIS technology with a high full well capacity (FWC), high SNR, WDR and wide spectral
response, and its sensing applications. In specific terms, the goal was set to develop a CIS with high quantum efficiency (QE) over a wide range of
ultraviolet (UV) to near-infrared (NIR) light wavelengths, maximum SNR of over 70 dB and WDR performance of over 120 dB, and adaptable to

high precision absorption analysis requiring to detect microscopic light intensity changes under high light condition.

Chapter 2 discussed key technologies for simultaneously achieving high saturation, WDR, and wide optical waveband performances, including wide
dynamic range pixel architecture with two-stage lateral overflow storage, low leakage and high capacitance density capacitors using Si trench structure
for high saturation, and wide spectral response. For high SNR and WDR, high capacitance density in-pixel Si trench capacitor and two-stage LOFIC
are proposed. A Si trench capacitor with high capacitance density and low leakage current that can be used as a charge storage capacitor of LOFIC is
discussed. In addition, the fabrication of the Si trench capacitors on a low impurity concentration p-type Si substrate for improving NIR sensitivity was
also discussed. As high SNR and WDR technologies, two-stage LOFIC architecture and operation were proposed. For high-precision absorption
imaging, dual VR readout operation enlarging the gradation of slight absorbance and reading out with high gain was proposed. For high sensitivity in
NIR waveband, low impurity concentration p-type Si substrate was proposed. The design flow of two-stage LOFIC to achieve the widest dynamic
range based on the minimum floating diffusion (FD) capacitance as well as to achieve the highest SNR for absorption imaging target was also

proposed.

In Chapter 3, design, fabrication, and measurement of a high FWC WDR wide spectral response CIS with key technologies described in Chapter 2
was discussed. In the design section, the overall circuit structure, LOFIC capacitance design, and pixel layout are discussed. Figure 1 shows the circuit
block diagram. The capacitance of FD, LOFIC1, and LOFIC2 are 2.1 {F, 67 {F, and 1.5 pF were chosen based on the design flow, respectively. In the
manufacturing section, the fabricating process, Si substrate and the specification of the designed CIS are shown. Figure 2 shows the chip micrograph.
The effective pixels are 128"x128Y, pixel size is 16pumx16pmY, and fill factor is 52.8 %. In the measurement section, a method for adjusting the off
level of the in-pixel transistors to form the overflow path of the two-stage LOFIC was described. In this section, the usefulness of the developed CIS
with proposed key technologies were demonstrated by measurement data. In addition, as a future perspective, the pixel scaling was also discussed. The
developed CIS achieved the maximum SNR of 70 dB, 122 dB of DR, and a high QE from 200-1100 nm. The SNR at signal switching points were 35
dB at S1/S2 switching point and 47 dB at S2/S3 signal switching points. In dual VR operation, the fixed pattern noise was reduced from 12.3 mVims in
high SNR mode to 38.7 pVms by canceling the threshold voltage variation of the pixel source follower. The depletion layer was extended from about
1.3 um to over 30 um due to the change of wafers from an n-type substrate and a p-type epitaxial layer of 20-um thickness with an acceptor

concentration of 1.3 x 10" ¢m to a very low dopant concentration Si substrate in the order of 10'> cm >, Due to this, the improvement of PD QE was
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clearly confirmed; from 25.8%, 13.1%, and 1.94% to 89.7%, 78.2%, and 26.7% at 860 nm, 940 nm, and 1050 nm, respectively, for the perpendicular
incidence. The performance summary and bench marking are shown in Table 1 and Figure 3, respectively. The pixel pitch can be scaled while
maintaining its high spatial efficiency of FWC thanks to the high-density capacitor used for LOFIC. Several high capacitance density technologies
have been reported to be useful for CIS pixels. By combining these capacitors with 3D stacking technology, it is highly possible to achieve a dynamic

range of over 120 dB even for a few microns’ pixel pitch using the proposed two-stage LOFIC architecture.
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In Chapter 4, spectral imaging technology and sensing applications using the CIS fabricated in Chapter 3 were discussed. Two spectroscopic
techniques were demonstrated. Time-sharing illumination of LEDs consisting of a light-switching system with eight LED wavelengths and an
achromatic lens without chromatic aberration was developed in order to demonstrate spectral imaging in a wide range of wavelengths from UV to NIR.
An electrically tunable liquid crystal bandpass filter was also discussed for use in environments with background light. As example applications, the
UV absorption imaging of acetone and ozone aqueous dropped into water and the near-infrared absorption imaging of glucose for non-invasive
measurement of blood glucose levels were demonstrated. Figure 4 shows the captured images of Smg/dl glucose dropped into physiological saline
solution visualized at 1050 nm wavelength captured with maximum SNR of 70dB. In this chapter, the spectral imaging system consisting of developed
CIS and spectroscopic techniques and the high adaptation of the developed CIS to absorption imaging applications were studied and demonstrated. By
using CIS with high spatial resolution instead of the one-dimension photodetectors, it was demonstrated that the measurement accuracy was improved
by measuring substance distribution, concentration distribution and narrowing down the measurement target area. A step toward non-destructive and

non-invasive absorption imaging was successfully demonstrated.
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Figure 4 Diffusion of Smg/dl glucose in physiological saline solution visualized at 1050nm wavelength captured with maximum SNR of 70dB.

Chapter 5 is the conclusion. In summary, this dissertation established a high saturation, WDR, and wide spectral response CIS technology that can be
applied to various image sensing applications for the realization of a safe and secure society, by integrating advanced pixel architecture, materials,
devices, and circuit technology. This dissertation summarized the results of demonstrating the usefulness of the CIS technology through high-precision,
real-time, non-invasive and non-destructive sensing applications. The author would like to conclude this dissertation with the expectation that CIS with
its unprecedentedly high SNR will lead to the realization of high-precision absorption analysis as a two-dimensional imaging technique and will be a

fundamental technology for the creation of new industries.
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