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C18-2 - 8:55
A 24-OSR to Simplify Anti-Aliasing Filter 2MHz-BW 83dB-DR 3rd-Order DT-DSM Using FIA-Based Integrator and Noise-
Shaping SAR Combined Digital Noise-Coupling Quantizer, M. Fukazawa and T. Matsui, Renesas Electronics Corp., Japan

This paper proposes a dynamic circuits-based discrete-time (DT) delta-sigma modulator (DSM) with 2MHz bandwidth (BW) at
an oversampling ratio of 24 to simplify anti-alias filter, flexible operating frequency, and power scalability. The proposed DSM
consists of floating inverter amplifier based integrators and an asynchronous SAR quantizer that combines passive noise
shaping and digital noise coupling to enhance total noise shaping effect equal to the 3rd-order DSM. This DT-DSM achieves
83.1dB dynamic range while consuming 1.04mW, resulting in 175.9dB DR-based Schreier FoM.

C18-3 -9:20

A 2.5mW 12MHz-BW 69dB SNDR Passive Bandpass AX ADC with Highpass Noise-Shaping SAR Quantizers, S. Oh*, S.
Park*, Y. Jung*, K. Jimin*, C. Donghee*, S. Ha** and J. Minkyu*, *KAIST, Korea and **New York Univ. Abu Dhabi, United Arab
Emirates

A 4th-order passive bandpass AX modulator (BPDSM) using a 2-path transformation structure is presented. The proposed
BPDSM replaces a power-hungry resonator with a z-to-z>-transformed passive loop filter. The prototype bandpass AZ ADC
provides a wide intermediate frequency (IF) range of 1.25MHz to 60MHz. The measured SNDR is 69dB with a power
consumption of 2.5mW at 12MHz bandwidth when its highest sampling rate is 240MS/s.

C18-4 -9:45

A 187dB FoMS 46fJ/Conv. 2"-order Highpass AZ Capacitance-to-Digital Converter, Y. Jung*, S. Oh*, J. Koo*, S. Park*, J.-H.
Suh*, D. Cho**, S. Ha*** and M. Je*, *KAIST, **Samsung Electronics Co., Ltd., Korea and ***New York Univ. Abu Dhabi, United Arab
Emirates

The proposed capacitance-to-digital converter (CDC) achieves 187dB FoMs, which is >2x improvement over the state-of-the-
art, with FoMy, of 46fJ/Conv.-Step. We employ a highpass AZ modulator in CDC applications for the first time while using loop
filters based on power-efficient floating inverter amplifiers (FIAs).

Technology / Circuits Joint Focus Session 3
AR/VR/MR Metaverse 2 [Shunju IlI]
Thursday, June 15, 8:30-9:45

Chairpersons: R. Kuroda, Tohoku Univ.
B. Rae, STMicroelectronics N.V.

JFS3-1 - 8:30 (Invited)

216 fps 672 x 512 pixel 3 ym Indirect Time-of-Flight Image Sensor with 1-Frame Depth Acquisition for Motion Artifact
Suppression, C. Okada*, S. Yokogawa*, Y. Yorikado*, K. Honda*, N. Okuno*, R. Ikeno*, M. Yamakoshi*, H. Ito*, S. Yoshitsune**, M.
Desaki**, S. Hida**, A. Nose*, H. Wakabayashi* and F. Koga*, *Sony, Japan

A 216 fps, 672 x 512 pixel, 3 ym indirect time-of-flight image sensor with 1-frame depth acquisition for motion artifact
suppression was developed for versatile applications. To suppress motion artifacts, we employed a floating diffusion sharing
circuit, vertical gate technology for the transfer gate, and IQ mosaic pixel coding with demosaic processing. Consequently, a
motion artifact-free depth map was obtained, with a 3.5 times faster frame rate, 50% lower power, and 71% lower readout
noise compared to a conventional 4-frame sensor.

JFS3-2 - 8:55

A 3.96um, 124dB Dynamic Range, 6.2mW Stacked Digital Pixel Sensor with Monochrome and Near-Infrared Dual-
Channel Global Shutter Capture, S. Chen*, C. Liu*, L. Bainbridge*, Q. Chao*, R. Chilukuri*, W. Gao*, A. P. Hammond*, T.-H. Tsai*,
K. Miyauchi**, 1. Takayanagi**, M. Nagamatsu**, H. Abe**, K. Mori**, M. Uno**, T. Isozaki**, R. Ikeno**, H.-L. Chen***  C.-H.
Lin®** W.-C. Fu*** and S.-G. Wuu***, *Meta, USA, ***Brillnics Japan Inc., Japan and ****Brillnics Inc., Taiwan

Keywords: indirect time of flight, single frame, motion artifact suppression

JFS3-3 -9:20

Doping-Optimized Back-llluminated Single-Photon Avalanche Diode in Stacked 40 nm CIS Technology Achieving 60%
PDP at 905 nm, E. Park* ** W.-Y. Ha**** D. Eom* **, D.-H. Ahn*, H. An***, S. Yi*** K.-D. Kim***, J. Kim*** W.-Y. Choi** and
M.-J. Lee*, *Korea Institute of Science and Technology (KIST), **Yonsei Univ., ***SK hynix Inc., Korea and ****Ecole Polytechnique
Fédérale de Lausanne (EPFL), Switzerland

We report on back-illuminated single-photon avalanche diodes (SPADs) based on 40 nm CIS technology. The SPAD
performance is optimized with doping engineering, enabling the extension of the effective active area resulting in much higher
efficiency. It achieves a dark count rate (DCR) of 15 cps/um?, timing jitter of 97 ps, and excellent photon detection probability
(PDP) in near-infrared (NIR) wavelength of about 60% at 905 nm and 44% at 940 nm at the excess bias voltage (Vg) of 2.5 V.
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Abstract

We report on back-illuminated single-photon avalanche
diodes (SPADs) based on 40 nm CIS technology. The SPAD
performance is optimized with doping engineering, enabling the
extension of the effective active area resulting in much higher
efficiency. It achieves a dark count rate (DCR) of 15 cps/um?,
timing jitter of 97 ps, and excellent photon detection probability
(PDP) in near-infrared (NIR) wavelength of about 60% at 905
nm and 44% at 940 nm at the excess bias voltage (V) of 2.5 V.

Introduction

Single-photon sensors are highly demanded in various
applications such as LIDAR, AR/VR/MR/XR, night vision, bio
imaging, etc. Especially for the major emerging applications
like LiDAR, the key requirements are the high detection
efficiency at the near-infrared (NIR) wavelength range. In this
paper, we present back-illuminated SPADs fabricated in 40 nm
CIS technology, which is the most advanced CIS technology
that has been used for SPAD implementation up to date.
Furthermore, we have optimized SPAD performance, especially
the fill factor and the efficiency, with doping engineering.

Device Structure and Simulation Result

Fig. 1 shows a transmission electron microscopy (TEM)
image of the back-illuminated SPAD. With the backside
thinning/etching process, the thickness of the Si epi can be

controlled, and about 4 pm thick Si epi remains after the process.

The SPAD is based on a shallow n-type region on a p-type
region forming a 5 pm diameter main PN junction with a 2 um
guard-ring (GR) structure surrounding the edge of the junction
to prevent edge breakdown. Through the p-type doping
optimization over the GR and anode, the PDP can be greatly
improved over the wide wavelength range. Fig. 2 shows the
TCAD simulation results of the SPADs in terms of the E-field
profile without and with doping optimization, respectively. The
SPAD with doping optimization achieves a wider avalanche
multiplication region over the whole GR area without suffering
any edge breakdown compared to the SPAD without doping
optimization. In addition, as shown in Fig. 2, the carrier flow
becomes better with the doping optimization, i.e., the most of
carriers go through the planar junction where the highest E-field
is formed, which is highly desirable to improve its PDP
performance.
Experimental Results and Discussion

Fig. 3(a) shows the micrograph of the back-illuminated SPAD,
and Figs. 3(b) and (c) are the light-emission-test (LET) results of
the SPADs without and with doping optimization, respectively,
at Ve = 2.5 V. The areas emitting light in Figs. 3(b) and (c)
indicate that each SPAD has a uniform E-field higher than the
critical E-field of Si over the planar junction. As the two results
show different light-emitting areas and intensities, we can clearly
confirm that the effective active area is much wider and more

avalanche processes occur in the doping-optimized SPAD. Fig.
4 presents the PDP results of the two SPADs at NIR to directly
compare their detection efficiencies. It is clearly shown that the
PDP has been improved more than by a factor of two. In order to
investigate further the effective active area, a measurement with
a laser scanning microscope was performed, and the results are
shown in Fig. 5. The results show that the active region is formed
not only at the junction but also in the GR with the full width at
half maximum (FWHM) contour of about 8 pm. The current-
voltage characteristics of the SPAD are shown in Fig. 6. The
SPAD has very low dark currents of a few pAs and its breakdown
voltage, Va, is about 21.2 V. The temperature dependence of V'3
was investigated from 0 to 60 °C, and the results are shown in
Fig. 7. The output waveforms in terms of voltage and current
pulses are shown in Fig. 8. The DCR characteristics were
measured at room temperature as a function of Vz, and the results
are shown in Fig. 9. The SPAD exhibits a low DCR of about 15
cps/um? at Vg = 2.5 V. The DCR was also characterized at
different temperatures, from 0 to 60 °C, and the device shows
acceptable DCR even at 60 °C at Vg = 2.5 V as can be seen in
Fig. 10. The activation energy, Eq, is about 0.837 eV at Vg =2.5
V, extracted from the Arrhenius plot shown in Fig. 11. Fig. 12
shows the PDP characteristics of the back-illuminated SPAD as
a function of the wavelength for the three different Vz. The SPAD
achieves high PDP, about 60% and 44% at 905 and 940 nm,
respectively, at Vg = 2.5 V, thanks to the effective SPAD
structure with a metal reflector and anti-reflection coating as well
as doping optimization. Fig. 13 shows the measured timing jitter
of the SPAD using the time-correlated single-photon counting
(TCSPC) technique with a 940 nm picosecond pulsed laser. The
FWHM is about 97 ps at Ve = 2.5 V. Figs. 14 and 15 show the
comparison of PDP performance with the latest back-illuminated
SPADs reported so far [1]-[4]. Finally, Table I compares and
summarizes the state-of-the-art SPADs reported to date.
Conclusion

We present a high-efficient back-illuminated SPAD in
stacked 40 nm CIS technology. Thanks to the doping
optimization as well as proper device design and excellent
process quality, it can achieve about 60% PDP at 905 nm
wavelength at Ve = 2.5 V, which is the highest PDP reported so
far. We expect that this SPAD can play a key role in various
applications, especially where high NIR efficiency is required.
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