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Abstract

Single-photon avalanche diodes (SPADs) are semiconductor photodetectors for next-generation scintillation detectors, which are highly beneficial for many biomedical applications
such as fluorescence lifetime imaging microscopy (FLIM), ¥-ray imaging, and time-of-flight positron emission tomography (ToF-PET). Those applications generally require SPADs with
high fill factors and strong sensitivities in the blue-green wavelength range, matching the emission spectrum of commonly used scintillators. While front-illuminated (FI) SPADs are
advantageous for detecting blue-green wavelengths due to their shallow junction depth, they suffer from optical losses caused by stacked dielectric layers and low fill factors due to the
peripheral region for the guard ring and anode/cathode. These can be addressed using back-illuminated (Bl) SPADs, but those devices typically have deeper junctions and smaller pixe!
pitches, limiting blue-green sensitivity and suitability for biomedical applications. This study presents the optimized Bl SPAD with aggressive backside thinning, active-area
enlargement, and backside patterning. These structural optimizations reduce the epitaxial thickness, increase photon interaction volume, and enhance internal light scattering, leading
to significantly improved photon detection probability (PDP) in the blue-green wavelength range. Experimental results exhibit a PDP increase rate of over 98.21% at 3 V excess bias
voltage with a low dark count rate of less than 10 cps/pm?. This work demonstrates a viable Bl SPAD for scintillation detectors, especially for biomedical imaging systems requiring large
pixel pitches and high blue-green sensitivity.
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Back-Illuminated Single-Photon Avalanche
Diode Optimized for Scintillation Detectors

Seyoung Yook, Hyun-Seung Choi, Jin Dong Song, Woo-Young Choi, and Myung-Jae Lee, Member,
IEEE

Abstract—Single-photon  avalanche diodes (SPADs) are
semiconductor photodetectors for next-generation scintillation
detectors, which are highly beneficial for many biomedical
applications such as fluorescence lifetime imaging microscopy
(FLIM), X-ray imaging, and time-of-flight positron emission
tomography (ToF-PET). Those applications generally require
SPADs with high fill factor and strong sensitivities in the blue-green
wavelength range, matching the emission spectrum of commonly
used scintillators. While front-illuminated (FI) SPADs are
advantageous for detecting blue-green wavelengths due to their
shallow junction depth, they suffer from optical losses caused by
stacked dielectric layers and low fill factor due to the peripheral
region for the guard ring and anode/cathode. These can be
addressed using back-illuminated (BI) SPADs, but those devices
typically have deeper junctions and smaller pixel pitches, limiting
blue-green sensitivity and suitability for biomedical applications.
This study presents the optimized BI SPAD with aggressive backside
thinning, active-area enlargement, and backside patterning. These
structural optimizations reduce the epitaxial thickness, increase
photon interaction volume, and enhance internal light scattering,
leading to significantly improved photon detection probability (PDP)
in the blue-green wavelength range. Experimental results exhibit a
PDP increase rate of over 98.21% at 3 V excess bias voltage with a
low dark count rate of less than 10 cps/pm?. This work demonstrates
a viable BI SPAD for scintillation detectors, especially for
biomedical imaging systems requiring large pixel pitches and high
blue-green sensitivity.

Index Terms—Avalanche photodiode (APD), back-illuminated
single-photon avalanche diode (SPAD), scintillator, scintillation
detector, photodetector.

1. INTRODUCTION

Single-photon avalanche diodes (SPADs) exhibit
exceptional photon sensitivity, enabling the detection of
even individual photons. Due to this outstanding capability,
SPADs have emerged as a promising solution for biomedical
and quantum applications, as well as for light detection and
ranging (LiDAR). In particular, scintillation detectors such as
X-ray imaging and time-of-flight positron emission
tomography (ToF-PET) require SPAD array with high fill
factor and sensitivity in the blue-green spectral range, as
scintillators used in biomedical applications typically emit
photons within this range [1-3]. In the scintillation detector, the
scintillator converts high-energy radiation, such as X-ray or
gamma ray, into visible photons, and they can be efficiently
detected by SPAD array for imaging or timing applications.

As shown in Fig. 1, SPADs can be categorized by their
illumination direction into front-illuminated (FI) and back-
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Fig. 1. Cross-sections of (a) FI SPAD and (b) BI SPAD.

illuminated (BI) types. FI SPADs are generally applied for
scintillation detectors due to their shallow junction depth, which
is advantageous for detecting the blue-green wavelength range
[4].

However, dielectric layers stacked on the optical window of
FI SPADs result in optical loss [5]. Moreover, the photon
detection efficiency of silicon photomultipliers (SiPMs) is
limited by the low fill factor of the FI SPAD array. Although
microlenses are commonly applied to SPADs to compensate for
low fill factor, microlenses are ineffective for scintillator-
emitted photons, which typically have wide angular
distributions.

These limitations can be addressed through BI SPADs. Since
the dielectric layers are stacked under the SPADs’ active region,
BI SPADs improve optical transmission and enable higher fill
factor through 3D stacking. Despite these advantages, BI
SPADs also have limitations for applied scintillation detection
systems, as BI SPADs exhibit lower blue-green wavelength
sensitivity than FI SPADs due to the deeper junction depth and
small pixel pitch, which are optimized for LiDAR [6]. In
contrast, biomedical imaging systems generally require pixel
pitches exceeding 10 um.

In this study, we demonstrate the structural optimization
strategies of BI SPADs for scintillation detectors with enhanced
blue-green sensitivity and size scaling.

II. DEVICE STRUCTURE

The cross-sections of the fabricated BI SPADs using a 90 nm
CMOS image sensor (CIS) process are shown in Fig. 2. As
shown in Fig. 2(a), the default BI SPAD is circular with an
active area of 5 um, a virtual guard-ring width of 2 pm, and an
anode width of 1 pm. The deep junction structure based on N-
well and deep P-well is adopted for high efficiency of blue-

The authors are with the Department of Electrical and Electronic Engineering,
Yonsei University, Seoul, 03722, Republic of Korea (Corresponding author:
Myung-Jae Lee, e-mail: mj.lee@yonsei.ac.kr)
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green wavelength in BI SPAD. Additionally, the virtual guard
ring with sufficient width is applied to prevent premature edge
breakdown in the deep junction structure. Three key structural
optimization strategies were introduced to optimize BI SPAD
for scintillation detectors: aggressive backside thinning,

enlargement of the SPAD’s active area, and backside patterning.

First, aggressive backside thinning reduces the epitaxial layer
thickness from 5 pm to 3.3 pwm. This reduction aligns the
junction depth better with the penetration depth of the blue-
green wavelength range, consequently enabling sensitivity
improvement. Second, the active-area diameter was enlarged
from 5 pm to 10 um, which not only expands the depletion
region and lateral diffusion contribution area but also increases
the pixel pitch and the fill factor, from approximately 21% to
39%. Lastly, the cross-shape patterns are implemented on the
backside silicon surface to induce light scattering, effectively
extending the optical path within the device and increasing the
probability of photon absorption and detection.

The combined optimizations are applied to the default BI
SPAD, and the cross-section of the optimized BI SPAD is
depicted in Fig. 2(b). The optimizations result in a remarkable
photon sensitivity increase, especially in the blue-green range,
with an expanded pixel pitch.

III. MEASUREMENT RESULTS

The performance of the BI SPADs was evaluated through
various measurements, including I-V measurement, dark count
rate (DCR), light emission test (LET), and photon detection
probability (PDP).

In the I-V characteristics, measured under both light and dark
conditions, both BI SPADs maintain low dark currents,
remaining below 10 pA, and exhibit the same breakdown
voltage of about 30.6 V. The normalized DCR values of both
devices remain below 10 cps/pum? at the excess bias voltage of
3V, indicating that noise performance is unaffected by the
optimization process. LET results confirm uniform avalanche
multiplication across the entire active region, without
premature edge breakdown, thanks to the sufficient guard ring
width.

PDP is defined as the ratio of detected photons to the number
of incident photons on the SPAD’s active area, as a function of
wavelength. As shown in Fig. 3, PDP measurements were
conducted from 400 nm to 600 nm at 25 nm intervals under
excess bias voltages of 1, 2, and 3 V. This range corresponds to
the emission spectra of typical scintillators used in biomedical
imaging, such as LYSO, LSO, and BGO.

According to optimization, the PDP characteristics exhibit
significant improvement of more than 98.21 % across the blue-
green wavelength under the excess bias voltage of 3 V. The
optimized BI SPAD achieves the peak PDP of 55.71 % in the
525 nm wavelength at the excess bias voltage of 3 V, compared
to 12.14% for the default BI SPAD under identical conditions.

Comprehensive measurement results confirm that the
proposed structural optimization process dramatically
enhanced BI SPAD’s blue-green wavelength sensitivity while
maintaining stable noise performance.
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Fig. 2. Cross-sections of (a) default BI SPAD and (b) BI SPAD with backside
thinning, active-area enlargement, and backside patterning.
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Fig. 3. The PDP characteristics of (a) default BI SPAD and (b) BI SPAD with
backside thinning, active-area enlargement, and backside patterning.

IV. CONCLUSION

In conclusion, the BI SPAD is optimized for scintillation
detectors with aggressive backside thinning, active-area
enlargement, and backside patterning, resulting in significant
improvements in blue-green sensitivity, without noise-
performance degradation. The proposed innovations not only
improve the PDP in the blue-green wavelength range but also
address the challenges associated with large pixel pitches and
high fill factor, which are key requirements in scintillation
detectors.
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