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ABSTRACT

Single-photon avalanche diodes (SPADs) fabricated in CMOS technology enable high-sensitivity imaging for applications such as light detec-
tion and ranging, positron emission tomography (PET), and x-ray imaging. While backside-illuminated (BSI) SPADs offer high fill factors
and compatibility with 3D stacking, their deep junction architecture limits photon detection probability (PDP) in the blue-green spectrum
(400-550 nm), which is critical for scintillator-based biomedical applications. This study presents a BSI SPAD optimized for blue-green wave-
length sensitivity through three structural optimizations: (1) aggressive backside thinning from 5 to 3.3 ym, (2) active area enlargement from
5 to 10 um, and (3) backside scattering patterning (BSP). Four SPADs were fabricated in a 90 nm CMOS image sensor process and character-
ized through electrical and optical measurements. All devices exhibit low dark currents with stable breakdown voltages, while the dark count
rate characteristics remain almost identical, showing only minor increases attributed to pixel scaling and BSP-related surface effects. PDP
improves dramatically, from 7.69% in the default structure to 53.4% in the fully optimized structure at 500 nm, which is ~7x enhancement.
The results demonstrate that the proposed approach effectively bridges the blue-green sensitivity gap between frontside-illuminated and BSI
SPADs, enabling high-performance SPAD arrays for scintillator-based biomedical applications like PET and x-ray imaging.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/).

. INTRODUCTION of applications such as quantum applications, = light detection
and ranging (LiDAR),” ~ and biomedical applications, including
Single-photon avalanche diodes (SPADs) are highly sensitive X-ray and time-of-flight positron emission tomography (ToF-

photodetectors operating in Geiger mode, where a p-n junction PET). These applications share reliance on single-photon detec-
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is reverse-biased above its breakdown voltage (Vgr). A strong
electric field in the depletion region enables impact ionization
from a photon-generated carrier, triggering avalanche multiplica-
tion. This process amplifies a single photon into a large current,
generating a voltage pulse. CMOS technology further develops
SPADs by enabling mass production, cost efficiency, and on-chip
integration capability, making them suitable for a wide range
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tion but differ in performance requirements, leading to different
design strategies.

LiDAR systems emphasize high spatial resolution and pho-
ton detection probability (PDP) in near-infrared (NIR) wavelengths.
Achieving fine resolution requires pixel pitches below 10 um, while
eye-safety regulations dictate the use of NIR wavelengths such
as 905 and 940 nm. Consequently, SPADs for LiDAR typically
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adopt backside-illuminated (BSI) structures” > with deep junctions
optimized for long wavelength sensitivity. Conversely, biomedical
applications such as x-ray and PET impose different constraints:
these systems use scintillators such as LYSO, LSO, or BGO to con-
vert high-energy gamma rays or x-rays into visible photons. The
emission spectra of these scintillators lie primarily in the short wave-
lengths (400-550 nm). SPADs for these applications must exhibit
high blue-green sensitivity to ensure efficient photon detection. In
addition, scintillation photons are emitted over a wide angular dis-
tribution, which makes a high fill factor essential for photon capture,
making large pitch SPADs the preferred choice.

The structural configuration of SPADs strongly influences
these trade-offs, as illustrated in Fig. 1. Each SPAD figure high-
lights the definition of each region on the left, with the functional
effects described on the right. A SPAD typically consists of a junc-
tion between the cathode and anode, a guard ring (GR) to prevent
premature edge breakdown, metal layers for electrical intercon-
nection, and dielectric layers for isolation. However, not all areas
contribute effectively to avalanche multiplication, which are indi-
cated as inactive areas in Fig. 1. Inactive area 1 originates from the
GR and anode periphery, where carriers tend to drift laterally rather
than vertically into the avalanche region, thereby failing to trigger
avalanche multiplication. Frontside-illuminated (FSI) SPADs,”
shown in Fig. 1(a), feature a shallow junction that has the advantage
of blue-green absorption, making them suitable for scintillator-
based biomedical applications. However, their efficiency is limited
because incident photons are partially blocked or reflected by the
interconnecting metal and dielectric layers over the active area.”
Especially, the metals over the anode physically shadow part of the
pixel area, creating an optically inactive region, referred to as inactive
area 2, where photons cannot reach the silicon.

In contrast, BSI SPADs, shown in Fig. 1(b), receive light
from the silicon backside, placing the metal and dielectric layers
beneath the active region. Although the internal junction structure
remains unchanged, the optical entrance surface is free of metal
obstruction, thereby eliminating inactive area 2 and widening the
effective carrier collection region. Moreover, anti-reflection coatings
and buried metal layers further enhance absorption by suppress-
ing multi-layer reflections and reflecting transmitted photons back
into the active region. Combined with the capability for advanced

(a) Incident Light (b)
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3D stacking,” " these advantages have positioned BSI SPADs as
the dominant architecture for modern imaging systems. However,
their inherently deeper junction depths reduce blue-green sensitiv-
ity, making them less suitable for biomedical applications without
further modification.

To overcome these limitations, this study introduces a BSI
SPAD structure optimized for biomedical applications, imple-
mented in a 90 nm CMOS image sensor (CIS) process. The proposed
architecture incorporates aggressive backside thinning to reduce
absorption losses, active area enlargement to increase the photon
collection region, and backside patterning to reduce light reflection.
These improvements collectively enable a BSI SPAD that achieves
a high fill factor while enhancing blue-green sensitivity, addressing
the key challenges in biomedical applications.

Il. DEVICE STRUCTURE AND SIMULATION

Figure 2 illustrates the BSI SPAD structures implemented for
the optimization using a 90 nm CIS technology. All four SPADs
implement a deep junction structure based on an N-well (NW) and a
retrograde deep P-well (DPW) for high efficiency at the blue-green
wavelength in the BSI SPAD. A virtual GR of 2 ym width is used
to prevent premature edge breakdown, along with a 1 ym width
anode. The default SPAD shown in Fig. 2(a) features a 5 ym active
area diameter and a 5 ym epitaxial thickness, representing a conven-
tional BSI configuration optimized for NIR wavelengths. However,
this configuration performs poorly at shorter wavelengths due to
the deep depletion region and thick epitaxial layer, which allow
blue-green photons to be absorbed before reaching the junction,
resulting in significant efficiency loss in blue-green wavelengths. To
address this limitation, three structural optimizations were intro-
duced: aggressive backside thinning, active area enlargement, and
backside scattering patterning (BSP).

First, as shown in Fig. 2(b), by implementing the backside thin-
ning process, the epitaxial thickness was reduced from 5 to 3.3 ym.
This backside thinning better aligns the depletion region with the
absorption depth of blue-green photons, reducing loss in the epi-
taxial area and enhancing quantum efficiency. In addition, a thinner
silicon layer shortens carrier diffusion paths, enabling faster arrival
to the avalanche region. However, the aggressive thinning process

Incident Light
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FIG. 1. Cross-sectional view of SPAD
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FIG. 2. Cross-sectional views of the BSI SPAD structures and their corresponding optimization strategies: (a) default structure with a 5 um active area and about 5 ym
epitaxial thickness; (b) first optimized structure with reduced epitaxial thickness, 3.3 um, to enhance blue—green efficiency; (c) second optimized structure with an additional
enlarged active area, 10 um, to increase fill factor and efficiency; and (d) final optimized structure incorporating a cross-shaped backside scattering pattern to reduce light

reflection.

introduces potential challenges such as increased wafer fragility and
mechanical stress, which can impact yield and noise performance,
requiring careful process optimization. Second, the active area dia-
meter was expanded from 5 to 10 ym, as illustrated in Fig. 2(c).
This modification significantly increases the volume of the deple-
tion region and carrier collection region, improving efficiency by
capturing more carriers from surrounding regions. Furthermore,
the fill factor increases from 21% to 39%, which is defined as the
ratio of the active area to the total area, including peripheral struc-
tures such as the anode and guard ring. This fill factor improvement
is critical for scintillator-based biomedical applications that operate
under wide-angle photon incidence. Finally, as depicted in Fig. 2(d),
BSP is implemented with a cross-shaped pattern, which reduces
light reflection losses, increasing overall efficiency. Consequently,
these optimizations are expected to enhance optical efficiency in the
400-550 nm range, effectively bridging the gap between conven-
tional BSI and FSI SPADs. Unlike conventional BSI SPADs, which
sacrifice blue-green wavelength sensitivity for NIR efficiency, the
proposed SPAD aims to achieve enhanced blue-green sensitivity
comparable to FSI SPADs while achieving a better fill factor.

Figure 3 illustrates TCAD-based electrical simulations with dif-
ferent active area diameters. Figure 3(a) shows the electric field
profile for a 5 um device, while Fig. 3(b) presents the active area
of an enlarged 10 ym device. In both cases, the GR region exhibits
an electric field below 3 x 10° V/cm, where carriers are unable to
trigger avalanches. Figures 3(c) and 3(d) show the corresponding
cross-sectional profiles at the critical electric field (3 x 10° V/cm)
for the 5 and 10 ym devices. The avalanche region in Fig. 3(c) is
narrower than in Fig. 3(d), while the GR occupies a larger fraction
of the total width. With fixed GR and anode dimensions, smaller
active areas suffer more from the so-called border effect,""' as a
larger portion of photon-generated carriers drift toward the border
region, such as GR, before reaching the main junction. Enlarging the

APL Photon. 11, 046106 (2026); doi: 10.1063/5.0300156
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active area increases the avalanche region and reduces the GR pro-
portion, allowing more carriers to drift toward the avalanche region
and thereby mitigating the border effect.

While active-area enlargement is beneficial for both FSI and
BSI SPADs, BSI SPADs can achieve a more pronounced effi-
ciency improvement, as they not only mitigate the border effect
but also expand the effective carrier collection region without the
metal-shaded region, labeled as inactive area 2 in Fig. 1(a).

Figure 4 illustrates Lumerical-based optical simulations com-
paring the light intensity distributions for different BSI SPAD con-
figurations with 500 nm wavelength light, which corresponds to the
target blue-green wavelength range relevant for scintillator emis-
sion. In Fig. 4(a), the default structure with a 5 ym epitaxial layer
shows that most incident light is absorbed near the backside surface,
and the light intensity rapidly decays before reaching the depletion
region. As a result, a large portion of the photogenerated carriers
must diffuse over a long distance, leading to substantial recombina-
tion loss and low photon collection efficiency. In Fig. 4(b), reducing
the epitaxial thickness from 5 to 3.3 ym shifts the region of high
light intensity closer to the depletion region. Consequently, carri-
ers generated even at short wavelengths experience a much shorter
diffusion path, which increases their probability of reaching the
depletion region without recombination and effectively enhances
the photon collection efficiency. In Fig. 4(c), the introduction of
the BSP generates diffraction-induced interference, forming a dis-
tinct light intensity pattern. Owing to the etched BSP geometry,
the light intensity becomes stronger in deeper regions, closer to
the depletion region. As a result, the light intensity near the deple-
tion region is further enhanced at 500 nm, providing even better
efficiency. Figure 4(d) shows the Lumerical-based reflectivity com-
parison between structures with and without BSP over the short
wavelength range (400-550 nm), where both structures include anti-
reflection coating (ARC) as a baseline. Although ARC effectively

11, 046106-3
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FIG. 3. TCAD-based electrical simulation results illustrating the impact of active area enlargement: Electric field profiles of a backside-thinned structure with (a) a 5 um
active area and (b) an active area enlarged structure, a 10 um active area. Cross-sectional electric field profile at the critical electric field position of (c) 5 um active area
and (d) 10 um active area SPADs.
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suppresses surface reflection over a broad spectral range, it is pri-
marily optimized for the near-infrared region and, therefore, still
exhibits relatively high reflectivity in the blue-green region. To
further optimize the reflectivity in this blue-green region, BSP is

(d)

1.0

FIG. 4. Lumerical-based optical simu-
lation results illustrating the impact of
backside thinning and patterning: (a)
light intensity of a default structure with
5 um epitaxial thickness, (b) backside-
thinned structure with 3.3 um epitax-
ial thickness, and (c) backside-patterned
structure with BSP. (d) The compari-
son of the light reflectivity of a structure
without BSP and a structure with BSP.

0.5

Reflectivity [a.u]

APL Photon. 11, 046106 (2026); doi: 10.1063/5.0300156
© Author(s) 2026

0
400 425 450 475 500 525 550

- —o— w/ ARC, w/o BSP

== w/ ARC, w/ BSP
1 | 1 1 1 1 |

introduced. With BSP, the reflectivity in the 400-550 nm range
is additionally reduced by ~9%-28%. This reduction is achieved
because BSP forms patterned surfaces that scatter incident light,
weakening the reflection at flat interfaces.”” As a result, more

11, 046106-4
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photons are absorbed, leading to an overall improvement in
efficiency.

Ill. MEASUREMENT RESULTS

To comprehensively evaluate the BSI SPAD structures, four
measurements were performed: current-voltage (I-V) characteris-
tics, dark count rate (DCR), light emission test (LET), and PDP.
These measurements collectively confirm the electrical characteris-
tics, noise performance, avalanche localization, and efficiency of the
optimized structures.

The I-V characteristics were measured to determine the break-
down voltage and evaluate dark current. A reverse bias voltage above
the breakdown voltage was applied, and the resulting current was
recorded with a parameter analyzer. Measurements were conducted
at room temperature under dark and illuminated conditions.

Figure 5 shows the measured I-V characteristics for the four
BSI SPAD structures: (a) default, (b) backside-thinned, (c) active-
area-enlarged, and (d) backside-patterned structures. Across all
structures, the dark current before breakdown voltage remains in
the range of 1 pA, indicating minimal dark and leakage currents.
The measured breakdown voltages are all about 30 V for the SPADs,
demonstrating that the structural optimizations do not significantly
affect the avalanche triggering threshold. After the breakdown volt-
age, a clear difference in saturation current is observed between the
first two structures and the latter two. This increase is attributed to
the doubled active area diameter, from 5 to 10 ym, which expands
the multiplication region and proportionally increases the avalanche
current.

Overall, these results indicate that the applied structural opti-
mizations maintain breakdown uniformity and leakage suppression
while scaling the saturation current as expected from geometric
enlargement.

DCR measurements were performed to assess noise perfor-
mance and its dependency on structural changes. Multiple dies
were tested to evaluate die-to-die variation. To ensure fair compar-
ison among SPADs with different active areas, DCR values were
normalized by active area.

Figure 6 shows the measured normalized DCR for four
BSI SPAD structures: (a) default, (b) backside-thinned, (c)
active-area-enlarged, and (d) backside-patterned structures. The

mean normalized DCR values at the excess bias voltage of 3 V are
used for comparison. The default structure in Fig. 6(a) exhibits a
normalized DCR of 1.19 cps/um?, while the backside-thinned struc-
ture in Fig. 6(b) shows 1.17 cps/um?, indicating that aggressive
thinning does not introduce additional noise sources or increase
defect-related generation, confirming the process stability of the
thinning step. The enlarged active area structure in Fig. 6(c) shows a
slightly higher normalized DCR of 1.34 cps/um®. Although DCR is
normalized, divided by the active area, this increase can be attributed
to the overall geometric enlargement, which expands the periph-
eral regions. The backside-patterned structure in Fig. 6(d) exhibits
the highest normalized DCR at 1.74 cps/um®. This increase is likely
associated with process-induced surface states introduced during
BSP formation, which can enhance trap-assisted thermal generation
and/or tunneling. However, the rise remains within an acceptable
range, demonstrating that the BSP process was effectively managed
to minimize defect density while providing optical benefits.

Overall, the results confirm that backside thinning introduces
no noise penalty, active area enlargement adds only a minor increase
due to peripheral region scaling, and BSP-induced noise contribu-
tions are minimal compared to the optical performance gain it will
achieve.

To further verify the temperature dependence of the fully
optimized BSI SPAD, temperature-dependent measurements of
the breakdown voltage and DCR were performed over a wide
temperature range from —50 to 85 °C in 15 °C increments.

Figure 7 shows the temperature dependence measurement
results. Figure 7(a) presents the measured breakdown voltage as a
function of temperature, and a temperature coefficient of 25 mV/K
is extracted. The temperature-dependent DCR measured at excess
bias voltages of 1, 2, and 3 V is shown in Fig. 7(b). The mea-
sured DCR results as a function of temperature indicate that the
tunneling-related mechanism is the dominant contribution at low
temperatures, whereas trap-assisted thermal generation becomes the
dominant contribution at high temperatures.

Even at a high temperature of 85°C and an excess bias volt-
age of 3 V, the normalized DCR remains as low as 43.15 cps/um?®.
These results are within the DCR range (0.3-100 cps/um?®) reported
for CMOS SPAD:s targeting biophotonics applications.”’ Moreover,
when compared with the room-temperature DCR values of the
reported BSI SPAD in Table I, the fully optimized BSI SPAD exhibits
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FIG. 5. Measured |-V characteristics of four BSI SPAD structures: (a) default structure with 5 um active area and 5 um epitaxial thickness, (b) backside-thinned structure
with 3.3 um epitaxial thickness, (c) active area enlarged structure with 10 um active area, and (d) backside-patterned structure with BSP.
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extracted temperature coefficient. (b) Measured DCR characteristics as a function
of temperature from —50 to 85 °C at the excess bias voltage of 3 V.

a stable DCR value even at 85 °C, demonstrating its robust thermal
stability.

LET measurements were performed to visualize the spatial
distribution of the avalanche multiplication region and confirm
whether it occurs uniformly within the active area without prema-
ture edge breakdown. During Geiger-mode operation, hot carriers
generated by impact ionization relax through radiative recombi-
nation, emitting visible ~ NIR photons. These photons escape the
silicon surface and can be captured using a high-sensitivity camera
under dark conditions while the SPAD is biased above its breakdown
voltage.

Figure 8 presents the LET images at the excess bias voltage
of 3 V for four BSI SPAD structures: default, backside-thinned,
active-area-enlarged, and backside-patterned structures. The devices
exhibit uniform light emission confined within the active area, indi-
cating that the emitting regions directly correspond to the avalanche
region. This indicates the effective suppression of premature edge
breakdown by the sufficient virtual guard ring of 2 ym. Notably,
in Figs. 8(c) and 8(d), structures with enlarged active areas, the
avalanche multiplication region is uniformly distributed across the
expanded region, despite the significant increase in lateral dimen-
sion. This confirms that the guard ring design maintains consis-

TABLE I. Performance comparison of reported BSI SPADs, including devices characterized in the blue—green spectral region.

This VLST'25 JSTQE’'19
Parameters Unit study Kimetal””  Lee et al” IEDM’17 Lee et al.” EDL’17 Lindner et al.’
Process 90nmBSI  110nm BSI 140 nm BSI 45 nm/65 nm 3D-stacked BSI 65 nm/40 nm 3D-stacked BSI
Temperature °C Room temp. Room temp. Room temp. Room temp. 25
VEx A\ 3 1.6 2.5 4.4
Normalized DCR  cps/ym® 1.74 21.6 396.1 55.4 4188*
Peak wavelength nm 525 700 500 600 660
PDP @ 500 nm % 534 557 26.4 15° 9

*Estimated value from DCR graph.
®PDE value w/ylens.
“Estimated value from the PDP graph.
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(a) . (C) .
FIG. 8. LET images for four BSI SPAD structures under 3 V excess bias voltage
with the indication of avalanche region: (a) default structure with a 5 um active area
and 5 um epitaxial thickness, (b) backside-thinned structure with 3.3 um epitaxial

thickness, (c) active-area-enlarged structure with a 10 ym active area, and (d)
backside-patterned structure with BSP.

tent avalanche triggering probability throughout the active area,
ensuring reliable Geiger-mode operation even in large-pitch SPAD
configurations.

These results validate that structural optimizations do not
compromise avalanche uniformity or induce localized breakdown,
reinforcing the robustness of the proposed BSI SPAD architecture.

PDP measurements were performed to evaluate the efficiency
of the four BSI SPAD structures across wavelengths from 400 to
550 nm, corresponding to the emission spectrum of scintillators

used in biomedical applications. The measurements were conducted
using a monochromatic light source with controlled photon flux,
and the output count rate was normalized by the incident pho-
ton rate. This method provides a direct quantification of quan-
tum efficiency, including both absorption and avalanche triggering
contributions.

Figure 9 shows the PDP characteristics of the four BSI SPAD
structures at an excess bias voltage of 1, 2, and 3 V. The default struc-
ture in Fig. 9(a) exhibits a PDP of only 7.69% at 500 nm and drops
below 5% for wavelengths shorter than 500 nm. This poor perfor-
mance is mainly attributed to the 5 ym epitaxial thickness, where
most blue-green wavelength photons are absorbed near the backside
surface and fail to reach the junction, resulting in a sharp cutoff in
the blue region. In Fig. 9(b), the aggressive backside thinning signifi-
cantly improves this behavior, raising the PDP to 35.85% at 500 nm,
with a 4.7x increase compared to the default structure. Reducing
the epitaxial thickness from 5 to 3.3 ym allows more photons to
reach the depletion region, leading to a substantial enhancement in
quantum efficiency, corresponding to the optical simulation results
in Figs. 4(a) and 4(b). In Fig. 9(c), active area enlargement further
boosts PDP to 48.19% at 500 nm, with about 1.34x higher than the
backside-thinned structure. This improvement stems from the mit-
igation of the border effect, as also observed in the TCAD results
of Fig. 3, where a larger active area broadens the carrier collection
region and reduces the relative influence of the guard ring region.*®
Finally, as illustrated in Fig. 9(d), implementing BSP yields the high-
est PDP of 53.4% at 500 nm, which is a 1.1x improvement over the
enlarged structure. This enhancement is primarily attributed to the
increased light intensity near the depletion region, as shown in the
optical simulations of Figs. 4(b) and 4(c). In addition, the reduction
in backside reflectivity demonstrated in Fig. 4(d) confirms that BSP
further mitigates reflection, thereby enhancing photon absorption in
the silicon.

Figure 10 demonstrates that the combined structural optimiza-
tions achieve a nearly 7x increase in PDP at 500 nm, improv-
ing from 7.69% in the default structure to 53.4% in the fully
optimized structure, measured at room temperature with an
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FIG. 9. Measured PDP characteristics of four BSI SPAD structures: (a) default structure with 5 um active area and 5 um epitaxial thickness, (b) backside-thinned structure
with 3.3 um epitaxial thickness, (c) active-area-enlarged structure with 10 um active area, and (d) backside-patterned structure with BSP.
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FIG. 10. PDP comparison between the default structure and the fully optimized
structure, measured at room temperature with an excess bias voltage of 3 V.

excess bias voltage of 3 V. This step-by-step optimization pro-
cess highlights how each structural modification contributes cumu-
latively to the final performance. The result clearly shows the
substantial enhancement achieved through the proposed design
while maintaining the intrinsic fill factor advantages of backside
illumination.

Figure 11 presents a comprehensive comparison of state-of-
the-art BSI SPADs implemented in foundry processes. Figure 11(a)
compares their PDP at short wavelengths (400-550 nm), while
Fig. 11(b) plots PDP at 500 nm against normalized DCR to highlight
the efficiency-noise trade-off. Compared to most prior studies,””””"°
the proposed optimized structure in this study demonstrates supe-
rior PDP performance across the entire blue-green range. Although
one structure’’ achieves slightly better performance, its result is
comparable to that of this study. As shown in Fig. 11(b), while that
structure exhibits higher efficiency, the proposed SPAD achieves
high PDP exceeding 50% with nearly an order of magnitude lower
DCR. Notably, among the compared BSI SPADs, the proposed
device is the only one that simultaneously achieves PDP >50% and
DCR <10 cps/um®. This result is particularly significant for biomed-
ical applications, where low noise is as critical as high detection
efficiency, confirming that the proposed BSI SPAD offers a balanced
performance.
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FIG. 11. Comparison with state-of-the-art BSI SPADs fabricated using foundry
processes: (a) PDP at short wavelengths and (b) normalized DCR vs PDP at
500 nm.
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IV. DISCUSSION

Table I summarizes the performance comparison of reported
BSI SPADs implemented in the foundry process, including devices
characterized in the blue-green spectral region. All measurements
in the table were conducted at room temperature. In general, achiev-
ing high detection efficiency in the blue-green region is intrinsically
challenging for BSI SPADs due to the shallow absorption depth of
short-wavelength photons in silicon. As a result, previously reported
devices exhibit peak PDP wavelengths above 600 nm.””" To extend
the sensitivity toward the blue region, NUV- and blue-enhanced BSI
SPADs with peak PDP near 500 nm have been reported.”> How-
ever, their peak PDP remains below 30%, and the DCR is relatively
high. More recently, high photon detection efficiency (PDE) across
a broad spectral range has been demonstrated using microlenses.””
However, its dual-junction structure may introduce additional noise
components and lead to relatively high DCR. In contrast, the pro-
posed device is specifically optimized for scintillator-based biomed-
ical applications and achieves a PDP of 53.4% at 500 nm, represent-
ing one of the highest blue-green PDP values among BSI SPADs
reported to date. At the same time, it exhibits an exceptionally low
DCR of 1.74 cps/um? at room temperature, which is markedly lower
than that of previously reported BSI SPADs. This combination of
very high detection efficiency and ultra-low dark noise demonstrates
that the proposed BSI SPAD provides a practical pathway toward
high-efficiency, low-noise detectors optimized for scintillator-based
biomedical applications.

V. CONCLUSION

This study introduced a BSI SPAD structure suited for
scintillator-based biomedical applications, where high sensitivity in
the blue-green wavelength range is essential. Three structural opti-
mizations, backside thinning, active-area enlargement, and backside
patterning, were implemented using a 90 nm CIS process. I-V
characteristics show stable Geiger-mode operation, with breakdown
voltages of ~30 V and low dark currents, while DCR measure-
ments indicate minimal noise increase due to the geometric and
process modifications. LET images verify uniform avalanche dis-
tribution without premature edge breakdown, even in enlarged
devices. PDP measurements demonstrate the effectiveness of the
proposed approach, achieving a PP of 53.4% at 500 nm, representing
a nearly 7x improvement over the default BSI SPAD. The backside
thinning significantly improves blue-green wavelength efficiency,
active-area enlargement not only mitigates the border effect, but
also broadens the carrier collection region, and backside-scattering
technology further reduces reflection. These optimizations estab-
lish a scalable pathway to realize blue-green sensitive BSI SPAD
arrays without sacrificing fill factor or integration benefits. Future
study will focus on extending the approach to 3D-stacked archi-
tectures and evaluating system-level performance in PET and x-ray
applications.
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