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Abstract: In this study, a 3.06 um pitch single-photon avalanche diode (SPAD) pixel with an embed-
ded metal contact and power grid on two-step deep trench isolation in the pixel is presented. The
embedded metal contact can suppress edge breakdown and reduce the dark count rate to 15.8 cps
with the optimized potential design. The embedded metal for the contact is also used as an optical
shield and a low crosstalk probability of 0.4% is achieved, while the photon detection efficiency is as
high as 57%. In addition, the integration of a power grid and the polysilicon resistor on SPAD pixels
can help to reduce the voltage drop in anode power supply and reduce the power consumption with
SPAD multiplication, respectively, in a large SPAD pixel array for a high-resolution photon-counting
image sensor.

Keywords: SPAD; high-resolution photon counting; two-step deep trench isolation; embedded

metal wiring

1. Introduction

Single-photon avalanche diode (SPAD) pixels have been developed for time-of-flight
(ToF) range image sensors [1-5]. In addition, photon-counting imaging has been proposed
as a promising technology for image acquisition with noiseless readout and high dynamic
range (HDR) [6-9]. A SPAD image sensor with full digital readout is well-matched with
the photon-counting architecture for global shutter image capture with noiseless readout
and HDR by shrinking the SPAD pixel size and stacking a logic chip with pixel-parallel
Cu-Cu connections [10-13]. Although the photon-counting technology can be applied for
security, industrial, and scientific applications, achieving higher resolution by shrinking the
pixel size and increasing the array size to the same size as a conventional complementary
metal-oxide-semiconductor (CMOS) image sensor is still a challenge. Recently, the SPAD
pixel size has been reduced to 5 um or less to improve the pile-up problem and resolution
of the SPAD-based image sensors [14-16]. However, the dark count rate (DCR) and photon
detection efficiency (PDE) are significantly worse in smaller SPAD pixels compared to pixels
larger than 6 um [12,17,18]. This is due to edge breakdown (EBD) in the high electric field
region at the pixel edge or the small avalanche region. The most recent research can resolve
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this problem by achieving over 80% PDE and under 5 cps (counts per second) DCR with a
3.0 um pitch SPAD pixel [19]. However, the crosstalk is higher compared to a 6 pm SPAD
pixel [17] due to the small pitch. In addition, the power consumption and voltage drop with
SPAD multiplication must be improved in high-resolution photon-counting image sensors
with a large array of such small pixels. We present a SPAD pixel with a pitch of 3.06 pm
using an embedded metal contact and power grid on two-step deep trench isolation [20,21].
This study describes the details of the structure, fabrication process, potential design, and
measurement results of the SPAD pixel, which suppresses EBD, crosstalk, and voltage
drop, while simultaneously maintaining PDE and DCR. In addition, by incorporating a
polysilicon resistor on the SPAD pixel, we demonstrate a decrease in charge per event (CPE)
with SPAD multiplication.

2. Method
2.1. Pixel Structure

Table 1 shows the comparison between proposed SPAD pixel designs/structures for
decreasing pixel size. The well-sharing pixel has been used for conventionally larger SPAD
pixels with a pixel pitch of 6 pm or greater [16]. However, if this concept is implemented
in the smaller SPAD pixels, the distance between the anode and cathode contact is not
enough to relax the electrical field in the horizontal direction along the pixel surface at
the pixel edge. The high electrical field at the pixel edge causes EBD and increases the
DCR. A deeper multiplication region is introduced to relax the electric field at the pixel
edge [15]. However, the deeper ion implantation for the N-well increases the variation in
the breakdown voltage because higher-energy ion implantation is needed, and it is difficult
to control the implantation depth and ion distribution. A shared guard ring removes the
contact and the P-well between the pixels to decrease the electric field on the pixel edge [16].
In this design, the contact to the P-well must be placed around the pixel array and not
within the pixel array. This causes an increase in the resistance for the P-well especially in a
large SPAD pixel array and it induces instability of the SPAD characteristics.

Table 1. Comparison between proposed SPAD pixel designs/structures for shrinking pixel size.

[16] Well Sharing
(Conventional)

[16] Guard-Ring This WorkEmbedded

[15] Virtual Guard Ring Sharing Contact

m N+
B N-well [ A &
- P+ )
5 Powel High elec. field C 7 ]
= Metal Multiplication region Virtual guard ring Shared Guard ring Embedded Contact
Elec.trlc field High Low Low Low
at pixel edge
Vbd variation Small Large Small Small
Well impedance Low Low High Low
Fabrication Simple Simple Complex Highly complex

In this study, we propose a new pixel structure to reduce the electric field on the pixel
edge by introducing the embedded metal contact. The embedded contact deepens the anode
contact region and increases the vertical distance between the anode and cathode contacts.
This structure can resolve the compromise between the characteristics that plagued previous
works. We propose this idea as one of the solutions for the SPAD pixel size decreasing
below 3 um pitch, despite the complexity of the fabrication process.

Figure 1a shows a schematic diagram of the developed 3.06-um-pitch SPAD pixel
with the embedded metal contact. One of the contacts in the pixel is embedded, with the
embedded metal contact located on the two-step deep trench isolation. This increases



Sensors 2023, 23, 8906 3of 14

the vertical distance between the two contacts, thereby suppressing both EBD and DCR.
The metal filling in the deep trench functions as an optical shield between pixels and
contributes to the suppression of optical crosstalk, which is caused by hot carrier emission
through avalanche multiplication [22-24]. This two-step trench decreases the total width
by integrating two functions of the embedded contact and metal shield into a single trench
structure. Additionally, the metal serves as low-impedance metal wiring in the SPAD array,
as shown in Figure 1b. This “embedded power grid” reduces the voltage drop across
the wiring even for a significant multiplication current in a large SPAD array and under
conditions of high illumination.
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Figure 1. (a) Schematic diagram of a 3.06 pm SPAD pixel with an embedded metal contact on a
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two-step deep trench pixel isolation and (b) embedded power grid in a SPAD array. (c) Circuit
diagram for a SPAD quenching circuit containing a polysilicon (Poly-5i) resistor. (d) Cross-sectional
TEM image of the 3.06 pm SPAD pixel.

A polysilicon resistor, Ry, is integrated into the pixel by inserting it in series with
the SPAD and quenching circuit, as shown in Figure 1c, and can reduce the amplitude of
the voltage swing at the Vi, node, resulting in SPAD multiplication and contributing to
CPE reduction. Figure 1d shows a transmission electron microscope (TEM) image of the
fabricated 3.06 um pitch SPAD pixel. The embedded metal contact and the polysilicon
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resistor on the pixel are successfully integrated. The Si thickness for the SPAD pixel is
approximately 2.5 pm.

Figure 2a—d shows a schematic diagram outlining the fabrication process for the
embedded metal contact with the poly-Si resistor. The full trench isolation and contact
holes are etched after ion implantation for the avalanche region and formation of the poly-Si
resistor. After etching, the contact region for cathode contact, anode embedded contact,
and poly-Si resistor are implanted with impurities using a self-aligned process. Tungsten
metal is filled and etched for the embedded metal and the first wiring layer.

@ Poly-Si @@AE lon-implantedregion [l Metal
] I

(b) (d)

Figure 2. Fabrication process of the SPAD pixel with the embedded metal contact on two-step full

7

trench isolation. (a) Ion implantation for the multiplication region and the formation of the poly-Si
resistor. (b) Etching of the two-step full trench and contact hole. (c) Ion implantation for the contact
impurities. (d) Metal filling and etching.

The depth and width of the 1st step of the trench (the wider trench) are important
for the design of the SPAD pixel, as this determines the distance between the cathode and
anode contact. The width is optimized for the metal filling, which must be sufficient for
the optical shield and for the thickness of the side wall oxide, which must be sufficient to
relax the electrical field on the pixel surface. The depth is optimized to match the depth of
the avalanche region. The self-aligning contact formation process and the two-step trench
structure, combining the embedded metal contact with the full trench isolation for the
optical shield, help minimize the size of the two-step trench and reduce the EBD.

2.2. Pixel Potential Design

Figure 3 shows the distribution of the electric field on the avalanche multiplication
region in the pixel, simulated with the pixel structure using technology computer-aided
design (TCAD) simulation. Figure 3a shows the electric field based on the same design
concept for a SPAD pixel in our previous pixel with 6.12 um pitch [12] but using an
embedded metal contact. The electric field on the pixel surface can be weakened (blue
region in Figure 3a) because of the increased vertical distance between the surface cathode
contact and embedded anode contact. However, the electric field at a slightly deeper
point from the surface is strong, and a certain level of EBD can occur even with the
embedded metal contact in this basic design. Figure 3b shows the optimized potential
design for weakening the electric field. We reduce the size and increase the depth of the
avalanche multiplication region by changing the ion implantation process condition. The
size reduction suppresses the spread of the high electric field region, and this region can be
moved away from the pixel surface by increasing the depth. Thus, EBD can be suppressed
with the optimized design. The deeper multiplication region causes a large variation of
the breakdown voltage; however, the multiplication region in the optimized design is still
shallower than that in the virtual guard ring design [15] owing to the embedded metal
contact; thus, the variation can be smaller than that in [15].
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Figure 3. Contour plot of the electric field on the multiplication region estimated by TCAD simulation
with (a) basic potential design and (b) optimized potential design.

3. Results and Discussion
3.1. Measurement Results of the Pixel Characteristics

Figure 4 shows schematics and specifications of a proof-of-concept prototype for the
3.06 um pitch SPAD pixels. The back-illuminated 3.06 um pitch 640 x 1056-pixel array
is stacked on a 12.24 um pitch of 160 x 264 photon-counting circuits array with a 14-bit
counter via Cu-Cu connections. The photon-counting circuit pitch is larger than the SPAD
pixel pitch due to the large number of in-pixel counter bits. Therefore, only one of the
16 SPAD pixels is connected to the readout circuit.
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BI-SPAD pixel array Readout circuit 3_0I5 lurln HRp ?‘} pm
| Pixel circuit ] !
: 12.24 ym =
_ = Unconnected 1 B 2
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Figure 4. Implementation of a proof-of-concept prototype for the 3.06 um pitch SPAD pixels. On-chip
color filter is placed with 12.24 pm pitch bayer arrangement, depicted in the inset of the top tier
pixel array.

3.1.1. Breakdown Voltage

Figure 5a shows the photon-counting operation with increasing SPAD applied voltage
(V44-Vspap in Figure 1c) at 25 °C. The counting operation starts at approximately 22.4 V,
which shows that the SPAD pixel with a pitch of 3.06 um pitch works successfully as a
photon-counting pixel. The counting start point is determined by the SPAD breakdown
voltage and the threshold voltage (Vy,) in the output inverter. The SPAD multiplication
occurs when the SPAD applied voltage exceeds the breakdown voltage (V}q) and the
inverter input node (Vi,) is swung with equal amplitude to the excess bias (V¢x) from the
breakdown voltage. The count operation starts with Vex exceeding Vy,; thus, the counting
start point is equal to the sum of V4 and Vy,. Consequently, the Vi,4 of the pixel can be
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calculated as 20.9 V with 22.4 V of the counting start point minus 1.5 V of the V. Figure 5b
shows the variation of V},4 over the entire pixel array. The variation is 72 mV, which is
smaller than that in our previous 6.12 um pitch pixel [12].
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Figure 5. Measurement results of (a) SPAD breakdown operation and V4. The gray solid lines show
the characteristics of each pixel (only 256 extracted pixels) and the black solid line shows the median
of all the pixels. The count starting point is approximately 22.4 V (vertical dashed blue line) and the
breakdown voltage is 20.9 V (vertical solid blue line), which is less than 1.5 V of threshold voltage
from the count starting point. (b) The histogram of Vy,q is estimated from the I-V curve of each pixel
in (a). The standard deviation of the V},q is 72 mV. The results were measured at 25 °C.

Figure 6 shows the measured temperature dependence of the breakdown voltage for
the pixel array with 3.06 um pitch. The value of temperature dependence is approximately
17 mV /K and this value is almost the same as our previous pixel with 6.12 um pitch [12].

26
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Figure 6. Temperature dependence of V4 for the 3.06 um pitch pixel (blue open circle) and compari-
son with the values of the previous 6.12 pm pitch pixel [12] (black open diamond). The dashed lines
are linear fittings and the values correspond to the slopes of the individual lines.

These results successfully demonstrate the stable operation of the 3.06 pm pitch
pixel array in this work compared to the larger 6.12 um pitch pixel array in our previous
work [12].

3.1.2. Photo Response Non-Uniformity

Figure 7 shows the measured excess bias dependence of the photo response non-
uniformity (PRNU) for the 3.06 um pitch pixel array and compares it with the values of the
previous 6.12 um pitch pixel array [12]. The PRNU is estimated as the standard deviation
of the output counts in the array of pixels divided by the mean value of the output counts.
The PRNU becomes smaller when the excess bias (V) is increased for both pixel pitches
and they are almost the same at 4 V of the Vex. However, the PRNU for the 3.06 pm pitch
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pixel is much smaller than that of the 6.12 um pitch pixel at the small Ve, e.g., at 2.5 V.
The difference reflects the smaller V4 variation in the 3.06 um pitch pixel array. The lower
variation is the result of optimizing the potential design for the avalanche region.

5

4 L

PRNU [%)]
w

- 6.12 pm
2T -0-3.06pum

o 1 2 3 4 5

Vex [V]
Figure 7. V¢ dependence of PRNU for the 3.06 um pitch pixel array (blue open circle and line) in
comparison to the previous 6.12 um pitch pixel array (black open diamond and line). The PRNU of
the 3.06 um pitch pixel array is much smaller than that of the 6.12 pm pitch pixel array [12] with the
small Vex due to the optimized potential design of the avalanche region.

3.1.3. Dark Count Rate

Figure 8 shows the measurement results of DCR with Ve, = 3 V for the basic and
optimized potential designs from Figure 3. With the optimized design, the DCR at 25 °C
is 15.8 cps, while it is 313 cps with the basic design. The DCR in the optimized design
is improved by a factor of 10 compared to the basic design. This result shows that the
optimized design can successfully reduce the electric field at the pixel edge, as estimated
with the potential simulation in Figure 3.
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Figure 8. Measurement results for the DCR with Vex = 3 V for the two different avalanche potential

designs shown in Figure 3.

3.1.4. Photo Detection Efficiency

Figure 9 shows a measured PDE at different wavelengths. The pixel array of the
prototype has a Bayer array of on-chip color filters, and the PDE is measured through
each color filter. The peak PDE obtained by the green color filter is 57% with Vex =3V
and 60% with Ve =4 V. This can be achieved with a fill factor near 100% owing to the
back-illuminated stacked structure and by optimizing the potential slope in the SPAD pixel
for electron transfer [24]. The PDE under infrared light, e.g., at a wavelength of 940 nm, is
much smaller than the PDE value in previous works [17-19]. This is due to the thinner Si
thickness (2.5 um) in our 3.06 um pitch pixel prototype. If we increase the Si thickness as in
the previous works, e.g., to 7 um, the infrared PDE can be improved.
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Figure 9. Measurement results of PDE at 25 °C and 3 V (closed markers) and 4 V (open markers) of
Vex. The blue diamond, green circle, and red triangle correspond to pixels with blue, green, and red
color filters, respectively.

3.1.5. Crosstalk

Figure 10 shows the measurement results of crosstalk probability with and without
full trench isolation. For the crosstalk measurement, a special pixel connection is used in
which adjacent 3.06 um pitch 3 x 3 pixels are connected to the 12.24 pm pitch photon-
counting circuits by metal wiring, as shown in Figure 7a. Figure 7b shows that the crosstalk
probability with the two-step full trench isolation is less than 0.4%, while Figure 7c shows
that the crosstalk probability without the full trench isolation under the embedded contact
is more than 20%. The total crosstalk probabilities with eight surrounding pixels are 0.93%
for Figure 7b and 164.8% for Figure 7c. These results highlight the advantage of the two-
step full trench isolation, which combines the embedded metal contact with the full trench
isolation for the optical shield to prevent crosstalk.

15.0 23.5 238 1

s [ r B

15.0 24.1 14.9

0.00 0.31 0.00 ®

0.20 . 0.25 .

0.00 0.17 0.00

O

A —————

[ For cross talk measurement Crosstalk probability [%] Crosstalk probability [%]

e Connection wiring

(@)

(b) (c)

Figure 10. (a) Schematic image of special pixel connection which is used for crosstalk measurement
where adjacent 3.06 um pitch 3 x 3 pixels are connected to the 12.24 um pitch photon counting circuits
by metal wiring to read output count with 3.36 um pitch. Measurement results of crosstalk probability
at 25 °C and 3 V of Ve (b) with and (c) without full trench isolation. The matrix corresponds to
the position of the measured adjacent 3.06 um pitch 3 x 3 pixels and the crosstalk probability is
calculated from the ratio of the output count of the surrounding eight pixels to the output count of
the middle-center pixel. The inset shows the schematic images of the trench structures.

3.1.6. Captured Image

A color image was successfully captured by using the prototype 3.06 um pitch SPAD
pixel array with an on-chip color filter, as shown in Figure 11. The 160 x 264 pixels color
image was obtained with an exposure time of 1/60 s at room temperature. Only a few
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defects occurred, possibly due to dark signal non-uniformity (DSNU). Improving the DSNU
is one of the future challenges for reducing pixel size.

Figure 11. Image captured using the 3.06 um pitch pixel array and 12.24 um pitch photon counting
circuit. DSNU may cause a few defects.

3.2. CPE Reduction with Polysilicon Resistor
3.2.1. Theory

The polysilicon resistor on the SPAD pixel can reduce CPE Qcpg with SPAD multipli-
cation using the following equation:

Qcre = Cx Vex + Cin(Vex — RxIk) 1)

where Cy is the capacitance at the SPAD cathode before the polysilicon resistor, and Cj,
is the total parasitic capacitance after the resistor to the input node of the output inverter.
Ry is the resistance of the polysilicon resistor, and I is the current at the SPAD cathode,
as shown in Figure 1lc. Ci, is much larger than Ck because of the Cu-Cu connection and
the metal wiring in the CMOS circuits and dominates the CPE. The contribution of Cj, can
be reduced with Rk because the amplitude of the voltage swing at the input node of the
inverter (AVjn) by SPAD multiplication is reduced by the voltage drop with Rk and I, as
shown in Figure 12.

voltage

time

VS PAD

Figure 12. Schematic potential diagram of Vg and Vy, with SPAD multiplication.

3.2.2. CPE Reduction Measurement Results

Figure 13 shows the measurement results of the ratio of the CPE with an 80 k()
polysilicon resistor to those without the resistor. The CPE is successfully reduced by 8.9%
with the resistor. The CPE is estimated based on the measured current at the cathode, the
photon counts, and the exposure time.
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Figure 13. Ratio of CPE with 80 k() resistor to those without the resistor. The median of the CPE
without resistor is 100%. The symbols x means average value and the circle means outlier from
normal distribution.

The CPE reduction is important for high-resolution photon counting with large array
sizes. The CPE is an important factor for power consumption in photon counting because
the power is proportional to the CPE and the number of counted photons. For a larger array
of photon-counting SPAD pixels, the CPE must be reduced to suppress the increase in power
consumption. The results of the CPE reduction with a poly-5i resistor show the superiority
of our pixel structure for the high-resolution photon-counting image sensor. However,
the amplitude reduction of the V;, voltage swing with the poly-5i resistor increases the
apparent Vy, of the count starting voltage. The counting circuit must be carefully designed
for the readout of the smaller voltage swing. In addition, the poly-Si resistor reduces the
recharge current and increases the deadtime. The resistance of the poly-5i resistor must be
optimized with consideration of these adverse effects.

3.3. Impedance Reduction of the Embedded Power Grid
3.3.1. The Impedance Estimation

In the prototype, we use an embedded power grid for the anode wiring in the pixel
array, which replaces the typical copper wiring. Here, we measure the impedance of
the embedded power grid and compare it to the impedance of the typical copper wiring.
Figure 14a shows the schematic image of the typical copper wiring and the embedded
metal wiring in this work. While the copper wiring has a simple inverse tapered shape,
the embedded metal has a complicated shape consisting of three parts. The top, widest
part is the metal for the wiring on the pixel, and the middle and the bottom narrower
parts correspond to the two-step full trench. To compare the resistance between the two
different wirings, we assume the top width on the surface is identical. The depth of the
embedded metal in the middle part is determined by the etching process of the trench and
the depth in the bottom part is determined by the SPAD Si thickness. Figure 14b shows the
measurement results of the resistance of the embedded metal wiring compared to typical
copper wiring with the same top width and a fabricated 2.5 um thickness. The measured
resistance is twice that of the typical copper wiring. This is because the power grid is
filled with tungsten and the resistivity is higher than that of copper. The resistance can
be reduced by increasing the Si thickness. The estimated resistance with a 7 pm thick Si
decreases to the same level as that of the copper wiring. The contribution of each of the
three parts to the total measured resistance is estimated from the volume of each part,
which is measured in Figure 1d, and the resistance with the 7 um thick Si is estimated from
the contribution. This shows that the embedded metal wiring in addition to the copper
wiring can decrease the resistance of the power supply.
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Figure 14. (a) Schematic image of the typical copper wiring and the embedded metal wiring
(b) measurement results of the resistance of the embedded metal wiring compared with typical
copper wiring with the same top width and a fabricated 2.5 pm Si thickness and the estimated
resistance with 7 um Si thickness.

3.3.2. Photo Response Shading Measurement Results

Figure 15a shows the measurement results of the output count as a function of the
illuminance, while Figure 15b shows the heat map of the relative output count in the pixel
array at the illuminance of the dashed gray line in Figure 15a. In Figure 15a, the median of
the output counts in the complete area, the bottom area, and the middle-center area of the
SPAD pixel array are plotted. The difference between the medians of the bottom and center
area indicates photo response shading in the array as a result of voltage drop caused by
SPAD multiplication current. This plot shows the photo response curve under extremely
high illuminance. The photo response is saturated under such high illuminance because
the photon incidence frequency is higher than the deadtime of a SPAD pixel and a pile-up
of the avalanche multiplication occurs. While the measured medians of the output count in
the bottom and middle-center area are almost the same at lower illuminance (on the vertical
solid line in Figure 15a), the output count in the middle-center area is much smaller than
that in the bottom area at higher illuminance (on the vertical dashed line in Figure 15a).
This is because the middle-center photo-response peak has a lower illuminance level.
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Figure 15. (a) The measurement results of the median of the output count as a function of the
illuminance in the whole area (black diamond and line), the bottom area (red circle and line), and the
center area (blue square and line) in the SPAD pixel array are plotted, respectively. (b) The heat map
of relative output count in the pixel array at the illuminance of the dashed gray line in Figure 15a.
The red square and blue square correspond to the area for median calculation for the bottom area
and center area, respectively, in (a). The heat map calculated from the output count and its median
value for the whole area of the pixel array.
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Based on these results, we can conclude that the main voltage drop occurs in the
cathode wiring, while the anode voltage drop does not occur due to the sufficiently low
resistance of the embedded metal wiring. If the voltage drop occurs on the anode wiring,
the PDE is lower because the actual excess bias is smaller, and the slope of the photo
response in the center of the array is reduced. However, the results indicate that the
illuminance level at the peak of the photo response is lower in the middle-center of the
array and the photo response decreases more rapidly with high illuminance. This indicates
the deadtime shading in the array due to the cathode voltage drop. If the cathode voltage
drops, the recharge current decreases, and the deadtime increases. The longer deadtime
causes the pile up even at the lower illuminance level. The deadtime shading can be clearly
seen in Figure 15b. The output count in the center of the pixel array is smaller than that at
the edge of the pixel array.

These results show that the embedded power grid is effective for powering the an-
ode in the high-resolution photon-counting image sensor. In the high-resolution photon-
counting image sensor, the multiplication current increases due to the large array size,
and the suppression of the voltage drop by a low-impedance power supply wiring is
mandatory. The voltage drop in the cathode wiring must also be reduced. In the future, we
will optimize the wiring design.

4. Conclusions

Figure 16 presents the DCRs and PDEs of previous studies and the present study.
Here, the PDE obtained in this study is not the highest value, but it is significantly higher
than that of previous research [14-16], which uses 5 pum pitch or smaller pixels, while the
DCR is comparable to that of previous research using 6 um pitch pixels [12,17,18]. The best
PDE and DCR with the smallest pixel pitch (3.3 or 3 um) were reported in [19], which were
better than those of the present study. However, comparing the other pixel characteristics,
as shown in Table 2, revealed that the crosstalk is lower than those of [19]. This is because
of the full trench isolation with embedded metal and the extension of the metal over the
silicon surface, as shown in Figure 1a,d. In addition, the integration of a power grid and
the polysilicon resistor on SPAD pixels can contribute to a reduced voltage drop in anode
power supply and reduced power consumption with SPAD multiplication, respectively, in
a large SPAD pixel array for a high-resolution photon-counting image sensor.
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Figure 16. Comparison of PDE and DCR with previous research. The largest value in the manuscript
is used for [14] because the manuscript lacks data for the peak PDE; Ogi et al. (2021) [12]; Acerbi et al.
(2018) [14]; You et al. (2017) [15] ; Morimoto & Charbon (2020) [16]; Shimada et al. (2021) [17];
Morimoto et al. (2021) [18]; Shimada et al. (2022) [19].
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Table 2. Comparison between the pixel characteristics of this study and those of previous research.

Unit  [12] [17] [18] [14] [15] [16] [19] Rezil;ich
Pixel pitch pm 6.12 6 6.39 5 3 4 3 2.2 3.3 3.0 2.5 3.06
Arraysize - Seon N/D e N/D x4 4x4 N/D Seon
Technodlo i BI-3D BI-3D BI-3D - FI FI BI-3D BI-3D
gy 90 nm 90 nm 90 nm 130 nm 180 nm 90 nm 90 nm
Vba A% N/D 22 30 N/D 15.8 22.1 23.6 32.35 19 19 18 20.9
Vex % 3 3 25 5.8 12 6 6 6 3 3 3 3
Peak PDE % 58 69.4 *1 69.4 *%33 6% 142 5.6 2 825 78.3 76.1 57
@BSCFC cps 35.4 19 1.8 133'3 1343 25 1.6 751 22 22 173 15.8
Cross- talk % N/D 0.5 N/D 49% <0.2 ** 3.57 2.75 297 0.85 0.95 1.0 <0.4
*1 Referred from [19]. *2> No data for peak PDE. The largest value in the referenced article is used. ** No numerical
value is expressed in the referenced articles. The author calculated the value from the graphs in the referenced
articles. ** Ve =1 V.
Author Contributions: Conceptualization of the pixel structure, J.O., ES. and Y.T.; conceptualization
of the CPE reduction with a poly-Si resistor, K.H. and T.T.; pixel design and characteristics evaluation,
T.N. and Y.K,; prototype fabrication, W.O., C.K. and T.M.; sensor characteristics evaluation, K.H. and
LW.,; project administration, J.O.; resources and supervision, FK., T.H. and Y.O.; writing—original
draft, J.O. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available on request from
the corresponding author. The data are not publicly available due to the confidentiality of the
corporate activity.
Conflicts of Interest: Author Yusuke Oike is a member of the guest editors for the IISW2023
special issue.
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