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1. Introduction

Single photon avalanche diode (SPAD) is used to
detect the photon with precision in various applications.
In the past, the avalanche photon diode (APD) operated
at the linear mode enabled to get the output signal that
is proportional to the intensity of light, but it has a low
output gain and sensitivity because many photo-
electrons are required to induce the avalanche effect
under around the breakdown voltage. On the other hand,
the SPAD can trigger the signal at the single photon
level with high gain due to the high electric field
generated by the bias over the breakdown voltage.
Hence, the SPAD is adopted in application that require
precision photon counting such as fluorescence lifetime
imaging (FLIM), light detection and ranging (LiDAR),
time-of-flight (ToF), Raman spectroscopy and radiation
detector.

The SPAD has been actively studied along with the
development of applications. Some studies have shown
the performance improvement in SPAD or APD by
implementing junction engineering [1], particular
CMOS fabrication processes [2], and additional gate
control [3]. As the scale of the system including a
photon detector has been decreasing, the small-size
photon diode that composes the photon sensor as a form
in an array of pixels is required with low operating
voltage. At the same time, the devices must be operated
at the low noise levels.

In this work, the SPAD was designed to be utilized
for sensor networks in nuclear power plants (NPP) in
Fig 1 [4]-[5]. The many sensor devices will be scattered
to detect movement of radiation as a type of the mesh in
event of severe accidents in the NPP and must be
operated to detect released radiation in a harsh
environment. So, the photon sensor to be used in
radiation detector has small size and low operating
voltage for saving power consumption. Therefore, the
proposed SPAD provides a compact size by fabricating
in a common process and is able to develop a smaller
system through integration with a readout circuit.
Additionally, the low operating voltage can be
materialized by decreasing the breakdown voltage into
the junction engineering with design elements.
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Fig. 1. The diagram of sensor network system. Upper is
entire sensor network diagram in the nuclear power
plant. Bottom is schematic of a wireless radiation
detector.

In the case of small-size SPAD, the dark count rate
(DCR) can be decreased due to the lower density of
mobility carriers for the unit area in the junction.
However, the premature edge breakdown (PEB)
contributing to the dark count is increased since
portions of the edge side are more occupied. To prevent
the PEB, the shallow trench isolation (STI) guard-ring
(GR) is typically adopted to reduce the electric field at
the edge of the junction. Moreover, different types of
GR have been used to reduce the surface defect that is
occurred around the STI surface. Consequently, the
proposed SPAD was optimized to expand the Silicon
photomultiplier (SiPM) at each parameter like
breakdown voltage, DCR and photon detection
probability (PDP).
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2. Design Configuration

The proposed SPADs fabricated in common 180 nm
CMOS process are designed as each layer in Table 1.
The PSD/ n-well thin junction devices (model 1 and 2)
are designed as conventional models to compare the
other devices. The PSD/DNW thick junction models
(model 3 and 4), which are the mainly proposed models.
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Fig. 2. Cross-sections of four models. The designed
models were generally divided into two architectures:
(a) a PSD/ N-well depletion structure and (b) PSD/ N-
well/ DNW depletion structure. In both architectures, the
active diameter was 10 pm.

The thick junction models have a wide absorption
region contributing to photon sensitivity.

3. Measurement and characterization
2.1 1-V Curve Measurements

The current according to the voltage was measured in
I-V probe station. The measure breakdown voltage was
10.75 V and it was used with excess voltage to operate
the SPAD for other parameter experiments. All
designed devices achieved a low operating voltage due
to the shallow junction.

2.2 Dark Count Characterization

To measure pure dark current noise factor, the SPAD
was tested in “dark™ state where photons couldn’t come
in the devices. Moreover, to characterize dark count
depending on the bias, the excess voltage of each device
was supplied from 0.01 V to 0.1 V. After that, the
measured data was converted dark count depending on
the shape of pulses. The DCR of model 3, which is the
proposed model, is plotted as shown in Fig. 2 and
achieved DCR of minimum 11.5 Hz to maximum 113.1
kHz at the room temperature.

2.3 Photon Detection Probability

The photon detection experiment composed pulsed
laser of 405 nm, attenuator, neutral filet (ND) and light
flux controller was implemented to explore the optical
sensitivity of the SPADs at excess voltage of 0.04 V.
The photon detection probability (PDP) was calculated
as following equation:
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Fig. 3. Measured DCR of model 3 for characterization
at the room temperature.

50

- Model (a)
*Model (b)
Model (c)

40 . Model (a)

10

*

2 3
Model Num.

Pile-up

Fig. 3. PDP comparison of models. For model (d), the
output signal was saturated.

TaBLE 1. PARAMETERS OF EACH SPAD

Model Total* / Use to Active P-N
Num. Active Guard-ring area Junction
radius type in the Layer layer
n+
Model (a)  15/10 um P-sub P-imp*  PSD/ N-well
Model (b) 15/10 pm P-sub PD- PSD / N-well
imp*
Model (c) 16/10 ym  P-well +STI P-imp PSD/ N-well/
DNW
Model (d) 16/10 um  P-well +STI  PD-imp  PSD/ N-well/
DNW

* P-imp is typically used as the implanted layer.
* PD-imp (P-imp diffusion) is more diffused than the general implant
layer.

CP5 —DCR

PDP (%) = +100.
Nincident* Sactive orea

, Where CPS is the count rate of SPADs, DCR is the
measured dark count, n is number of incident photon
generated by light source, and 8 is a rate of the active
area, which incident photon can be triggered in the
SPAD. Calculated PDP of each SPAD is indicated in
Fig. 3.

In this work, the model 3 and 4, which share the same
junction design, showed a high-count pulse with PDP of
24.48 % for model 3 at 405 nm, but model 4 was
saturated by pulses above the CPS. In contrast, model 1
and 2 achieved PDP of < 10 % and recorded a low
sensitivity.
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3. Conclusions

The proposed SPAD was designed in consideration
of small size and low operating bias, to be used as the
radiation detectors for sensor networks monitoring
severe accidents in nuclear power plants (NPP). The
characterized parameters of the proposed device can be
utilized when the SPAD is extended to an array for
SiPM. Furthermore, the performance can be improved
by integrating it with the readout circuit. The
experimental and measurement results will be presented
at the conference.
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