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A B S T R A C T   

This article presents a study of Single Photon Avalanche Diodes (SPAD) implemented in 28 nm Fully Depleted 
Silicon-On-Insulator (FD-SOI) CMOS technology based on transient TCAD simulations and Dark Count Rate 
(DCR) measurements. The integration of SPAD in this technology is currently being studied. This work allows for 
a better understanding of the mechanism behind the quite high DCR measured at relative low excess bias 
voltages with the initial FD-SOI SPAD design (≈500 Hz/µm2 at 5% excess bias voltage). In this study, a TCAD 
transient simulation methodology is introduced to better understand SPAD behavior during the avalanche 
process. TCAD simulations revealed that Shallow Trench Isolation (STI) structures within the active area have a 
negative effect on avalanche quenching, because of slower carrier evacuation with possible occurrence of sec
ondary avalanches in series. Based on this analysis and on previous optimization works, we propose a new ar
chitecture of the FD-SOI SPAD combining several modifications to achieve a lower DCR (≈20 Hz/µm2 at 5% 
excess bias voltage measured with passive quenching).   

1. Introduction 

Single Photon Avalanche Diodes (SPAD) are photodetectors appre
ciated for their weak intensity light detection, thanks to high avalanche 
gain and fast response time [1,2]. SPAD are used in various application 
domains such as 3D imaging (self-driving vehicles, facial recognition), 
biomedical imaging, visible light communications, cryptography, and 
quantum communications [3,4]. 

SPAD pixels include photo-sensing area associated to the addressing, 
quenching and recharging electronics [5]. Avalanche cycles occurring in 
SPAD consist mainly of an exponential current increase followed by i) a 
quenching step where the avalanche is stopped allowing for current 
reduction and ii) a recharging step for the restoration of the initial 
reverse biasing condition Vrev above breakdown voltage VBD (Vrev =

VBD +Vex where Vex is denoted as the excess voltage). Quenching can be 
implemented either by connecting an equivalent high resistance in series 
with the diode (passive quenching) or by using more complex circuits 
(active quenching) allowing the control of the dead time before SPAD 
recharge [6–8]. 

In addition, in the last few years, another active field of research was 
focused on the integration of SPAD in advanced CMOS technologies 
[10], including in a Silicon-On-Insulator (SOI) platform [11]. Recent 
work focuses on the design of small SPAD cells with a better collection of 
photogenerated carriers thanks to the charge focusing concept [12]. 
Moreover, two-tier 3D integration of SPAD arrays and associated elec
tronics has been developed to obtain higher fill factors and Photon 
Detection Probability (PDP) for the Near Infrared light (NIR). However, 
3D SPAD architecture relies on complex Wafer-to-Wafer bonding tech
niques [13]. Other researches aim to maximize the SPAD PDP for NIR 
wavelengths with a more efficient absorption layer (using SiGe or Ge) 
separated from the silicon multiplication layer [14]. 

In this paper, we focus on SPAD designed and fabricated in 28 nm 
Fully Depleted Silicon-On-Insulator (FD-SOI) CMOS technology [15] 
(Fig. 1) for an intrinsic 3D pixel featuring optimized fill factor with back 
side illumination (BSI). We analyze the impact of the Shallow Trench 
Isolation (STI) structures on the avalanche cycle of SPAD FD-SOI and 
Dark Count Rate (DCR) thanks to transient TCAD simulations [16] 
associated with DCR measurements. The article is organized as follows. 
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In section 2, the layout of the studied SPAD FD-SOI cell is described, 
while in section 3, process and device TCAD simulation methodology is 
presented (section 3.1). The results of the TCAD study are reported and 
discussed in sections 3.2 and 3.3 for the original and modified SPAD 
architectures, respectively. In section 4, we describe the optimized FD- 
SOI SPAD architecture combining the previous TCAD study relative to 
STI trenches locations and a softened diode doping profile already 
studied in [17]. In section 5, we present the DCR characterization for the 
SPAD FD-SOI structure combining all optimization paths and we 
conclude in section 6. 

2. SPAD implemented in FD-SOI CMOS technology 

FD-SOI CMOS technology is schematically based on two silicon 
layers electrically insulated by a thin oxide layer, i.e. the Buried OXide 
(BOX). The addition of this BOX layer enables the reduction of junction 
parasitic capacitances and a better electrostatic control of the channel of 
transistors for lower short channel effects and leakage currents. 

In this technology, electronic circuits are implemented in the thin 
upper silicon layer while the silicon substrate contains P and N wells 
(PW, NW), allowing for body-biasing of transistors, and Deep N-wells 
(DNW), which permit isolation between different PW. 

The SPAD implementation in this technology takes benefit of the two 
silicon layers. The associated electronics (quenching and addressing) is 
integrated in the upper thin silicon layer, while, the SPAD cell relies on 
the PW-DNW junction [18–19] below the BOX, as shown in Fig. 1. The 
design of SPAD FD-SOI has been studied in previous works [9,15,17]. 
Thus, it allows an intrinsic 3D implementation, at die level, of the SPAD 
and its associated electronics with BSI. Additionally, indirect SPAD 
event detection through the BOX and improved active quenching using 
body-biasing technique were also presented [8,15]. 

This cell has been fabricated in a standard 28 nm FD-SOI CMOS 
process and characterized. This cell shows a relatively high DCR for low 
excess bias voltages (less than 1 V) as compared to the state of the art. 
We have shown recently that a decrease of the DNW doping level can be 
used to increase the breakdown voltage (VBD) by several volts [17], and 
may reduce the DCR (section 4.1). We have also analyzed to push the 
Shallow Trench Isolation (STI) blocks entirely on the edges of the active 
zone to reduce premature edge breakdown [9–20–21] (section 4.2). 
With such optimizations, it was possible to reduce DCR but not suffi
ciently compared to state-of-the-art. Then, additional TCAD simulations 
have been carried out for a better understanding of the origins of this 
high DCR in order to make further cell optimizations. 

3. Avalanche transient TCAD simulations 

3.1. TCAD simulation methodology 

Process and device level simulations for transient analysis using the 
TCAD Synopsys Sentaurus software workbench [22] are presented in this 
section. The cross section of the studied structure is shown in Fig. 2 
(cylindrical symmetry) and the overall simulation flow is illustrated in 
Fig. 3. 

We described and parametrized the main steps of the technological 

process (especially relative PW, NW, DNW) in the simulation framework 
according to confidential data (Step A in Fig. 3). 

For the device’s electrical simulation, we started by calibrating our 
simulations using the static I − V characteristic of the diode [17]. In 
particular, the avalanche model and its parameters were determined to 
obtain a simulated breakdown voltage as a function of temperature, 
VBD = f(T), close to the measured one. The Van Overstraeten model 
[23], which gives consistent results, i.e. comparable with measure
ments, was chosen. In addition, the carrier lifetimes were adjusted in 
order to obtain a dark current in good agreement with measurements. 

Then, transient electrical studies were carried out in two steps. The 
first one (Step B in Fig. 3) was an initialization phase in which i) the 
structure was biased to an excess voltage (Vex) of approximately 1 V and 
ii) the avalanche model was disabled (quasi-static simulation). From this 
unstable equilibrium point, we move to the second phase (Step C in 
Fig. 3), the mixed-mode transient simulation with a localized carrier 
photo-generation process to trigger the avalanche process [18]. In this 
last step, to trigger the avalanche process, the VanOverstraeten model is 
activated [24]. The electrical connections are shown in Fig. 4. The 
quenching circuit implements a 200kΩ external resistance (RQ) con
nected to the anode of the SPAD. The parasitic capacitance of 3fF (CQ), is 
also shown in Fig. 4. 

We implemented a short optical stimuli (10 ps) to induce the photo- 
generation of electron-hole pairs inside the Space Charge Region (SCR). 
The transient TCAD simulation allows for a dynamic analysis of the 
avalanche process by monitoring over time some internal device data (e. 
g. current density). 

Fig. 1. Schematic view of the SPAD implemented in FD-SOI CMOS technology 
– half structure with cylindrical symmetry is considered (not to scale) [9]. 

Fig. 2. TCAD view of the SPAD in FD-SOI CMOS technology after the process 
simulations (top: zoom on a STI trench). 

Fig. 3. TCAD transient simulation methodology.  

D. Issartel et al.                                                                                                                                                                                                                                 



Solid State Electronics 191 (2022) 108297

3

3.2. Unexpected behavior of the reference SPAD structure 

Our study on transient simulations, which was carried out on the 
reference (original) SPAD structure (see Figs. 1 and 2), reveals an un
expected behavior. As shown in Fig. 5, the initial current (marker A) is 
approximately at 0.1nA (dark current). After the triggering of the 
avalanche, the current exhibits a steep increase and reaches ~1 mA 
(marker B). Then, we observe a current decrease resulting from the 
passive quenching (region C). However, the avalanche current does not 
fully subside, and the diode current remains several orders of magnitude 
higher than its initial level (region D). The same behavior was observed 
for various quenching resistances RQ of 20 kΩ, 200 kΩ and 2 MΩ. 

Another representation of the SPAD avalanche cycle is given in 
Fig. 6. It plots the current as a function of the SPAD voltage. During 
phase 1 (region ①), the amount of impact ionizations increases in time 
and corresponds to the steep current observed in Fig. 5. The current 
decreases in phase 2 thanks to passive quenching (region ②). The cycle 
seems to halt after this quenching phase (at marker ③), but by exam
ining this area up close, we observe some repetitions of the cycle cor
responding to the triggering of secondary avalanches in series. 

Cartography studies of the current density in the structure explain 
this behavior. As shown in Fig. 7, the localized light pulse induces the 
current density increase due to the avalanche process (marker A, Fig. 7i). 
After a short-elapsed time (a few nanoseconds), the current density 
spreads and a second avalanche appears. The latter is located below the 
STI trench closest to the illumination area (marker B, Fig. 7ii). There
after, a high current density remains present under this STI block, which 
acts as a funnel limiting the current flow and increasing the current 
density magnitude locally. It would then seem that these STI blocks, 
located within the active zone, caused multiple avalanches in series. To 
tackle this issue, several methods were considered, such as the 
displacement or enlargement of the anode contact. The next section 
studies the most simple and direct way to address this issue, i.e. by 

removing the STI trenches. 

3.3. Simulations of the modified SPAD structure without STI trenches 

In the physical design of SPAD in FD-SOI CMOS technology, these STI 
trenches, which border transistor active areas are required according to 
the Design Rules Manual (DRM). However, we designed a new SPAD cell 
with a drastic reduction of the number of STI blocks placed over the 
active area of the SPAD (as shown schematically in Fig. 8). Simulated 
static I − V characteristics of the SPAD are analyzed to evaluate the 
impact of this modification on the electrical behavior of the SPAD: no 
significant modification of the dark current and VBD was observed. Next, 
we carried out a study of the electrical field in the SCR and found that 
the three electrical field peaks due to the STI blocks included in the 
initial SPAD cell are no longer present for this new structure (red and 

Fig. 4. TCAD view of the SPAD with electrical connections for the mixed-mode 
transient simulations. 

Fig. 5. SPAD current curves obtained with transient simulations on the refer
ence structure for various values of RQ. 

Fig. 6. Quenching cycle of the reference structure during transient simulations 
(RQ = 200 kΩ). 

Fig. 7. Current density cartography during transient simulations for the 
reference SPAD structure: i) just after the light pulse, ii) few nanoseconds 
after i). 

Fig. 8. Schematic view of the “Without STI trenches” SPAD structure (not 
to scale). 
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blue curves in Fig. 9). Moreover, we get same trends with the modified 
DNW presented in section 4.1 (purple and orange curves in Fig. 9). Note 
that the modification of the DNW results in a decrease of the average 
electric field in the SCR for the same relative excess voltage (i.e. Vex ≈

10% of VBD). 
For transient simulations, we now observe that the current increases 

during the avalanche, collapses during the quenching phase, and re
covers a value very close to its initial level (as shown in Fig. 10). In 
addition, since STI trenches were no longer present, the secondary av
alanches do not occur, the charge density spreads along the p-region, 
and the current flows to the anode. Finally, the behavior of the 
quenching cycle corresponds to the one expected with three phases (as 
shown in Fig. 11): increase of the current during the avalanche (marker 
①), decrease during the quenching (marker ②), and recharge to return 
to the metastable initial state (marker ③). 

4. Various approaches to improve SPAD FD-SOI behavior 

Previous studies have been published with the objective to minimize, 
as much as possible, the relatively high DCR level measured in the native 
technology (≈500 Hz/µm2 at 5% excess bias voltage i.e. Vex ≈ 0.5 V) and 
moreover to prevent the Premature Edge Breakdown (PEB). 

In this section, firstly we introduce the modification of the DNW 
[17], then we detail the STI offset on the periphery of the active area [9]. 
Finally, we present a design of a structure combining all of these 
modifications. 

4.1. Deep N-well modification 

The first optimization aims at increasing the breakdown voltage 
(reducing band-to band tunneling) and relies on a deeper and less doped 
DNW [25] thanks to the modification of implantation conditions: 70% 
decrease of the dose and 25% increase of the energy [17]. Consequently, 
the PW/DNW junction is also deeper (as shown in Fig. 12), the SCR is 
expanded and the breakdown appeared for higher reverse bias voltage. 
TCAD simulation results and electro-optic characterization show similar 
trends. For the standard process with original DNW, at room tempera
ture the breakdown voltage is approximately of 9.5 V, with the modified 
DNW, VBD is now close to 16 V [17]. 

In addition, the enlargement of the SCR made possible to reduce the 
contribution of carriers generated by tunnel effect, resulting in a 
decrease of the measured DCR (as shown in Fig. 13). Note that all DCR 
measurements were performed thanks to an external transimpedance 
amplifier (passive quenching). With the modified DNW, we are able to 
extract, for the first time, a PDP value from our SPAD FD-SOI cell: 7% at 
650 nm with 6% excess voltage (i.e. Vex ≈ 1.0 V and VBD ≈ 16 V). Note 

that this relatively low PDP was obtained without any back-end of line 
modification (e.g. no antireflecting coating) and then is quite promising. 
Nevertheless, the DCR level remains very high in comparison with SPAD 
structures published in the literature. 

Fig. 9. Shape of the electric field in the SCR obtained with static simulations for 
different SPAD FD-SOI structures (Vex ≈ 10% of VBD). 

Fig. 10. I(t) and V(t) curves obtained with transient simulations on the refer
ence and “Without STI trenches” SPAD structures. 

Fig. 11. Quenching cycles obtained with transient simulations on the reference 
and the “Without STI trenches” SPAD structures. 

Fig. 12. Net doping profiles of the SPAD FD-SOI structure with the original 
DNW and the modified one. 
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4.2. STI offset on the edges of the active area 

The realization of a SPAD structure in the native 28 nm FD-SOI 
CMOS technology presents a predominant breakdown on the edges of 
the active zone, and this despite the presence of a guard ring consisting 
of a retrograde DNW doping [8]. 

This problem seems to be related to the presence of the STI block on 
the edges of the active zone, which overlays the PW/DNW junction (as 
shown in Fig. 14a), and which could present a high defect concentration. 
Static TCAD simulations (with incorporation of defects at the Si/SiO2 
interface) revealed that the structure called “Aligned STI” (as shown in 
Fig. 14b) reduces the electric fields on the periphery of the space charge 
region and decreases the dark current [9]. 

The characterization of SPAD with this optimization has shown good 
agreement with simulation results [9]. The electroluminescence micro- 
cartography did not show a predominant breakdown on the edges of the 
active area, I − V characteristics highlighted the decrease of the dark 
current, and the DCR measurements have shown an important decrease 
of the average level, with larger excess voltage range (>10% of VBD). As 
shown in Fig. 15, this DCR improvement is achieved with both versions 
of the DNW. Moreover, the modified DNW associated with the align
ment of the peripheral STI block (as shown in Fig. 14b), presents the best 
results: access to excess voltage of approximately 15–20% of VBD (Vex ≈

2.3–3.1 V) and an average DCR of ≈100 Hz/µm2 at 15% of VBD 
(measured at room temperature). 

F. Combination of all optimization paths. 
The native 28 nm FD-SOI technology requires the implementation of 

the SPAD with the original DNW, the presence of STI trenches over the 
active area, and the overlap of the peripheral STI block on the junction, 
in order to respect all design rules. 

Regarding to the DNW modification, this does not require any 
violation of design rules while, the removal of STI trenches and the offset 
of the peripherical STI block result in changes on the SPAD layout with 
violation of at least three design rules. Fig. 16 shows a schematic view of 
the SPAD structure presenting these three modifications, associated with 

its layout view. The manufacturing analysis indicates that local viola
tions of the design rules should not impact the rest of the circuit so a test- 
chip including all optimization strategies (modified DNW, STI trenches 
removal onto active zone, STI trench alignment on the periphery) was 
fabricated, the measurements are presented in the following section. 

5. Dark Count Rate measurements 

In this section, we present, in Fig. 17, the DCR measurements, at 
room temperature, for both versions of the DNW (original one for 
standard process and modified one) and various optimized SPAD FD-SOI 
architectures (with STI trenches removal above active zone, with STI 
trench alignment on the periphery). 

For the original DNW (i.e. standard process), we confirm the results 
introduced in Fig. 15: the STI offset on the periphery of the diode allows 
DCR reduction as well as higher excess voltage operation (up to 10% of 
VBD). Considering the original DNW structure, the removal of all STI 
trenches above the active area makes possible some further significant 
improvement. Indeed, with the aligned STI structure, the DCR level at 

Fig. 13. DCR measurements on SPAD FD-SOI structure with the orginal DNW 
and the modified one (Ø ≈ 25 µm, measured at room temperature). 

Fig. 14. Illustration of the two studied STI layout configurations, a) reference 
and, b) Aligned STI (scales are not respected). 

Fig. 15. DCR measurements on octagonal SPAD FD-SOI for the reference and 
the aligned STI structures with both versions of the DNW (Ø ≈ 25 µm, measured 
at room temperature). 

Fig. 16. Partial layout view of the quasi-circular SPAD FD-SOI with all opti
mizations and its correspondance with the schematic structure (scales are 
not respected). 
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10% of VBD (i.e. Vex ≈ 1.0 V) is about 150 Hz/µm2, while SPAD 
combining aligned STI on the periphery and STI trenches removal above 
active zone gives a DCR level around 35 Hz/µm2. In addition, this 
structure also allows DCR measurements up to an excess voltage of 
about 12% of VBD. 

For the modified DNW (detailed in section 4.1), same trends are 
observed with more pronounced improvements. Indeed, for the refer
ence structure (modified DNW without STI optimization), the maximum 
excess voltage is close to 9% of VBD (Vex ≈ 1.3 V). The implementation of 
the STI offset on the edges allows to operate up to 20% of VBD (Vex ≈ 3.2 
V). Finally, the removal of STI trenches above active zone further in
creases this value to 26% of VBD (Vex ≈ 4.2 V). In addition, for this same 
structure, we also note a DCR decrease. At 20% of VBD (Vex ≈ 3.1 V) and 
at room temperature, on the aligned STI structure, the DCR average level 
is close to 700 Hz/µm2, while with the suppression of STI trenches, this 
level is only about 260 Hz/µm2. Note that for lower excess voltages 
(<15% of VBD), the DCR of the structure with aligned STI and trenches 
suppression is higher than the one of the structures with only the aligned 
STI. This appears to be mostly caused by measurement uncertainties 
(need more data for statistical analysis). 

These differences highlight that optimizations are complementary to 
improve the dark count rate of SPAD implemented in 28 nm FD-SOI 
CMOS technology. The most efficient structure is the one with the 
modified DNW, the offset of the peripheral STI block, and the removal of 
STI tranches above the active zone. 

Results, presented in Fig. 18, concern the DCR comparison for two 
SPAD shapes (octagonal and quasi-circular), highlighting that the quasi- 
circular SPAD FD-SOI features the best DCR performances by consid
ering all optimization paths. 

Last results, shown in Fig. 19, represent the DCR measured on a 
quasi-circular cell with the modified DNW for the reference structure 
and the one with all optimizations. These measurements are made for 
various temperatures, between 253 K and 293 K. The DCR improvement, 
due to layout modifications, is available for the entire temperature range 
tested. 

6. Conclusion 

In this study, we carried out transient TCAD simulations of ava
lanches for SPAD integrated in FD-SOI CMOS technology which 
considered the entire technological process. We showed that STI 
trenches localized above the SPAD’s active area (imposed by the design 
rules) play a negative role during the avalanche quenching, because they 
prevent a fast carrier evacuation on the anode side, leading to possible 
multiple secondary avalanches in series. Thus, the removal of these STI 

blocks allows for recovery of a correct avalanche quenching process. 
We also reminded that various changes in the SPAD architecture 

such as the modification of the DNW implantation conditions, as well as 
the offset of the STI block located at the periphery of active zone, 
improve the electrical performance of the diode. These modifications 
reduce the dark current and the average DCR level, allow operating at 
higher excess voltages, and limit premature breakdown on the edges. 

Based on these results, we have designed optimized SPAD structure 
implementing the modification of the DNW, the peripheral STI offset, 
and the removal of STI trenches located above the active zone. The first 
characterizations showed an important decrease in the dark count rate 
by the combination of these different optimization paths. Table 1 sum
marizes the main results obtained with optimized structures. 

In addition, despite these DCR values are higher compared to the 

Fig. 17. DCR measurements on octagonal SPAD FD-SOI for the reference, and 
the aligned with or without STI trenches structures, with both versions of the 
DNW (Ø ≈ 25 µm and room temperature). 

Fig. 18. Layout view of the SPAD in CMOS FD-SOI, a) octagonal cell and b) 
circular cell (Ø ≈ 25 µm). In c) DCR measurements on both cells for the 
reference structure and the one with all optimization paths (measured at room 
temperature). 

Fig. 19. DCR measurements on the modified DNW for the reference structure 
and the one with all optimization paths (quasi-circular cell). 
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state of the art, the DCR improvement should allow us to carry out a full 
electro-optical characterization of SPAD integrated in 28 nm FD-SOI 
CMOS technology for a comprehensive study of the photon detection 
probability and the jitter. Current work will pursue focusing on I − V and 
DCR characterization varying temperature as well as micro-cartography 
of electroluminescence. Finally, a circuit integrating optimized SPAD 
FD-SOI structures and integrated advanced electronics (active quench
ing) was designed to assess the SPAD FD-SOI performances in real 
operating conditions. 
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Table 1 
Summary of SPAD CMOS FD-SOI DCR performances for various architectures.   

Structure VBD(V) @20◦C Geometry Vmax
ex (% of VBD ) DCR (Hz/µm2) 

5% of VBD 10% of VBD 20% of VBD 

–        
Original DNW Reference 9.5 Octagonal ≈6 ≈800 – – 

Circular ≈7 ≈200 – – 
Aligned peripheral STI Octagonal ≈11 ≈15 ≈150 – 
Aligned peripheral STI without STI trenches Octagonal ≈13 ≈10 ≈35 – 

–        
Modified DNW Reference 15.8 Octagonal ≈9 ≈80 – – 

Aligned peripheral STI Octagonal ≈20 ≈15 ≈30 ≈700 
Aligned peripheral STI without STI trenches Octagonal ≈26 ≈25 ≈60 ≈260 

Circular ≈26 ≈20 ≈60 ≈230  
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