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Abstract — This article presents an experimental 

study of the Dark Count Rate (DCR) and the Photon 

Detection Probability (PDP) of Single-Photon 

Avalanche Diodes (SPAD) implemented in 28nm Fully 

Depleted Silicon-On-Insulator (FD-SOI) CMOS 

technology and proposes a TCAD simulation study 

correlating the experimental DCR et PDP results. The 

measurements and the TCAD simulations show a 

dependence of DCR and PDP with the amount of the 

Shallow Trench Isolation (STI) oxide in the active zone 

and the alignment of the peripheral STI with the SPAD 

junction. SPADs featuring more STI oxide in the active 

zone (including the peripheral STI) tend to present 

higher DCR and PDP. The TCAD simulations show 

higher values of Avalanche Triggering Probability 

(ATP) explaining higher PDP obtained with SPAD 

featuring more STI oxide in the active zone. The defects 

located at the interface of P-Well / STI and related to 

the doping steps are potentially the one of the main 

sources of the higher DCR of the aforementioned 

SPAD.   
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I. INTRODUCTION 

Thanks to their high luminous sensitivity and sub-

nanosecond response time, Single-Photon 

Avalanche Diodes (SPADs) are considered as one of 

the most suitable candidates in the field of photon 

counting [1], light detection and ranging (LIDAR) 

[2], and all applications requiring high sensitivity 

and fast response time. Also known as Geiger-mode 

Avalanche Diodes, SPADs have been intensively 

investigated both in academic research and industry. 

The Si-based SPADs have been already widely used 

for visible and near-infrared light due to their 

compatibility with the CMOS technologies [3][4], 

with remarkable performances for small SPAD 

pitches and/or large matrices [5][6][7]. As an 

alternative architecture, SPAD devices have been 

successfully implemented in Ultra-Thin Body and 

BOX (UTBB) 28nm Fully Depleted Silicon-On-

Insulator (FD-SOI) CMOS technology [8], in which 

the SPAD devices are integrated below the buried 

oxide layer (BOX) and the associated electronics is 

implemented in the ultra-thin silicon layer above the 

BOX layer. This integration allows intrinsic 3D 

stack at die level and therefore a greater fill-factor. 

The performances of SPADs can be estimated by 

several criteria. Two of the most crucial ones are the 

Dark Count Rate (DCR) and the Photon Detection 

Probability (PDP). The former is defined as the 

number of undesired avalanche events per second 

and characterises the intrinsic noise of the SPAD 

device. The latter is used to evaluate the optical 

efficiency of the SPAD device and is defined as the 

probability of a received incident photon to generate 

an avalanche event.  

In previous work, optimized architectures have 

been proposed to reduce DCR level of SPAD 

implemented in FD-SOI technology [9]. In this work, 

the proposed SPAD devices are characterised both in 

DCR and PDP. TCAD simulations are performed in 

order to correlate the experimental results of DCR 

and PDP measurements. The following sections are 

organised as follow: Section II introduces the 

proposed SPAD implemented in 28nm FD-SOI 

CMOS technology; Section III and IV respectively 

present the DCR and PDP measurements; Section V 

proposes an analyse of TCAD simulations allowing 

cross correlations between DCR and PDP; Section 

VI concludes the manuscript and gives some 

perspectives.  

II. SPAD INTEGRATED IN CMOS FD-SOI 

TECHNOLOGY 

The SPAD FD-SOI reference architecture is 

presented in Figure 1-a, the diode is made of a P-well 

/ deep N-well (DNW) junction below the BOX layer 
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and the thin silicon layer (UTBB FD-SOI 

technology). The main advantage of this approach is 

to natively obtain a 3D SPAD pixel at die level 

considering back side illumination after die thinning, 

and associated electronics on top of the diode. 

Thanks to a Multi Project Wafer (MPW) run with 

standard CMOS FD-SOI 28nm standard process 

(except DNW implant), SPADs (25µm diameter, 

pseudo-circular shape) have been processed and 

characterized with 200k integrated resistance as 

passive quenching and external readout [8][9]. 

Figure 1-b and 1-c represent two alternatives of 

SPAD FD-SOI architectures.  

 

 
(a) Reference architecture 

 

 
(b) Removal of STI trenches above the diode (called “Fusion”) 

 

 
(c) Peripheral STI aligned (#STI5) and fusion (called 

“Peripherical STI aligned and fusion”) 

 

Figure 1: SPAD FDSOI schematic drawing of the three main 
studied structures with different positions of the STI regards to 

junction between P-Well and Deep N-Well. 

 

In the reference architecture, design rules impose 

the presence of the Shallow Trench Isolation (STI) 

oxide in the active zone (represented by “STI 2”, 

“STI 3” and “STI 4”). The defects located at the 

interfaces STI / P-Well are considered as the one of 

the main sources of DCR. The architecture called 

“Fusion” (Figure 1-b) has been proposed by 

removing (minimizing) these STI. Beyond the 

“Fusion” architecture, the peripheral STI (“STI 5”) 

in the reference architecture is also considered as one 

major contribution to the DCR. The alignment of 

“STI 5” with peripheral junction (called “Peripheral 

STI aligned”) alongside with the “Fusion” 

architecture has been proposed to further reduce the 

DCR level (called “Peripheral STI aligned and 

fusion”, Figure 1-c). 

III. DCR STUDY 

DCR has been intensively studied for specific 

architectures as depicted in Figure 1 (different STI 

locations) leading to different 𝑉𝑒𝑥  operating ranges 

above breakdown voltage around 15.8V at room 

temperature [9]. The STI locations in the active zone 

and at the periphery of the diode impact significantly 

the DCR performances (Figure 2). The “Fusion” 

architecture presents similar DCR level compared to 

reference architecture for 𝑉𝑒𝑥 below 7% 𝑉𝐵𝐷 .  The 

alignment of peripheral STI allows to reach higher 

values of 𝑉𝑒𝑥 . A maximum excess voltage range of 

20% can be reached for the architecture shown in 

Figure 1-c when removing the STI in the active zone 

and aligning the peripheral STI with the junction (i.e. 

structure called “Peripheral STI aligned and 

fusion”). This same architecture also presents the 

lowest DCR among the three aforementioned 

architectures for the same 𝑉𝑒𝑥 . Extracted activation 

energy, less than half the band gap of Si (between 

0.2-0.3eV), indicates that the origin of the DCR can 

be a combination of band to band tunnelling and trap 

assisted or field enhanced generation recombination 

mechanisms. 

 
Figure 2: DCR versus relative excess voltage for the different 

architectures presented in Figure 1 (20°C) 

IV. PDP STUDY 

Measured PDP (front side illumination) for the 

different architectures are represented in Figure 3 

(𝑉𝑒𝑥  = 0.8V i.e. ~5%𝑉𝐵𝐷). The standard process is 

used (except DNW implant) including all back end 

of line layers (BEOL) without antireflective coating 

(ARC), micro-lens. The reference architecture 

presents the highest PDP, but the lowest 

performances in terms of DCR as maximum 𝑉𝑒𝑥  is 

around 10% (Figure 2). On the other hand, the 

“Peripheral STI aligned and fusion” architecture 
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presents the lowest values of PDP (PDPmax is around 

4.2% for 𝑉𝑒𝑥 = 0.8V at 620 nm of wavelength) while 

presenting the best DCR performances, since it can 

reach 20% higher values of 𝑉𝑒𝑥  and the reference 

architecture exhibits 2 to 4 times higher values of 

DCR. The performance of the “Fusion” architecture 

stands in between of the other two architectures, with 

PDPmax being around 5% for 𝑉𝑒𝑥  = 0.8V at 620 nm 

of wavelength.  

Then, we characterized the optimized architecture 

for DCR (“Peripheral STI aligned and fusion” Figure 

1-c) varying 𝑉𝑒𝑥  up to 20% in Figure 4 with a 

maximum measured PDP around 12% at 620 nm of 

wavelength. This time, although the reference 

architecture exhibits higher PDP for the same 𝑉𝑒𝑥 , 

the “Peripheral STI aligned and fusion” architecture 

is more realistically advantageous due to the higher 

applicable 𝑉𝑒𝑥 .  The PDPmax around 12% is 

comparable to some studies in the literature 

[10][11][12].  

 
Figure 3: PDP for the different architectures presented in Figure 1 

(Vex = 0.8V, 20°C) 

 
Figure 4: PDP for different 𝑉𝑒𝑥  (architecture: Peripheral STI 

aligned and fusion), 20°C 

V. ANALYSIS AND COMPLEMENTARY TCAD 

SIMULATIONS 

To further correlate the PDP and DCR 

measurements, the PDPmax results have been plotted 

as a function of the DCR measurements in Figure 5. 

The points {PDPmax-DCR} of the three architectures 

at same 𝑉𝑒𝑥  = 0.8V are highlighted in the triangle. 

The reference architecture, with the most amount of 

STI trenches (in the zone active and at the periphery) 

presents both higher DCR and PDP results, while the 

opposite case applies to the “Peripheral STI aligned 

and fusion” architecture. Now considering the points 

PDPmax versus DCR with different 𝑉𝑒𝑥  for the 

“Peripheral STI aligned and fusion” architecture 

(green symbols), we observe a quasi-linear 

behaviour. 

 
Figure 5: Maximum PDP at 620 nm of wavelength versus DCR 

for different structures and biasing voltages (20°C) 

TCAD simulations indicate that the electric field 

is maximum at the diode periphery whatever the 

architecture. Moreover, for a given bias voltage, the 

reference architecture (Figure 1-a) exhibits the 

highest electric field and consequently the highest 

Avalanche Triggering Probability (ATP) compared 

to other architectures (observed in Figure 6). This 

remark explains the higher PDP observed for the 

“reference” structure compared to the “Peripheral 

STI aligned and fusion” one for the same excess 

voltage 𝑉𝑒𝑥 . 

 

 
(a) Reference  

 

 
 

(b) Peripheral STI aligned and fusion 

Figure 6: Simulated Avalanche Triggering Probability (ATP) 

maps at the diode periphery 
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When including the defects located at the STI 

interfaces (that contribute to DCR), simulated dark 

current level decreases when the peripheral STI is 

shifted at the edge of the junction (architecture called 

“Peripheral STI aligned”, Figure 7). Then we 

conclude that the “reference” structure presents the 

higher PDP due to higher electric field and ATP at 

the diode periphery, and the higher DCR due to STI 

defects.  

 
Figure 7: Simulated 𝐼(𝑉)  curves with defects located at STI 

interfaces for the “reference” and the “Peripheral STI aligned” 

structures 

VI. CONCLUSION AND PERSPECTIVES 

Experimental DCR and PDP results obtained with 

passive quenching and external readout for SPAD 

integrated on CMOS FD-SOI technology are 

presented. The impact of STI locations (in the active 

zone and at the periphery) is analysed and TCAD 

simulations allows to understand the different 

experimental performances. Minimizing the amount 

of shallow trench isolation above the active region of 

the SPAD allows reducing the Dark Count Rate 

while extending the excess voltage range. Promising 

results have been obtained with a maximum PDP 

around 12% (at a wavelength of 620 nm) associated 

with a DCR less than 70 Hz/µm² (room temperature) 

at 20% excess bias voltage. Recently active 

quenching has been introduced and significant after-

pulsing reduction has been demonstrated [13]. 

Ongoing work concerns PDP measurement for 

different STI patterning using approach introduced 

in [14]. 
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