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The objective of this work is to design and implement avalanche detection and Active 

Quenching (AQ) circuits for the first Single Photon Avalanche Diode (SPAD) realized in a 28 nm 

Fully Depleted Silicon on Insulator (FD-SOI) CMOS technology that improves the performance 

parameters of the SPAD such as noise and Photon Detection Efficiency (PDE).  

SPAD is a pn junction, reversely biased over its breakdown voltage (in the breakdown region). 

it can convert a single photon to a measurable avalanche of charge carriers (avalanche current) in 

its Space Charge Region (SCR). The process of stopping avalanche flow is called quenching which 

can be done by a resistor (Passive Quenching (PQ)) or by active devices which is called Active 

Quenching (AQ). SPAD suffers from a noise source named afterpulsing effect. During an 

avalanche some of the carriers could be trapped by the trapping centers of the semiconductor. If 

these carriers are released when the SPAD is reset into the breakdown region after the quenching, 

they can start a spurious avalanche called after pulse. Thus, to reduce this noise, the time when the 

SPAD is out of its breakdown region (dead time) should be prolonged. A long dead time puts a 

limit on the maximum achievable photon count rate of a SPAD pixel. AQ circuits are able to reduce 

the afterpulsing effect by quenching the SPAD faster, resulting in less avalanche charge while not 

deteriorating the maximum count rate of the pixel. However, the required circuitry to realize such 

a strategy is area consuming and thus degrades the fill factor (the ratio between the active area of 

the pixel and its whole area) and PDE (Photon Detection Probability (PDP) multiplied by fill 

factor). Thus, there are trade-offs between afterpulsing effect, maximum photon count rate, fill 

factor, and PDE. Stacked 3D pixels are solution to mitigate these trade-offs, however, they are 

costly as they need two separate dies. Therefore, one of the aims of this thesis is to find an ultimate 

solution to reduce SPAD noise while keeping the maximum count rate, fill factor, and PDE as high 

as possible in a more cost-effective way. Recently, the idea of a monolithic 3D SPAD pixel in the 

FD-SOI CMOS technology has been presented in the literature. In this technology a Buried Oxide 

(BOX) layer, isolates the devices from their corresponding wells, thus allows a monolithic 

integration of SPAD and the devices placed on top of the SPAD over the BOX layer. The authors 

have shown it is possible to sense the avalanche through a voltage divider over the SPAD thanks 

to the body biasing effect. However, no quenching circuit yet integrated into this inherent 3D 

structure. The integration of an AQ circuit in this monolithic 3D structure is another objective of 

this work which aligns with the first objective (mitigating the mentioned trade-offs). Placing a 

functional and efficient AQ circuit on top of the SPAD active area in a Back-Side Illumination 

(BSI) configuration, can strongly reduce the dependence of fill factor on the pixel electronics and 

thus alleviate the mentioned trade-offs.  



The earlier the avalanche is detected, the quicker it can be quenched, resulting in reduced 

avalanche charge. Thus, the efficiency of an AQ circuit in the afterpulsing reduction strongly 

depends on the avalanche detection time. Therefore, we propose to use a low threshold inverter as 

a detection circuit. The sensitivity of an inverter is increased by lowering their switching threshold 

through a proper sizing. We propose to mix the sizing method with body biasing technique to 

further increase the sensitivity of the inverter and shorten the detection time. In FD-SOI CMOS 

technology the BOX layer prevents forming of the parasitic diodes between drain/source and body 

of the MOSFETs. This allows to apply a body voltage up to the maximum sustainable voltage of 

the back-gate oxide (BOX) which is around 3V in the used technology. Through the body voltage 

it is possible to modulate the threshold voltage of the MOSFETs. The rate of this variation is 

defined as the body factor which is around 85 mV/V in this technology. It means by applying 3 V 

body voltage, the threshold voltage changes for 255 mV. In an inverter decreasing and increasing 

the threshold voltages of NMOS and PMOS respectively results in decreasing its switching 

threshold by almost the same amount. In combination with a proper sizing, the proposed body 

biased inverter achieves an ultra-low switching threshold. According to the post layout simulation 

results, with a body voltage of 2.5 V the avalanche is detected in less than 40 ps and quenched 

actively in only 150 ps which results in about 42 % avalanche charge relative reduction in AQ 

mode in comparison with the pure PQ mode. Afterpulsing measurements shows more than 50 % 

Afterpulsing probability (APP) reduction in AQ mode with 2 V of body voltage in comparison 

with the PQ mode, with a dead time as short as 5 ns. Thus, the proposed body biased inverter based 

AQAR circuit is able to mitigate the trade-off between the afterpulsing noise and the maximum 

count rate. 

In the following, the thesis focuses on the pursuit of two objectives at a same time: Design even 

a faster AQ circuit which has the possibility to be integrated with the monolithic 3D structure. As 

long as an inverter operates as a digital gate it suffers from its propagation delay. The body biased 

inverter strongly decreases this delay however cannot completely remove it. We propose to bias 

the inverter at its switching threshold to make this delay almost zero. In this case, the minimum 

voltage variations at the input of the inverter multiplied by the maximum gain of the inverter and 

changes its output. To achieve the monolithic 3D pixel, this pre-biasing must be done in a way to 

be immune against the body voltage variations of the transistors over the SPAD. In fact, the body 

of MOSFETs in this structure is the dynamic node of the SPAD (anode). An avalanche increases 

the anode voltage of the SPAD or in other word the body voltage of the MOSFETs. Therefore, an 

avalanche imposed an unwanted body biasing to the transistors on top of the SPAD. To solve this 

issue, a T-gate is placed in parallel with the detection inverter. The T-gate biases the inverter at its 

switching threshold by shorting its input and output at any body voltage of its transistor. Also 

choosing an inverter as the detection circuit is an advantage for AQ circuit in the monolithic 3D 

structure. That is, as it is explained, applying the body voltage to an inverter, modulates its 

switching threshold. In this case, anode voltage rise decreases the switching threshold of the 

detection inverter and results in an even faster detection and thus a faster quenching. Based on this 

detection circuit three AQAR (Active Quenching-Active Reset) circuits are presented: in Direct 

Sensing (DS) pixel, the electronic is not over the SPAD and it is designed to prove the functionality 

of the proposed AQ circuit in the standard pixels. It is named DS since the avalanche is sensed 

through the gate of the MOSFETs of the detection inverter. The two other AQAR circuits are able 

to be integrated in the monolithic 3D structure. The first is Mixed Sensing (MS) pixel which is the 

first ever reported monolithic 3D active pixel. In this circuit the avalanche is sensed through the 

gate and body of the MOSFETs of the inverter simultaneously. Another pixel is sensed the 



avalanche only through the body of its transistors, named Indirect Sensing (InDS) pixel. In this 

pixel, it is possible to apply an excess bias voltage 3 times higher than the technology voltage 

headroom that improves the PDP and jitter of the pixel. According to the post layout simulation 

results, MS pixel, as the fastest and most efficient pixel, detects an avalanche sooner than 50 ps 

and quenches it actively in 160 ps. This results in more than 50 % avalanche charge reduction 

compared to the operation of the pixel in PQ mode. In the DS case, the value of this reduction is 

around 44 %. The static power consumption is around 100 µW, mostly consumed by the delay 

lines controlling the dead time. The quenching circuit itself consumes around 43 µW due to the 

biasing of its detection inverter.  

In the measurements, the effects of placing electronics over the SPAD are investigated for the 

first time. It is observed that the added Shallow Trench Isolators (STIs) due to the circuitry 

placement on the SPAD, increases both Dark Count Rate (DCR: the avalanches when SPAD is in 

the dark) and afterpulsing noises. Furthermore, it leads to an increase in premature breakdown 

across the SPAD, resulting in the breakdown voltage of the MS pixel being at least 150 mV lower 

than that of the DS pixel. Consequently, it limits the excess bias voltage of the MS pixel to be 

around 3 times less than DS pixel in the PQ mode in order to avoid the pixel saturation by the noise 

sources. However, by assisting the proposed AQAR circuit, the noise level is lowered such that the 

MS pixel can operate normally in the higher excess bias voltages in its AQ mode of operation. In 

other word, the added electronics on top of the SPAD, increase the noise level in a way that SPAD 

is not functioning well in high excess bias voltages, however, the proposed AQ circuit is highly 

efficient in noise reduction that compensate the added noise, while not consuming any pixel area 

in a BSI configuration. In DS pixel 85% of afterpulsing count reduction compared to the PQ mode 

is observed at 800 mV of excess bias voltage. In MS pixel, to have a comparison between AQ and 

PQ modes, excess bias voltage is limited to 250 mV. In this case an afterpulsing count reduction 

of 94 % is measured.   

After realizing the first integration of an AQAR circuit in a monolithic 3D SPAD pixel, a power 

efficient AQAR circuit which is almost as sensitive as the previous circuit and also compatible 

with the monolithic 3D structure is introduced. Instead of biasing the detection inverter at its 

switching threshold where it consumes the maximum static power, biasing the inverter at a voltage 

slightly below this point can strongly reduce the static power consumption while the sensitivity is 

still high enough. The proposed biasing circuit has three essential features: during an avalanche it 

is not fighting against the anode voltage rise, during the reset phase brings back the biasing point 

to its initial value as soon as possible, and in order to be compatible with the monolithic 3D 

structure, it is body voltage independent. Therefore, we present for the first time, a body voltage 

independent current source to bias the proposed AQAR circuits. The proposed circuit is designed 

in three different forms: DS, MS, and InDS pixels. According to the post layout simulation results, 

DS and MS pixels quench the avalanche actively in 180 ps and 164 ps respectively which results 

in 35 % and 48 % avalanche charge reduction in comparison with their PQ mode of operation. In 

experimental results a quenching time of about 500 ps is measured for DS pixel with 700 mV of 

excess bias voltage, which is 600 ps faster than the PQ mode. Almost the same timing is measured 

for MS pixel at 500 mV of excess bias voltage. Here also the same effects of placing electronics 

on the SPAD are observed as in the previous pixels: the increased noise level in the monolithic 3D 

structure and compensation of this noise thanks to the AQ circuit. Afterpulsing measurements show 

62 % and 96 % afterpulsing count reduction for DS and MS pixels, respectively. In MS pixel, 

thanks to the proposed AQ circuit, an APP of more than 40 % in PQ mode, reduces to around 3 % 



in AQ mode. One can conclude that the proposed AQAR circuits are vital for the monolithic 3D 

pixels and can turn the noisy SPAD to almost a well behave SPAD. All these are achieved with a 

static power consumption lower than 15 µW, 3 times less than the previous proposed circuit. 
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