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Abstract— A very fast Active Quenching-Active Reset Circuit is proposed for the afterpulsing reduction in a Single Photon Avalanche Diode (SPAD). The proposed circuit is designed in a 28 nm CMOS FDSOI (Fully Depleted Silicon On Insulator) technology which takes benefit from the Body Biasing. By means of a very fast detection circuit, the avalanche is detected in just 27 ps. The fast detection results in a quenching time of less than 210 ps with a 46% reduction of the charge involved in the avalanche process. This reduction in the avalanche charge should strongly reduce the afterpulsing effect.
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Introduction
Single photon detection is the highest possible sensitivity in optical signal detection, and a Single Photon Avalanche Diode (SPAD) is capable of doing so. The SPAD is a pn junction, reverse-biased over its breakdown voltage. Under this biasing condition, due to the high electric field in the multiplication region the probability of impact ionization can be more than 95% [1], [2]. Thus, even a single photo-generated carrier in this region can cause a positive feedback loop of impact ionization which results in a self-sustaining and fast increasing current through the junction, the so-called avalanche current. The avalanche current is stopped, either by a high impedance path (Passive Quenching), or by means of an active circuit (Active Quenching). The quenching happens when the voltage across the SPAD is lowered below its breakdown voltage, and when the amount of current through the SPAD is insufficient to maintain a self-sustained current.
During an avalanche, when charge carriers are flowing through the Space Charge Region (SCR), due to the semiconductor lattice defects, some of them can be captured by trapping centers located inside the SCR [3], [4]. The trapped carriers are released after a retention time of typically less than a few microseconds. Two scenarios can happen for released carriers; if they are released when the SPAD is biased below its breakdown voltage, they cannot trigger an impact ionization and therefore no avalanche occurs. But if carrier release occurs after the quenching when, the SPAD is reset to its initial condition, an unleashed carrier can trigger a non-photo-generated avalanche. This spurious avalanche is the consequence of the previous main avalanche and so it is a correlated noise called the afterpulsing (AP), which highly depends on the number of semiconductor lattice defects and the amount of charge carriers inside the SCR [5]. Obviously, having an impeccable semiconductor with a clean fabrication process decreases the AP effect. Also, after the quenching, if the SPAD voltage is kept below its breakdown for a sufficient amount of time, called the hold-off time or also the dead time [4], trapped carriers are released without triggering any spurious avalanche. Therefore, increasing the hold-off time reduces the AP effect, but it also decreases the photon counting rate and so the dynamic range (the ratio between the maximum count rate and the Dark Count Rate) [6].Founded by French National Research Agency (ANR-18-CE24-0010)
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Fig. 1. Block diagram of the afterpulsing reduction strategy.Blue curves on graphs are for passive quenching mode and green curves are for active quenching mode.


Another way to alleviate the AP effect is to decrease the amount of charge carriers inside the SCR [7]. In fact, charge carriers inside the SCR are potential factors of trapping phenomenon, therefore preventing them from flowing through the SCR, definitely reduces trapping occurrences and so the AP, without any negative impact on the SPAD dynamic range. Thus, the faster the SPAD is quenched, the lower the AP effect [8]. This fact leads to an enormous interest in ultrafast Active Quenching Circuits (AQC). Meanwhile, it must be noted that the speed of an AQC, mainly depends on how fast the sensing circuit can detect the avalanche.
In this paper we introduce an Active Quenching-Active Reset Circuit (AQARC), based on an ultrafast avalanche detection circuit. The proposed circuit is designed in a 28nm CMOS FDSOI (Fully Depleted Silicon On Insulator) technology in which a SPAD has been recently successfully integrated [9]. In this technology, MOSFETs are fabricated over an ultra-thin buried oxide layer, which enables the body biasing feature on MOSFETs [10][11]. This feature is a key point in the design of the proposed circuit.
Quick Avalanche Detection
The idea behind the AP reduction is to detect the avalanche current at the very beginning of its rise and then stop it as soon as possible, in order to minimize the number of charge carriers flowing inside the SCR, and so the number of trapped carriers. This is illustrated in Fig. 1. In the case of a passive quenching circuit, all the charge required to reduce the voltage across the SPAD are generated by the SPAD itself (blue curves). With an AQC featuring a very low threshold and a quick detection circuit, the avalanche process can be detected in its earlier stages. Thus the active quenching helps the SPAD to reduce its voltage with an additional current (in red) that does not flow through the SPAD SCR. As a consequence, the avalanche process is quenched earlier and the avalanche current is reduced (green curves).
In order to implement this strategy, we propose to use an inverter for avalanche detection. The transfer function of such an inverter is shown in Fig. 2(a). By a proper sizing of the transistors, it is possible to decrease the threshold voltage (switching voltage) of the inverter. Therefore, the inverter can be sensitive to even a very small rise at its input and it makes possible to detect the avalanche quickly. This idea has been reported in some other papers [12][13][14],however, the problem is that there are trade-offs between the inverter threshold, its area, its input capacitance and its output swing which limit the extent of inverter threshold reduction and therefore its sensitivity in the avalanche detection. These problems are addressed in Fig. 2(b) in which the transient response of an inverter when the size of the NMOS transistor is increasing is represented. It illustrates that the relation between the NMOS width and the switching delay is not linear. Indeed, because of the parasitic capacitances which are increasing with the size of the transistors, the delay is also increased, canceling the effect of the threshold reduction.[image: ]
Fig. 2. Inverter threshold variations for different transistor widths and different Body Bias. (a) DC transfer function of an inverter for different values of the NMOS width. (b) Transient response of an inverter for different values of the NMOS width. Inset: Switching delay variation versus NMOS width increase. (c) DC transfer function of an inverter for different values of NMOS and PMOS body voltages. (d) Transient response of an inverter for different values of NMOS and PMOS body voltages. Inset: Switching delay variation versus NMOS and PMOS body voltages increase.
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Fig. 3. A cross section of CMOS FDSOI technology and Body Biasing method in this technology.

Here we propose a technique which is able to break aforementioned tradeoffs. Fig. 3 shows a cross section of FDSOI technology in which transistors are fabricated over an ultrathin buried oxide layer that isolate transistor channel from its corresponding well. This oxide layer can act as a second gate for the transistor and provide the body biasing. As depicted in Fig. 3, by applying positive voltage to the Body of NFET and PFET, their threshold voltages decrease and overall the switching threshold of the inverter reduces. By this means, it is possible to further reduce the threshold of the inverter without any of the aforementioned tradeoffs. Indeed, changing the Body voltage does not affect capacitances of the transistor. In Fig. 2(c) and 2(d) the DC transfer function and transient response of an inverter with different Body Biasing is shown. Fig. 2(d) shows this advantage by an almost linear relation between the body voltage of the transistors and the switching delay of the inverter. Finally, by exploiting the body biasing and also a proper sizing, we can design a very low threshold and fast inverter capable of quickly detect the avalanche.
Proposed Circuit Operation
The proposed AQARC is shown in Fig. 4. The very low threshold inverter is composed of N1 and P1. Bodies of these two MOSFETs are connected to external voltage sources in order to tune their threshold voltages. When a photon is detected by the SPAD, the anode voltage starts to rise. This rising edge, is detected very quickly by the low threshold inverter. Its output drives the gate of P2, which raises the anode voltage up to Vdd. This increases the quenching speed. After the quenching, the SPAD is actively reset thanks to N2 transistor. An additional inverter buffers the Quench_ctrl signal to generate the digital output. The Digital_Out signal triggers a tunable analog delay line that controls the hold-off time and the reset pulse width in the range from 4 ns up to 50 ns. A combinational circuit is also implemented to allow resetting the SPAD externally for test purposes. In our case an excess bias voltage of 1 Volt is chosen which is equal to the power supply voltage. Each of the quench and reset transistors are in series with a switch P3 and N3 to turn on or off the active quenching and the active reset for testing purposes. The transistor N4 is used as an externally tunable resistor for the operation of the passive quenching.[image: ]
Fig. 3. Schematic of the proposed AQAR circuit.
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Fig. 6. Post layout simulated Anode voltage and Avalanche current waveforms. Dotted solid lines: Active Quenching. Dashed lines: Passive Quenching.



Post Layout Simulation Results
The proposed AQARC has been designed and laid out in a 28 nm CMOS FDSOI technology. Fig. 5 shows the circuit layout. Since this is an experimental circuit, most of the area is consumed by P3 and N3, which are switches for testing purposes and are 10 times wider than AQ P2 and AR N2 transistors. Also, for measurement purposes, P1 and N1 are laid out in separate wells while it is possible to put them in a same well for saving the area. The total area of AQARC is 20 µm × 24 µm. For simulating the SPAD behavior, we used a Spice macro model which has been reported in [15] and set the SPAD junction capacitance to 100 fF. In order to see the effect of the fast detection, we made a simulation in which a comparison between the active quenching and the passive quenching is done. The threshold of the quick detection inverter is set to around 100 mV to avoid false detection due to the noise at the sensing node. As shown in Fig. 6, after only about 27 ps from the moment at which the anode voltage starts to rise and when it is about 190 mV, P2 starts to participate in the quenching. 29 ps after that (56 ps after the anode voltage begins to rise) the avalanche is detected through the second inverter; while the anode voltage is just about 440 mV. Finally, the avalanche is quenched in less than 210 ps, while this time for the PQ is about 630 ps. To the best of our knowledge, these are the fastest sensing and quenching time ever reported [6], [7]. In Fig. 6, the area under the avalanche current curve in the passive quenching mode is 1.86 times larger than the area in the active quenching mode. This area is equal to the amount of charge that flows through the SCR.Therefore, thanks to our very fast detection circuit, the amount of charge in the SCR, in the active quenching mode in comparison with passive quenching, is reduced by more than 46%. This strong reduction should drastically reduce the AP.[image: ]
Fig. 4. AQARC layout. The total area is 20 µm × 24 µm.

In order to investigate the usability of the proposed AQARC for an array of SPADs, Monte Carlo simulations were performed. Results showed only about 6 mV of standard deviation in the switching threshold of low threshold inverter. This very small dispersion results in about 0.4% of standard deviation for the amount of charge reduction and 870 fs of standard deviation for the avalanche detection time. These values prove the proper functionality of our AQARC for an array of SPADs.
conclusion
In this paper we proposed a simple, straightforward and very fast active quenching-active reset circuit, based on a prompt detection. The goal is to reduce the AP effect by stopping the avalanche current flow in the SCR as soon as possible to minimize the number of trapped carriers. This is done by a very fast and low threshold inverter. The circuit is designed and laid out in a 28nm CMOS FDSOI technology which allows the body biasing. So the low threshold of the inverter is obtained by a proper sizing and also the body biasing. Simulation results show that we detect the avalanche 21 ps after its start. This very early avalanche detection allows operating the complete quenching of the SPAD in less than 200 ps and thus should provide a significant reduction in the AP effect.
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