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A Ge-based single-photon-avalanche-diode (SPAD) is investigated by using self-consistent 3-D Monte Carlo simulation including the presence of a passive quenching circuit. This approach of transport allows us to capture all stochastic features of carrier transport and SPAD operation. We analyze particularly the probabilistic character of the quenching mechanism and its dependence on the parameters (resistance and capacitance) of the passive quenching circuit.

Introduction

The market of single-photon avalanche diodes (SPADs) is dominated by Si devices but SPADs made of, or including, germanium are likely to provide some advantages for specific applications. Indeed, due to smaller bandgap, Ge devices should be sensitive to wavelengths larger than 1400 nm (eye-safety devices) and able to operate under smaller bias voltage than their Si counterparts (reduced power consumption). They hold great promise, insofar as Ge is compatible with Si technology.

In terms of theoretical investigation of device design, the full SPAD operation in the presence of quenching circuit has mainly been discussed so far on the basis of compact modeling [START_REF] Cova | Avalanche photodiodes and quenching circuits for single-photon detection[END_REF] [START_REF] Zappa | SPICE modeling of single photon avalanche diodes[END_REF]. Computationally efficient Verilog-A model and TCAD mixed-mode simulation can be used as well [START_REF] Oussaiti | Verilog-A model for avalanche dynamics and quenching in Single-Photon Avalanche Diodes[END_REF]. To go beyond these strongly simplified methods, we have developed a particle Monte Carlo (MC) model self-consistently coupled to a 3D Poisson solver and able to include the passive quenching circuit in a mixed-mode approach [START_REF] Cazimajou | Quenching Statistics of Silicon Single Photon Avalanche Diodes[END_REF]. In the present work, this model is used to study the main features of operation of a Ge SPAD, including in particular the statistics of quenching. The particle Monte Carlo approach of solving the Boltzmann transport equation is indeed well suited for such investigation since it naturally includes all stochastic features of carrier transport.

Model and simulated device

The simulated structure is similar to that previously used for the Si SPAD studied in [START_REF] Cazimajou | Quenching Statistics of Silicon Single Photon Avalanche Diodes[END_REF]. It consists in a Ge PN junction of length L = 1300 nm and square cross section of width W = 300 nm. It is connected in series with a passive quenching RC circuit. The diode has a doping profile NA = 6×10 17 cm -3 and ND = 6.35×10 17 cm -3 , with a quasi-linear transition region of 900 nm-long. A voltage VBIAS is applied between the terminals of the circuit composed by the SPAD and quenching circuit in series.

The 3D particle Monte Carlo code used here is self-consistently coupled to the Poisson's equation [START_REF] Dollfus | Effect of discrete impurities on electron transport in ultra-short MOSFET using 3D Monte Carlo simulation[END_REF]. In this model the analytic conduction band of Ge is made of four ellipsoidal L valleys, i.e. eight half valleys in the first Brillouin zone, one spherical  valley and six ellipsoidal Δ valleys [START_REF] Aubry-Fortuna | Electron transport properties in high-purity Ge down to cryogenic temperatures[END_REF], while the heavy and light hole bands are spherical and non-parabolic, with the room-temperature effective masses determined in [START_REF] Fischetti | Band structure, deformation potentials, and carrier mobility in strained Si, Ge, and SiGe alloys[END_REF].

To describe impact ionization processes, we implemented Keldysh like formulations of ionization rates [START_REF] Kamakura | Impact ionization model for full band Monte Carlo simulation[END_REF] with parameters adjusted to fit the experimental field dependence of ionization coefficients, as shown in Fig. 1. The connection of the SPAD with the passive (RQ,CQ) quenching circuit is made in a mixed-mode approach, as described in [START_REF] Cazimajou | Quenching Statistics of Silicon Single Photon Avalanche Diodes[END_REF]. At each time step of Poisson's equation solution the SPAD voltage VSPAD is updated according to the current in the device (calculated using the Ramo-Shockley theorem [START_REF] Babiker | Complete Monte Carlo RF analysis of 'real' short-channel compound FET's[END_REF]) and the quenching circuit elements. The initial single photon absorption is simulated by generating the first electron-hole (e-h) pair with energy and momentum randomly selected assuming thermal equilibrium distribution.

Results

The internal capacitance CSPAD = 30.9 aF and resistance RSPAD = 23.5 k have been deduced from the I-V and Q-V characteristics (see Fig. 2), together with the avalanche breakdown voltage VBD = 8.6 V. Due to smaller bandgap of Ge (0.76 eV) than in Si (1.12 eV), this breakdown voltage is significantly lower than that of 15.3 V in the similar Si SPAD [START_REF] Cazimajou | Quenching Statistics of Silicon Single Photon Avalanche Diodes[END_REF], which allows us to use a small bias voltage VBIAS = 11 V instead of typically 17-20 V in Si devices. The stochastic nature of the avalanche breakdown is well known [START_REF] Dolgos | Full-band Monte Carlo simulation of highenergy carrier transport in single photon avalanche diodes: Computation of breakdown probability, time to avalanche breakdown, and jitter[END_REF]. It leads to a large spreading of the time of detection and to the concept of probability PA of avalanche breakdown. Here, for VBIAS = 11 V, we have The histogram of 1157 values plotted in Fig. 3 exhibits a quite large spreading around the average value <TA> = 11.5 ps with a standard deviation of 3.08 ps. It should be noted that this average value and this spreading describe only the intrinsic part the avalanche stochasticity due to the random nature of the energy-momentum coordinates of the initial e/h pair generated by the photon absorption. Indeed, the position of the photon absorption was always the same, i.e. in the center of the high-field region of the device. The contribution of the randomness of the initial e/h pair position is not included in this statistics. The histogram of Fig. 3 can be fitted by a gamma distribution with parameters k = 0.82 and  = 14.0 ps. Importantly, the quenching process also appears to have a strong probabilistic character, as previously observed for a Si device [START_REF] Cazimajou | Quenching Statistics of Silicon Single Photon Avalanche Diodes[END_REF]. In Fig. 4, we plot the time response of the current through the SPAD and the intrinsic SPAD voltage after an electron/hole (e/h) pair generation by photon absorption at t = 0 in the center of the device for three simulations corresponding to three different random selections of the energy and wave vector coordinates of the initial e/h pair. Starting from VSPAD = VBIAS, we observe either a single avalanche followed by the quenching with return to initial state (red), a double-avalanche with quenching (green), or no quenching at all (blue) with a final VSPAD close to VBD. In terms of current, the main avalanche peak is similar for the three cases but it may be followed by a secondary peak (double avalanche) before the current vanishes close to zero. In case of no quench (blue curve), we observe several peaks of current that oscillates around IBD without vanishing. All these parasitic peaks can be understood by the system as the detection of a photon absorption though only a single photon was actually absorbed.

The quenching probability PQ is obviously strongly dependent on the parameters RQ and CQ of the quenching circuit. Figure 5a shows the influence of the resistance RQ on the probability PQ at given values of CQ. Beyond a threshold resistance value that depends on CQ, PQ increases rapidly from 0 to 100%. This simple behavior is easy to understand as a consequence of the increase of the time of discharge  = RQ CQ of the capacitance that increases the chance to fully evacuate all excess carriers generated by the avalanche, and thus to prevent the triggering of new impact ionizations by remaining particles. The same behavior was observed in the Si device [START_REF] Cazimajou | Quenching Statistics of Silicon Single Photon Avalanche Diodes[END_REF], as shown in dashed line for comparison. The influence of CQ on the quenching probability PQ is more complicate to analyze due to the fact that two antagonistic phenomena are in competition. The increase of CQ tends to increase the time of discharge , which is likely to enhance PQ, but it also increases the amount of excess charges generated by the avalanche and stored in the capacitance, which makes the quenching more difficult. As a result of this competition, we observe in Fig. 5b that at low (high) RQ the probability PQ is low (high) and weakly dependent on CQ, and that for intermediate resistance RQ = 500 k the evolution of PQ as a function of CQ is quite erratic, though it presents a maximum for CQ = 0.15 fF, as for all values of RQ. This non trivial behavior requires further analysis to be fully understood quantitatively.

Conclusion

We have analyzed the statistical behavior of a Ge SPAD using 3D self-consistent Monte Carlo simulation and shown in particular the probabilistic character of the quenching operation. The quenching resistance has a strong effect on the quenching probability that can rapidly switch from 0 to 100% according to this parameter. The effect of the quenching capacitance is more subtle due to the competition between two antagonistic phenomena (excess charge and discharge time) that makes its quantitative influence difficult to predict in the case of intermediate values of quenching resistance. The 3D Monte Carlo method appears to be very convenient to capture the effects of all stochastic ingredients of SPAD operation. 
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Figure 1 .

 1 Figure 1. Ionization coefficient in Ge as a function of inverse electric field. Comparison between (lines) experimental data [9] and (symbols) simulation.

Figure 2 .

 2 Figure 2. Avalanche current (red) and steady-state electron charge (blue) inside the device as a function of bias voltage.

  Voltage, V BIAS (V) R SPAD = 23.5 k C SPAD = 30.9 aFV BD = 8.6 Vobtained PA  82%, independently of the quenching circuit parameters. An avalanche time TA can be defined as the time needed for the avalanche breakdown current to reach the value IBD = 5 µA after photon absorption.

Figure 3 .

 3 Figure 3. Histogram of avalanche time for a set of 1157 simulations with random energy-wave vector coordinates of initial e-h pair and different values of RQ and CQ (VBIAS = 18 V).

Figure 4 .

 4 Figure 4. Time evolution of (a) current and (b) SPAD voltage for initial e-h pair generated at t = 0 s with RQ = 700 kΩ, CQ = 0.1 fF, VBIAS = 11 V. Each color corresponds to a random set of energy-wave vector coordinates of initial e-h pair. The horizontal dashed lines represent the breakdown detection current IBD, the bias voltage VBIAS and the breakdown voltage VBD.

Figure 5 .

 5 Figure 5. Quenching probability as a function of (a) the resistances RQ and (b) the capacitance CQ (VBIAS = 11 V). Dashed line in (a): results obtained for the Si device [4] with VBIAS = 18 V.
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