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Abstract—We present a three-dimensional full-band Monte
Carlo (MC3D) study of a silicon single-photon avalanche diode
that analyzes the avalanche dynamics for different deep implant
(DI) positions. The results show that the Monte Carlo simulation
framework is able to describe the dependence of the avalanche
buildup time with respect to overvoltage (VOV) and DI depth,
therefore demonstrating how valuable is MC3D as a design tool
for SPADs.

I. INTRODUCTION

Single-photon avalanche detectors (SPADs) [1] are devices
designed to detect single photons and can be operated either as
standalone elements or arranged in arrays (photomultipliers)
[2]. Their primary applications are in high-energy physics
experiments and medical imaging, e.g., in positron emission
tomography (PET) [3].

A SPAD consists of a semiconductor p-i-n junction en-
gineered to sustain a high electric field enabling avalanche
multiplication, coupled with an absorption region. An analog
SPAD is connected to a quenching resistor, typically integrated
into the device structure [4], which is required to stop the
avalanche process reducing the internal electric field.

In this work we consider a silicon SPAD used in the
detection of single photons at a wavelength of 500 nm.

The modeling of SPADs has traditionally been carried out
using SPICE-based approaches [5] and drift-diffusion simula-
tions [6]. Here we present results obtained with an in-house
three-dimensional full-band Monte Carlo device simulator
(MC3D) [7], with material properties described in [8].

II. SIMULATED SPAD GEOMETRY

The top side of the device includes a highly doped surface
implant that defines the active area and ensures low contact
resistance. Beneath this region, a deeper implant is introduced
to shape the electric field distribution and confine the peak
field within the multiplication layer. In the end a low-doping
epitaxial layer allows carrier drift towards the bulk contact
collection. Fig. 1 shows a schematic view of the structure.

In the simulations, a portion of the three-dimensional geom-
etry of the device is considered, including the vertical layer
stack, 5 µm thick, and the lateral extension of the junction,
1 µm for each side. Ohmic contacts are defined at the top and
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Fig. 1: 2D schematic of the simulated SPAD, p-on-n structure.
Dashed box represents the simulation domain.

bottom of the structure, with the bottom contact connected to
an external quenching circuit.

III. FULL-BAND MONTE CARLO METHOD

Our Monte Carlo device simulator directly solves the Boltz-
mann transport equation by tracking individual carriers in
the real and reciprocal k-space under the applied electric
field, using a full-band description of the electronic structure
[9], [10]. This approach includes a physics-based descrip-
tion of impact ionization as an energy-dependent scattering
mechanism, essential for a realistic modeling of avalanche
multiplication in SPADs.

The simulator can operate either in frozen-field mode, where
the electric field is kept fixed during transport, or in a fully
self-consistent mode, where the Poisson equation is solved
together with carrier dynamics.

IV. SIMULATION RESULTS

Full-band Monte Carlo simulations in frozen field have been
performed to investigate the avalanche buildup dynamics as a
function of the DI position and VOV. The device is biased
above breakdown (VBD) and the VOV is defined as
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Fig. 2: Electric field profile along the y-axis as a function
of the device depth for VOV = 3V. The insert reports the
detail on the active region. Different colors refer to different
DI positions.
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Fig. 3: (Left) ABT as a function of the VOV for the different
DI depths. (Right) Derivative of log I with respect to time.

Vov = Vbias − VBD. (1)

The study has been performed on a series of different
geometries in which we increase the DI depth, with a step of
100 nm. The voltage has been swept between 30V and 40V.
Fig. 2 reports the electric field along the y-axis, showing the
reduction of the peak electric field for increasing DI depth,
resulting in a higher breakdown voltage.

The avalanche buildup time (ABT), defined as the average
time it takes for the avalanche process to start from the pho-
togeneration event, has been extracted from our simulations
as the time required for the current to reach 1 µA after the
generation of a single electron-hole pair in the high-field
region. Fig. 3 shows the ABT as a function of DI depth
and VOV. The same figure reports also the derivative of the
current, in logarithmic scale, with respect to time. Increasing
the VOV leads to a reduction in the average ABT, due to the
higher electric fields and the corresponding increase in the
impact ionization scattering rates. For a fixed overvoltage, a

deeper DI corresponds to longer buildup times, as the same
electrostatic potential is spread across a larger active region,
hindering carriers’ multiplication rate. Notice that for VOV =
1V the avalanche buildup time does not fully follow this
trend, possibly because of the stochastic nature of the process.
Furthermore, the slope for the first two entries is almost the
same, probably due to the lower electric field.

DI depths above 1.3 µm showed breakdown voltages higher
than 40V, our boundary, therefore they are not reported here.

Overall, the simulations confirm that both the DI position
and the applied overvoltage play a critical role in determining
the avalanche triggering dynamics showing the strength of a
full-band Monte Carlo approach, since it provides directly the
transient current evolution with a physically grounded descrip-
tion of carrier multiplication under high-field conditions.

V. CONCLUSIONS

In this work, we have presented a full-band Monte Carlo
investigation of an analog silicon SPAD working in the 500 nm
wavelength range. The device has been modeled using a three-
dimensional solver, enabling a realistic description of the
avalanche transient.

Our results confirm the necessity of tuning the DI position
because of its importance in shaping the electric field profile
in the multiplication region, and underscores the usefulness of
MC3D as a design tool for this device class.
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