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Abstract—Single-photon avalanche detectors (SPADs) are em-
ployed in applications requiring extreme sensitivity, like time-
resolved imaging, quantum communications, and biomedical
sensing. In this work, we estimate the avalanche breakdown
probability and the photon detection efficiency spectrum as the
deep implant guard ring changes, using drift-diffusion modeling
and Mcintyre ionization integrals.

I. INTRODUCTION

Analog single-photon avalanche detectors (SPADs) are se-
miconductor devices capable of detecting single photons with
high temporal resolution [1]. They are employed in appli-
cations such as light detection and ranging (LiDAR), medi-
cal imaging, including positron emission tomography (PET),
quantum communication, and low-light imaging systems [2]—
[5].

The detection mechanism relies on the absorption of a pho-
ton that generates an electron-hole pair, which is subsequently
multiplied in a high electric field active region, thanks to the
applied bias over the breakdown voltage, referred to as excess
bias. The self-sustaining avalanche is then quenched by an
external circuit, typically a resistor, in order to restore the
device to its initial state.

Fig. 1 shows the two-dimensional cross-section of the simu-
lated axis-symmetric cylindrical device. The structure includes
the central active region, where avalanche multiplication oc-
curs, the n-type deep implant, and the surrounding guard ring
(GR), a peripheral doped region that controls the electric field
distribution at the deep implant edges.

The strongly nonlinear nature of avalanche multiplication
makes SPAD modeling particularly challenging. Different
physical models can be employed depending on the target
analysis. Among them, drift-diffusion (DD) is widely used as a
design and optimization tool [6], [7]. The simulation of SPADs
requires capturing both the stochastic nature of avalanche
triggering and the spatial dependence of the impact ionization
coefficient. DD-based approaches can provide estimates of
key parameters [5] such as photon detection efficiency (PDE),
breakdown voltage and avalanche breakdown probability (BP).
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Fig. 1: Device cross section. The simulated cell shape is
circular (rotation around the dashed y-axis).

In this work, we investigate the DD model using Synopsys
Sentaurus Device [8] as a tool for analyzing the GR effects.

II. MODELING APPROACH

The formulation proposed by [9] is used to compute the
ionization integrals along electric field lines in the high-field
region, from which the BP is subsequently extracted. These
integrals are evaluated without the self-consistent inclusion
of impact ionization generated carriers, thereby improving
numerical robustness and reducing computational cost.

The PDE is computed by combining optical absorption and
BP across the device simulation domain. The optical absorp-
tion probability is derived from the local optical generation
rate, normalized to the incident photon flux, and evaluated
at each mesh vertex. The overall PDE is then obtained as a
weighted sum over all semiconductor nodes, as the product of
optical absorption and the BP.
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Fig. 2: PDE as a function of wavelength for different excess
bias values and different extension of the GR identified by
different line colors. Solid lines correspond to 15V, dashed-
dotted lines to 10V, and dashed lines to 5V.

III. RESULTS AND DISCUSSION

A set of devices with increasing GR extension is simulated
in order to evaluate the impact of the deep implant on both
the electric field distribution and the resulting PDE.

Fig. 2 shows the PDE as a function of wavelength for dif-
ferent excess bias values, ranging from 5V to 15 V. Increasing
the excess bias leads to an enhancement of the PDE over the
entire spectral range, due to an increase of the electric field
in the depleted region. As the GR extension varies, devices
with reduced GR (black curves) exhibit the highest PDE, with
a peak around 500 nm, while as the GR extension increases
(red and blue curves), the electric field is progressively reduced
and spatially redistributed, hence impacting the PDE.

Fig. 3 shows the magnitude of the electric field, for the 2D
section considered in the simulation. The dashed contour line
corresponding to a BP of 0.5 computed at a wavelength of
600nm is reported, denoting the high field electric region,
where the avalanche triggering probability is higher, and
contributes the most to the PDE.

Overall, the results show that the GR design plays a critical
role in balancing PDE, improving device robustness and
suppressing edge breakdown.

IV. CONCLUSION

A drift-diffusion based approach for the estimation of BP
and PDE in SPADs has been used, showing that the GR
extension strongly affects the electric field distribution, and
consequently impacting the PDE. This modeling approach
allows for a fast estimation of key figures of merit required
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Fig. 3: Spatial distribution of the magnitude of the electric
field (V/cm), with the dashed contour line indicating a 50%
breakdown probability for 10 ym GR extension. The GR ef-
fectively reduces edge electric field peaks, showing a uniform
electric field and breakdown profile.

during the design process, but a more complex modeling, such
as Monte Carlo simulations, is required for the description of
the avalanche buildup and carriers dynamics.
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