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Abstract—A Monte Carlo simulation method for the
transport and multiplication of carriers in electric fields
is presented. The method is based on the stochastic
scattering and free flight of electrons and holes in silicon.
The simulation technique employs a nonparabolic single-
band model for the energy dispersion relation, providing
good accuracy for high electric fields while keeping the
complexity of the simulator low. Phonon scattering and
impact ionization scattering are considered. The tool is
used to estimate the photon detection efficiency, temporal
response, noise, and crosstalk of a near-infrared enhanced
single-photon avalanche diode (SPAD) with a spherically
uniform electric field peak. Since the field is not laterally
uniform, methods that do not consider the stochastic
dynamics of individual carriers prove inaccurate. Good
agreement is found between measurements and Monte
Carlo simulation results of the device, indicating that the
tool is useful for the ab initio design and optimization of
SPADs.

I. INTRODUCTION

Single-photon avalanche diodes (SPADs) can resolve
individual photons with high temporal accuracy by ex-
ploiting the avalanche breakdown phenomenon in the
electric fields of semiconductor junctions. Prominent
application domains of SPADs are biophotonics [1]
and time-of-flight (ToF) imaging [2]. In particular, ToF
depth-sensing based on SPADs is gaining increased
interest from the automotive and mobile industries [3].
This application requires a high near-infrared (NIR)
sensitivity and benefits from SPADs fabricated in well-
established silicon integration technologies.

Numerical and analytical modeling techniques aid
in the design and analysis of SPADs. The performance
of these detectors, including the photon detection effi-
ciency (PDE), temporal response, and dark count rate
(DCR), can be estimated from the electric fields and
carrier generation profiles extracted by numerical tools.
Some modeling techniques employ deterministic calcu-
lations along one-dimensional electric field lines in the
device [4]. These methods typically make abstraction
of the stochastic dynamics of individual charge carri-
ers, and are less accurate for SPADs with nonuniform
or steep junction profiles. Alternatively, by considering
the stochastic transport and avalanche multiplication
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behavior of single carriers, more accurate analysis
results and physical insight can be obtained, even for
devices with steep and nonuniform electric fields [5].

The Monte Carlo method allows for simulating
the random movement and multiplication of carriers.
Statistical conclusions are drawn about the behavior
of a SPAD by stochastically simulating the dynamics
of a large sample of individual carriers in the device
[6]. Avalanche multiplication is a cyclic infinite-gain
impact ionization process between electrons and holes.
Therefore, Monte Carlo simulators for SPADs must
consider both carrier types.

From a semi-classical perspective, a charge carrier is
a quasi-particle with energy E and wavevector k. Elec-
trons and holes occupy discrete energy levels defined
by the dispersion relation E(k). This relation consists
of many bands with allowed states in k-space. Carriers
hop between states under the influence of electric fields
(free flight) and because of random scattering events.
Simulation of the carrier dynamics requires the model-
ing of E(k) and the scattering mechanisms. Full-band
Monte Carlo methods include full, physically accurate,
models of the dispersion relation and scattering mech-
anisms [7]. These methods are difficult to calibrate
and slow in execution. However, the simulation results
are accurate for most devices and junction profiles.
Alternatively, single-band Monte Carlo methods sim-
plify the dispersion relation by considering a single
energy band for each carrier type [8]. These methods
are fast and simple. However, to the knowledge of
the authors, existing single-band techniques for SPADs
employ parabolic energy dispersion relations which are
less accurate for hot carriers in high electric fields.

In this work, we propose a single-band Monte Carlo
simulation method based on a nonparabolic isotropic
dispersion relation for electrons and holes in depleted
intrinsic silicon. The method considers phonon scat-
tering [6] and impact ionization scattering [8]. The
technique is used to analyze a frontside illuminated
(FSI) NIR-enhanced silicon SPAD with a spherically
uniform electric field peak [9]. Due to the nonuniform
field, the performance is difficult to extract with deter-
ministic techniques.



II. MONTE CARLO METHOD

The dispersion relation defines the allowed energy
states between which carriers can move freely and scat-
ter. At low energies, the £'(k) relation is approximately
parabolic. When carriers gain sufficient energy under
the influence of high fields, the parabolic approxima-
tion breaks down. To capture high energy phenomena,
this work employs a nonparabolic isotropic dispersion
relation

h2k2
E()(1+ pB(K) = 5,
with non-parabolicity factor p and effective carrier
mass m* [6]. The conduction band for electrons and
the valence band for holes are modeled by the same
equation, but with different parameter values.

The main scattering mechanisms in depleted in-
trinsic silicon are phonon absorption, phonon emis-
sion, and impact ionization [6]. The average phonon
energy in silicon is hw = 63 meV, with reduced
Planck constant A and phonon frequency w [8]. The
phonon occupation factor Ny, at temperature 1" equals
[exp (hw/kpT') — 1], with Boltzmann constant kj,.

During phonon absorption events, the carrier energy
increases from E to F,, = E + hw. The scattering
process isotropically randomizes the wavevector while
ensuring that E(k) is satisfied. The phonon absorp-
tion scattering rate is proportional to the product of
the phonon density and the carrier density-of-states
(x k?dk/ dE [6]) after scattering, and it is given by

ConNph(1 + 2pE,p)

Sab = X Eab(l + pEab) itk >0 ,

0 otherwise
with fitting parameter Cpy,. The value of Cl,,, depends
on the carrier type. Phonon emission is modeled anal-
ogously to phonon absorption [6]. During emission
events, the carrier energy decreases from E to Fgpy, =
FE — hw, and the wavevector changes randomly. The
phonon emission rate equals

Oph(Nph + 1)(1 + QIDEem)

X\ Eem (1 + pEey) ifE > Iuw .

0 otherwise

Sern =

Impact ionization scattering occurs when a primary
carrier gains sufficient energy to excite a new sec-
ondary electron-hole pair. The ionization scattering rate
is empirically modeled by the Keldysh formula

§
g _ dCa(Egtn) B> B
0 otherwise

with ionization prefactor Cj;, threshold energy FEiy,
and softness factor § [8]. The initial energy E of the
primary carrier splits over the three involved charges.
The final energy of each charge equals Ey; = (F —
E:n)/3. Additionally, the wavevectors of the carriers
are isotropically randomized.

Fig. 1 presents a stochastic Monte Carlo simulation
flow for the transport and multiplication of carriers
in the electric field of a SPAD. Each simulation trial
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Fig. 1. Stochastic simulation flow for the transport and multipli-
cation of carriers in the field of a SPAD, starting from a single
generated carrier.

starts from a single charge at an arbitrary point of
generation. The free flight and scattering of the carrier
are simulated iteratively by using the self-scattering
principle [6]. Whenever impact ionization occurs, the
newly generated electron and hole are traced inde-
pendently. Herein, carrier-carrier interactions are not
considered. The simulation stops when all carriers have
arrived at a device electrode or when the total number
of ionization events exceeds the threshold value N,,.x.
The threshold condition signifies the occurrence of
avalanche breakdown. The simulation outputs the num-
ber of carriers arriving at each electrode versus time
(the instantaneous current) and the total simulated time.
By combining simulation results for many individually
generated carriers, statistical conclusions are drawn
about the SPAD’s performance.

Table I presents the simulator parameters in silicon
at room temperature. The ionization parameter values
are taken from reference [8]. The other parameters
are calibrated to provide a good match with empirical
models for the carrier velocity [10] and ionization
rates [11]. Fig. 2 presents a comparison between the
nonparabolic single-band technique of this work, a
parabolic single-band method by Zhou et al. [8], and
the empirical models. The nonparabolic technique cap-
tures high field phenomena such as velocity saturation
and impact ionization with higher accuracy.

III. SPAD ANALYSIS AND DISCUSSION

The Monte Carlo technique enables the investigation
of SPAD behavior. Performance estimations are made
based on the stochastic transport and avalanche mul-
tiplication probability of a random sample of carriers
generated according to a simulated spatial distribution.
In this work, only carriers generated by light are
considered.
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Fig. 2. Carrier velocity and ionization rates of electrons (e-) and
holes (h+) in silicon obtained by the presented method (This work),
a parabolic technique (Zhou [8]), and empirical models (Jacoboni
[10] and Valdinoci [11]).

TABLE I
MONTE CARLO MODEL PARAMETERS IN SILICON
Electron Hole
Effective mass m* (kg) 0.57mg " 1.07mg"
Non-parabolicity factor p (eV~1) 0.13 0.02

Phonon energy fuw (meV) 63 63

Phonon prefactor Cp, (Hz/VeV)  1-10%%  1.5.10%3
Tonization prefactor Cjy; (Hz) 2.1012 4.4-1012
Ionization softness & 3.5 3.5
Tonization threshold Eyp (eV) 1.2 1.5
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Fig. 3. Doping schematic of a NIR enhanced SPAD (Adapted from
[9]). Electrons (e-) generated in the absorption region drift towards
a field peak.

The method is applied to the NIR enhanced
FSI silicon SPAD presented in Fig. 3 [9]. The
device contains a depleted absorption volume of
15 um X 15 pm x 18 um on top of a p-type substrate.
The electrons generated in the absorption volume drift
to an active region with a diameter of ~ 1.5 pm
in which they have a high probability of triggering
avalanche breakdown. The active region is cylindrically
symmetric and contains a spherically uniform electric
field peak enforced by field-line crowding. The absorp-
tion and multiplication volumes are mainly situated
in depleted and lowly-doped regions, justifying the
use of the simple Monte Carlo simulation technique.
To reduce complexity, the charge carrier behavior in
the active region and absorption volume are simulated
separately.

Firstly, the breakdown probability of electrons en-
tering the active region is extracted. To this end, the
transport and multiplication (impact ionization) of a
sample of electrons entering the active region at col-
lection angle o and radius r. = 1.5 pm is simulated
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Fig. 4. Left: Simulated electric field near the cathode (Ve = 3.5 V;
top interface x = 0 pm; centerline y = 0 um). Right: Breakdown
probability for electrons entering the active region at radius rc =
1.5 um and angle o (with 95% confidence intervals).

(breakdown threshold N,.x = 1000, sample size
9000). Fig. 4 illustrates the field in the active region for
excess bias V., = 3.5 V. Additionally, the plot on the
right demonstrates the breakdown probability versus o,
for different values of V.. The probability is low for
electrons generated near the top interface (with large
a.) and high for electrons generated at larger depths
(with small o).

Secondly, the transport statistics of carriers are de-
termined. To this end, the movement of a random
sample of electrons is simulated in the absorption vol-
ume while impact ionization is disabled (sample size
21000). The contribution of each electron to the SPAD
performance estimates is weighted by two factors: (a)
the generation rate at its point of origin (z, ) and (b)
the breakdown probability for the angle o, at which it
enters the active region (Fig. 4). In the following, an
excess bias of 3.5 V is considered.

The photon detection efficiency is estimated based
on numerically simulated optical generation profiles.
Fig. 5 illustrates the optical simulation domain and
the generation profile for wavelength A = 900 nm.
The back end of the device contains dummy metal
regions that reflect approximately half of the incident
light and serve no functional purpose [9]. Fig. 6(a)
demonstrates the simulated and measured PDE, which
overlap significantly. The qualitative difference can be
attributed to optical interference and modeling inaccu-
racies. In particular, the light source in the simulation
is monochromatic and collimated. These conditions are
not fully satisfied for the measurement [9]. The PDE
at visible wavelengths is reduced because of the low
breakdown probability of shallowly generated carriers.

The temporal response resembles the uncertainty in
the timing of individual incident photons. The response
depends on the variability of the transport, multipli-
cation, and readout processes of photons absorbed in
the device. Fig. 6(b) presents the measured temporal
response of the investigated SPAD at A = 905 nm (full
width at half maximum ~ 350 ps), which is obtained
by binning the time-difference between picosecond-
laser pulses and breakdown events. The curve is shifted
to 0 ns for clarity. The figure also includes the
histogram of the transport time for photo-generated
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Fig. 5.  Left: Electromagnetic-wave simulation domain with
(dummy) metal layers. Right: Optical generation cross-section for
A = 900 nm, and example of an electron transport trial.
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Fig. 6. Results for V. = 3.5 V. (a) Simulated and measured PDE.
(b) Simulated transport time distribution and measured temporal
response for A = 900 nm. (c¢) Simulated time-to-breakdown distri-
bution for A = 900 nm. (d) Simulated electrical crosstalk probability
with 95% confidence intervals.

electrons at A = 900 nm, as simulated by the Monte
Carlo method. The measurement and simulation over-
lap significantly, suggesting that the temporal response
is dominated by variability in electron transport. The
discrepancy in the tail indicates that not all diffusing
carriers are captured by the simulation, most likely,
due to the finite depth of the simulation domain.
The discrepancy in the peak can be explained by
additional timing variance components, for example,
due to the multiplication process. Fig. 6(c) presents
the simulated histogram for the time between which
electrons enter the active region and trigger breakdown
(time-to-breakdown). This distribution corresponds to
the additional timing uncertainty resulting from charge
multiplication.

The electrical crosstalk is defined as the fraction
of carriers generated in a central SPAD that diffuse
to neighboring SPADs before triggering breakdown.
Fig. 6(d) presents the simulated electrical crosstalk
probability versus A. The SPAD is isolated from neigh-
bors by small potential barriers resulting in a relatively
high electrical crosstalk probability of ~ 5%. The

wavelength dependence indicates that the electrical
crosstalk probability is a function of the generation
depth. Besides, optical crosstalk due to optical genera-
tion during breakdown events may be a topic of future
research.

Carriers generated by traps on the top interface have
large collection angles «.. Therefore, these dark carri-
ers have low breakdown probabilities (Fig. 4) and small
contributions to the dark count rate. The measured
DCR has an activation energy of 0.88 eV at room
temperature [9]. This energy is close to the bandgap,
indicating that the DCR contribution from trap-assisted
generation is indeed not dominant. Additionally, the
absence of traps in the field peak and the small active
volume enable an exceptionally low afterpulsing prob-
ability of < 0.1% [9]. Qualitative modeling of noise
sources based on dark carrier generation is beyond the
scope of this work.

IV. CONCLUSIONS

A single-band Monte Carlo method is defined and
used for analyzing a NIR-enhanced SPAD. The simula-
tion results agree with the measurements and expecta-
tions of the fabricated device. Additionally, the Monte
Carlo method provides valuable physical insight into
the behavior of the detector. Consequently, the tool can
be used to design and analyze the doping profiles of
SPADs for which existing methods are not sufficiently
accurate.
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