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Abstract— Single-photon avalanche diodes (SPADs) are very attrac-
tive devices in optical detector applications where both CMOS in-
tegration and low light detection are critical. An important SPAD
performance parameter is the photon detection probability (PDP)
which has to be carefully characterized for the sensor design. In this
paper, we present a comprehensive modeling and experimental char-
acterization of the PDP to obtain its optical and electrical dependency
on different parameters including the wavelength and light incidence
angle as well as the biasing condition.
By calculating the optical absorption and the avalanche triggering
probabilities within the silicon, the PDP of an n+/p-well CMOS-
implemented SPAD is accurately modeled. It is shown that due to the
formation of a standing wave in different layers above the silicon, which significantly affects the optical transmission
and the PDP spectrum, the application of the presented approach is necessary especially when an anti-reflection coating
layer is not available. The obtained result shows an excellent agreement to our measurements and, therefore, the model
can be reliably used for accurate design and optimization of SPAD-based detectors and to avoid very time-consuming
experimental investigations, e. g. for obtaining the detector performance for deviations in the light incidence angle.

Index Terms— Optical transmission, photon absorption profile, photon detection probability (PDP), single-photon
avalanche diode (SPAD).

I. INTRODUCTION

DUE to the high sensitivity down to a single photon and
the CMOS realization, single-photon avalanche diodes

(SPADs) have become attractive candidates in different optical
detection applications such as quantum cryptography, fluores-
cence microscopy, time-of-flight sensors and optical wireless
communication [1]–[6]. The SPAD operation can be thought
as a simple diode which is reversely biased above its avalanche
breakdown voltage and, therefore, an absorbed photon in the
depletion region can generate an electron-hole pair reaching a
multiplication region, where a strong electric field accelerates
the carriers to gain enough kinetic energy to create a self-
sustaining avalanche. The self-sustaining avalanche has to be
extinguished by reducing the reverse bias voltage to below the
breakdown by a quenching circuit. This circuit can be a simple
resistor (passive quenching) to drop the voltage or based on a
more complex circuitry where the avalanche is detected and
quenched (active quenching) [7], [8]. Then, in order to recover
(reset) the SPAD for the next detection, the reverse bias is
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raised again to a voltage level above the breakdown [9].
The key factor to determine the sensitivity of the SPAD

is called photon detection probability (PDP). In order to
characterize the PDP, its dependency on different optical and
electrical parameters including the wavelength and angular
deviation from the surface normal of the incident light as well
as the biasing condition has to be taken into account. Recently,
a physics-motivated modeling and simulation approach has
been presented to characterize the PDP based on the param-
eterization of the avalanche triggering probability throughout
the silicon [10]–[15]. As the avalanche triggering probability
strongly depends on the position (depth) of the electron-
hole generation inside the silicon, the accurate determination
of photon absorption profile is necessary. This is especially
important, when an anti-reflection coating layer is not available
as it is the case with many CMOS process technologies.

Unfortunately, this effect has been ignored in the above-
mentioned model and, as it is shown in this paper, due to
the formation of a standing wave in different layers above
the silicon, the optical transmission into the silicon and the
PDP spectrum of the SPAD show a strong dependency on
the wavelength as well as the angular deviation from the
surface normal of the incident light. In contrast to [16],
where we investigated a high-voltage CMOS process, in this
paper, we extend the approach of [11]–[14] and apply it to a
standard CMOS process to obtain a comprehensive PDP model
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which carefully combines optical and electrical simulations
and captures the complex dependencies of PDP to wavelength,
excess bias, and light incident angle. In order to verify our
model, spectral and excess bias dependencies of the PDP
for a SPAD with n+/p-well structure (Fig. 1) is calculated
and compared with measured results. The presented approach
enables precise device characterization and provides insight
into geometrical, wavelength and voltage bias dependencies
of the PDP as a key design parameter to achieve further
improvements in SPAD-based applications.

The reminder of the paper is organized as follows. Sec. II
describes the SPAD structure and our measurement setup.
In Sec. III we explain the basis of the PDP modeling and
afterwards we present our approach to achieve a comprehen-
sive model. In Sec. IV our results are discussed and in the
following, we verify our model by comparing the simulation
results with the experimental results. Finally, the paper is
concluded in Sec. V.

II. DEVICE DESCRIPTION AND MEASUREMENT SETUP

A. SPAD Structure

Fig. 1 shows the cross section of the SPAD structure
fabricated in a 0.35 µm OPTO-ASIC CMOS process which
consists of a thick low-doped absorption region (p- epi) and a
multiplication zone formed at the n+/p-well junction. In this
technology an anti-reflection coating layer is not available and
the active area is coated by a thick inter metal level oxide
and passivation stacks. When the device is exposed to light,
photons will reach the silicon surface after passing through the
isolation and passivation stacks. Due to the difference between
refractive index of these different layers, a portion of the total
photons is reflected at each interface. Therefore, it is expected
that standing waves are formed in both isolation and passiva-
tion stack as a result of interference between transmitted and
reflected waves traveling in opposite directions.

Furthermore, when the device is biased beyond the break-
down voltage (i. e. an excess bias is applied) the whole
absorption region is depleted and a strong electric field is
formed in the multiplication zone. This remarkably increases

Fig. 1: Schematic cross section of the n+/p-well CMOS SPAD
(not to scale). Here, θ0 denotes the angular deviation of the
incident light from the surface normal and x indicates the depth
inside the silicon.

the thickness of the drift region where photons should be
absorbed [17]. To avoid premature edge breakdown, the p-
well is formed to be smaller than the n+ region and also an
n-well is formed at the edge of the n+ region.

B. PDP Measurement
The photon detection probability can be experimentally ob-

tained as the ratio of the detected photons to the total number
of impinging photons measured using a (calibrated) reference
detector. One should note that an avalanche might be triggered
without a photon being absorbed, but through the intrinsic
SPAD parasitic mechanisms including the thermal generation
of carriers (dark-count) or the release of trapped carriers (so-
called after-pulsing). Therefore, the avalanche counts that are
caused by the parasitics are excluded using the following
equation:

PDP =
( number of counts

1−number of counts.tdead
− ndark)× (1− pap)

Number of incident photons
, (1)

where ndark is the dark-count rate and pap is the after-
pulsing probability, which are obtained using the method
presented in [18]. Eq. (1) includes the pile-up effect which
is around 1% at the dead time (tdead) of 9 ns. Here, to count
the avalanche detection events, we used a National Instruments
PXI system coupled with LabView in presence of the light flux
of 5 × 106 photons/second on the SPAD with an active area
diameter of 80 µm through a 62.5 µm multimode fiber coupled
with a monochromator which swept the wavelength from 450
nm to 850 nm by steps of 1 nm. Because the diameter of the
fiber (light source) is smaller than the diameter of the active
area and it is placed by a distance of around 10 µm above
the detector surface, the total light is illuminated within the
active area and all incident photons have the chance to trigger
an avalanche event. Accordingly, the PDP is calculated with
respect to the total number of photons which means that the
fill factor is equal to one. As a result, the PDP definition
translates into the photon detection efficiency (PDE). It is
worth mentioning that, in order to quench/reset the SPAD,
a fast active quench/reset circuit with a dead time of 9 ns
is used. Furthermore, the optical power is set well below the
limit where any saturation or pile-up effect is observed. In
other words, the average inter-arrival time is more than one
order of magnitude longer than the detector dead-time.

III. PDP MODELING APPROACH

A. Background
As it was mentioned before, due to a non-zero reflection,

not every incident photon is transmitted into the silicon.
Furthermore, not every transmitted photon generates electron-
hole pairs in an area where the carriers can initiate a self-
sustaining avalanche event. In fact, the avalanche triggering
probability (Pav), defined as the probability that a photo-
generated electron-hole pair initiates an avalanche event, is a
function of the absorption depth (x) (i. e. the electric field) and
the diffusion length of carriers (Le, Lh) as they may recombine
before reaching the multiplication regions.
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Accordingly, in a one-dimensional fashion along x (i. e. in
the center of the device and across the area covered by the
multiplication regions, where the electric field is vertical), the
PDP is estimated as a function of two (independent) factors,
the photon absorption probability (Pab) and the avalanche
triggering probability (Pav) given as

PDP(λ, θ0, Vex) =

∫ xsub

0

Pab(λ, θ0, x)×Pav(Vex, x)dx, (2)

where xsub denotes the deepest point in the silicon substrate
which is in the order of a few hundred micrometers (set to 350
µm in our simulation). Both Pab and Pav strongly depend
on x. Furthermore, as is explained later, Pab(λ, θ0, x) is a
function of the wavelength (λ) and the angular deviation of
the incident light from the surface normal (θ0) and Pav(Vex, x)
is a function of the excess bias voltage (Vex) which is defined
as the difference between the applied reverse bias and the
breakdown voltage.

Due to the structural symmetry (Fig. 1) and based on the
fact that, the device diameter (80 µm) is around two orders of
magnitude larger than the wavelengths of the light, both Pab

and Pav show strong dependencies on x but negligible varia-
tions in the other directions. Therefore, if we accurately obtain
these two probabilities (as a function of x), the calculation
of PDP reduces to a one-dimensional numerical integration
problem which we have implemented in MATLAB.

Fig. 2 shows the flow chart of the presented methodology
for modeling the PDP. It can be seen that Pav(Vex, x) and
Pab(λ, θ0, x) are extracted from TCAD and optical simulation,
respectively to be used in Eq. 2. In TCAD simulation, the
structure is defined based on the SPAD’s layout and the
PDK information as well as the doping profiles provided by
the foundry. In order to simulate the device accurately and
consider all physical effects, appropriate models for impact
ionization, generation-recombination, and mobility have to be
selected. In addition, a calibration of the impact ionization
parameters is required to achieve a good fit to the measured
data.

The optical simulation includes the definition of the light
source, the boundary conditions, and the known optical and
structural properties of the device (e.g. the silicon, oxide,
and air refractive indexes) as well as a calibration of the
optical properties of the isolation and passivation layers. Such
calibration is necessary to achieve accurate optical simulation
results, due to the lack of important technology information
(e.g. the exact values of the isolation thickness or the refractive
index of the passivation layers) that are not covered within the
information provided by the foundry.

B. Optical Simulations

In order to obtain Pab(λ, θ0, x), we propose to perform
electromagnetic simulations as accurate calculation of the
photon transmission and the absorption profile are essential.
Accordingly, by considering the light as a wave, we can esti-
mate its transmission properties at any wavelength to calculate
the amount of light intensity inside the silicon. This amount
divided by the total incident light intensity, is equivalent to the

portion of the light entering the silicon and, when the light is
considered as a photon, corresponds to the probability that a
photon is transmitted into the silicon. Similarly, by taking the
absorption coefficient of the silicon into account and obtaining
the absorption profile of the light inside the silicon based on
electromagnetic simulations, the photon absorption probability
distribution can be obtained as a function of x.

Here, as the diameter of the active area is large enough
compared to the wavelength, one can consider the light as a
plane wave propagating along the x axis and having a uniform
amplitude on any plane parallel to the active area (i.e. the
silicon interface). This is a simplifying assumption to estimate
Pab(λ, θ0, x) as the photon absorption probability distribution
multiplied by the probability that a photon is transmitted into
the silicon at any λ and θ0.

As it was explained before, the presented modeling ap-
proach includes a calibration of the optical properties of the
isolation and passivation layers serving as degrees of freedom
which, to a certain extent, can compensate the effect of any
further assumption with respect to the exact light source
properties and still provide a good agreement between model
and experimental data. For example, it can be shown that if the
effect of a non-zero beam angle of the light source is taken into
account in the optical simulation, a good agreement between
model and experimental data is still achievable by adjusting
the properties of the isolation and passivation layers.

Furthermore, we should highlight that, due to the high
sensitivity of the SPAD device (at single photon level) and
in order to avoid the detector saturation due to the pile-up
effect, the SPAD is usually exposed to a very low optical
power in its functional application mode. Therefore, at such
a low optical power with countable photons, the interference
between several waves or wave packets is less significant as
compared to that of a single (monochromatic) wave with itself.
Accordingly, the assumption of a monochromatic wavelength
to estimate the transmission probabilities of a single photon
seems justified.

C. TCAD Simulations
In the case that a photon is absorbed in the depletion

region, the generated electron and hole are promptly separated

Fig. 2: Flow chart of the PDP modeling procedure.
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(drifting in opposite directions) by the electric field and
the minority carrier is accelerated towards the multiplication
region. When the photon is absorbed in a neutral region, the
generated carriers may result in an avalanche only if they dif-
fuse into the depletion region. As not every carrier can diffuse
into the depletion zone, one should take the recombination
probability into account to obtain the total avalanche triggering
probability. Consequently, depending on the absorption depth
(x), an avalanche may be triggered either by a generated
electron or a hole. The total avalanche triggering probability,
therefore, can be obtained in accordance with the probabilities
that an electron or a hole may trigger an avalanche event as
two independent events. As a result, Pav corresponds to the
probability of an inclusive event and is given by

Pav(Vex, x) = [Pe(Vex, x) + Ph(Vex, x)− Pe(Vex, x)×
Ph(Vex, x)]× Pdiff(x). (3)

Here, Pdiff(x) is the probability that a photo-generated minor-
ity carrier diffuses into the depletion region through the neutral
region. This term is equal to 1 when x is in the depletion region
and Pdiff(x) is obtained by the following equation when x
is in the neutral regions. It is worth mentioning that, unlike
the common appellation that defines the avlanche probability
only in the multiplication region and consider it as null
elsewhere, here the total avalanche probability (Pav) represents
an effective value that takes the avalanche probabilities of the
diffused and drifted carriers which are generated outside the
multiplication region into account.

Pdiff(x) =

{
e
−(

w1−x
Lh

) neutral n-type (above),

e−(
x−w2
Le

) neutral p-type (below),
(4)

where Lh (Le) represents the diffusion length of the holes
(electrons) and w1 (w2) corresponds to the top (bottom)
boundary of the neutral regions to the depletion zone.

Now, under a certain excess bias voltage, Pe(Vex, x) and
Ph(Vex, x) are obtained by solving a set of two coupled
equations [19] given by

∂Pe

∂x
= (1− Pe)γe(Pe + Ph − PePh),

∂Ph

∂x
= (1− Ph)γh(Pe + Ph − PePh).

(5)

Here, γe and γh denote the electron and hole impact ionization
coefficients, respectively.

These two parameters justify the strong dependency of the
avalanche probabilities on the excess bias and are obtained
by performing TCAD simulations as is explained in the
next section. In the following, we discuss how the above-
mentioned modeling and simulation considerations are applied
and compare the obtained results with the experimental data.

IV. RESULTS AND DISCUSSION

A. Optical Considerations
Fig. 3 shows the measured PDP spectrum (dotted curve)

using the SPAD structure and the approach explained in Sec.II.
The wavelength-dependent fluctuations of the PDP are due

to the formation of standing waves in the isolation and the
passivation layers above the silicon which, to the best of our
knowledge, has been ignored in the previously presented PDP
modeling efforts [11]–[14]. We believe that this effect needs a
careful consideration as it is expected to arise in SPAD devices
implemented in standard CMOS technologies, where an anti-
reflection coating is usually not available.

By a closer look into the measured spectrum, we observe
an envelope over the main (faster) fluctuations with λ. Intu-
itively, this can be considered as the presence of two standing
waves formed in the isolation (i. e. intermediate) and the
passivation layers, where the faster fluctuation corresponds
to the standing wave in the (thicker) isolation layer and the
envelope corresponds to the standing wave in the passivation
layer with an optical thickness of around one-tenth of the
isolation layer. In fact, as in a thicker layer a larger number of
nodes and antinodes (i. e. λ/2 fractions) of a standing wave are
formed, a change in λ accumulates over all these fractions and,
therefore, it shows a higher fluctuation rate in the spectrum.
As a result, when the thickness of a layer is much smaller, its
corresponding fluctuation is observed as an envelope of the
faster fluctuations.

To better understand this effect and provide more accurate
PDP modeling results, electromagnetic simulation was per-
formed using the CST Microwave Studio simulation tool [20].
The obtained results regarding the optical transmission as a
function of λ and based on the SPAD structure (Fig. 1) and
accurate PDK information provided by the foundry is shown
in Fig. 3. This result proves that the fluctuations in the PDP
spectrum are due to the λ-dependent reflection/transmission of
the photons and accurate calculation of the photon absorption
probability is possible only when this effect is accounted for.

Indeed, as it was explained before, when the photon-
transmission and the photon absorption profile inside the
silicon are accurately represented, Pab can be obtained by
multiplying these values. The photon absorption profile is
usually simply estimated by α.exp(−αx), where α denotes the
absorption coefficient and is a function of λ. A more accurate
calculation of photon absorption profile can be determined
as the normalized light intensity obtained by electromagnetic
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Fig. 3: The optical transmission into the silicon (simulated
at θ0 = 0) and the measured PDP spectrum (at θ0 = 0 and
Vex = 6.6 V ).
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Fig. 4: Normalized light intensity as a function of depth x for
three different values of λ at θ0 = 0.

simulations as is shown in Fig. 4.
It is interesting to note that the profile does not exactly

follow an exponential decay which is the expected behavior
for the absorption profile inside the silicon [12]–[14]. We
believe that the interference observed below the surface of
the silicon (close to (x = 0) is due to the penetration of the
standing wave formed in the isolation layer into the silicon.
In fact, the absorption profile inside the silicon is different
from an exponential decay starting at the surface (x=0), as
the boundary condition at the silicon surface is different from
an interface of two materials extended to infinity from the
other side. Therefore, the interference between waves reflected
back and forth in the isolation layer penetrates into the silicon
and affects the absorption profile inside the silicon where the
exponential decay is shifted away from the silicon surface by
∼200 nm.

In order to calculate the PDP accurately, one should take this
interference effect into account especially as in the CMOS-
implemented SPADs the multiplication zone is very shallow
and close to the surface. Additionally, at shorter wavelengths

TABLE I: Summary of the parameters used in the TCAD
simulation performed by ATLAS and the extracted boundaries
of the depleted zone to be use in Eq. 3 at an excess bias voltage
of 6.6 V.

Parameter Discription Value

an 7.03× 105 1/cm

En crit

Impact ionization constant

for electron [21] 1.231× 106 V/cm

ap 1.58× 106 1/cm

Ep crit

Impact ionization constants

for hole [21] 2.036× 106 V/cm

V br Breakdown voltage 25 V

taun Electron life time 200 µs

taup Hole life time 200 µs

Le Electron diffusion length 270 µm

Lh Hole diffusion length 90 µm

W1 Top boundary of depleted region 220 nm

W2 Bottom boundary of depleted region 12.5 µm

a significant portion of arriving photons are absorbed close to
the surface inside the silicon. For instance, at λ from ∼400 nm
to 500 nm around half of the transmitted photons are absorbed
within the depth range x =0 to 200 nm.

B. Electrical Considerations

In order to obtain the avalanche triggering probability
required in Eq. 1, we need to perform TCAD simulations.
More specifically, the impact ionization coefficients (Eq. 5) as
a function of x and the two-dimensional electric field (to obtain
E(x) for all possible incidence angles) has to be calculated
using TCAD simulations to estimate the electron and hole
avalanche triggering probabilities to be used in Eq. 2. The
key parameters and the corresponding values that are used in
the simulations are shown in Table I.

Fig. 5a shows a two-dimensional plot of the electric field at
an excess bias voltage of 6.6 V simulated using the Geiger-
mode device simulation feature of SILVACO Atlas [22]. The
boundaries of depleted region are obtained and indicated to
distinguish the neutral regions and the depletion zone. The
dimensions of the depleted region strongly depend on the
applied reverse bias and this effect is much more observable
at voltages below the breakdown where the device is not fully

Fig. 5: (a) Simulated 2D electric field and the depletion region
boundaries of the n+/p-well CMOS SPAD at Vex= 6.6 V in
logarithmic scale. (b) Electron and hole avalanche triggering
probability distributions for excess biases of 3.3 V and 6.6 V
at θ0 = 0.

Authorized licensed use limited to: TU Wien Bibliothek. Downloaded on February 09,2021 at 16:28:20 UTC from IEEE Xplore.  Restrictions apply. 



1530-437X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2021.3051365, IEEE Sensors
Journal

6 IEEE SENSORS JOURNAL, VOL. XX, NO. XX, XXXX 2020

depleted (down to the substrate). However, for reverse biases
higher than a specific level, the device enters full depletion,
which means that the increase of the reverse bias will have a
small effect on w1 and w2 in the range of nanometer.

Fig. 5b shows the electron, hole, and effective (total)
avalanche triggering probability distributions as a function of
x for different excess bias voltages. Although the avalanche
process happens only in the multiplication region, a carrier
generated outside this region can reach the multiplication
region and result in an avalanche event. Therefore, below the
multiplication zone and inside the depletion region, Pav(x) is
equal to Pe(x) and shows a constant value. This is due to
the fact that an electron generated at any x in this region,
will pass across the whole multiplication region to reach the
cathode through n+. In addition, the effect of recombination
in this region is negligible due to a strong drift of the carriers
with opposite directions for electrons and holes. On the other
hand, when the electron is generated above the multiplication
region, it is transferred towards the cathode without flowing
through the multiplication region and, thus, Pe is equal to zero
close to the silicon surface.

It is clear that for electrons generated inside the multipli-
cation region, Pe increases with x from zero to a maximum
value. A similar argument applies to the holes but in a reverse
manner with x, as the holes are transferred towards the anode.
Due to a smaller impact ionization coefficient associated with
the holes compared to that of the electrons, the maximum value
of Ph is smaller than the maximum Pe. It is expected that by
increasing the excess bias, a stronger electric field is applied
across the multiplication region and therefore, both electron
and hole impact ionization rates (γe and γh) are increased. As
a result, both avalanche triggering probabilities (Pe and Ph)
are increased for Vex=6.6 V as shown in Fig. 5b.

It is important to note that the neutral regions outside the
depleted region (equivalent to the region x < 0.2 µm and
the region 12.5 µm < x < xsub), a photo-generated minority
carrier diffuses into the depletion region with a probability
calculated by Eq. 4, and then is accelerated towards the
multiplication zone to trigger an avalanche event. Therefore,
a photon absorbed in a neutral region has a chance to make
a contribution to the effective avalanche probability Pav as is
shown in Fig. 5b.

By now, we have a rather clear understanding of how
likely the generated carriers will trigger avalanche events in
different regions inside the silicon at different biasing levels.
To provide further insight, Fig. 6 shows the normilized photon
absorption probabilities corresponding to different regions as
a function of wavelength. It demonstrates that only at shorter
wavelengths (λ < 500 nm) a considerable portion of the
transmitted photons are absorbed in the neutral region above
the depletion region, while over the rest of the spectrum,
photons are majorly absorbed in the depletion region. One
should note that here the values are normalized to the total
absorption at each wavelength and thus, the sum of relative
absorptions is equal to 100 % at each wavelength. In fact, this
figure only compares the contributions of different regions to
the total absorption for each specific wavelength to emphasize
the relative absorptions in the neutral regions for shorter and

450 500 550 600 650 700 750 800 850

0

20

40

60

80

100

N
o
rm

al
iz

ed
 a

b
so

rp
ti

o
n
 (

%
)

Fig. 6: Normalized contribution of upper neutral, depletion,
and lower neutral regions to the photon absorption probabili-
ties as a function of wavelength (θ0 = 0).

longer wavelengths.
A quick observation of Fig. 5b and Fig. 6 reveals that

at shorter wavelengths the PDP of our SPAD structure is
mainly determined by holes generated close to the surface
and, therefore, a lower PDP is expected as compared to higher
wavelengths as the maximum avalanche triggering probability
of electrons is about three times more than that of the holes. In
the following, we present the PDP measurement and modeling
results where the validity of the presented modeling approach
can be inspected.

C. Verification of the Results
In order to verify our simulation and modeling results from

the optical point of view, we calculate the PDP as a function
of wavelength and compare the result with our measurement
data. In fact, for a specific λ, it is possible that, for different
assumptions over the thickness of the intermediate layers as
well as the effective refractive index of the silicon nitride based
passivation layer, the calculated optical transmission results in
a good fit between the simulation and the experimental data.
However, when we sweep λ, the modeling and simulation
result can fit the experimental data only when the estimation
approach is efficient and these assumptions are physically
reasonable.

450 500 550 600 650 700 750 800 850

0

0.1

0.2

0.3

0.4

Fig. 7: Measured and simulated photon detection probability
as a function of λ (θ0 = 0).
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Fig. 7 depicts this verification approach by comparing the
calculated and the measured spectrum for two different values
of the excess bias. This demonstrates the effectiveness of the
applied approach and these assumptions over the parameters
of the intermediate layers in the CMOS technology. Unfortu-
nately, we are not allowed to provide more technology details
that are considered as confidential. It is worth mentioning that
the PDP spectra at different excess bias voltages show the
same dependency on the wavelength as varying the applied
voltage only affects the avalanche probability but not the
optical absorption (i. e. the photon transmission) probability.

From the electrical point of view, one can inspect the valid-
ity of the modeling approach by sweeping the applied excess
bias voltage on the SPAD device. In fact, at a given biasing, it
is possible that different assumptions over the doping profiles
and the parameters used for TCAD simulation (Table I), the
calculated avalanche triggering probability and accordingly,
the estimated PDP show a good fit to the experimental results.
Nevertheless, if the biasing is varied, a good match between
the modeling and the experimental data can be achieved when
the applied approach and the underlying assumptions over the
device characteristics happen to be valid.

Fig. 8a compares the obtained PDP based on the previously
discussed modeling and measurement approaches as a function
of the excess bias voltage for different wavelengths. It is
clear that due to the increase of the avalanche triggering
probabilities with the excess bias, the PDP is increased for
higher voltages. The obtained result proves that, above a
specific threshold (∼2 V), the PDP shows a linear increase
with the excess bias. This is consistent with the fact that the
strength of the electric field in the multiplication zone shows a
linear increment with the voltage level. Furthermore, according
to our simulation results for the studied structure, the thickness
of the depleted region shows a negligible variation with the
voltage changes above breakdown. Otherwise, the PDP may
exhibit an increase rate faster than linear.

At a first glance, Fig. 8a shows different increase rates
corresponding to different wavelengths. However, if we plot
the normalized PDP values as is shown in Fig. 8b, it becomes
clear that the behavior of the PDP as a function of the excess
bias is independent of the wavelength. It is worth mentioning
that, at each wavelength, the PDP is normalized to its value
at an excess bias of 7 volt.

It is important to note that below a specific excess bias
voltage (here ∼2 V), the experimental measurement of the
PDP is significantly affected by the readout sensitivity of the
electronic circuit which is not considered in the presented
modeling and simulation approach. In fact, we believe that due
to the random nature of the avalanche process and depending
on the readout sensitivity, there is a specific excess bias
level below which, some of the detection (i. e. avalanche)
events are not counted (distinguished) by the readout circuitry
as (randomly) the amount of the avalanche-generated charge
falls below a specific amount. However, when the excess
bias is higher than this specific value, there is a negligible
change to have such weak avalanche events which cannot be
distinguished and, therefore, the experimental measurement
of the PDP is not affected by the readout sensitivity of
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Fig. 8: The obtained (a) and normalized (b) PDP based on
experiment and simulation (dashed lines) data as a function of
excess bias at different wavelengths (θ0 = 0).

electronics.

D. Further Discussions

In order to highlight the advantages of the presented mod-
eling and simulation approach, Fig. 9a shows the dependency
of the PDP to the angular deviation of the incident light (θ0)
for two different wavelengths which correspond to a local
PDP maximum (637 nm) and minimum (630 nm) in the
PDP spectrum (Fig. 3). In general, the avalanche probability
is independent of θ0. However, the absorption probability
changes with θ0 mainly as the photon transmission (reflection)
is a function of θ0 as is shown in Fig. 9a. Furthermore, due
to the fact that a non-zero θ0 results in a non-zero deviation
from the surface normal inside the silicon (shown as θSi in
Fig. 9b), the absorption profile in the silicon (e.g. Fig. 4) is
affected as, at a given x, the light takes a longer trajectory
(by a factor of 1/cos(θSi)) for an increased θSi. Therefore, we
expect that the average absorption depth is decreased when θSi

is increased. However, according to our simulation results, this
has a negligible effect on the PDP as θSi is much smaller than
θ0 due to the high refractive index of the silicon. For example,
even for θ0 = 60◦ the light trajectory (i.e. the absorption
depth) is scaled by a factor of 1.03.

According to Fig. 9, the PDP deceases with increasing θ0 as
the reflection will increase and less photons reach the silicon.
Nevertheless, the PDP curves exhibit θ0-dependent fluctuations
where the two curves show a reverse behavior increasing θ0

from zero. In fact, at the beginning (0 < θ0 < 10◦), the
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curve corresponding to the maximum (minimum) decreases
(increases) with θ0.

Intuitively, from the optical point of view, the increase of
θ0 at a fixed λ (Fig. 9a) is equivalent to the decrease of λ
at θ0 = 0 (Fig. 3) as at a higher deviation of the incidence
angle from the surface normal the light sees a longer trajectory
inside the intermediate layers. More clearly, the increase of the
length of the trajectory has a similar effect as the decrease of
λ on the formation of a standing wave. Therefore, the PDP
behavior shown in Fig. 9a can be understood by referring to
the PDP spectrum (Fig. 3), where by decreasing λ (going to
the left), the PDP decreases with λ if the starting point is
λ =637 nm while it increases if the observation start from
λ =630 nm.

The θ0-dependent characterization of the PDP is mostly
motivated by practical detector design and applications, where
the maximum detection angle corresponding to a minimum
acceptable PDP is a critical parameter (e. g. optical wireless
communication [23]). However, this can be very difficult or
time consuming to conduct experimentally and, therefore, the
application of a verified and reliable modeling and simula-
tion approach as is presented here can be very helpful to
provide insight into the detector performance. In the end, we
believe that the presented flow (as shown in Fig. 2) covers a
comprehensive PDP modeling procedure as it includes both
optical and TCAD aspects and may be extended to other
SPAD structures by adopting the TCAD and/or the optical
simulation accordingly. For example, a similar procedure can
be followed to study the PDP characteristics of backside illu-
minated (BSI) SPADs where optical simulation is adopted to
accurately capture the photon absorption probability. However,
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Fig. 9: (a) The optical transmission and the PDP as a function
of θ0 at Vex = 6.6 V. (b) Angular deviation of the light in the
silicon from the surface normal (θSi) according to θ0.

for SPAD technologies with small pixel pitches (e.g. large
SPAD array), where the fill factor plays an important role in
the photon detection properties of the device, an extension of
the numerical integration in accordance with Eq. 2 to a two-
dimensional integral seems necessary. Such extension could
be a challenging and interesting topic for further research.

V. CONCLUSION

A comprehensive model is presented to characterize the
PDP performance of a CMOS-implemented SPAD structure.
It is shown that due to the presence of a standing wave effect
and the complex dependency of the PDP on different optical
and electrical parameters, an accurate modeling and simulation
approach is necessary. This is more critical when an anti-
reflection coating is not available and can be the case in many
CMOS technologies. The validity of the presented approach is
demonstrated by achieving an excellent consistency between
the simulation and experimental measurement results. The pre-
sented approach can be used for accurate PDP characterization
and proves useful to considerably reduce the effort required
for experimental-based characterization and optimization in
different CMOS SPAD applications.
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