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Abstract— Dark count rate (DCR) degradation is measured
on 40-nm 2-D and stacked CMOS single-photon avalanche
diodes (SPADs) after proton irradiations. Mean DCR increase
is plotted for different displacement damage doses (DDDs) for
two biasing conditions. Due to field enhancement effects such
as Poole–Frenkel and phonon-assisted-tunneling (PAT), non-
ionizing energy loss (NIEL) scaling is found to be dependent
on the excess bias. Moreover, the associated damage factors
are higher compared to pixels with unity gain photodiodes.
A model predicting DCR increase with DDD based on field
enhancement factor equations and damage energy deposited by
the proton-induced recoil spectrum is established and fits well
with experimental data. Finally, activation energies are extracted:
low values between 25 ◦C and 60 ◦C confirm the domination of
field effects over thermal generation. Furthermore, large energy
discrepancies seen at a fixed DCR increase are suggesting that
defect structures could also have an impact on DCR distributions.

Index Terms— CMOS, dark count rate (DCR), displacement
damage dose (DDD), non-ionizing energy loss (NIEL), proton,
radiation, single-photon avalanche diode (SPAD), stacking, ther-
mal activation energy.

I. INTRODUCTION

S INGLE photon sensitivity and high timing resolution
abilities, achievable with single-photon avalanche diodes

(SPADs), have found several applications for space missions,
such as time-of-flight (ToF) and 3-D imaging using LiDARs or
Gamma detection with a scintillating fiber [1]. Moreover, the
NewSpace trend has broadened the accessibility to space for
industrials and university laboratory, implying lower mission
costs and the use of commercial-off-the-shelf (COTS) CMOS
devices [2]. They bring the advantage of large array integration
coupled to advanced technology nodes. It also allows active
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quenching circuit (AQS) integration that reduces SPAD dead
time to tenth of nanoseconds. Finally, efforts have been made
toward higher fill factor (FF) with stacking techniques [3].
However, COTS SPADs sometimes suffer from lower per-
formances [4] and a weaker radiation hardness than custom
processes. Therefore, it is important to predict and quantify
the effect of a space radiation environment on that kind of
device by means of particle irradiation tests.

Numerous studies related to radiation damages on
2-D SPADs exist, from total ionizing dose (TID) effects with
X-ray irradiations [5] to displacement damage dose (DDD)
effects with alpha particles, neutrons [5], [6] or protons [7]. For
all types of incident particles, the main parameter monitored
is the dark count rate (DCR) degradation before, during, and
after irradiation. While TID induces small DCR changes [5]
thanks to optimal isolation of the depletion volume from
shallow trench isolation (STI) in CMOS technology, DDD-
induced bulk damages (mainly clusters of defects for neutrons
and high energy protons; mainly point defects for low-energy
protons and alpha particles) increase the DCR by one to several
decades, leading to out-of-specification devices. In some cases
[6], [8], DCR can exhibit random telegraph signal (RTS)
behavior that could be explained by the presence of defect
clusters with metastable configurations [9]. However, origins
and characteristics of RTS are still under study.

In this work, proton irradiations were performed on silicon
based 2-D SPAD arrays and R&D stacked SPADs using a
62-MeV proton beam. Fluences between 2.0 × 1010 and
1.6 × 1011 p/cm2 were reached. Unlike previous work, the
effect of excess bias during irradiation for 2-D SPADs is
studied. An analytical model is established to predict the
DCR increase with the DDD. Moreover, activation energy
distributions are presented and allow us to link a specific DCR
increase to a main carrier generation mechanism. Finally, first
insight into the behavior of SPADs implemented in stacking
structures to proton irradiations are given.

II. EXPERIMENTAL DESCRIPTION

A. Device Description

2-D and stacked SPADs manufactured in a 40-nm CMOS
technology were irradiated with protons. 2-D samples consist
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Fig. 1. (a) Schematic cross section of the 2-D SPAD used in this work.
(b) Stacking structure.

of 30 × 30 squared SPADs with a 5 × 5 µm2 active area.
The pixel pitch is 7.8 µm. A cross section of the diode is
given in Fig. 1(a). An integrated quenching transistor stops
the avalanche and then resets the SPAD. Next, a NAND
function senses the voltage drop across the photodiode and
a counter scores the number of triggering events Ne during
the integration time τi . The number of counts per second
(cps) is thus deduced by dividing Ne by τi (in seconds).
We took τi = 1 s to have a good DCR estimation for
low DCR pixels (less than 100 cps). These devices have
a breakdown voltage around VBD = 14 V. More details
about 2-D SPAD performances and pixel circuitry are given
in [6] and [10].

R&D stacked chips studied in this article embedded four
SPADs implemented on a top layer bounded to another one
containing the pixel circuitry. A total of 32 stacked SPADs
were irradiated. There is also a passive quenching stopping
the impact ionization process with an inverter sensing the
voltage pulse. This passive circuitry is different from the
2-D SPAD one. The advantages brought by these structures

TABLE I
DETAILED DESIGN OF EXPERIMENTS

Fig. 2. Setup for 2-D SPAD active irradiations.

are an improved FF, the integration of more functionalities
and the possibility to manufacture larger arrays with layout
optimization [11]. The stacking technique is presented in
Fig. 1(b).

B. Irradiation Setup

The 62-MeV proton beam was used at Université Catholique
de Louvain (UCL) in Belgium. Table I summarizes the
design of experiments. Two samples were irradiated actively
(meaning that a bias was applied during irradiations): VHV0
represents the addition of the breakdown voltage with the
CMOS logic level (0.6 V) required by the NAND gate to
sense a pulse. The maximum TID (SiO2) reached by these
irradiations, calculated using SRIM tool for linear energy
transfer (LET) estimations, is less than 35 krad (SiO2). It is
well known that CMOS SPADs are not sensitive to TID up
to the Mrad (SiO2) range [6]: it can thus be assumed that
ionizing effects are negligible and only the DDD affects the
SPAD behavior. The setup used for active irradiations on
2-D SPADs is presented in Fig. 2: chips are supplied by a
first board connected to an FPGA, allowing communications
between SPADs and a computer located outside the radiation
chamber. Dark conditions for DCR measurements during
irradiations are ensured by screwing a 5-mm rigid polyvinyl



chloride (PVC) to the supply board. It decreases the energy
of the protons impacting the SPAD sensitive area to 56 MeV
(calculated using SRIM tool). Finally, passive irradiations (bias
voltage = 0 V) were also performed.

III. DCR INCREASE MODEL AND IRRADIATION RESULTS

A. DCR Increase Model

The purpose of the model is to predict the mean DCR
increase at different proton doses. It is based on the convo-
lution of SPAD electrical properties (extracted from electric
field profile data) with the distribution of the effective damage
energy deposited in the depletion region. In fact, for CMOS
image sensor pixels (CIS), with electric fields below 105 V/cm,
non-ionizing energy loss (NIEL) scaling phenomena has been
verified [11] and can relate a damage at the atomic level after
a particle collision to a specific dark current increase 1DC in
electrons per second (e−/s) [12]

1DC[e−/s] = K D ×
ED

ρSi
(1)

with K D the universal damage factor, ED the effective
deposited damage energy converted into displaced Si atoms,
and ρSi the silicon density. In the case of SPADs, the DCR
increase 1DCR is measured in avalanches or cps. How-
ever, a generated electron-hole pair has a certain probability
PTOT of triggering avalanches, which must be considered for
the computation of 1DCR. Furthermore, inside the SPAD
depletion region, the electric field strength is greater than
105 V/cm.: an electric field-enhanced carrier generation by
a factor EF compared to low field regime will thus impact
the DCR increase. Thereby, 1DCR can be retrieve based
on (1) by

1DC[e−/s] = EF × PTOT × K D ×
ED

ρSi
. (2)

Therefore, we need to determine PTOT and EF with the
electric field data for a fixed biasing condition on one hand,
and on the other hand simulate the distribution of ED . As the
model will be tested only for active irradiations, we use
a proton energy of 56 MeV. Moreover, electric fields and
proton damages will be considered only in SPAD space
charge regions (SCRs). This is justified by the lower impact
of areas outside the depletion region due to lower electric
fields.

First, the recoil energy spectrum induced by 56-MeV pro-
tons is estimated with the use of the GEANT 4 algorithm.
Nuclear elastic, nonelastic, and inelastic collisions are consid-
ered. Then, this spectrum is injected into the TIARA code
[13]. This algorithm can simulate each SPAD layer (from
metals to the silicon substrate) and introduces proton inter-
actions based on GEANT 4 database. Positions of collisions
between protons and first Si atoms are uniformly distributed
throughout the SCR. In fact, for 56-MeV protons, the energy
loss after crossing the depletion region is less than 1 MeV
and can be neglected. Each recoil is then followed, and the
deposited damage energy is computed along the trajectory
by considering the electronic loss (Lindhard partition). The

TIARA output gives the distribution of the deposited energy
E∗

D in the SCR. Nevertheless, this value is overestimated
compared to the energy effectively converted into displaced
atoms. It is due to numerous interactions depositing damage
energies which are below the threshold leading to a removal
of a Si atoms (between 15 and 21 eV [14]). We take this into
account by using TRIM tools that output the effective damage
energy ED deposited in the SCR giving rise to displacement
damages.

Second, the electric field F inside the SCR is simulated
using TCAD tools for fixed biasing conditions. First, these
data are used to determine the ionization coefficients αe,h

for electrons and holes. For each carrier, theses quantities
represent the number of electron-hole pairs created by impact
ionization per unit length. We use the van Overstraeten - de
Man model [15] which predicts an exponential evolution of
αe and αh (Chynoweth law [16])

αe,h(z) = γ × ae,h × exp
(

−
γ.be,h

F(z)

)
(3)

where z is the axis perpendicular to the junction and γ a
temperature dependent coefficient associated with phonons
interacting with charge carriers. ae,h and be,h are normalization
parameters depending on the type of carrier and the electric
field strength. Theses ionization coefficients are then injected
into the differential equations coupling the probability for
an electron or a hole Pe,h to trigger an avalanche after
drifting from the position z to the end of the avalanche
zone [17]


d Pe

dz
= −(1 − Pe) × αe × (Pe + Ph − Pe × Ph)

d Ph

dz
= (1 − Ph) × αh × (Pe + Ph − Pe × Ph)

(4)

considering z = 0 the p-doped side of the junction. The total
breakdown probability PTOT(z) is then deduced

PTOT(z) = Pe(z) + Ph(z) − Pe(z) × Ph(z). (5)

Finally, the enhancement factor EF is calculated by con-
sidering two high field effects: the Poole–Frenkel effect and
the phonon-assisted tunneling (PAT). In our model, we will
only consider the emission of an electron from a trap level to
the conduction band. The Poole–Frenkel effect corresponds
to the lowering of the barrier that an electron located in
a trap must overcome to be in the conduction band. Then,
PAT is the combination of electron thermal excitation (via
phonons) and the tunneling effect through the barrier. It is
thus coupled with the barrier lowering of the Poole–Frenkel
effect. These two field effects are summarized in Fig. 3. We use
the 3-D-coulombic well potential for the conduction band
deformation introduced by a defect. Vincent et al. [18] and
Martin et al. [19] give analytical solutions for the contribution



Fig. 3. Two field enhancement effects: the barrier lowering (Poole–Frenkel,
pink) and the PAT (gold).

to the total enhancement factor for both effects

EFPF =
1
2

+

1 +

(
1E

kB .T − 1
)

× exp
(

1E
kB .T

)
(

1E
kB .T

)2 (6)

EFPAT = 2 × π

×

∫ EC −ET
kB .T

1E(θ)

kB .T

[∫ π
2

0
exp

(
z′

− z′3/2

×

(
4.(2.m∗)1/2.(kB .T )3/2

3.h̄.F(z)

)

×

(
1−

(
1E(θ)

z.kB .T

)5/3
))

dz′

]
× sin(θ) dθ (7)

with kB the Boltzmann’s constant, T the temperature, EC the
conduction band energy, ET the trap energy, m∗ the effective
mass of carriers, h̄ the reduced Planck constant, and F the
local electric field. 1E(θ) is the barrier lowering depending
on the angle θ between the charge emission direction and the
electric field

1E(θ) =

(
q3

· F · cos(θ)

π · ϵ

)1/2

(8)

with ϵ the silicon permittivity. 1E in (6) and (7) corresponds
to 1E(0). We plot in Fig. 4 the expected total enhancement
factor EF (corresponding to EFPF +EFPAT). Electric fields out-
side the SCR tend to 104 V/cm, meaning that EF is around 1.
Therefore, it can be neglected compared to EF computed in
the SCR, where electric fields tends to 5 × 105 V/cm. Our
assumption made above of considering only proton damages
occurring in the depletion region is thus confirmed. Finally,
a Monte-Carlo algorithm is run to predict the DCR increase
using (2) for a given proton fluence. Indeed, the use of
GEANT 4 and TIARA code allow us to deduce the num-
ber λ of proton-Si collisions leading to a damage energy

Fig. 4. Total enhancement factor for a 3-D-coulombic well model for band
deformations.

deposition inside the SCR for any fluence. We assume a
Poisson distribution with a parameter λ for each pixel. Then,
as the collision probability inside the SCR was supposed to
be uniform over this region, a collision position following a
uniform distribution is simulated. This allows us to compute
the local value of PTOT and EF. Finally, we draw a deposited
damage energy ED following the distribution outputted by
GEANT4, TIARA, and TRIM. At this stage, the theoret-
ical DCR increase 1DCRtheo can be computed. However,
it must be compared to the experimental one 1DCRexp by
removing the contribution of coulombic nuclear interactions
which are not modeled here. According to [20] and [21],
coulombic interactions for protons contribute one third of
their total NIEL. Therefore, 1DCRtheo must be compared
to 0.67 × 1DCRexp.

B. NIEL Scaling and Damage Factors

One of the advantages brought by active irradiations is
that the mean DCR increase can be measured with time,
or equivalently with DDD, and NIEL scaling can be verified.
These two last quantities can be introduced in (2) by

21DCR = PTOT × EF × K D × VD × 9 × NIEL
= PTOT × EF × K D × VD × DDD (9)

with 9 the proton fluence in p/cm2, VD the depletion region
volume in cm3, NIEL in MeV · cm2

· g−1 depending on
particle type and energy, and DDD in MeV · g−1. We can
also define a pseudo damage factor K ∗

D

K ∗

D = PTOT × EF × K D (10)

with PTOT and EF the integration of PTOT and EF over the
depletion region. In Fig. 5, we plot the mean DCR increase
against DDD for both active irradiations made at different
excess biases. Gap between first points and their respective
linear fit is due to low statistics. In fact, only few pixels
were hit after first acquisitions, but the mean DCR increase is
measured across the whole matrix. Therefore, depending on



Fig. 5. DCR increase measured for different DDD (active irradiations).

Fig. 6. Comparison between experimental data and our model at 1 V above
VHV0.

where the proton collided in the SCR and on the associated
deposited energy ED , first points will be at different DCR
increases from one irradiation to another. To confirm this
statement, we expect large standard deviations for low DDD
points with our model but a linear trend if we average the
model over several runs.

The best linear fits have also been extracted in Fig. 5 for
both active irradiations to evaluate K ∗

D . As expected with the
fast increase of EF with the electric field and thus the excess
bias, K ∗

D is higher for 3 V above VHV0. Moreover, both factors
are consistent with [6] where K ∗

D is found to be equal to
(7 ± 2) × 107 cps/(MeV · g−1)/cm3 on the same chips
irradiated at 1.3-V excess bias with a large neutron spectrum.
In conventional photodiodes where electric field magnitudes
are below the threshold of 105 V/cm, pure Shockley-Read-
Hall (SRH) thermal generation is usually found. In this case,
the induced defects are independent of the voltage applied,
implying a universal damage factor K D that is also indepen-
dent of doping profiles.

In Fig. 6, our model is compared to experimental data at 1-V
excess bias. The model was run 20 times, and the average DCR

Fig. 7. Comparison between experimental data and our model at 1 V above
VHV0 for only one run of the model. Statistical behaviors (steps in DCR
increase) are also observed in the model.

Fig. 8. Comparison between experimental data and our model at 3 V
above VHV0.

increase for different DDD are computed. Standard deviations
are taken for each point to draw the error bars. We see that
our model fits very well with experimental data. As mentioned
before and verified with simulations, we see a large spread
around the mean for first points due to a very low number of
events per SPADs (<0.01) for 900 pixels. This can be verified
in Fig. 7, where the model was run only once: we notice
the same steps in DCR increase as seen in the experimental
data. In this simulation, low DDD points are also under the
linear fit.

Finally, we can also observe in Fig. 8 good results between
our model and the 3-V data. In this case, the model is a
bit underestimated compared to the fit, but some reasons can
be underlined: first the active irradiation was performed only
once. Thereby and as discussed before, discrepancies exist
for each data point, leading to uncertainties for the linear
fit. Moreover, at this excess bias, the gradient of the electric
field is very strong. This tends to weaken our approach of
computing the breakdown probability PTOT. Indeed, charge



Fig. 9. DCR cumulative histogram before and three weeks after passive
irradiation at a fluence of 8.0 × 1010 p/cm2. The histogram simulated with
our model is also present.

carriers travel a distance, the dead space, before having enough
energy to ionize along their path [22]. If the electric field
gradient is too high, there will be a delay (in the picosecond
scale) before the charge carrier gains or loses energy. This
dead space is not considered in our model, and the higher the
bias voltage, the higher the electric field gradient.

C. DCR Distributions

Fig. 9 displays DCR pre- and post-irradiation cumulative
histograms using the data measured on the passively irradiated
2-D SPAD array at 8.0 × 1010 p/cm2. DCR is measured
at 1-V excess bias. We also simulate a DCR distribution
with our model. First, the experimental histogram shows a
large distribution of the DCR. In fact, 60% of the SPADs
have a DCR between 103 and 107 cps. We can also note
that our model does not reproduce the experimental data
below 5 × 103 cps but fits well above. This is due to the
crosstalk near the hottest pixels [23]. For the 2-D SPADs used
in this study, this parameter is estimated at 1%. For example,
it means that a DCR of 104 cps is added at the vicinity of a
pixel at 106 cps. In the best case, it was thus expected that our
model would only fit the upper part of the histogram. Crosstalk
also explains why the experimental curve is near 0% for DCR
below 100 cps.

Data for stacked SPADs are displayed in Fig. 10. As for
2-D SPADs, we see a large variety of DCR increase induced
by proton impacts. For both SPAD structures, this spread in
DCR is due to the correlation of two parameters. The first
one is the complexity of defects, with the formation of small
or large clusters that will act as generation centers of carriers
[9]. In the same conditions (temperature and electric field),
a bigger cluster is likely to have a greater carrier generation
rate and will thus bring a higher DCR increase. There is also
a dependence on the induced trap energy inside the band gap.
According to SRH theory, the more this energy is close to mid-
gap, the higher the associated generation rate will be. Finally,
the second parameter is the position of the defect inside the

Fig. 10. Normalized DCR increase measured on passively irradiated stacked
SPAD up to 1.6 × 1011 p/cm2 (three weeks after irradiations). Results for
only 25 stacked SPADs over the 32 irradiated are plotted in the x-axis.

depletion region. A generation center located inside the SCR
but near the edge will induce a lower DCR increase than the
same defect located at the center of the depletion region at
fixed temperature. In fact, the higher electric field of the SCR
center will induce a higher amplification of the number of
dark counts through Poole–Frenkel effect and PAT than at
the edge where the electric field is weaker. If the defect is
located outside the SCR, the induce DCR will also be weaker
because only thermal effects will dominate (diffusion current).
At room temperature, at which irradiations were performed,
electric field effects induce a higher DCR degradation than
thermal effect for the same defect. Finally, as discussed in the
description of our model, PTOT and EF depend on the local
electric field strength.

D. Activation Energies Measured on 2-D and Stacked SPADs

In this paragraph, we focus on activation energies of proton-
induced defects. For pure thermal generation of electrons
or holes, this parameter links the generation rate of free
carriers (and thus the DCR of SPADs) with temperature
according to

USRH ∝ DCR ∝ exp
(

−
Ea

kB .T

)
(11)

with USRH the SRH generation rate of the defect in e − /s
and Ea its activation energy in eV. The lowest expected Ea

is related to mid-gap defects, with an experimental value of
0.63 eV for these defects [21]. However, when field effects
are at play, Ea is lowered [24]. Estimations using (6) and (7)
show that a lowering of several tenths of eV is expected for
SPADs.

In Fig. 11 mean activation energies before and after irradia-
tion for the 2-D SPAD array irradiated at 8.0 × 1010 p/cm2 are
plotted. Ea are extracted between 25 ◦C and 45 ◦C and are
displayed for different excess biases Vex. We see a general
trend, with defect activation energy decreasing for high DCR



Fig. 11. Mean activation energies at different excess biases for dif-
ferent groups of DCR measured on the passively irradiated SPADs
(8.0 × 1010 p/cm2).

Fig. 12. Activation energies at fixed excess bias for all the stacked SPADs
irradiated.

groups. As mentioned above, values below 0.63 eV for any
Vex underline electric field enhancement effects. Furthermore,
large spreads around mean activation energies for each DCR
group highlight the variety of defects related to a particular
DCR. This is linked with our explanation of DCR cumulative
histograms, with the correlation of defect structures with the
position inside the device. Indeed, a large cluster of defects
due to a high energy deposition ED formed at the edge of
the SCR can induce the same DCR increase than a smaller
one located in the center of the avalanche zone due to the
exponential dependence of EF. However, the smaller cluster
will have a lower activation energy.

Activation energies extracted between 25 ◦C and 60 ◦C
for stacked SPADs are displayed in Fig. 12 with a similar
behavior in terms of Ea values and their dependencies with
the DCR induced by proton defects. In fact, we retrieve the
trend of lower Ea when SPAD DCRs are increasing. Higher
values of activation energy compared to 2-D SPADs for some

pixels with DCR below 100 cps is due to the temperature
range in which Ea is extracted. Between 45 ◦C and 60 ◦C,
thermal generation in the SCR and diffusion from outside
the depletion region start to be significant. Therefore, Ea is
increased.

IV. CONCLUSION

Proton irradiations on 40-nm 2-D and R&D stacked SPADs
are studied in this article for different fluences and different
biasing conditions. Through active irradiations, NIEL scaling
has been observed for 1- and 3-V excess bias on 2-D arrays.
We have established a Monte Carlo model based on the com-
putation of the breakdown probability, the field enhancement
factor, and the deposited damage energy distribution after
proton-Si collisions. We saw that this model fits very well
with experimental data. Low activation energies were extracted
from irradiated 2-D and stacked SPADs. The same trend of
a decreasing Ea for higher DCR was noticed and expected
from our model that suggested a higher activation energy
lowering where the electric is higher, or equivalently where the
enhancement factor is higher. Furthermore, Ea distributions
and cumulative histograms have shown the variety of these
defects that is due to the correlation of defect structures and
their positions inside the depletion region.
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