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Abstract— Defects induced by 62 MeV protons in single-photon
avalanche diodes (SPADs) are studied. A study of the dark
count rate (DCR) variation after irradiations for different biasing
conditions underlines the predominance of field enhancement
effects such as Poole-Frenkel (PF) effect and phonon-assisted
tunneling (PAT) over band-to-band tunneling (BTBT). Activation
energy measurements below mid-gap value confirm the important
contribution of these field effects. However, unexpected behaviors
in these energies are seen: very low activation energies are
extracted for SPADs with a DCR induced around 10° counts per
second (cps). We attribute them to the contribution of different
groups of defects, with different energy-level distribution. This
analysis is completed with an annealing study between 100 °C
and 300 °C. Results for high DCR SPADs correlate well with the
presence of defect clusters. Moreover, histogram of the annealing
temperature at which the DCR starts to drop displays two
peaks at 170 °C and 250 °C. The first one is attributed to
phosphorus vacancies and complex cluster of defects with an
energy distribution inside the Si bandgap centered above mid-
gap. The second one is attributed to clusters of divacancies that
also anneal at temperatures around 250 °C.

Index Terms— Band-to-band tunneling (BTBT), CMOS, dark
count rate (DCR), defect clusters, displacement damage dose
(DDD), divacancy, irradiation, isochronal annealing, P-V center,
phonon-assisted tunneling (PAT), Poole-Frenkel (PF), proton,
single-photon avalanche diode (SPAD).

I. INTRODUCTION

INGLE-photon avalanche diodes (SPADs) are p-n
S junctions biased above breakdown. They allow both
single-photon sensitivity and high timing resolutions, which
find interests for space applications. However, radiation com-
ing from solar wind, Van Allen belts, or galactic cosmic
rays and their interactions with SPAD sensitive areas must be
studied. The goal is to predict the degradation of electrical
parameters, such as SPAD dark count rate (DCR) during
the time of the space mission. Nature of defects introduced
by displacement damage dose (DDD) have been studied for
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Fig. 1. DCR cumulative histogram of a 40-nm CMOS SPAD array irradiated
using a proton fluence of 8.0 x 10'° p/cm?. A model forecasting DCR increase
with the proton dose presented in [7] is also superimposed.

years in silicon photodetectors and pixel arrays [1] and more
specifically in CMOS image sensors (CIS) [2], [3]. Clusters
of defects were identified: activation energy measurements
revealed Shockley-read-hall (SRH) thermal generation as the
main process altering the dark current. For irradiated SPADs,
low mean activation energies were extracted [4], [5]. These
values below mid-gap level are the signature of electric field
enhancement (EFE) effects such as Poole-Frenkel (PF) effect
and phonon-assisted tunneling (PAT) that increase the SRH
generation rate [6].

However, the histogram of DCR increase after irradiations
can be widely spread. In Fig. 1, the DCR cumulative distribu-
tion before and after proton irradiation at 8.0 x 10'0 p/cm? is
plotted. A Monte-Carlo simulation based on EFE equations,
SPAD electrical properties, and the energy loss spectrum after
proton-Si collisions is displayed. This model is detailed in [7].
The distribution of DCR increase can be explained by the
correlation of two parameters. The first one is the defect com-
plexity. According to the SRH theory [8], defects with energy
states near mid-gap will induce the largest DCR increase.
Moreover, the density of defects is directly proportional to the
induce generation rate of carriers. Finally, a very dense cluster
of poly-energy states can favor charge emission that increases
the DCR degradation [9], [10]. This effect depends on the
density of defects and the induced distribution of energy states.

The second parameter is the position of the damaged area
inside the space charge region (SCR) and the avalanche region.
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Fig. 2. Cross section of the irradiated SPADs [7], [11].

Indeed, if field enhancement effects as stated above are at play,
the local value of the electric field will also have a significant
effect on the DCR value. This second point was studied in [7]
where PF effect and PAT equations were used to predict the
DCR increase after proton irradiations considering the local
electric field strength.

In this work, proton-induced defects in 40-nm CMOS SPAD
arrays are further studied with the aim to identify their
nature and their role in the DCR degradation. First, their
field dependence is measured by increasing the voltage across
SPADs. Then, activation energies between 10 °C and 25 °C
are extracted and analyzed by comparing with results observed
on proton-irradiated standard pixels with lower electric fields
(below 10° V/cm). Finally, an isochronal annealing is per-
formed between 100 °C and 300 °C to reveal the nature of
these defects.

II. DESCRIPTION OF SPADS AND IRRADIATION TEST
PROCEDURE

A. SPAD Description

SPADs used in this study are manufactured in a 40-nm
CMOS technology by STMicroelectronics. Chips consist of
30 x 30 square SPADs with a pixel pitch of 7.8 um. The
sensitive area is a square of 25 um? and it is formed by
a p-over-n-junction (Fig. 2). The breakdown voltage of the
arrays is reached at a measured voltage of about Vgp = 14.0 V
at 25 °C. A spread of 0.1 V exists between SPADs of an
array. A schematic of the pixel circuit is displayed in Fig. 3.
A quenching transistor stops the avalanche and then resets the
SPAD. Next, a NAND gate senses the voltage drop across the
photodiode: a counter registers the number of triggering events
during a certain amount of time, giving the number of cps.
Before irradiation, the mean DCR of each chip was measured
around tens of cps. More details about performances and pixel
circuitry are given in [4], [11].

B. Irradiation Setup

Four SPAD chips were irradiated at “Université Catholique
de Leuven” (UCL) in Belgium. A 62 MeV proton beam was
used and fluences up to 1.0 x 10'' p/cm? were reached.
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Fig. 3. Passive and readout circuit of the irradiated SPAD pixel. Ve is the
excess bias.
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TABLE I
DETAILED DESIGN OF EXPERIMENTS
Device # Bias Proton Fluence DDD
V) Energy (p/em?) (TeV/g)
(MeV)

2D_SPADI 1 Vavo+1 56 2.0x 1010 847
2D_SPAD2 1 Vavo+3 56 2.0x 1010 847
2D_SPAD3 1 0 62 8.0x 1010 316
2D_SPAD4 1 0 62 1.0x 1011 402

Passive irradiations (meaning that SPADs were grounded with
all pin short circuited during the experiment) and active irradi-
ations (meaning that SPADs were biased, operated and readout
during the experiment) were performed. For active irradiations,
a 5 mm rigid polyvinyl chloride (PVC) cap was placed in front
of the chips to do acquisitions in dark conditions. This PVC
lowered the proton energies to 56 MeV. Table I regroups the
details about the design of experiments of the irradiation tests.
Vivo is the addition of the breakdown voltage Vpp with the
minimum voltage drop required by the NAND gate (0.6 V) to
detect a pulse.

ITI. RESULTS: VOLTAGE DEPENDENCE AND
ACTIVATION ENERGIES

A. Bias Dependence of Defects

After irradiation, we observed that most of the damaged
SPADs have a DCR increasing exponentially with the excess
bias (consistent with PF effect and PAT equations [7]).
Thereby, we can express the DCR by introducing an expo-
nential factor o

DCR(Vex) o exp(ar X Vex) ey

with Ve, the excess bias added to Viyyg. The DCR is modulated
by the breakdown probability Pgp for an electron-hole pair
to trigger an avalanche. It also depends on V.. Therefore,
we decided to remove the contribution of Pgp by performing
acquisitions in dark and light conditions. In fact, in dark
conditions, we have a DCR that depends on Pgp through

DCR(Vex) = Pgp x U (Vex) (@)

with U (V) the SRH generation rate introduced by a defect.
Here, we neglect the contribution of afterpulsing in the total
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Fig. 4. Exponential factor of the DCR increase with excess bias measured

at 10 °C. The x-axis corresponds to the related pixel DCR at 25 °C and 1 V
excess bias (proton fluence: 1.0 x 10'! p/cm?).

DCR. If SPADs are illuminated with a source of uniform flux
@, the resulting light count rate (LCR) can be written as the
DCR added to counts generated by light

LCR(Vex) = DCR(Vex) + Ppp(Vex) X QE x @ 3)

with QE the quantum efficiency. Here, we assume that Pgp
has a small variation over the depletion region. It means that
Pgp only depends on the excess voltage V.x and not on the
defect position. Now, the normalized DCR for each Vi can
be computed to remove Pgp by using (2) and (3)

DCR  U(Ve)
LCR—DCR QEx &’

By doing so, the variation of the normalized DCR with V4 is
characterized only by the variation of the generation rate U.

In Fig. 4, we plot the coefficient o for all pixels after the
irradiation at 1.0 x 10" p/cm? measured at 10 °C versus the
induced DCR at 25 °C and 1 V above Vyyy. For this purpose,
we performed dark and light acquisitions to compute DCRorm.
Then, we injected DCR;ory in (1) and we extracted o. LCR
was measured using a 950 nm laser diode delivering a uniform
flux over the SPAD array. This flux was such that the average
LCR over the array was at 2.23 x 10° cps in illumination
conditions. Moreover, for both dark and light acquisitions, all
SPADs were not enabled at the same time to avoid crosstalk.

We notice in Fig. 4 that « falls progressively when the
induced DCR increases. According to technology computer-
aided design (TCAD) simulations in the range of V. between
1 and 3 V, the electric field increases nearly uniformly inside
the depletion region. It means that the defect position inside the
SCR cannot explain this large decrease in & with an increasing
DCR. However, the progressive predominance of PF effect
and PAT over band-to-band tunneling (BTBT) can explain this
variation of o with the induced DCR. In fact, BTBT is not
caused by proton-induced defects. Furthermore, for the electric
fields involved, the induced generation rate is lower for BTBT
than PF and PAT effects but the increase with the excess bias
is faster [12]. Therefore, SPADs in Fig. 4 with a high value
of o are dominated by BTBT and the higher the DCR, the
higher the dominance of PF and PAT over BTBT.

DCRnorm(Vex) = (4)

B. Activation Energies

We extracted activation energies E, between 10 °C and
25 °C to study proton-induced defects. The reason of this
narrow range of temperature is that relatively low DCR SPADs
at 25 °C (around hundreds of cps at this temperature) will have
a DCR below the sensitivity of measurement if the temperature
drops below 10 °C. Above 25 °C, diffusion current start to be
significant for these low DCR SPADs and annealing can start
for high DCR SPADs.

The activation energy describes how the DCR increases with
temperature

E,
DCR « exp( kB.T) (5)
E, depends on the trap energy E; of the defect in the Si
bandgap. T is the SPAD temperature and kp the Boltzmann’s
constant. If we only consider defects in the SCR, equal capture
cross sections for electrons and holes and no EFE effects,
we can estimate E,,

E,~0.63 eV + |Er — E;| (6)

with E; the mid-gap energy value (0.56 eV). The term
0.63 eV is the empirical value measured for hot pixels [2],
[3]. It slightly differs from the analytical value of 0.65 eV
that takes into account the energy transition from mid-gap to
the conduction or valence band, the 72 dependence of the gen-
eration rate U and the thermal variation of the bandgap [13].
Furthermore, under the same assumptions, the thermal gener-
ation rate U can be approximated [8]

1
Ux —F. @)

cosh(EkTB_f/ )

The more Er is close to E; (meaning E, = 0.63 eV), the
higher the induced U and the DCR. This is observed with
standard pixels with low electric fields (below 10° V/em).
In Fig. 5, we give the average behavior of E, depending on the
induced dark current for CIS pixels. This plot is based on the
results of [3] where E, is extracted between —8 °C and 22 °C
and after a proton fluence of 10'> p/cm?. Slow increase in dark
current corresponds to activation energies between 0.90 and
0.70 eV. In [3], divacancies (V,) were attributed to these
defects which is consistent with other studies after neutron
irradiations [9]. E, between 0.9 and 0.63 eV could be other
complex defects with an induced energy-level distribution
centered above mid-gap [14]. Finally, for higher dark current
increases, activation energies around 0.63 eV corresponding to
mid-gap levels were attributed to the presence of defect clus-
ters with an energy state distribution centered around mid-gap.

For SPADs, as described in Section III-A, PF and PAT
must be considered. Equations governing these EFE effects are
described in [7]. High electric fields will induce an increase of
U (and thus of the DCR) by a factor EF and a drop in E, that
will depend on the local electric field strength [6]. Numerical
simulations based on the model presented in [7] allow us to
compute the theoretical activation energy decrease depending
on the local electric field. By computing PF and PAT equations
as done in [7], a maximum drop of 0.18 eV is expected at the
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Fig. 6. Activation energies of irradiated SPADs at 1.0 x 10'! p/em? extracted
between 10 °C and 25 °C at Vgyo + 1 V, depending on the induced DCR at
25 °C and Vyvo + 1 V (logarithmic scale in the x-axis).

center of the SCR, where the factor EF is also extremely high.
For lower electric fields, this decrease of E, is less important.
Therefore, we expect that the shape observed in Fig. 5 will
extend in the y-axis and shifted toward lower energies.
Experimental activation energies Ea were extracted for
SPADs between 10 °C and 25 °C. They are plotted in Fig. 6
as a function of the DCR measured at 25 °C and at an excess
bias of 1 V. Pre-irradiation DCR of SPADs was below 200 cps
in these conditions. We will thus focus on SPADs with
post-irradiation DCR above 200 cps. In this figure, activation
energies below the mid-gap value are measured, which is
consistent with the predominance of EFE effects. However,
the shape observed differs from what was forecast above.
Indeed, a high density of points where the DCR is around
10° cps have an E, below 0.40 eV (solid rectangle in Fig. 6),
which is lower than the activation energy of SPADs with DCR
between 4 x 10 cps and 10° cps. These unexpected low
E, at low DCR were also observed in standard pixels with
high electric fields [6]. Furthermore, for this population of
SPADs in this solid box and for pixels with DCR higher than
10° cps, the E, is too low compared to the predicted drop of

E, using PF and PAT equations. We will see in the annealing
study that these SPADs below 0.40 eV in the solid rectangle
can be distinguished from those with higher E, (dashed
rectangle) by their characteristic annealing temperatures. The
SPAD responses in the dashed rectangle were expected and
correspond to defects with higher energy states than mid-gap
value. As mentioned above, V, and other clusters with an
energy distribution centered above mid-gap can be attributed to
these pixels. Another possible contribution of this large spread
in E, for DCR around 10° cps is the uncertainty related to
the narrow range of temperature in which activation energies
are extracted.

For SPADs with DCR above 10* cps, E, decreases and
seems to converge toward 0 eV. As mentioned above, these
pixels are probably affected by clusters of defects with an
energy state distribution centered at mid-gap. These defect
pockets induce a large number of energy states in the Si
bandgap compared to isolated point defects [14]. They are
also observed with standard pixels with low and high electric
fields. The reason of very low activation energies for high
DCR SPADs may be found in studies about defect clusters.
In [14], authors distinguished PF effect and PAT due to the
applied electric field (extrinsic contribution) from these EFE
effects due to the abrupt heterojunction between amorphous
silicon a-Si and c-Si (intrinsic contribution). This intrinsic part
depends on the cluster size, its geometry, and the electric field.
Therefore, the higher this contribution, the lower the activation
energy. Bandgap narrowing due to local dilatation induced
by heavy amorphous clusters could also be responsible for
lowered Ea [15].

Finally, we looked at the effect of biasing conditions on E,
computed between 10 °C and 25 °C. At Vgyo + 3V, for hit
pixels (with post-irradiation DCR higher than 200 cps), the
mean E, decreases from 0.41 to 0.35 eV compared to data at
Vavo + 1 V. This was expected because PF and PAT increased
which means that E, is lowered. However, we noticed that for
high-induced DCR, the decrease in E, is less important, which
is consistent with the assumption of an intrinsic contribution
of the amorphous pocket.

IV. ISOCHRONAL ANNEALING: RESULTS
AND DISCUSSIONS

An efficient method to identify or characterize defect natures
is by performing a thermal isochronal annealing. Depending on
their nature, isolated point defects and clusters start to anneal
at different characteristic temperatures [9], [14], [16]. In this
work, such annealing has been performed on SPADs irradiated
at 1.0 x 10'! p/cm?. We have swept the temperature between
100 °C and 300 °C. After 130 °C, we chose a 20 °C step to
270 °C and finished with a final annealing at 300 °C. Each step
lasted 30 min, as previously done in other studies [3], [13].
Finally, we have measured the DCR of SPADs after each stage
at 25 °C and Vyyo + 1 V.

A. Mean and Median DCR After Isochronal Annealing

We plot in Fig. 7 the mean and median DCR of the annealed
chip. An important decrease of more than a decade is observed
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Fig. 7. Mean and median DCR after each annealing step performed on
SPADs irradiated at 1.0 x 10! p/cm?. The median DCR before irradiation
was measured at O cps.

between 150 °C and 300 °C for the average DCR. It mainly
corresponds to the recovery of high DCR SPADs that dominate
the mean DCR. At the end of the annealing procedure, the
average DCR is around 10° cps, which is always higher than
the pre-irradiation value (tens of cps). It means that high DCR
SPADs do not completely recover. On the other hand, the
median DCR decreased by three decades, starting at 150 °C
like the mean, and reached the pre-irradiation value at the end
of the annealing procedure. It corresponds to the full recovery
of low and medium DCR SPADs (up to 103 cps before the
annealing).

The analysis performed on the average and the median DCR
after annealing can be completed by looking at the behavior of
each SPAD. In Fig. 8, we plot the DCR after each annealing
step for four SPADs. Different annealing behaviors can be
noticed. In this figure, SPAD pixels 1 and 2 show a continuous
decrease starting, respectively, after the step at 100 °C. Both
SPADs have partially recovered after the last annealing step.
It illustrates perfectly well the conclusions made on the mean
and median DCR. On the other hand, a very sharp decrease is
observed for SPAD pixels 3 and 4 after the 250 °C and 190 °C
steps, respectively. At the end of the annealing procedure, the
DCR of these two SPADs reaches the pre irradiation DCR that
was measured at O cps.

Therefore, different groups of SPADs must be distinguished
for the annealing analysis: the high DCR SPADs (with a DCR
higher than 10° cps at 25 °C and Vyyo + 1 V), on the one hand,
and the low DCR SPADs (with a DCR lower than 10° cps at
25 °C and Vygyo + 1 V), on the other hand.

B. Annealing of High DCR SPADs (DCR > 10° cps)

For high DCR pixels, we have previously noticed that
the annealing seems to start at the end of the 100 °C step.
This statement is confirmed in the histogram of annealing
temperatures for this group of pixels in Fig. 9. The annealing
temperature corresponds to the step after which the DCR drops
by 30% of its initial value. We interpreted this result by the
dominance of defect clusters in this high DCR SPAD group.
Indeed, it is consistent with other annealing studies of such
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Fig. 8. Example of different annealing behaviors observed on four pixels
(proton fluence: 1.0 x 10'! p/cm?). For these SPADs, DCR before irradiation
was measured at O cps for each SPAD.
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Fig. 9. Temperatures at which a 30% decrease of the DCR occurs for SPADs
with a pre-annealing DCR higher than 103 cps.

defects [9], [14], [16]: these large clusters are expected to
anneal in a progressive way, by eradicating a defect state or
by changing its energy state distribution inside the bandgap.
Furthermore, the high DCR induced by these defects suggest
that most of them are located at the center of the SCR
where EFE effects are stronger. One of the most common
defect cluster is the cluster of divacancies that is expected
by molecular dynamics and k-ART simulations [17], [18].
However, as the large majority of clusters starts to anneal at
100 °C or below, it is hard to conclude on the exact nature
proton-induced clusters.

C. Annealing of Low DCR SPADs (DCR < 10° cps)

For low and medium DCR pixels, a sharper decrease at
different temperatures is nearly always observed, the same
way as SPAD 3 and 4 in Fig. 8. The histogram presented
in Fig. 10 regroups the annealing temperatures after which an
abrupt decrease occurs for SPADs with DCR between 200 cps
and 10° cps. The criterion defining an abrupt decrease was
chosen as follows: the DCR must fall by more than two
decades from its initial value after two successive annealing
steps. For example, the bin at “100 °C” means that some SPAD
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Fig. 11.  Temperatures at which an abrupt DCR decrease occurs for SPADs
inside the dashed rectangle in Fig. 6.

DCRs have decreased by two decades or more after the 100 °C
step and the following one (130 °C). In Fig. 10, we observe
two distinct peaks at 170 °C and 250 °C. The last one can
be attributed to divacancies that start to anneal around this
temperature [16]. It is consistent with our previous analysis of
E, when we observed a high density of SPADs with a medium
and low DCR and activation energies higher than SPADs with
higher DCR (dashed box in Fig. 6). We attributed this behavior
to defects with higher energy states than clusters that have mid-
gap energies. The energy state of the divacancy V, inducing
the higher DCR increase has a value around 0.70 eV, which
is consistent.

To confirm this assumption, we looked at the abrupt anneal-
ing only for the pixels inside the dashed box in Fig. 6. If our
assumption of V, defect stands, it must be associated with
SPADs in this dashed rectangle, with the higher E, due to the
associated trap level that is higher than mid-gap. In Fig. 11,
we draw the distribution of abrupt annealing temperatures for
these pixels in the dashed area in Fig. 6. We see a peak at
250 °C: this matches perfectly with our analysis and the fact
that V, is involved.

For SPADs in the solid box in Fig. 6, the annealing
temperature histogram is plotted in Fig. 12. This time, the peak
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Fig. 12. Temperatures at which an abrupt DCR decrease occurs for SPADs
inside the solid rectangle in Fig. 6.

observed around 170 °C in Fig. 10 appears for this category of
SPADs. The phosphorus vacancy (P—V center) has an anneal-
ing temperature corresponding also to 170 °C [16]. Moreover,
without EFE effects, the P-V center induces approximately the
same dark current increase as V, [3], [10]. Therefore, it could
be associated with SPADs in the solid rectangle in Fig. 6.
In that case, the fact that the associated activation energies
differ from divacancies in high electric field regime may be
due to different interactions of defects with the field. Indeed,
both defects can be either charged or neutral. Therefore,
we can expect different influence of the electric field on these
defects.

However, defect clusters with an energy distribution close
to mid-gap but located in lower electric field regions than at
the center of the SCR can also be attributed to these SPADs in
the solid box in Fig. 6. In fact, first, clusters as multivacancy
are known to anneal around this temperature [9]. Furthermore,
according to PF and PAT equations and for the involved
electric fields in this study, a factor of 10° on the induced
DCR exists between a defect located at the center of the SCR
and one at the edge [7]. In Section IV-B, we saw that high
DCR pixels above 10° cps must be clusters of defects and they
are probably located near the center of the SCR. Thereby if
same defects are at the edge of the depletion region, PF and
PAT equations predict an induced DCR between 10 cps and
103 cps, consistent with the range of DCR inside the solid
box in Fig. 6. Moreover, it is also in line with the very low
E, for these SPADs. In fact, we mentioned EFE effects on
the complex heterostructure between c-Si and a-Si that lower
the E, and depends only on the cluster geometry (intrinsic
contribution of the defect). Therefore, it is not surprising to
notice same E, values between the low DCR SPADs in the
solid box and high DCR SPADs. Finally, we also noticed a
small peak in Fig. 12 at 250° C, meaning that V, defects are
also present in this SPAD category.

A recap of this isochronal annealing is given in Table II,
where defects are attributed depending on the induced DCR
increase. The case of medium DCR SPADs was not specif-
ically studied in this section because the corresponding
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Induced DCR Main Defect
increase (cps) Attribution
High DCR SPADs > 10° Large Clusters
at the center of
the SCR
Medium DCR SPADs [3000, 10°] P-V center
Clusters
Divacancies
Dashed Rect. | [200, 3000] Divacancies
(Fig. 6)
Low DCR SPADs e Reet. [ 1200, 3000] P-V center
(Fig. 6) Clusters in low
field regions

annealing temperature histogram looks like the one in Fig. 10.
It means that P-V centers, clusters of defects, and divacancies
can be attributed to these pixels.

V. CONCLUSION

In this work, the behavior of proton induced defects in
40-nm CMOS SPADs are studied. The electric field depen-
dence of the induced DCR is measured: an exponential growth
of the DCR with the excess bias is observed, which was
expected with PF and PAT equations. The exponential rate
a decreases with the induced DCR, showing the progres-
sive domination of these EFE effects over BTBT. A study
of activation energies E, is also performed. A decrease
in E, compared to standard pixels with low electric fields
has been observed and confirms the dominant contribution
of PF and PAT. However, unexpected and extremely low
activation energies are seen for SPADs with DCR around
10* cps and for very high DCR above 10° cps. The latter
observation is directly attributed to clusters of defects that
lowers the E, due to deformation of the silicon band structure
induced by amorphous pockets. An annealing study confirms
this analysis with starting annealing temperatures measured
mainly at 100 °C and a DCR that decreases continuously.
Around 10° cps, abrupt annealing of SPADs with E, higher
than 0.40 eV shows a peak at 230 °C. This behavior has
been attributed to divacancies inside these pixels. For the
unexpected lower activation energies around the same induced
DCR, histogram of annealing temperatures underlines a peak
centered at 150 °C. The phosphorous vacancy has been
identified but defect clusters such as multivacancies located in
lower electric field areas in the SCR are also probable. More
studies are still needed to have a complete understanding of
proton-induced defects. For example, it would be valued to
consider the effect of the defect charge state on the bias depen-
dence, the activation energy, or the annealing temperature.
This could be done by performing DLTS measurements and
simulations.
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