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Radiation Degradation and Mitigation of an
Ultrathin SOI SPAD Using a Perimeter Gate
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Abstract— This work investigates the robustness of
an ultrathin backside-illuminated (BSI) silicon-on-insulator
(SOI) single-photon avalanche diode (SPAD) against
gamma-ray irradiation for space applications. Experimen-
tal results demonstrate a breakdown voltage shift in the
studied SPAD from 10.17 to 9.95 V after a total ionizing
dose (TID) of 132 krad(Si). An increase in dark count rate
(DCR) from 1490 to 2700 cps/µm2 at 1 V excess bias is
shown at this dose. TCAD simulations explain the role of
the oxide-trapped charges, induced by irradiation in the
insulating layer surrounding the active region, on the SPAD
performance. These trapped charges shift the peak electric
field, leading to premature breakdown while the extension
of the active area affected by impact ionization increases
the DCR. Further simulations show that implementing a
perimeter-gated structure and reducing oxide thickness
can effectively mitigate these effects by leveraging capac-
itive effects, preventing a breakdown voltage shift. The
perimeter gate (PG) lowers the simulated DCR after irra-
diation from 2700 to 1365 cps/µm2, thereby enhancing the
radiation resilience of ultrathin SOI SPADs beyond a TID of
132 krad(Si).

Index Terms— Breakdown, dark count rate (DCR), miti-
gation technique, rad-hard, single-photon avalanche diode
(SPAD), TCAD.

I. INTRODUCTION

S INGLE-PHOTON avalanche diodes (SPADs) [1] have
garnered a significant interest across a variety of fields,

including space applications targeting near-ultraviolet (near-
UV) and blue detection such as Raman spectroscopy (475 nm)
[2], cosmic-ray detector (425 nm) [3], or gamma-ray telescope
(400 nm) [4]. These applications expose the device to ionizing
particles, such as X-rays, gamma rays, neutrons, and heavy
or light ions that progressively degrade the performance of
the photodetector [5]. In recent years, numerous studies have
investigated these degradation effects on SPADs [5], [6], [7] or
on silicon photomultipliers (SiPMs) [8], [9] and have assessed
their radiation-hardness capabilities [6], [10], [11], [12].
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Irradiation can induce defects either in the silicon bulk due
to displacement damage or in the dielectric insulators due to
ionizing degradation [13]. These defects can both contribute
to an increase in leakage current [5], [6] or dark count rate
(DCR) [6], [11], [12]. Focusing on the ionizing effects, device
performance is primarily degraded through two mechanisms:
the accumulation of positive trapped charges in the oxide
layer and the formation of traps at the Si/SiO2 interface. The
impact of total ionizing dose (TID)-induced defects on the
electric field density, the breakdown voltage, and premature
breakdown have yet to be thoroughly investigated in SPADs
with an ultrathin silicon body on silicon-on-insulator (SOI).

The development of backside-illuminated (BSI) SPADs
is closely related to advancements in 3-D stacked SPAD
technology [14]. The latter allows SPADs to be connected
directly to their associated circuitry, enabling independent
optimization of each layer and high fill factors. 3-D integration
of frontside-illuminated (FSI) bulk SPADs is challenging as it
requires complex postprocessing steps, such as the formation
of through-silicon vias (TSVs) to connect photodiodes with
their corresponding electronics [14]. BSI SPADs address this
issue by enabling a direct, face-to-face connection with a max-
imum fill factor. However, to be optimized for UV and blue
light detection, BSI SPADs face the challenge of minimizing
the diffusion region, which is the distance from the backside
silicon surface to the edge of the depletion region on the front
side [15]. This can be achieved using an ultrathin silicon layer,
with a thickness of a few microns [14], [15], [16].

In general, the doping profile of a SPAD is designed to
create a uniform high electric field at the p-n junction, ensuring
efficient photon detection across the entire active area [17].
A major design challenge is to prevent premature breakdown,
which arises when impact ionization occurs at the edges of
the active region, degrading device performance [16], [18].
As the carrier multiplication does not occur in the desired
area, the sensitivity of the device is reduced and the DCR
increases. Several techniques are commonly employed to
mitigate premature edge breakdown. These include the use of
a shallow trench isolation (STI) guard ring [19], a retrograde
deep well [20], a buried layer [21], a lightly doped guard
ring [22], a virtual guard ring [22], or a perimeter gate
(PG) [23]. While these methods are effective for common
SPADs, they can be inadequate for ultrathin SOI SPADs
under irradiation. For instance, STIs are implemented at the
edges of the junction where the electric field is high to avoid
premature breakdown as oxide can withstand higher electric
fields compared to silicon [19]. However, STIs can become
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counterproductive in irradiated environments as they place
Si/SiO2 interfaces and relatively thick oxides, where ionizing
defects mostly take place, close to critical regions, potentially
degrading SPAD performance [6], [11]. Retrograde wells and
buried layers prevent premature breakdown by concentrating
the electric field vertically [10]. However, in ultrathin designs,
the restricted silicon depth makes retrograde wells and buried
layers unsuitable as they create deep junctions [21], [24].
Similarly, doped and virtual guard rings reduce the electric
field at the edges of the active region but the silicon depth
limits their implantation and reduces their effectiveness [16].
Alternatively, premature breakdown can be mitigated without
introducing additional elements into the silicon by using a
PG. It locally controls the electric field at the edge of the
active region through capacitive coupling with a metal plate
or a polysilicon electrode placed over the top oxide layer. The
PG can be either grounded [25] or biased with a separate
terminal [23], [26].

This work includes both experimental measurements and
TCAD simulations to assess the degradation and mitigation
of gamma-ray irradiation on an ultrathin SOI SPAD. The
methodology used to evaluate the performance is described
in Section II. This includes both experimental measurements
(I–V curve and DCR curve) and TCAD simulations (carrier
densities and electric field) using Atlas [27]. Section III
presents the primary effects of irradiation on SPAD char-
acteristics degradation, i.e., premature breakdown and DCR
increase. Finally, it assesses the implementation of a PG to
mitigate the impact of irradiation on the studied ultrathin
SOI SPAD characteristics, demonstrating improvements in
radiation hardness.

II. METHODOLOGY

A. SPAD Structure

The studied structure is a BSI SPAD targeting high UV
efficiency, made from a custom process from our manufac-
turing facility, as fully detailed in [15]. The previous run had
a breakdown voltage of 8.5 V and achieved a peak photon
detection probability (PDP) of 69.51 % at a wavelength of
423 nm and 16.56 % at 291 nm, with 3 V excess bias. The
device is fabricated on an SOI wafer with a 650-nm-thin
top silicon layer, a buried oxide (BOX) of 1 µm, and a
silicon substrate below the SPAD removed by etching for BSI.
Compared to the previous run, the SPAD has a square shape
with rounded corners to limit the electric field concentration
at the edges. Its layout is approximated by a circular TCAD
structure with its center located at x = 24 µm (see Fig. 1).
The top oxide is 570 nm thick to insulate the device from
the metal pads and withstand the high electric field associ-
ated with the cathode bias. The anode (A) and cathode (K)
are made of aluminum, with top lengths of 8 and 20 µm,
respectively. They are connected to the active silicon layer by
vias of 3-µm diameter. The SPAD uses a shallow n++/p-well
junction with a highly doped p-well. The p-well is uniformly
implanted on the entire silicon surface while a shallow n-well
guard ring is implemented at the edges of the n++/p-well
junction to avoid premature breakdown. This design has an
active area of 676 µm2 and a low breakdown voltage of
about 10 V.

Fig. 1. 2-D cross section of the TCAD structure of the studied 650-nm-
thin BSI SOI SPAD based on [15].

B. Measurement Setup and Parameter Extraction
Four samples were exposed to a cobalt-60 source at a dose

rate of 520 rad(Si)/h during 254 h. They accumulate a TID of
132 krad(Si), exceeding the threshold of 100 krad(Si) typically
used to ensure radiation hardness for space applications [28].
Throughout the irradiation campaign, intermediate evaluations
were conducted, including extracting the dark I–V curve and
the DCR versus bias voltage for 0, 12, 24, 82, 107, and
132 krad(Si). All measurements were taken within one hour
between the extraction and repositioning of the devices at
the radiating source to limit room-temperature annealing [29].
The I–V curve was measured on a probe station using an
HP 4145B semiconductor parameter analyzer. The breakdown
voltage shift is determined from the voltage Vbd where the
current reaches 100 nA. This value is within the steep I–V
region and much higher than the dark current in the 10 pA
range. The DCR extraction setup is depicted in Fig. 2(a). The
SPAD was passively quenched using an external resistor of
220 k�. The DCR measurements were obtained by probing
the transient response in dark conditions at the cathode of
the photodiode with a Tektronix MSO56 oscilloscope at a
sampling rate of 6 GS/s. The quenched SPAD was biased
at a given voltage VA = Vbd + Vex, with an excess bias
(Vex) ranging from 0 to 1.5 V above the breakdown voltage
measured at each irradiation step. Our limit of 1.5 V is due
to the difficulty of obtaining an accurate DCR measurement
at a higher voltage with passive quenching because of the
high number of counts. An interarrival time histogram [see
Fig. 2(b)] is made from the transient response. The DCR
is underestimated for short interarrival times because of the
passive recharge (see Fig. 2(b), orange region) [30]. Hence,
a first-order log fit is applied to account for the hidden counts
(see Fig. 2(b), purple region).

C. TCAD TID Modeling
The TCAD simulations were performed using Atlas [27].

The mechanisms considered include Auger recombination,
Shockley–Read–Hall (SRH) recombination and generation,
concentration-dependent and field-dependent mobility,
bandgap narrowing, trap-assisted tunneling (TAT), Poole–
Frenkel (PF) effect, and band-to-band tunneling (BBT). Unless
otherwise stated, the parameters used in the simulations are
based on the default values given in [27].

Cobalt-60 gamma rays induce ionizing particles and may
also create bulk damage in silicon through Compton scatter-
ing [6]. However, because of the high doping concentration
of the p-well in our ultrathin SPAD, the depletion region
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Fig. 2. (a) DCR extraction setup. The SPAD is passively quenched
by an external resistor Rq and biased at a given voltage VA. The
dark counts are probed with an oscilloscope at the cathode (K) of
the SPAD. (b) Schematic of the normalized interarrival time histogram
used to extrapolate the DCR using a first-order log fit (blue line). The
orange region corresponds to the measured dark counts, while the
purple region accounts for the extrapolated dark counts. td1 and td2 are
the interarrival times corresponding to 100% and 1% of the maximum
counts, respectively.

remains thin. Hence, the impact of displacement damage on
the device characteristics is expected to be limited compared to
the ionizing degradation. Therefore, only ionizing effects are
considered. It results in the creation of electron-hole pairs in
SiO2 layers. Some of these pairs move in the oxide by drift and
diffusion mechanisms [13]. Since the mobility of the electron
is much higher than that of the hole, most of the free electrons
escape from the oxide, while the holes remain trapped near the
Si/SiO2 interface by hopping transport through localized states
in bulk SiO2 [31]. It forms a positively charged layer that can
affect the electric field density near the interface. This layer
is considered in the TCAD simulation by specifying a single
and uniform positive trapped charge surface density Qox at the
top and bottom Si/SiO2 interfaces [13]. In addition, interface
traps can be created due to the conversion of oxide charges
near the Si/SiO2 interface [32]. However, the build-up of these
traps is a much slower process than that of oxide-trapped
charges and can take 1 × 105 s before saturating [32]. Since
the measurements during the experiment were taken within an
hour after exposure at a sufficient dose rate [29], interface traps
may not contribute significantly to the observed degradation
of the device. Still, these were implemented in the TCAD
simulations following the approach described in [13]. They
were found to primarily impact the dark current by introducing
a surface leakage current, without affecting the breakdown
voltage or having a significant impact on the DCR. As their
effects do not influence the studied figures of merit, interface
traps will not be considered in the remaining part of this work.

D. TCAD DCR Extraction
The simulated DCR extraction is based on the method-

ology described in [18]. The total DCR is associated with
two main contributions: BBT and SRH [33]. Considering a
circular-shaped SPAD with a radius R and a silicon device
layer depth W , the DCR is computed as follows:

DCR = 2π

∫ R

0

∫ W

0
Pp(GBBT + GSRH)dy r dr (1)

where Pp is the joint avalanche probability, GBBT is the BBT
generation rate, and GSRH is the SRH generation rate, all

TABLE I
SUMMARY OF PARAMETERS USED FOR TCAD DCR EXTRACTION

derived from TCAD simulations. BBT is computed as follows:

GBBT = ABBT EγBBT exp
(

−
BBBT

E

)
(2)

where E is the electric field and ABBT, γBBT, and BBBT
are based on the Klassen model [33]. Specifically, BBBT is
fixed at the electric field strength of 23.9 MV/cm according
to [34] and ABBT serves as a fitting parameter. The SRH
generation is enhanced by TAT and can also be influenced
by the PF effect [35]. However, the impact of the PF effect
on the SRH generation rate is limited compared to TAT
under strong electric fields exceeding 0.7 MV/cm, as reported
in [33], especially for monocrystalline silicon [35]. This has
been confirmed in our TCAD simulations. As a result, the PF
effect is excluded from the expression for the SRH generation
rate, which is defined as follows [33]:

GSRH = −
np − n2

i,eff
τp

1+0p
(n + n1) +

τn
1+0n

(p + p1)
(3)

with

n1 = ni,eff exp
(

Etrap

kT

)
and p1 = ni,eff exp

(
−

Etrap

kT

)
(4)

where n and p are the electron and hole concentrations, respec-
tively. ni,eff is the effective intrinsic carrier concentration which
depends on the electric field through bandgap narrowing [36].
Etrap is the energy trap relative to the midgap energy and is
used to fit the SRH generation rate. 0n and 0p are the field
enhancement factors associated with TAT. They are determined
by numerical integration in TCAD simulations [27]. τn and τp
are the electron and hole lifetimes, related to the impurity
concentration and are expressed as follows:

τn/p =
τ0,n/p

1 +
N

N0,n/p

(5)

where τ0,n/p is the low carrier concentration lifetimes, N0,n/p

is the roll-off concentrations [37], and N is the local total
impurity concentration. The DCR extraction methodology is
presented in Fig. 3. Joint avalanche probability, BBT, and
SRH generation rates are simulated with Silvaco Atlas. Their
values are extracted at each mesh point of half of the 2-D
structure, which consists of about 18 000 nodes. The DCR is
then numerically computed using (1) and fit to measurements
by adjusting Etrap, ABBT, and Qox for SRH, BBT, and TID
contributions, respectively. All other parameters are fixed
from [18] and [34] and specified in Table I.

III. RESULTS AND DISCUSSION

A. I–V and DCR Measurements
Fig. 4 presents the typical dark I–V curves near break-

down before and after irradiation to 12, 24, 82, 107, and
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Fig. 3. Overview of the modeling and simulation method to evaluate
the SPAD DCR. Joint avalanche probability (Pp), BBT generation rate
(GBBT), and SRH generation rate (GSRH) are extracted from the TCAD
structure at a given bias voltage VA. The DCR is then numerically
computed and fit to measurements using Etrap, ABBT, and Qox. The
methodology is based on [18].

Fig. 4. Measured dark reverse-biased I–V curves near breakdown
of the typical SPAD for several irradiation doses. Data are interpolated
using cubic spline for breakdown extraction. The vertical dotted lines
indicate the extracted breakdown voltages at 0 and 132 krad(Si), taken
at 100 nA.

132 krad(Si). The leakage current increases progressively with
the dose, likely due to the spread of the space charge region
associated with Qox [29]. The current slope near breakdown
also slightly decreases, probably due to the change in the
current path and its resistance, caused by the modification of
the electric field distribution. A notable shift in breakdown
voltage occurs at 107 krad(Si), dropping from 10.17 to 9.95 V.
Three of the four samples showed similar results. The fourth
sample showed no shift up to this dose, possibly due to process
variations. The shift is also reflected in the DCR curves shown
in Fig. 5. Below 107 krad(Si), the DCR only slightly increases
with irradiation. The shift to a lower breakdown voltage causes
the DCR curve to move toward lower voltages, resulting
in a higher DCR for a given bias voltage. For both dark
current and DCR, the degradation appears to reach saturation
after 107 krad(Si), probably due to saturation of oxide-trapped
charges. Hence, the primary degradation in the studied SPAD
performance is attributed to the decrease of breakdown voltage
value, which begins above 82 krad(Si) and is likely caused by
irradiation-induced premature edge breakdown.

B. TCAD Simulations
Compared to the TCAD structure from Athena simulations

in [15], the experimental doping concentration of the p-well
has been adjusted from the theoretical target of 5 × 1017 cm−3

to 2.7 × 1017 cm−3. It aligns the simulated breakdown voltage
with the measured value at 0 krad(Si), enabling calibration of
the electric field distribution within the structure [16]. The

Fig. 5. Measured DCR versus bias voltage at different TID levels.
At each irradiation step, the quenched SPAD is biased above the
measured breakdown voltage, with an excess bias ranging from 0 to
1.5 V (inset: measured DCR versus excess bias at 0 and 132 krad).
Considering the extreme DCR values, their associated interarrival times
were measured at 132 krad as td1 = 17 µs and td2 = 23 µs for
Vex = 0.07 V and td1 = 0.7 µs and td2 = 2.2 µs for Vex = 1.3 V.

Fig. 6. Electric field in Si at a cathode voltage of 11 V, with (a) Qox =

1.0 × 1012 cm−2 and (b) Qox = 6.3 × 1012 cm−2. Only half of the
structure is shown, with A as the anode, K as the cathode, and GR as
the guard ring region. The red contour corresponds to a joint avalanche
probability of 20%. The green contour encloses the region where the
impact generation rate exceeds 1% of its maximum value.

difference in the experimental doping concentration can be
attributed to slight changes in the manufacturing steps. The
simulated electric field density at a cathode voltage of 11 V is
depicted in Fig. 6(a). The peak electric field of 0.81 MV/cm
is observed at the n++/p-well junction. However, an electric
field of 0.8 MV/cm is also present at the edges of the guard
ring. While the breakdown primarily occurs in the active area
[enclosed in green in Fig. 6(a)], there is also a contribution
of impact ionization at the guard ring edges due to the highly
doped structure.

Fig. 7 compares the simulated DCR curves with measure-
ments taken before irradiation and at 132 krad(Si). The initial
value for the oxide-trapped charge density, Qox = 1.0 ×

1012 cm−2, is based on the typical fabrication process from
our manufacturing facility [38]. The preirradiation curve is
fit to the measurements by setting Etrap to 0.2 eV and ABBT
to 2 × 1014 cm−1/2V−1/5s−1 (see Fig. 7, blue curve). These
parameter values correspond to typical values reported in [18]
and [34]. As exposure to gamma-ray irradiation increases
Qox, both postirradiated breakdown voltage and DCR curve
are fit by adjusting the trapped charge density. Setting Qox
to 6.3 × 1012 cm−2 shifts the simulated breakdown voltage
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Fig. 7. DCR versus the bias voltage with fit Qox. The TCAD simulations
are shown in plain lines for Qox = 1.0 × 1012 cm−2 (blue line) and Qox =

6.3 × 1012 cm−2 (yellow line). The markers indicate the measurements
at 0 krad(Si) (blue) and at 132 krad(Si) (yellow) (inset: a closer view
of the dark I–V characteristic near breakdown with their corresponding
breakdown voltages extracted from the simulations).

Fig. 8. Simulated DCR versus the bias voltage considering the different
generation mechanisms, with Qox = 1 × 1012 cm−2. The black curve
is the BBT contribution. The colored curves show the effects of the
SRH generation, successively accounting for pure thermal excitation
generation (SHR curve), followed by the additional effects of PF, TAT,
and their combined contribution (overlapping with the previous curve).

from 10.2 to 9.86 V (see Fig. 7, inset) and match the DCR
curve with the measurements (see Fig. 7, yellow curve). This
Qox value is comparable to radiation-induced oxide-trapped
charges in thick oxides [39]. In both cases, the simulated
DCR is dominated by SRH associated with TAT, while the
contributions of BBT and the PF effect remain at least an order
of magnitude lower (see Fig. 8). Increasing Qox modifies the
electric field distribution, particularly enhancing the electric
field up to 0.93 MV/cm near the top Si/SiO2 interface in the
p-well region [see Fig. 6(b)]. Bottom-trapped charges induce
a slight back-depleted region but do not affect the studied
characteristics. It remains almost unaffected after accounting
for the irradiation-induced Qox. Therefore, this region is
not shown. In contrast, the increase in top oxide-trapped
charges is sufficient to modify the location of maximum
impact ionization, as shown by the green contour in Fig. 6.
This shift is associated with premature edge breakdown and
explains the abrupt change in breakdown voltage observed at
a dose of 107 krad(Si) (see Fig. 4). The change in the electric
field enhances the DCR by two mechanisms. First, the DCR
increases due to a lower breakdown, resulting in a higher
spontaneous generation rate for a given bias voltage. Second,
the area where generation can trigger an avalanche is larger

Fig. 9. Electric field distribution at a cathode voltage of 11 V, with
Qox = 6.3 × 1012 cm−2 and 200-nm-thick top oxide. In red, the contour
where the joint avalanche probability corresponds to 20%. In green,
the contour enclosing the impact generation rate exceeding 1% of
its maximum value. (a) Before and (b) after implementing the PG by
extending the anode top metal length.

(see Fig. 6(b), red contour) and does not benefit the active
region, increasing the DCR.

C. PG Implementation
The conventional approach of using a doped guard ring

to effectively prevent premature breakdown is limited in this
ultrathin structure due to the restricted depth of the top silicon
layer. To increase the robustness, a PG associated with a top
oxide reduction is added in TCAD simulations to mitigate the
increase in Qox due to irradiation.

First, the oxide thickness is reduced from 570 to 200 nm to
enhance capacitive coupling between the metal interconnects
and the silicon device layer to better control the electric field
at the edge of the GR region. The original thickness was
primarily set for safety margins but a 200-nm-thick oxide
can withstand breakdown over 100 V [40], ensuring reliable
operation at voltages below 20 V. A thinner oxide also reduces
the density of radiation-induced trapped charges, allowing the
SPAD to withstand higher irradiation doses before experi-
encing premature breakdown. The length of the anode-metal
junction is then increased from 8 to 11 µm, reaching the
edge of the guard ring [see Fig. 9(b)]. It results in an electric
field that pushes electrons from the Si/SiO2 interface asso-
ciated with oxide-trapped charges, as the grounded anode is
negatively biased relative to the top silicon. This extension
in length reduces the maximum electric field in the p-well
region from 0.93 MV/cm [see Fig. 9(a)] to 0.86 MV/cm [see
Fig. 9(b)]. It reduces the depletion region in the p-well near
the top oxide, and suppresses the avalanche region within
the p-well region (see Fig. 9, red contour) and shift back the
maximum impact ionization region (see Fig. 9, green contour).
The effect of the PG on the DCR curve and breakdown
voltage is shown in Fig. 10. Extending the metal length from
8 to 11 µm gradually reduces the DCR as it increases the
capacitive effect at the top of the p-well region, with no further
improvement beyond 11 µm. Limiting the anode length to the
edges of the guard ring also ensures that the FSI fill factor
is maintained. The DCR curve recovers the prerad results as
for Qox = 1.0 × 1012 cm−2 (see Fig. 10, dotted line), with a
slightly better performance, and the SPAD restores its original
breakdown voltage (see Fig. 10, inset).
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TABLE II
OVERVIEW OF DCR PERFORMANCE OF IRRADIATED SPADs

Fig. 10. TCAD simulations of DCR versus bias voltage for different
anode pad lengths (w) with a top oxide thickness of 200 nm and Qox =

6.3×1012 cm−2. The dotted line represents the simulation with an anode
pad length of 11µm and Qox = 1.0 × 1012 cm−2 (inset: shows the shift
of the breakdown voltage from 9.86 to 10.2 V in the simulated dark I–V
curve with a pad length above 11 µm).

SOI SPADs are more prone to ionizing degradation com-
pared to bulk SPADs due to the Si/SiO2 interface at the bottom
of the silicon layer. If the top depletion region extends close
to the BOX, electron-hole pairs generated at the interface
might drift into the impact region, increasing the DCR [6].
In the studied design, the shallow junction and the highly
doped p-well limit this issue by preventing the top depletion
region from reaching the BOX. In addition, the DCR here
is largely dominated by the high bulk generation associated
with SRH-TAT. Therefore, surface generation due to interface
traps remains negligible. Bottom oxide-trapped charges can
also create a back-depleted area, but the induced field remains
negligible compared to the high electric field at the top of the
silicon layer. Consequently, the impact of the defects from the
BOX is limited for the considered dose.

Table II summarizes the DCR degradation for different
SPAD designs under X-rays or gamma rays, as reported in
the literature. Low preirradiation DCR is achieved by using
low-doping well concentrations, resulting in higher breakdown
voltages and reduced tunneling effects [17]. However, com-
pared to the investigated SPAD, these designs are more prone
to bulk damage due to their larger depletion regions. While
X-ray irradiation only induces ionizing effects, gamma-ray
irradiation results in both displacement damage and ionizing
degradation [6]. In the latter case, distinguishing their individ-
ual contributions to the DCR may be difficult. Still, the DCR
increase reported in [6] is partially attributed to interface traps

originating from oxide isolation near the depletion region.
Similarly, the DCR degradation following X-ray exposure
observed in [7] is attributed to STIs close to the active area.
Both studies show a DCR increase by at least a factor of
3. Designs employing buried layers [5], [10], [12] or spaced
STIs [11] exhibit DCR degradation of less than a factor of
1.6. The reduced impact of TID in these devices is associated
with the absence of oxide interfaces near the active area.
In contrast, the DCR increase here is primarily attributed to
changes in the depletion region due to the accumulation of
Qox after TID. Therefore, the proposed PG structure is imple-
mented to restrain the ionization region, enhancing resistance
to premature breakdown and preventing DCR degradation.
This approach is compatible with a 650-nm-thick top sili-
con layer, whereas retrograde wells or buried layers require
a thicker silicon depth and deeper junctions. This method
ensures high UV and blue light detection efficiency in both
FSI and BSI configurations [15].

IV. CONCLUSION

In this study, we investigate the effects of gamma-ray
irradiation up to 132 krad(Si) on an ultrathin BSI SOI SPAD.
We analyze the measured breakdown voltage and DCR before
and after irradiation, using TCAD simulations to identify
the key factors influencing the degradation of the SPAD
performance. We show that radiation-induced oxide-trapped
charges can significantly increase the electric field at the
junction edges even in the presence of a doped guard ring,
leading to premature breakdown and an increase in DCR.
Measurements show a reduction in breakdown from 10.17 to
9.95 V and an increase in DCR from 1490 to 2700 cps/µm2

at 1 V excess bias. Conventional methods for reducing the
electric field at the edges of the active region are not suitable
for the studied ultrathin SOI SPAD under irradiation. STIs are
prone to irradiation-induced defects, while retrograde junctions
or conventional doped guard rings require a thicker silicon
layer, making them incompatible with ultrathin designs. TCAD
simulations show that, reducing the oxide thickness of the
investigated SPAD from 570 to 200 nm and extending the
anode metal interconnect from 8 to 11 µm can effectively
prevent premature breakdown. We propose this approach as a
simple mitigation technique for ultrathin SPADs to improve
their robustness against ionizing irradiation without adding
complexity to the design. TCAD simulations confirm that
this approach can significantly improve the resistance to
premature breakdown, even with oxide charge densities up
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to 6.3 × 1012 cm−2. No breakdown shift is observed in the
simulation at this trapped charge density. The DCR is also
nearly unchanged, with a value of 1365 cps/µm2 at 1 V excess
bias, resulting in radiation robustness above 132 krad(Si).
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