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Displacement Damage in CMOS Image Sensors
After Thermal Neutron Irradiation
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Abstract— In this paper, CMOS image sensors were exposed
to thermal neutrons observing an increase in the dark signal of
many pixels. The effect was found to be similar to the damage
caused by alpha particles irradiation. Rutherford backscattering
spectroscopy (RBS) and SIMNRA simulation were used to
confirm that the sensors contain boron in the insulation layers.
The damage produced by thermal neutrons is explained as
displacement damage caused by alpha particles and lithium-7
ions in the silicon active volume of the sensors after boron-10
thermal neutron capture.

Index Terms— Active pixel sensors, alpha particles,
borophosphosilicate-glass (BPSG), CMOS image sensors,
CMOS technology, ionizing radiation, neutron radiation effects,
thermal neutron, X-rays.

I. INTRODUCTION

IN THE past years, much effort has been done on
the detection of ionizing particles using CMOS image

sensors [1]–[5]. It was also shown that commercial-off-the-
shelf (COTS) CMOS active pixel sensors can be used for this
purpose [2], [6]–[10]. Particularly, [8] and [9] deal specifically
with the ability of this type of sensors to detect and count
charged particles, gamma photons, and X-rays, and the ability
to distinguish between alpha particles and electrons or photons.
Those articles focus on the possibility of using this kind of
sensors as radiation dosimeters.

On the other hand, there has been an increased interest on
the use of these devices as neutron detectors using special
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conversion layers, either over CMOS, CCD, or photodiodes
for the detection of thermal neutrons [5], [11]–[14]. In general,
conversion layers such as 10B, upon the interaction with
thermal neutrons, release charged particles, which are detected
by the sensor. Recently, Gd was proposed as a conversion
material on CMOS image sensors for high-efficiency neutron
detectors [14], [15].

In a previous work [16], a comparison of the effects of
gamma photons, thermal neutrons, and alpha particles on the
COTS CMOS image sensors has been made. The differences
and similarities of the effect of those three types of ionizing
radiation in CMOS image sensors were studied in a qualitative
way. In this paper, we present a more detailed study con-
cluding that thermal neutrons are captured by 10B contained
in the borophosphosilicate-glass (BPSG) layers, which emits
alpha particles and 7Li ions, and which, in turn, produce
displacement damage in the silicon active volume of the
sensor. To show this, a detection algorithm was developed
to correlate damaged pixels with the ionization events. Then,
the composition of the insulating layers was analyzed using
the RBS technique, proving that they include 10B in the
BPSG layers. The results were explained and modeled through
SRIM [17] simulations.

A similar mechanism—alpha or 7Li emission after neutron
trapping in BPSG—was repeatedly reported as a source for
the generation of single-event upsets (SEUs) in logic cells and
memories or soft errors in digital processors during thermal
neutrons irradiation. For example, Baumann et al. [18], [19]
demonstrated that the main cause of these effects was the
interaction of environmental thermal neutrons with the BPSG
layer used in the fabrication processes. BPSG is typically used
as an interlevel and intralevel dielectric in several technology
nodes. The addition of boron to PSG reduces the reflow
temperature and improves the fabrication process. Natural
boron contains about 20% of 10B, which absorbs thermal
neutrons and releases charged particles that are the cause
of SEUs in digital circuits. This undesired effect was used
in [20] and [21] to develop a special thermal neutron detector.
In those articles, the BPSG layer was enriched with 10B
in order to increase the SEU or soft error rate of mem-
ory devices when exposed to thermal neutrons and then
to correlate the results with the incoming thermal neutron
flux.

On the other hand, displacement damage caused by high-
energy neutrons has been reported several times. Image sensors
have been studied by Theuwissen [22], [23] over long time
periods and reported that, although they were stored on a shelf,
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there was an increase in leakage in some pixels, which are seen
as bright or hot pixels in the image. He related the generation
of hot pixels to environmental high-energy neutrons produced
by cosmic rays. On the same line, [24] studied the generation
of permanent errors—hot pixels—in image sensors. The SEU
to permanent faults ratio has been calculated for three types
of image sensors arriving at the conclusion that they were
more sensitive than memory integrated circuits and that the
hot pixels were also generated by cosmic rays. Fast neutrons
cause displacement damage directly by impact against Si
atoms. Displacement damage in CMOS image sensors was
also reported several times [25], [26].

This paper presents the displacement damage in CMOS
image sensors as a result of thermal neutron irradiation.
Section II presents the experimental arrangements. Details
about the specific image sensor are given, and the description
of the experiments that were carried out is shown. Section III
shows the results and compares them quantitatively and qual-
itatively. Then, in Section IV, a discussion about the results
that were shown is carried out, and possible sources of damage
are analyzed. Finally, Section V presents the conclusions of
this paper.

II. EXPERIMENTAL DETAILS

COTS CMOS sensors were irradiated with alpha particles,
X-rays, and neutrons from a neutron radiography beam, which
is a mixed field of thermal neutrons and gamma rays. The aim
was to compare the damage caused by those particles. The
experiments were carried out using On Semiconductor CMOS
monochrome image sensors model MT9M001, whose size is
0.5 in (5:4), and it has 1280 × 1024 pixels with a pixel pitch
of 5.2 μm × 5.2 μm.

Fig. 1 shows a cross section of the integrated circuit
taken with a scanning electron microscope (SEM) and using
the backscattered electrons detector. On top of the image
sensor, there is a layer composed of polymers, which form
microlenses. Below this polymer, it begins the fabrication
process back end of line (BEOL), where metal interconnec-
tions are on top of each other, embedded and insulated by
silicon dioxide. In this case, the BEOL is 3.7 μm thick.
Finally, the active devices, i.e., transistors and photodiodes, are
located in the silicon substrate, below the field oxide (FOX),
which is 0.3 μm thick and is composed of SiO2 also.

Before the experiments, the glass cover was removed from
the sensors allowing direct irradiation of the silicon die. Unless
otherwise noted, the integration time was set to its maximum
value (1033 ms), and the same was done with the gain
parameter (15). Also, these sensors have an internal black level
calibration function that was disabled for all the experiments
in order to avoid any masking of the radiation effects. The
images that were captured were recorded in video files without
compression. All captures were done at room temperature.
Only one sensor was exposed to ionizing radiation at a time.
The particular irradiation conditions of each experiment are
detailed in Sections II-A–II-C.

In order to obtain the conversion factor from analog to
digital converter units (ADU) to collected charge, measured in

Fig. 1. SEM image of the cross section of the integrated circuit.
(A) Microlenses. (B) BEOL. (C) Premetal dielectric. (D) FOX.

electrons, the image sensor was exposed to Cu Kα and Fe Kα

fluorescence X-rays [27]. The spectrum of the collected charge
was analyzed, resulting in a conversion factor of 11.1 e−/ADU
at maximum gain. Extrapolating this result for gain equal to
one, a full well capacity of 42 Ke− is expected.

A. Irradiation With Alpha Particles

A CMOS sensor was exposed to alpha particles from an
241 Am source. The experiment consisted in exposing the
sensor by placing the source on top of it—first taking care
of removing the glass cover of the package—and then placing
the whole set in a sealed box in order to isolate the sensor
from ambient light.

The activity of the source was 2 kBq, and it was placed at
6 mm from the sensor. The duration of experiment was 1 h,
and during that time, a fluence of �1.6 × 106 α · cm−2 was
estimated.

Alpha particles from 241Am source have an energy of
5.486 MeV, but the energy of the particles arriving at the
active area of the sensor is spread to lower values due to the
energy loss in their path. Using the SRIM [17] code, it was
estimated that the energy of the particles that arrive at the
silicon active area is approximately 4.15 MeV. The distance
between the source and the sensor and the thicknesses of the
insulating layers obtained from Fig. 1 were taken into account
for this estimation.

B. Neutron Irradiation

Two CMOS sensors were also irradiated in the Neutron
Imaging Facility of the RA-6 nuclear research reactor.1 The
facility beam is mainly composed of a neutron flux and
residual gamma rays generated in the reactor core and passing
through a sapphire filter. The typical thermal neutron flux
of the facility is 2.6 × 106 n(cm2s)−1 and the gamma dose
rate 800 mGy · h−1. Although there are epithermal and fast
neutrons in the neutron beam, the epithermal flux is three

1The RA-6 research reactor is located in San Carlos de Bariloche city and is
operated by the Argentine Atomic Energy Commission (CNEA). The purpose
of this reactor is to carry out teaching, training, and research and development
tasks in the field of nuclear engineering. It is an extremely versatile reactor,
useful for a wide range of experiments.
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orders of magnitude lower than the thermal flux, in the order
of 103 n(cm2s)−1, and the fast flux is negligible.

The experiment consisted of the exposure of one CMOS
sensor covered with a Gd2O3 layer of approximately 150 μm
thickness and another sensor without this layer. Gadolinium
has a very high-absorption cross section in the thermal neutron
energy range and acts as a blocking layer, not allowing thermal
neutrons to reach the device [28]. In this way, the sensor with-
out Gd was exposed to gamma and thermal neutrons directly
from the beam, and the other sensor was exposed only to
gamma rays—the thickness of the neutron shielding is enough
to trap most thermal neutrons but is almost transparent to
gamma rays. Also, the layer can be considered as transparent
to epithermal and fast neutrons, due to the low capture cross
section that Gd has for energies higher than few tens of meV.

The shielding layer was prepared by making a mixture
of Microposit S1400 photolithography resin and Gd2O3 in a
powder form. The mixture was applied to the sensor over the
whole die.

Both image sensors were irradiated inside the neutron
radiography beam, one at a time, while recording video files
from their outputs. In order to reduce the gamma dose, a lead
shielding of 5 cm thickness was placed in between the sensors
and the beam. As a side effect, this lead gamma shielding
reduces the thermal neutron flux so, using a neutron activation
method, the neutron flux was measured at the target position
resulting in 6.2 × 105 n(cm2s)−1 ± 20%. The experiment
duration was 60 min, and during that time, a thermal neutron
fluence of 2.23 × 109 cm−2 ± %20 was obtained.

C. X-Ray Irradiation

Another sensor was exposed to radiation from an Elekta
radiotherapy linear accelerator.2 This equipment is capable
of producing X-rays by hitting a lead target with accelerated
electrons. The X-ray photons have a distribution of energy with
the maximum intensity located in 2 MeV and a range from 0
to 7 MeV [29]. For the irradiation conditions, a photon flux
of 2 × 1010 (cm2 s)−1 was calculated.

In order to have electronic equilibrium, the sensor was
placed inside a water equivalent phantom, and it was irra-
diated in steps of 2.7 Gy(Si) up to a total accumulated dose
of 54 Gy(Si). The dose rate on each step was 60 mGy/s. During
the experiment, the sensor was powered, and after each step,
a video of the dark image was recorded for 30 s.

III. ANALYSIS AND RESULTS

This section presents a qualitative and quantitative analysis
of the damage produced by the different particles. Through
the analysis of postirradiation dark image—acquired without
incident light or particles on the sensor, the type of damage
caused by each particle is compared.

Then, with the images acquired during irradiation, it is
possible to detect when pixels get damaged and to correlate
the damage with the particle which created it [16]. This will

2This LINAC is located in San Carlos de Bariloche, Argentina, in the
radiotherapy center inaugurated in January 2018, and managed by INTECNUS.

Fig. 2. Comparison of dark output images before and after irradiation. 1/8th
of the original images are shown, and also, the color scheme was reversed
for clarity, so darker colors correspond to brighter pixels. Alpha particles
and thermal neutrons produce defects that are localized, while X-ray photons
increase the overall leakage. Alpha particles fluence was 1.6 × 106 cm−2,
thermal neutron fluence was 2.23×109 cm−2, and X-ray photon fluence was
1.8 × 1013 cm−2 [54 Gy(Si)].

be used to analyze the amount of ionization produced by
the particles that produce damage and also the shape and
characteristic of the ionization event as seen in the captured
image.

Finally, the composition of the insulating layers of the chip
is studied to look into the physical mechanisms, which cause
the damage.

A. Dark Images After Irradiation

Dark images were obtained with the sensor after irradiation
in order to compare the damage caused by each type of
particle. Fig. 2 presents the dark image of four sensors: the
first not irradiated, the second irradiated with alpha particles,
the third with thermal neutrons, and the fourth with X-ray
photons. The image before irradiation has a few bright pixels,
which correspond to the typical dark signal nonuniformity of
the sensor. However, it can be seen that when the sensor is
exposed to alpha particles and thermal neutrons, a number of
hot pixels, i.e., pixels with dark values higher than the average,
appear. On the other hand, X-ray irradiation produces a smooth
and uniform increase of the brightness in the whole image—
and not only localized in a few pixels [16]. A result similar
to that of the X-ray irradiation and for a comparable dose–
51 Gy–was reported in [10] for image sensors fabricated in
similar technology nodes.

B. Damage Creation After Particle Interaction

As it was explained before, the images acquired during irra-
diation were recorded in video files. The data were analyzed
looking at the moment in which a hot pixel is created. Fig. 3
shows a typical result observed when an alpha particle released
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Fig. 3. Typical damage produced by alpha particles. 36 pixel values of a
6 × 6 matrix centered on the event are shown as a function of time
(at 1 frames/s, tint = 1033 ms). Inset A: image before particle hit. Inset
B: frame in which the interaction took place. Inset C: resulting image after
damage.

by the 241Am source causes permanent damage to the sensor.
The insets show three images of the region: one before the
interaction, one of the exact frame in which the event took
place, and finally, one after the event showing the remaining
hot pixel. The main plot shows the charge collected by each
pixel around the centroid of the interaction as a function of
time.

Before the event, all pixels exhibit low baseline levels.
During the event, some pixels collect ionization charge, and
larger values are read [9]. After the event, in the example of
Fig. 3, one pixel exhibits a permanent high baseline level,
becoming a damaged hot pixel. This only happens in few
events as will be discussed later. Actually, most of the alpha
particle interactions do not cause permanent damage, and the
baseline level is restored to its initial value.

A similar effect was observed when the sensors are irra-
diated with thermal neutrons, as it is exemplified in Fig. 4.
Again, the insets present an image before, during, and after
the interaction. whereas the main plot presents the values read
from the pixels in a box centered on the event as a function
of time. This is only an example of a typical damage, which
happens in a fraction of the events. It is worth noticing that
in Fig. 4, in frames 69 and around 80, other particles are
detected by the sensor without creating a permanent defect.

In Figs. 3 and 4, before the particle interaction, pixels have
low baseline levels with relatively low noise. The interaction
of the particle with the semiconductor produces free carriers
that discharge the pixels in the neighboring area [9]. During
the frame of the interaction, those pixels are shown as a
very bright spot in the image because their junctions were
discharged by the ionization current. The ionization current is
only collected in a period of time much shorter than the frame
period, and in most cases, in the next frame, the baseline
levels of the readings are restored. However, in the few
cases in which the particle produces damage, for example,

Fig. 4. Typical damage produced during the neutron radiography experiment.
The values of a matrix centered on the event are shown versus time
(at 1 frames/s, tint = 1033 ms) and also the image sequence as seen in the
video. Inset A: pixels before particle hit. Inset B: frame in which interaction
took place. Inset C: resulting damage. In frames 69 and around 80, other
particles are detected without creating a permanent defect.

by the displacement of a cluster of Si atoms from their lattice
position [30], the reverse-biased junction current of the pixel
increases leading to an increase in the baseline level. After
the reset cycle, the leakage discharges the photodiodes and
those pixels stay illuminated in the dark image. The leakage
current continues affecting those pixels for the next frames,
and this is seen as a sudden change in the mean values of
the pixels after the particle hit, as shown in Figs. 3 and 4.
This behavior is typical for displacement damage in CMOS
image sensors and was already reported, for example, for fast
neutron irradiation [22], [23] and alpha particles [25], [26].

This behavior was not seen when irradiating the sensors
with X-ray photons. Pixels baseline values were never sud-
denly modified after a single event. Only a slow and continu-
ous increase with dose is observed uniformly in the image as is
shown in Fig. 2. This suggests that the damage mechanism is
different for X-rays. This increase in the dark image baseline
pixel values is typical for total ionizing dose (TID) effects as
reported in [10].

C. Dark Current Increase Distribution After Irradiation

In Fig. 2, images obtained with the sensor before and after
irradiation were shown. Now, in Fig. 5, a comparison of
histograms of dark currents increase after the experiments is
shown. Each point in the plots shows the number of pixels
with a given increase in dark current. The mean dark current
increases for alpha and thermal neutrons are 3.8 and 8.4 e−/s,
respectively, whereas the mean increase for X-rays irradiation
is 613 e−/s.

It can be seen that after thermal neutron irradiation, the dark
current of only some pixels is higher than the average, and this
does not change the most probable value of the distribution.
The shift after alpha irradiation is very similar, and only an
increase in the dark current of some pixels is seen. This result
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Fig. 5. Histograms showing an increase in pixel dark current after irradiation.
Alpha particles and thermal neutrons present similar distributions, whereas
that of X-rays irradiation is different, which is an indication that the damage
mechanism is different.

is similar to the pixel distribution reported in [22] and [23]
with an exponential distribution as a result of displacement
damage.

On the other hand, as was seen in Section III-B,
X-ray irradiation behaves differently. The dark current increase
distribution is almost Gaussian, which means that a large
part of the pixels is shifted evenly to a higher dark current.
Similar results were reported in [10]. This is the result of TID
effects, positive charge builds up in the dielectric layers of
the integrated circuit, and interface traps are created in the
Si–SiO2 interface, causing an increase in the photodiode
leakage current in each pixel [31].

The histograms of Fig. 5, in turn, present an alternative way
to show that alpha and thermal neutrons produce localized
damage and that the leakage is concentrated in a limited
number of pixels, whereas X-rays generate a more uniform
damage in the whole sensor.

D. Analysis of the Damaging Events

In Section III-B, it was shown that through the analysis of
the events in the images, it is possible to detect the arrival
of the particles, which permanently damage the pixels. In this
section, an analysis of the shape and intensity of the ionization
events was carried out in order to see if a discrimination
between particles was possible.

To do so, an event and damage detection algorithm was
developed using Python and OpenCV applying a slight varia-
tion of the technique proposed in [9]. The algorithm syllabifi-
cation detects events produced by particle interactions looking
at the difference between one frame and the next and collects
parameters of the image created by events, such as area,
perimeter, and image moments, i.e., raw and central moments,
and the sum of the intensities of all pixels involved in the
event—a measurement of the ionization charge—is saved in
a text file. Hot pixels creation is identified by looking for
sudden changes in their mean value. When they are detected,
the parameters of the event that produced the damage are saved

Fig. 6. Events and damaged pixels detected by processing the neutron
radiography experiment video with the algorithm. A time span of 30 min
of irradiation was analyzed, and the events detected were accumulated to
form the presented image. Only a fraction of the image area is shown.

for further processing. In this way, it is possible to analyze
damaging events separately from all events. The frames were
analyzed using this algorithm, and a statistical analysis of the
events was performed.

An example of detected events and damaged pixels is shown
in Fig. 6. Therefore, the pixels that collected the ionization
charge produced by a particle are displayed in gray, and the
pixels that were damaged during the same ionization event are
displayed in black. All the damaged pixels created during the
irradiation were correlated with its corresponding ionization
event.

Alpha particles deposit a huge amount of charge in a small
volume, and, due to plasma effect [32], the charge is spread
over several pixels producing in the image a big circular spot
which can be identified. In [9], an algorithm which allows to
distinguish between alpha particles and electrons or photons
was presented. It is based on the fact that the amount of charge
per pixel of the recorded event is proportional to the linear
energy transfer (LET) of the particle. Therefore, this algorithm
allows the discrimination of particles by LET.

The video taken during the thermal neutron irradiation was
analyzed with this algorithm to find different patterns between
all the events and the events which caused defects. Of all
the events in the video, 17% were identified as particles with
high LET, similar to alpha particles. When the classification
criteria were applied to events which caused damage, 72%
were classified as high LET particles. This suggests that the
defects were created by particles, which interact with Si in
a similar way than that of alpha particles, i.e., particles with
LET in the order of 0.1 MeV/μm (for 4.15-MeV alpha), and
not by electrons or photons.

E. Sensor Composition Analysis

An RBS experiment was carried out using the 1.7-MV tan-
dem accelerator located at the Bariloche Atomic Center [33].
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Fig. 7. RBS experimental results. The 5.6-MeV peak indicates that the
sample contains boron.

The objective was to determine the presence of boron in the
image sensors. A standard setup was used, focusing on the
reaction 11B(p,α)Be. The sensors were irradiated with 2.6-
MeV protons, where the reaction cross section is maximal.
Alpha particles of 5.994 MeV are created in the reaction [34]
and detected by the system. Fig. 7 shows the measured
backscattered energy spectrum, which was calibrated and fitted
using the SIMNRA [35] software.

The peak at 5.6 MeV is created by alpha particles released
in the mentioned reaction and indicates the presence of boron.
Furthermore, the position in the energy of this peak is related
to the depth of the layer containing boron. After an analysis
with both SIMNRA and SRIM [17] codes, it was estimated
that the layer is located at 4.3 ± 0.5 μm below the surface.
A fast run of the SRIM code gives a stopping power of
100 keV/μm in a SiO2 sample, which is in accordance with
a loss of around 400 keV in the way out to the surface. This
locates the boron below the first metal layer and agrees with
the standard use of BPSG as a premetal dielectric [36], [37].

It is important to note that when the sensor was irradiated
with proton energies lower than 2.6 MeV, the peak associated
with alpha particles suddenly diminished, confirming the result
that the peak is not caused by any other possible mechanism.

IV. DISCUSSION

In Section III, it was shown that the irradiation with the
thermal neutron beam produced hot pixels. This section will
discuss possible physical interactions with the sensor elements
that could cause the increase in the photodiodes leakage
current that leads to hot pixels.

As was mentioned, the neutron radiography beam comprises
thermal neutrons, gamma photons, and a much smaller flux
of epithermal and fast neutrons. We will discuss possible
interactions between these particles and the materials used for
the fabrication of the integrated circuits.

The damage observed in the sensors cannot be caused by
the gamma rays for two reasons. In the first place, and as
was shown in Section III, the damage caused by photons is
different from the damage observed in the neutron radiography
beam. Gamma photons create a uniform increase in the dark
current of the pixels instead of hot pixels. In the second
place, the sensor shielded against thermal neutrons with
150 μm of Gd2O3 presented a negligible number of defects.

The attenuation of this thin shielding layer for gamma rays
is negligible; thus, both sensors—shielded and unshielded—
received the same number of photons.

The thin Gd2O3 layer is not sufficient to absorb fast and
epithermal neutrons because the capture cross section of Gd
decreases sharply for energies higher than that of a few meV,
and the attenuation of this thin layer is insufficient to reduce
the flux for these energies. Nevertheless, fast and epithermal
neutrons cannot explain the damage observed in the sensor
because the device shielded for thermal neutrons with Gd2O3
was clearly less damaged than the other.

Thus, the damage expressed as hot pixels should be caused
by the interaction of the thermal neutrons with the devices.
As it was shown in Section III-E, the insulating materials
on top of the active region of the sensor comprise a thin
BPSG layer, which contains boron. It is highly likely that the
interaction of thermal neutrons with 10B, with the release of
fast alpha and 7Li particles as reaction products [19], could
damage the sensor. Moreover, as it was seen in Section III-D,
the damaging events in the neutron irradiation were similar
to that of alpha particles. It is reasonable to assume that
7Li ions and alpha particles emitted from the 10B(n, α)7Li
nuclear reaction will leave similar patterns since both have
comparable LET (0.4 MeV/μm for 0.84-MeV 7Li ions versus
0.3 MeV/μm for 1.47-MeV alpha particles).

BPSG is composed generally of 2% to 8% by weight of
natural boron [19], [37], which, in turn, is formed by 19.9%
of 10B and 80.1% of 11B. 10B has a very high thermal neutron
capture cross section, nearly a million times higher than 11B,
and its reaction subproducts are α and 7Li particles. 94% of
the times, the reaction emits a gamma photon of 478 keV,
an alpha particle with a kinetic energy of 1.47 MeV, and a 7Li
with 0.84 MeV. The remaining 6% of the times, the gamma
photon is not emitted, and the alpha and 7Li are emitted with
energies of 1.77 and 1.01 MeV, respectively. These kinetic
energies are sufficient to reach the silicon active volume from
a distance of approximately 5 μm as will be shown with SRIM
simulations.

Taking into account the image area of 6.66 mm × 5.32 mm
by the thickness of 0.35 μm in Fig. 1 (label C), the volume
of BPSG (VBPSG) can be obtained. Taking into account also
a BPSG density of 2.22 g cm−3, doped with 5% of natural
boron of which only 19.9% is 10B, the 10B thermal neutron
absorption cross section (σ

10B = 3838 barns [38]) and its atom
density (N

10B = 1.24 × 1021 cm−3), the reaction rate was
calculated for the thermal neutron irradiation experiment as

R
10B
nth

(VBPSG) = σ
10B N

10B φnth VBPSG (1)

which gives 36 α and 7Li released per second, so approxi-
mately 1.3 × 105 of both particles are produced in 60 min.
Due to momentum conservation, alpha and lithium particles
are emitted in opposite directions; therefore, the number of
particles, α or 7Li, that arrive to the silicon active volume is
1.3 × 105. Dividing by the sensor area, this gives a fluence of
3.7×105 (α or 7Li)·cm−2. Due to the error in the measurement
of the thermal neutron flux and the uncertainty in the boron
doping, all these numbers have 80% of relative error.
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Fig. 8. DDD as a function of depth calculated from SRIM simulations.
Zero depth is the Si–SiO2 interface, and the x-axis points toward the silicon
substrate (marked in Fig. 1). The simulation takes into account 1.47-MeV
alphas and 0.84-MeV 7Li, which are the most probable particle energies after
boron neutron capture. The remaining 6% of the cases were disregarded.

With these results and the number of damaged pixels,
a damage factor can be calculated as the number of damaged
pixels divided by the total number of arrived particles. This
gives 0.05 damaged pixels per α or 7Li for the neutron radiog-
raphy experiment and 6 × 10−4 damaged pixels per alpha for
the alpha experiment, where the number of arrived particles
is 5.7 × 105. Thus, the particles released by neutrons produce
83 times more damage than the alpha particles of americium.

This agrees with the displacement damage dose (DDD) that
was calculated from the results of SRIM [17] simulations of
nonionizing energy loss (NIEL) in silicon using a displacement
damage threshold energy of 15 eV. The procedure described
in [39] was followed to obtain the NIEL as a function of
particle penetration depth, and then, given the fluence in each
experiment, a total DDD was calculated. Fig. 8 shows the
simulation results. In the alpha experiment, most of the energy
is deposited 19 μm below the Si–SiO2 interface, at the position
of the Bragg’s peak, since those alpha particles from ameri-
cium arrive with 4.15 MeV to the Si–SiO2 and the geometry
implies that the particles have an almost normal incidence into
the silicon. In the first few micrometers, where the silicon
active volume is located, i.e., depletion regions of photodiodes,
the particles released by thermal neutrons interaction with
BPSG have their Bragg’s peak, and so, the DDD due to these
particles is higher than the dose due to alpha from americium.
That could be the reason why the damage is more visible—
there are more hot pixels—with less α and 7Li particles.

So, alpha particles and 7Li lose a part of their energy dis-
placing Si atoms from their lattice position creating vacancies
and interstitials. A single incoming particle can create a cluster
of defects [30], and these defects increase the generation rate
in the depletion region of reverse-biased junctions explaining
the increase in the dark current of the pixels.

In [40], a universal damage factor Kdark was proposed for
silicon devices, and it has been shown that the mean dark
current increase dcmean is proportional to the DDD and the
depleted volume Vdep via this proportionality factor

dcmean = Kdark × Vdep × DDD. (2)

Since the depletion volume is unknown for these devices—
that is proprietary information—it is not possible to calcu-

late a theoretical dark current increase. Nevertheless, using
the information that has been gathered from the americium
experiment, it is possible to calculate a depletion volume and
use this volume in order to calculate the DDD for the thermal
neutron experiment. Comparing this DDD calculated for the
thermal neutron experiment with the expected DDD taking
into account only the alpha and lithium particles produced by
the thermal neutron capture will give an idea if this effect is
displacement damage or not.

For the 241Am experiment, the experimental mean dark cur-
rent increase was 3.8 e−/s, the DDD—calculated as the prod-
uct of the NIEL of 4.15 MeV alpha particles by the fluence—
was 2 TeV/g, and Kdark equals to 0.13 e−/μm3/s/(TeV/g).
This Kdark is corrected by the temperature using an activation
energy of 0.63 eV for 18 °C, and by applying a scaling factor
of 1.5, it is also corrected for an annealing time of 15 h.
Solving for the depletion volume in (2), we obtain 14 μm3,
which is reasonable for the 5.2 μm×5.2 μm pixel size. Kdark
and fluence relative errors add a dispersion of ±50% to the
depleted volume.

For the thermal neutrons experiment, the mean dark
current increase was 8.4 e−/s and Kdark equals to
0.221 e−/μm3/s/(TeV/g)—corrected for a temperature
of 20 °C and, by applying a scaling factor of 2.08, for an
annealing time of 30 min—, knowing the depletion volume,
the DDD can be calculated from (2) and it gives 3 TeV/g.
Taking into account the relative uncertainty of each parameter,
this number has an error of ±80%.

Using the α and 7Li fluence that was calculated above with
(1) [� = 3.7 × 105 (α or 7Li) · cm−2] and the NIEL of each
particle, the expected DDD is calculated as

DDDexpec = (NIELα + NIEL7Li) × �/2 (3)

which gives 1.6 TeV/g ± 20% for the thermal neutrons
experiments. Taking into account all the uncertainties, this
DDD predicted from the thermal neutron fluence is in close
agreement to the DDD estimated from the increase in the
dark current observed in the sensors. This result supports the
hypothesis, which states that the boron thermal neutron capture
is the responsible for the damage seen in the devices.

At this point, it is possible to estimate the TID deposited
into the sensor in order to compare the X-ray with alpha and
thermal neutron irradiations. The TID can be estimated by
multiplying the LET of the particle by the fluence, which
gives a TID of 0.1 Gy(Si) for the 241Am experiment (alpha
LET = 431 MeV ·cm2/g). In the thermal neutron experiment,
the ionizing particles are the alpha (LET = 1148 MeV·cm2/g)
and 7Li ions (LET = 1724 MeV · cm2/g) produced by the
boron thermal neutron capture, and the fluence depends on
the boron doping of BPSG and was calculated in (1). So,
the TID for the thermal neutron experiment was approximately
0.08 Gy(Si). Hence, both TIDs are negligible when compared
with 27 Gy(Si) of the X-ray experiment, and for that reason,
there is no shift to the right in the distribution of alpha and
thermal neutron dark current increase histograms of Fig. 5.

Other interactions of thermal neutrons with materials
present in the sensor are discarded. Sensor composition is
mainly natural silicon, i.e., 28Si 92.2%, 29Si 4.7%, and 30Si
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3.1%. Thermal neutrons interaction mechanism is by nuclear
absorption. Consequently, when a neutron is captured by 28Si,
stable 29Si will be produced, which does not disrupt the silicon
lattice. The same happens with 29Si, and it becomes 30Si,
which is also stable. Conversely, when a thermal neutron is
captured by 30Si, the produced 31Si is unstable and decays
in 31P within a couple of hours by beta emission. 31P has
one extra electron, which becomes a free carrier in the silicon
lattice, and thus, this is the same as a doping process with
donor atoms. The addition of minority carriers in a p-type
silicon substrate increases the reverse-bias leakage current of
photodiodes and may lead to the generation of hot pixels.

In order to see if this doping by silicon transmutation
was relevant, the reaction rate in the neutron radiography
experiment was calculated as

R
30Si
nth

= σ
30Si N

30Si φnth (4)

where σ
30Si is the microscopic thermal neutron absorption

cross section of 30Si (0.107 barns [38]), N
30Si is its atom den-

sity, and φn is the thermal neutron flux [6.2×105n(cm2s)−1 ±
20%]. This gives the reaction rate in reactions per unit of
volume and time. Taking into account a duration of the
experiment of 60 min, the number of silicon atoms per cm3

that decayed into phosphorous is

R
30Si
nth

(60 min) = 3.6 × 105 at. cm−3 ± 20%. (5)

Comparing this number to a normal silicon substrate doping
higher than 1016 at. cm−3 makes it completely irrelevant.
Therefore, this cannot be the reason for the leakage increase.

Finally, other isotopes that could capture thermal neutrons,
such as 16O, have very low thermal neutron capture cross
sections or are present in very small amounts like metals used
for interconnections. So, they are not a relevant source of
particles that can cause damage to the silicon active region.

V. CONCLUSION

The irradiation of CMOS image sensors in a mixed field
with thermal neutrons and gamma photons leads to the creation
of hot pixels. To investigate the physical mechanisms which
create the damage, image sensors were irradiated with alpha
particles and X-ray photons.

The different characteristics of the observed defects and
the fact that a sensor shielded with a Gd2O3 layer did not
exhibit damage and show that the effect observed is caused
by thermal neutrons and not by other particles present in the
neutron irradiation beam.

The interaction of thermal neutrons with 10B present in the
BPSG layer was proposed as a possible cause of the defect
creation. To investigate this possibility, the RBS technique
was used to confirm that the devices contain boron. The
concentrations of B usually found in the BPSG layer and the
fact that the range of the particles released after boron neutron
capture is less than the americium alpha range can explain why
the number of defects observed in the neutron experiment is
greater than that of the americium experiment. This is despite
the fact that the fluence of alpha and 7Li particles is less in the
thermal neutron experiment than the fluence of alpha particles

in the americium experiment. The proposed mechanism for
the displacement damage of the sensors is that the thermal
neutrons are captured in 10B with the release of an alpha
particle and a fast 7Li ion.

The results presented in this paper have implications if a
CMOS sensor is intended to be used as a thermal neutron
detector covered with a conversion material, since the sensor
will suffer from aging as the sensor is used.
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