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Dear editor,
CMOS image sensors (CISs) present numerous ad-
vantages and have become feasible alternatives for
CCDs (charge coupled devices) in satellite imag-
ing system, nuclear industry, and particle detec-
tion [1–3]. However, CISs used in these applica-
tions are often operated under harsh radiation en-
vironments and are susceptible to total ionizing
dose (TID) and displacement damage.

Although many studies investigated the radia-
tion effects in CISs [1–9], few studies focused on
the comparison of the dark signal degradations in
PPD (pinned photodiode) CISs induced by cobalt-
60 Gamma ray, proton, and neutron radiation.

This article focuses on the dark signal degra-
dation induced by cobalt-60 Gamma ray, proton,
and neutron radiation. The radiation experiments
are specifically designed to compare the differences
and similarities of the effects caused by the differ-
ent radiation particles and rays, and the typical
characteristics of the different radiation effects are
analyzed in depth, which will help predict the be-
havior of a device when it is exposed to mixed
radiation components.

Experimental details. The experiments have
been performed using Gamma ray, proton, and

neutron radiation. All the samples are irradi-
ated under unbiased conditions at room temper-
ature of approximately 25◦C. The Gamma radia-
tion experiments have been performed at a cobalt-
60 facility. The neutron radiation experiments
have been performed at a reactor neutron facil-
ity (XAPR). The sample has been exposed to
1 MeV neutron-equivalent fluences of 1× 1011 and
2 × 1011 n/cm2. The flux of neutron beam is ap-
proximately 1.33 × 108 n/(cm2 s), and the ratio
of n/γ is 4.19 × 109 n/(cm2 rad(Si)). The pro-
ton radiation experiments have been performed at
an accelerator proton facility with the energy of
10 MeV. The proton fluences are 1 × 1010, 5 ×

1010, and 1 × 1011 p/cm2.

Results and discussion. The increase in the dark
signal in a photoelectric image sensor induced by
TID damage is a key issue. Although many previ-
ous studies investigated the dark signal degrada-
tion of the 3T photodiode (PD) CISs caused by
TID damage, few studies focused on the dark sig-
nal degradations of the 4T PPD CISs versus the
TID. Figure 1(a) shows the dark signal distribu-
tions induced by cobalt-60 Gamma rays, which
are used for a comparison with the dark signal
distributions induced by proton or neutron radi-
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Figure 1 (Color online) Dark signal degradation induced by Gamma ray, proton, and neutron radiation. (a) The dark sig-
nal distributions versus the TID induced by cobalt-60 Gamma ray radiation; (b) the comparison of dark signal distributions;
(c) the front part of dark signal distribution of (b) by shortening the horizontal abscissa.

ation. The unit of a dark signal is digital number
(DN). The pixel count indicates the number of pix-
els. From Figure 1(a), one can observe that the
dark signal distributions caused by TID damage
are Gaussian-like distributions. These distribu-
tions are similar to the dark signal distributions of
the PD CISs in [2,3]. This is because all the pixels
in 3T or 4T CISs are influenced by Gamma radi-
ation, and thus, the statistic distributions exhibit
Gaussian-like distributions. However, the heights
of the distributions in PPD CISs decrease with an
increase TID and shift to the right with an in-
crease in the dark signal, which is different from
the distributions of the PD CISs in [2]. The mean
dark signals increase with TID accumulation. The
increase in the mean dark signal in a 4T PPD
CMOS image sensor is mainly due to the inter-
face states (Nit) and the trapped positive charges
(Qot) induced by Gamma radiation [5, 8]. The
TID damage originates from the ionizing energy
loss, which induces the generation of Nit and Qot.
Nit and Qot are mainly located in the pre-metal
dielectric, shallow trench isolation, transfer gate,
space charge region (SCR), and nitride spacer in
the PPD CISs [6]. However, the increase in the
mean dark signal in a conventional 3T PD CMOS
image sensor induced by TID damage is mainly
due to Nit and the trapped positive charges in the
field oxide or bird beaks [2].

Neutron radiation also induces remarkable dark
signal degradation in a CMOS image sensor. How-
ever, the dark signal distributions induced by neu-
tron radiation are different from those induced by
Gamma rays. The dark signal distributions in-
duced by neutron radiation are Gamma distribu-
tions. Figure 1(b) shows the dark signal distribu-
tions induced by reactor neutron radiation. The
neutron energy and fluence of the reactor is equiv-
alent to the 1MeV neutron-equivalent fluence. The
dark signal degradations increase with the increase
in neutron radiation fluence, which is mainly due
to the bulk trap generation induced by neutron ra-

diation. Reactor neutron radiation mainly induces
displacement damage because the TID is small and
has a negligible influence. The displacement dam-
age originates from the non-ionizing energy loss
(NIEL), which induces the generation of bulk traps
between the conduction and valence bands.

Proton radiation also induces remarkable dark
signal degradation in a CMOS image sensor. Pro-
ton ionizing damage induces an increase in the
surface dark signal, which is similar to the case
of Gamma ray radiation. Proton displacement
damage induces an increase in bulk dark signal,
which is similar to the case of neutron radiation.
Figure 1(b) also shows the dark signal distribu-
tions induced by proton radiation. The dark signal
degradations increase with the increase in proton
radiation fluence, which is caused by proton ioniz-
ing damage and displacement damage. The front
part of the dark signal distribution caused by pro-
ton ionizing damage is similar to that induced by
cobalt-60 Gamma ray radiation whereas the latter
part of dark signal distribution caused by proton
displacement damage is similar to that induced by
neutron radiation.

The data in Figure 1(b) are obtained from the
experiments. Figure 1(b) shows the comparison
of dark signal degradations caused by cobalt-60
Gamma ray, proton, and neutron radiation. From
Figure 1(b), one can observe that the dark sig-
nal distributions show an apparent difference. The
latter part of the dark signal distribution caused
by proton radiation is similar to that caused by
neutron radiation because the degradation distri-
butions of the dark signal spike (hot pixel) tails are
caused by displacement damage. The dark signal
spike tails originate from the bulk defects located
in the SCR of the pixels induced by displacement
damage [6]. Through GEANT4 simulation, the
NIEL induced by proton radiation is observed to
be larger than that induced by neutron radiation
at the same radiation fluence. Therefore, the dark
signal spike tails are larger than those induced by
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neutrons at the same radiation fluence. The exper-
imental results shown in Figure 1(b) are consistent
with the simulation results in the literatures [6,9].

To compare the dark signal degradation distri-
butions caused by cobalt-60 Gamma ray, neutron,
and proton radiation, Figure 1(c) shows the front
parts of the dark signal distributions of Figure 1(b)
by shortening the horizontal abscissa. From Fig-
ure 1(c), the front part of the distribution caused
by neutron radiation is nearly similar to the dark
signal distribution before radiation. This is be-
cause the ionizing damage induced by neutron ra-
diation can be negligible. The front part of the
dark signal distribution caused by proton radiation
is similar to that caused by Gamma ray radiation.
This is because the dark signal distributions are
due to the proton ionizing damage. The tails of
the dark signal distributions caused by proton or
neutron radiation are very similar, as they are due
to the displacement damage.

Conclusion. Irradiation experiments of PPD
CISs with cobalt-60 Gamma rays, protons, and
neutrons have been performed to compare the dark
signal degradations induced by them. The exper-
imental results show that the dark signal degra-
dation distributions caused by TID damage are
Gaussian-like distributions and the front part of
the distribution induced by proton radiation is
similar to that induced by Gamma ray radiation
because the dark signal degradation is mainly due
to the proton ionizing damage. The tails of the dis-
tributions caused by proton and neutron radiation
are very similar, as they are due to the displace-
ment damage. The front part of the distribution
caused by neutron radiation is nearly similar to the
dark signal distribution before radiation. This is
because the ionizing damage induced by neutron
radiation is very small and nearly negligible. In
conclusion, the dark signal degradations in PPD
CISs induced by cobalt-60 Gamma ray, proton,
and neutron radiation show a remarkable differ-
ence for the different damage mechanisms. Further
studies will be focused on the micro-mechanisms of
PPD CISs induced by TID and displacement radi-
ation.
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