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Benefitting from the higher quantum efficiency and sensitivity compared with the front-side illumination (FSI)
CMOS image sensors (CISs), backside illumination (BSI) CMOS image sensors tend to replace CCDs and FSI
CISs for space applications. However, the radiation damage effects and mechanisms of BSI CISs in the radiation
environment are not well understood. We provide radiation effects due to 3 MeV proton irradiations of BSI CISs
dedicated to imaging by the analyses of mean dark current increase, dark current nonuniformity and full well
capacity in pixel arrays and isolated photodiodes. Additionally, the present annealing certifies the radiation-
induced defects, which are responsible for the parameter degradations in BSI CISs.

PACS: 42.88.+h, 85.60.Dw, 05.40.—a

Backside illuminated (BSI) CMOS image sensors
(CISs) are the result of the sustained developments in
the image-dedicated CMOS technology. The perfor-
mance of these devices exceeds that of conventional
CISs based on 3T pixels and front-side illumination
(FSI) CISs, especially in the aspects for quantum ef-
ficiency and sensitivity. With the backside-thinned
structure and converse illuminated direction, however,
BSI CISs show differences on the radiation behavior.
It is therefore necessary to study the radiation degra-
dations of BSI CISs for scientific applications, partic-
ularly for space missions. BSI CISs have already been
widely used for commercial applications and tend to
be applied to space environments suffering harsh ir-
radiation. Few researches aiming at radiation degra-
dations of BSI CISs have been proposed previously.!"!
Moreover, owing to the particular structure of BSI
CISs (thinner back side and the unique back oxide
layer as shown in Fig.1),”) radiation data obtained
from FSI CISs previously may not be applied to BSI
CIS devices directly.l? 7]

In this Letter, we report the results of radia-
tion induced performance degradations, in two types
of scientific BSI CISs with different epitaxial layer
depths manufactured in 0.18 yum CMOS processes.
Dark current and electro-optic performances are char-
acterized before and after 3 MeV proton irradiations
(up to a displacement damage dose (DDD) of 9.92 x
108 MeV /g) through the discrimination of ionizing ef-
fects and displacement damage effects. The analyses
for mean dark current increase, dark current nonuni-
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formity and full well capacity are accomplished since
these parameters are susceptibility under the irradi-
ation conditions and, meanwhile, are crucial to the
quality of the acquired images.
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Fig.1. Cross section of pixel structure in BSI CISs and
the origins of dark current increase after irradiation.

The studied devices are one piece for TVISB with
a thicker epi-layer around 10 pm and another for VIS
with a thinner epi-layer around 3um. These two
versions of BSI CISs are fabricated in similar struc-
ture except the thickness of the epi-layer as illus-
trated above, in which there are a thinner epi-layer
and an additional back oxide layer compared with FSI
CIS devices. Their pixel arrays are constituted by
2048 x 2048 pixels featuring 11 um pitch with 4 T pixel
CISs manufactured in 0.18 um CMOS process dedi-
cated to imaging. The photodiode structure makes
use of the pinned photodiode. The isolation method is
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shallow trench isolation (STT). The pixel array works
on the rolling shutter mode with correlated double
sampling and features an extremely low temporal dark
noise of 1.6e~. The peak QE can reach around 95%.

Table 1. Proton irradiation conditions are presented in the
forms of fluences, TID and DDD.

Fluences (10'° p/cm?) TID (krad) DDD (10% MeV /g)
1.47 20 3.30
2.94 40 6.60
4.41 60 9.90

The pixel array was divided into four districts and
exposed un-biased (as the same trend and neglectable
difference among various bias states)!*) 3MeV protons
with fluences from 0 to 4.41 x 101° proton/cm? (as
listed in Table 1). Aluminum degraders were used to
cover the unirradiated districts. Afterwards, the de-
vices have been annealed at room temperature, 100 °C
and 150 °C. The irradiation facilities are 2 x 6 MeV EN
tandem electrostatic accelerators at the Institute of
Heavy Ion Physics, Peking University. The anneal ex-
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periments and CIS parameter test are implemented in
the Xinjiang Technical Institute of Physics and Chem-
istry, Chinese Academy of Sciences. All irradiations
and measurements were carried out at room temper-
ature.

When the BSI CISs are irradiated by protons, the
total ionizing dose (TID) and displacement damage
(DD) have an impact on the generated defects simul-
taneously and result in several mechanisms contribut-
ing to the obtained dark current increase. These ori-
gins of additional dark current (as shown in Fig.1)
involve the following aspects: a surface leakage cur-
rent (caused by interface states), a bulk diffusion cur-
rent (originated from displacement defects in the bulk
around the depletion region), and a depletion region
leakage current (including the thermal generation cur-
rent resulted from point defects and cluster defects in
the depletion region).l’l Due to the thinner epi-layer,
a back-side passivation layer exists to achieve surface
modification and acts as a novel origin compared with
FSI CISs.
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Fig.2. Mean dark current increase related to the proton fluence and the annealing data at room temperature,
100°C and 150°C. A discrimination between the mean dark current increase of TVISB and VIS is presented.

Eventually, the data gathered to a similar level.

The number of pixels in the pixel arrays, divided
into four areas, is enough to obtain the statistical
distribution of dark current increase. The results of
dark current increase induced by proton irradiations
and the following annealing outcomes as a function
of fluences are presented in Fig.2. Mean dark cur-
rents of the two device types both increase nearly lin-
early against the fluences of protons. Such a rela-
tionship is mainly subject to the defects in the deple-
tion region, which act as classical Shockley—Read—Hall
(SRH) generators.!""!

After irradiation, the devices underwent a series
of annealing processes containing room temperature
(about 23°C) annealing for 25days, 100°C anneal-
ing for 41 days, and 150 °C annealing for 5days. For
TVISB (the similar trend for VIS during annealing),
at the end of room temperature annealing, the mean
dark current increase remained 50.1%. This dramatic
reduction of dark current is aroused by the removal
of oxide trapped charge during the room tempera-
ture annealing. Two mechanisms concerning oxide

trapped charge are related to this decrease: (1) the
local high electric field at the overlap of pinned photo-
diode (PPD) and transfer gate (TG) induced by oxide
trapped charge prompt the Poole-Frenkel effect and
phonon-assisted tunneling, as shown in Fig. 3(a);["! (2)
a positive electric field caused by the oxide trapped
charge in shallow trench isolation (STI) formed an
additional depletion region extending the edge of de-
pletion region around the surface of oxide, as a re-
sult, leading to an extra surface leakage current con-
tributing to the dark current increase, as shown in
Fig.3(b). Along with the annealing of oxide trapped
charge, these influences gradually disappeared. When
the 25-day 100 °C annealing finished, 17.3% dark cur-
rent increase was left. This recovery hints at the an-
neal of most interface states. After this step, most of
the effects induced by TID are eliminated, and a slight
decrease for 2.1% following the 5-day 150 °C anneal-
ing was obtained, which stood for the anneal of P-V
center. Then, the last 15.2% dark current increase is
governed by the remaining displacement defects; they
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play roles as generation centers and most of them are
stable below 200 °C.[1]
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Fig. 3. Two mechanisms involving oxide trapped charge
related to the decrease of mean dark current increase: (a)
Poole-Frenkel effect and phonon-assisted tunneling, (b)
depletion region extension close to the STI around PPD
structure.

Figure 2 shows a discrimination of the dark cur-
rent characteristics during proton irradiation between
TVISB and VIS. We assume that this gap is caused
by different epi-layer thicknesses, while Ref.[11] con-
cluded that the impacts of radiation-induced degra-
dation on FSI CISs contributed by different epi-layer
thicknesses are negligible. These results correspond
to a P-type substrate with high concentration doping
under an epi-layer, which greatly reduces the contri-
bution of charge from the backside passivation layer.
With respect to BSI CISs, P-type substrate is cut
down. Owing to the low doping concentration level of
the epi-layer (several orders of magnitude lower com-
pared with substrate), the diffusion length of minority
carriers is strongly enhanced so that charge generation
originated from interface states located on the back-
oxide layer makes a significant contribution to the
mean dark current increase. This reveals the source
of the obtained discrimination in Fig. 2 since the epi-
layer thicknesses for TVISB and VIS are respectively
10 pm and 3 um and the thinner epi-layer means the
shorter distance between the back-oxide layer and the
depletion region. This is also evidenced by that, at the
terminal of 150 °C annealing, both mean dark current
increases of TVISB and VIS gathered to a similar level
when the TID effect caused by proton irradiation al-
most disappeared.

In the following we investigate the dark current dis-
tributions of TVISB after proton irradiations and each
anneal process, as presented in Figs. 4(a) and 4(b) sep-
arately. The pre-irradiation dark current distribution
corresponds to a Gaussian. With the increase of pro-
ton fluence, two types of behavior were obtained in
the semi-logarithmic scale: (1) the mean value of the
Gaussian part moved to a higher level and the stan-
dard deviation also enhanced (the expansion of Gaus-
sian shape), (2) and the form of hot pixel tail devel-
oped to a higher current value keeping its exponential
behavior.[' 217

The first effect is caused by TID and the elastic nu-
clear Coulombic scattering. The proton-induced TID
effect achieves the creation of interface states in ox-
ides acting as generation centers in the band gap and
this establishment of defects influences all pixels in

the CISs array. Concerning the displacement damage
induced by the elastic nuclear Coulombic scattering,
the cross section of this part is also important and the
generated bulk defects have impacts on all of the ir-
radiated pixels.l”) For these consequences above, the
mean value of the Gaussian part obtained in Fig. 4(a)
was enhanced against the proton fluence. This Gaus-
sian part of the ultimate result after 150 °C anneal in
Fig. 4(b), however, does not recover the initial shape.
This remainder can be deduced as the expression of
the displacement defects formed by the elastic nuclear
Coulombic scattering.
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Fig. 4. Dark current distribution non-uniformity in the
semi-logarithmic scale during (a) irradiation processes and
(b) annealing processes.
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Fig. 5. Saturation output signal variation with the in-

crease of fluences and during room temperature annealing.

For the second effect, the hot pixel tail presented
in an exponential shape originated from the scarce nu-
clear collisions (including inelastic interaction nuclear
reaction and elastic interaction nuclear force scatter-
ing) in the depleted region of pixels where the so-
induced displacement defects act as generation cen-
ters. The cross sections of these collisions are ex-
tremely small so that the degradation caused by these
mechanisms is independently varying from different
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pixels. A slight distortion for the overlap of Gaus-
sian and hot pixel tail is presented at the fluences of
1.47 x 10°p/ecm?, as presented in Fig.4(a). With
the increase of fluence, this distortion was covered by
the superposition of numerous interactions and the ex-
pansion of the Gaussian. After 150 °C annealing, this
distortion became obvious again with the shrinking of
the Gaussian, as shown in Fig. 4(b).

Full well capacity (FWC), as a crucial parameter
related to dynamic range, signal-to-noise ratio, etc., is
discussed. FWC characterizes the maximum capacity
in the potential well of PPD. The results of the TVISB
FWC during irradiation and after room temperature
annealing are shown in Fig. 5.

FWC can be simply expressed as

FWC = (Vpin — Vra-prp) X CpPD, (1)

where Vi, is the highest potential in the buried n-
well when TG is on, Vrg_pp is the lowest potential
in the overlap of TG-PD when TG is off, and Cppp
is the equivalent capacitance of the depletion region
between Vi, and Vrg_pp when TG is off. Thanks
to the PPD structure, the PT layer acts as the isola-
tion between the inter-level dielectric (ILD) and the
depletion region so that the defects in ILD induced by
TID do not make a significant influence on the param-
eter degradation. In other words, Vi, and Cppp have
slight changes during irradiation. However, concern-
ing the STT close to TG, the oxide trapped positive
charges bend down the energy level close to the inter-
face of Si-SiOs. This effect lowers the potential (for
electrons) under TG (namely an increase on Vrg_pp).
Eventually, a reduction of FWC was presented. The
mechanism described above is shown in Fig. 6.

Vpin

Fig. 6. The influence on the decrease of full well capacity
induced by Vprg_pp reduction.

In summary, this work dedicates to the study of
degradation mechanisms of BSI CISs after 3 MeV pro-
ton irradiation up to a DDD of 9.92 x 10% MeV /g. The
mean dark current increases with DDD. Several mech-
anisms are involved including the Poole—Frenkel effect
in the high electric field, phonon-assisted tunneling,
depletion region extending and displacement defects in

the depletion region leading to a classical SHR genera-
tion mechanism. According to the appearance during
proton irradiation and annealing process, the back-
oxide layer acts as a novel origin of mean dark current
increase deduced from the comparison of TVISB and
VIS. A conclusion can be made that the back-oxide-
layer-induced contribution to the dark current degra-
dation during proton irradiation cannot be ignored.
Moreover, after proton irradiation, the dark current
distribution is discussed. The Gaussian part moved to
a higher level with width extending. These are caused
by TID and the elastic nuclear Coulombic scattering.
Additionally, a hot pixel tail appears on the dark cur-
rent distribution and appears exponential. This phe-
nomenon is induced by inelastic interaction nuclear
reaction and elastic interaction nuclear force scatter-
ing. Finally, we present the degradation of the FWC
in BSI CISs and describe its potential variation be-
fore and after the proton irradiation. A conclusion has
been drawn that the oxide trapped positive charges in
STT take charge of this degradation. We will carry
out further research in the next step about radiation
effects on BSI CISs induced by different particle types.
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