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CMOS Imager Suffer from Dark-Current Degradation in Radiation Environment
Nowadays, CMOS image sensors (CIS) are more and more used in a wide variety of applications, especially in satellite systems, high energy physics setups, where
they are exposed to mixed radiation sources. The sensors suffer from radiation-induced dark-current degradation that the dark-current mean value and nonuniformity increase, which results in the signal-to-noise-ratio (SNR) decrease affecting the image quality. Especially, for long working period, dark-current
degradation has been proved to be the dominant noise issue for high SNR imaging. Needless to say, it’s very important to assess the possible dark current
degradation of a given CIS before it is selected for a specific application in radiation environment.

Dark-Current Degradation Induced by Single Kind of Radiation Particles
Dark-current modeling due to γ-ray radiation: Ionizing effects can generate
electron-hole pairs leading to trapped charges and interface states localized at
SiO2 and Si/SiO2, respetively. Previous report demonstrated that the charged
trap density is proportional to the ionizing dose. Assuming the pixel array is
irradiated by γ-ray of dose Dγ , ΔJ γ,i of the pixel i due to a known ionizing dose Dγ
can be expressed as (1).

The associated slop of NIEL and LET plot
are kN and kL., which are statistical value
and could be different among the pixels.
Since both ionizing and displacement
damage effect are proportional to the
particle fluence Φ p, we get

kL=-0.77

(1)

(2)

kN=-0.45

In which, N is the number of pixels, ki is related with the photodiode perimeter as
well as the manufactural process and could be slightly different from one pixel to
another leading to a dark-current uniformity across the whole pixel array. If we
measured ΔJ γ,i for all the pixels, ki can be determined for every pixel, hence the
dark-current behavior under TID radiation can be estimated.

To make it simple
(3)

Fig. 1 Non-ionizing energy loss (NIEL) in silicon and
linear energy transfer (LET) in silica as a function of
proton energy calculated using TRIM

Then, by linearizing (3), we can obtain a set of equations as
Dark-current modeling due to proton radiation: Displacement damage effects
occur when particle such as protons, passing through the sillicon device, interact
with nucleus and displace them. The interactions involved are nuclear reaction
and nuclear force scattering. Displace Damage Dose (DDD) is generally used to
describe the displacement damage effect. Under DDD effects, non-recombined
intertitial/vacancy pairs rearrange into defects located within or near the
photodiode depletion region that can act as dark-current generation centers.
Besides DDD effect, protons also deposite TID on the semiconductor device due
to their charges and the nuclear coulombic scattering. It is reported that DDD and
TID induced darkcurrent in silicon based optoelectronic device scales with the
rate of NIEL and LET respectively. Thanks to the previous research which
revealed that both LET in silica and NIEL in silicon could be reasonably fitted to a
power-lawfunction of the proton energy E as shown in Fig.1.

(4)

For pixel i, the unknown are ln(k1,i) and k2,i. Equation set (4) is over determined
and can be solved by a standard Least-Squares Method. Therefore, we can
get k1,1, k1,2, k1,3,… k1,N, k2,1, k2,2, k2,3,… k2,N, (N is the number of the pixels) and
then the distributions of k1,i and k2,i. Further more, k1,i and k2,i can be used to
predict the dark-current distribution of the same structured device under a
given proton radiation.
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Fig. 2 Dark image under TID Radiation and dark current modeling results.

From the dark current distributions,
we can deduce the probability
density function (PDF) for the
radiation induced dark current.
These modeling relsuts can be
used to describe the probability
that the radiation induced dark
current equals to I. I is the
normalized dark current ranging
from 0 to 255.

Let Id,γ and Id,p represent for the dark current induced by γ ray and proton radiation, then

c

(5)
Assuming that the γ rays and protons incident events are uncorrelated, then Id,γ and Id,p can be
considered as independent random variables. Therefore, in a mixed radiation environment
(devices are exposed to rays and protons, simultaneously), the dark current can be written as
Id,mix in (6)
(arbitrary units)
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Fig. 4 Probabilistic operation to model dark-current PDF in mixed
radiation environment

Fig. 3 Dark images under proton Radiation and dark current modeling results.

(b)

Fig. 5 (a)A new dark image under mixed radiation founded through
adding Fig.3(a) and Fig.3(c) together; (b)Modeling dark-current
distribution of (a) using proposed method in Section II.C versus of the
PDF plots extracted from the image data of (a).

Radiation Experiment ( Scheduled on 12/18/2017)
As described in the Tab.1,
fourteen sensors will be
irradiated with gamma rays
or proton beams. The
devices are divided into two
groups which are either
biased or unbiased during
radiation. A shell is custom
designed, which can not only
be used as a dark room, but
also a shield for the
acquisition board (Fig.6).

Tab. 1 Details of the coming radiation experiment
Sensor NO.

A01

A02

A03

A04

A05

A06

A07

B08

B09

B10

B11

B12

B13

B14

Proton
Energy (Mev)

30

50

70

90

50

70

50

30

50

70

90

50

70

50

6x1010

1x1011

2x1010

6x1010

2x1010

5x107

Fluxes
(p/cm2·s)
Fluence
(p/cm2)

2x1010

6x1010

Bias
Condition
TID60Co(Y/N)
Dose Rate
(rad(si)/s)

1x1011

2x1010

6x1010

2x1010

Unbiased

Biased

N

Y
50

N
5

N

Y
50

N
5

Fig. 6 Experiment setups and shield/dark-room
acquisition board.
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