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Technologically-enhanced electronic image sensors are used in various fields as diagnostic
techniques in medicine or space applications. In the latter case the devices can be exposed to
intense radiation fluxes over time which may impair the functioning of the same equipment.
In this paper we report the results of gamma-ray irradiation tests on CMOS image sensors
simulating the space radiation over a long time period.

Gamma-ray irradiation tests were carried out by means of 1GS-3 gamma irradiation facility
of Palermo University, based on °Co sources with different activities. To reduce the dose rate
and realize a narrow gamma-ray beam, a lead-collimation system was purposely built. It per-
mits to have dose rate values less than 10 mGy/s and to irradiate CMOS Image Sensors during
operation. The total ionizing dose to CMOS image sensors was monitored i7-situ, during ir-
radiation, up to 1000 Gy and images were acquired every 25 Gy.

At the end of the tests, the sensors continued to operate despite a background noise and some
pixels were completely saturated. These effects, however, involve isolated pixels and there-

fore, should not affect the image quality.
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INTRODUCTION

Technol ogically-enhanced electronic image sen-
sors are used in various radiation-sensitive fields and
equipments like accelerator based facilities, nuclear
power plants, solar system exploration and telecommu-
nications satellites, high altitude flight (avionics), high
energy physics experiments, medical diagnostic imag-
ing and therapy, industrial imaging, and so on.

The devices can be exposed to intense radiation
over time, which may impair the functioning of the
same equipments. It is very important to test the elec-
tronic devices simulating the radiation conditions to
which may be subjected over along time period. Ef-
fectsof radiation may widely change depending onthe
particular operating principle of the considered elec-
tronic device.

Despite the complexity of the interaction pro-
cesses and their dependence on the properties of the
incident particles and of the target materials, two are
the basic radiation damage mechanisms affecting
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semiconductor devices: ionization damage (ID)
and/or displacement damage (DD) [1]. ID takes place
when energy deposited in semiconductor or insulating
layers (mainly SiO,) produces charge carriers (elec-
tron-hole pairs) which diffuse or drift to other loca-
tions where they may get trapped, leading to unin-
tended concentrations of charge and parasitic fields.
Thiskind of damage is the primary effect of an expo-
sureto X-rays, y-rays, and charged particlesand it af-
fects mainly devices based on surface conduction (e.
g., MOSFET) [2].

Displacement Damage occurs when incident ra-
diation moves atoms from their lattice site and the re-
sulting defects modify the electronic properties of the
crystal. Thisisthe primary mechanism of device deg-
radation for high energy neutron irradiation, although
acertain amount of atomic displacement may be deter-
mined by charged particles (including Compton sec-
ondary €electrons). DD mainly affectsdevicesbased on
bulk conduction (e. g., BJT, diodes, JFET) [3].

Effects of radiation in semiconductor devices
can beincluded in one of two broad classes: total ion-
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izingdose(TID) and singleevent (SE) effects. TID ef-
fects are due to the progressive build-up of trapped
chargeininsulating layersor at the Si/SiOinterface (as
aconsequenceof ionization phenomena) or to defects
inthe bulk of the devices (originating from accumula
tion of displacement events). TID uniformly affects
thewhole device, because it results from the effect of
severa particles randomly hitting the device and also
isusually related to long term response of devices[4].
SE effects are due to charge deposition induced by a
single particle that crosses a sensitive device region
and the damage may result in adestruction of the elec-
tronic component. SE effects occur stochastically and
only atiny part of the device, corresponding to the po-
sition of the particle strike, is affected [5].

Previous studies on non-vol atile memories dem-
onstrated the effectiveness of in-situ biasing and moni-
toring of complex integrated circuitsin order to collect
useful data about their effective radiation tolerance
[6-8].

In thiswork, CMOS image sensors (CIS) based
on meta oxide semiconductor (MOS) technology,
which are widely used for consumer electronics inte-
grated circuits manufacturing, aretaken into consider-
ation. The CISisa640 x 480 pixels matrix industrial
test vehicle, purposely designed for the technological
development of new pixel solutions. The single pixel
has a4 um x 4 um active area and is of the 4-T type.
The CIS is interfaced through a USB camera board,
provided with PC frame-grabbing software.

Gammacray irradiation tests were carried out by
means of the 1GS-3 gamma irradiation facility of
Palermo University [9]. To reduce dose-rate and real-
izeanarrow gamma-ray beam, alead-collimation sys-
tem was purposely built. It allows to have dose rate
valueslessthan 10 mGy/sand toirradiate only the CIS
to test the el ectronic characteristics degradation under
irradiation, without appreciabledamage of thecamera
board circuits.

MATERIALSAND METHODS

The ClSdevicesare supplied by TowerJazz Ltd.
(Israel), a company specialized in design, develop-
ment and manufacture of CIS for X-ray Imaging.

Gamma-ray irradiation tests were performed at
IGS-3 irradiation facility of Palermo University, an
experimental gammairradiator, with °Co sources, de-
signed for genera purpose scientific applications. It
can be charged to achieve an overall activity up to
about 100 TBqg. The complex consists of a concrete
shielding, irradiation control, and saf ety systems[10].

The IGS-3 cell type irradiation system, with a
panoramic irradiation cavity (fig. 1) is designed to
contain 12 cylindrical #°Co sources. The source driv-
ing system consists of 12 tubes of stainless steel, each

Figurel. ThelGS-3 gammairradiator

of which can accommodate a doubly-encapsulated
stainless steel cylindrical %°Co source, 110 mm in
height and 6.3 mm diameter. The pipesaredriveninto
or out of the lead shielding through an electro-me-
chanic source-holder system. In the inner position it
can irradiate small volumes (up to about 0.5 liters) at
high dose rate. Larger volumes at lower dose-rate can
be irradiated outside the cavity.

The complex islocated inside a concrete shield-
ing, and al the systems for irradiation control and
safety monitoring are placed in an external protected
room. A thick iron door equivaent to 5 mm of lead
separatesthecell fromtherest of thelaboratory. A ven-
tilation system providesfor theair exchangewithinthe
cell.

At thistime, the irradiation facility is equipped
with a total 8.9-10'2 Bg, composed of twelve ©Co
gamma-ray sources of different activity: 6 sources of
1.17-10" Bq each, 3 sourcesof 3.2-10'' Bqeachand 3
sources of 1.65-10™? Bq each. The source disposition
on the workplace and related isodose profiles are
shown infig. 2. Thefacility isfully equipped with do-
simetersto ensure safe operation and certified irradia-
tion levels.

To reduce the dose-rate and to realize a narrow
gamma-ray beam hitting only the sensor and shielding
the camera board, a lead-collimation system (see fig.
3) waspurposely realized. Itsmain characteristicsare:
— innerwall of thelead shield at 25 cmfromthe cen-

ter of the sources,
— thickness of the lead shield: 8 cm,
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Figure2. Sourceconfiguration and isodoseprofileon the
wor k-plane (colours scale is not representative of the
doserate values)

Figure 3. Thelead collimation system

— diameter of collimation hole: 30 mm, and
— height of collimation hole: 80 mm.

To verify theattenuation level at theinner side of
theshield, remote measurementsof doseand dose-rate
were performed using PTW UNIDOS electrometers
connected via shielded cables (about 30 meters) to
some suitableionization chamberswith various sensi-
tive volumes. Among them, ionization chambers
mainly used are: TM23361-0561, sensitive volume
30 cm®; TM30015-0011, 1 cm?; and TM30013-3256,
0.6 cm®. The electrometers measure both the ioniza-
tion current (dose rate) and the charge (integrated
dose).

Figure 4 showsthe measuring points selected on
the inner side of the collimation system and fig. 5
shows the plot of corresponding measured dose-rate
values. This confirms us the attenuation of the shield-
ing system (with a reduction factor of about 100) and
the collimation of the beam. A further test on the uni-
formity of the shielding attenuationfor protecting the
electronic circuits board was aso performed: we
placed aglass plate behind the shield to verify both the
collimation and the shielding uniformity real effect.
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Figure4. Measuring pointson theinner sideof theshield
to verify itsattenuation level
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Figure5. Plot of doseratevaluesin themeasuring points
(inmGys™)

The results of irradiation are shown in fig. 6. A com-
parison of figs. 5 and 6 highlighted the good
collimation and uniformity obtained with the
|ead-collimation system.

To carry out the irradiation test, the electronic
board is placed so that the collimated beam is centred
on the sensor, with the active area facing the sources
(fig. 7). Theirradiation hasbeenrealized with the cam-
eraboard operating in video mode, so obtaining avery
realistic test condition. Control instrumentation and a
PC were located outside the shielding, in the
pre-chamber where avery low dose-rate environmen-
tal conditions are realized. The PC was interfaced to
the camerathrough a3 m USB cable, connected to the
LAN and remotely controlled using the software
TeamViewer ™. Thetest was performed following the
rules contained in ESCC Basic Specifications No.
22900 [10].
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Figure 6. Experimental exposure of a glass plate placed
behind the shield

Figure 7. Photograph of the board placed inside the
shield

RESULTS AND DISCUSSION

With the above experimental set-up, the ac-
tive-mode TID response of the CIS was monitored
in-situ, during irradiation, up to 100 Gy, and images
were acquired every 25 Gy.

The images acquired at the beginning, at differ-
ent stages during the irradiation, and end of the test,
have been analyzed to eval uate the effects of theradia-
tion on several devices. A qualitative andysis of the
images at the end of irradiation, compared to the start-

ing ones, shows damage related to weak background
noise. The brightness of many pixelsis more than the
expected value, and some even are completely satu-
rated. These effects, however, involve isolated pixels
and therefore should not affect theimage quality, since
it can befiltered by using pre-processing software so
that these pixels can be labeled as “not-operating”.
The images acquired during irradiation, instead, have
anoiselevel more persistent and extended, with many
more pixelsin saturation (displayed in white). Thisis
dueto theinteraction of gamma photonswith the pho-
tosensitive elements of the sensors and, of course,
these eff ects should not be taken into consideration for
real applications. Infact, whenthe®Co sourcesarere-
moved, thelevel of noiseisdrastically reduced. Figure
8 reports an image taken during irradiation, evidenc-
ing the effects not only as saturated intensity pixels,
but also as secondary particle (electrons) tracks. Fig-

Figure 8 . Acquired image from the CMOS camera, in
dark conditions, during irradiation. Primary (single
white pixels) and secondary electrons interactions
(tracks) are clearly evidenced at short exposure times

Figure9. Comparison between thedark imageof thenew
CI S (left) and the dark image after 300 Gy dose (right).
Main degradation, at thisdose level, isdueto dark
current noiseincreasing
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ure 9 showsapost-irradiation comparison betweenthe
dark image of anew CIS(left) and thedark image after
300 Gy dose (right). Main degradation, at this dose
level, is dueto dark current noise increasing.

CONCLUSIONS

At the end of the tests, the images produced by
the sensorshave been verified and highlighted a back-
ground noise. The brightness of many pixels resulted
higher than the expected value, and some pixelswere
completely saturated.

These effects, however, involve isolated pixels
and therefore, in principle, should not affect theimage
quality becausethedigital image could befiltered by a
pre-processing software. However, the use of these
sensors in space applications, as in medical imaging
diagnostics, must be done carefully because of likely
artifactsdueto high TID. Theimages acquired during
irradiation show a widespread and persistent noise,
with many pixelsin saturation. Although it isnot real-
istic the use of such sensorsin high dose-rate environ-
mental conditions, it must be taken into account that
many pixels can beinfluenced by irradiation interac-
tion with device sensitive regions.
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Cansarope I'. KAIIEJIO, Kanohepo ITAYE, Anapo ITAPJIATO,
Cansarope P10, Emno TOMAPKHNO

TECTUPAIBE CMOS CEH30PA KOJU CE KOPUCTE Y UMHUIINHI
TEXHUKAMA O3PAUYUMBAILEM I'AMA 3PAILIMMA

TexXHOIOMKN NOGOIBIITAHN eIEKTPOHCKU CEH30PH CIIMKA KOPHCTE Ce y Pa3HUM 00JIacThMa Kao
IITO Cy AMjarHOCTHYKE METOJle Y MEJMIINHN, WA CBEMUpPCKe IpAMeHe. Y OBOM JPYroM ciydajy ypebajn
MOTYy OMTH H3JI0KEHH jaKOM 3padery TOKOM BpeMeHa IIITO MOXKe JJoBecTH 1o mopemehaja y pajy onpeme. Y
OBOM pajly puKa3syjeMo pe3yiaTare TecToBa o3paunBamba CMOS ceH30pa rama 3pauewmeM cuMmynnpajyhu
3payere y CBeMHpPY Y TOKY IyrOT BpEeMEHCKOT nteprofa. TecToBr 03paunBama CIIPOBECHN Cy CPEICTBAMA
IGS-3 nocrpojema Ynusepsurera y [lamepmy, Koju cy 3acHoBaHM Ha m3sopuma °Co pasmuumTux
akTHBHOCTH. Kako 61 ce cMamuiia jaurHa Jo3e ¥ OCTBapUO y3aK CHOIl raMa 3paka, HallpaBIbeH je mocebaH
KOJIMMAaTOPCKH CHCTEM Of] OJIOBa KOjH JI03BOJbaBa jaunHy mo3e Mamwy of 10 mGy/s u o3paunBame caMo
CeH30pa cIuKe TOKOM TecTa. Y KymHa joun3dyjyha moza CMOS cenzopa npaheHna je in situ 1o BpeTHOCTH Off
1000 Gy, a cnuke cy npubaBbane Ha cBakux 25 Gy. Ha kpajy Tecra, ceH30pHu Cy HACTaBUJIM Jia paje 6e3
0031pa Ha MO3aAMHCKY IIIyM ¥ NOTHYHY 3acuhieHocT HeKux nukcena. OBu edexkty, Mehyrnm, oOyxBarajy
U30JI0BaHe MHUKCENle U CTOra HeMajy YTHIaj Ha KBAJIUTET CIUKE.

Kmwyune peun: umuyunz iiexruxa, CMOS censop cauke, Zama o3pauusarse




