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I. INTRODUCTION

HERE is a fast growing interest in the development

of compact radiation hard imaging systems based on
solid state image sensors that are able to provide images
after the absorption of extreme radiation doses (above 1
MGy of Total Ionizing Dose (TID), i.e. 100 Mrad). This
is especially true for nuclear applications[1] such as
monitoring and remote handling in highly radioactive
areas of nuclear facilities (e.g. nuclear power plants,
nuclear waste repository, next generation particle physics
facilities such as the International Thermonuclear
Experimental  Reactor (ITER)) but also for
decommissioning nuclear facilities or for mobile rescue
robots dedicated to deal with nuclear incidents.

The radiation hardness of Radiation-Hardened-By-
Design (RHBD) Active Pixel Sensors (APS) has been
explored and sometimes demonstrated (on technologies
now obsolete) up to several hundreds of kGy (several tens
of Mrad) [2]-[5]. More recently, the radiation hardness of
RHBD CMOS Image Sensors (CIS) has been explored up
to a few tens of kGy (i.e. a few Mrad) [6]-[8] and some
dark current measurements have been reported on a
RHBD APS (not based on a CIS process) for electron
microscopy up to 1 MGy (100 Mrad)[9]. However, an
image captured with a solid state image sensor exposed to
1 MGy(SiO,) or more has never been reported and the
radiation hardness of a modern CIS technology in the
MGy range has never been studied.

The aim of this work is to design and characterize a
fully radiation-hardened-by-design CIS in the MGy range
to demonstrate that an imaging system which can
withstand MGy dose levels is feasible. A new RHBD
photodiode layout is proposed and its performances are
compared to the most promising existing solutions.

II. PHOTODIODE DESIGN SELECTION

The main degradation mechanism in Pinned
PhotoDiode (PPD) and 3T CIS pixels at high TID is the
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Fig. 1. Radiation induced degradation mechanisms in Pinned Photodiode
based pixels and in conventional photodiode (3T) based pixels at high
TID (>20kGy/>2Mrad). The “+” and “-” signs represent trapped positive
charges and interface states respectively. Bold “+” and “- signs represent
defects with major influences.

effect of the radiation induced positive charge trapping
(Fig.1) in the Shallow Trench Isolation (STI), the
Transfer Gate (TG) spacer and the Pre-Metal-Dielectric
(PMD) that leads to the depletion and the inversion of the
P- doped layers (including the pinning layer).

In PPD pixels, it induces huge image lag followed by a
disappearing of the pinning layer an no existing RHBD
technique can mitigate that [10]. In 3T pixels it leads to a
short-circuit between the photodiode and the surrounding
N regions and to a large drop of CVF[8§] that can be both
mitigated using RHBD techniques. For these reasons,
PPDs were excluded for this study (including hole
channel PPDs that are also likely to suffer from important
image lag at high TID because of the PMD/spacer trapped
charge) and conventional photodiodes hardened-by-
design were selected.

The two most promising solutions identified in [8]
were chosen: the gated [2], [3], [8], [11], [12] and the P+
surround [8] photodiodes (Fig.2). In classical gated
photodiode designs, the N implant is either self-aligned
on the gate edge (by using a self-aligned N+ implant [2],
[3], [11]) or voluntarily drawn to cover only the P
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Fig. 2: Cross sectional views of the studied photodiode layouts. The
optimum gate bias is a slightly negative voltage to approach the
accumulation regime in the P-doped gate region. In the gated layouts (c
and d) a P+ ring is used as in [11] to stop the depletion region extension
but it is not really useful here because the optimum gate regime is the
accumulation (as shown in Fig.4).
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Fig. 3: Raw images captured before and after 4 MGy(SiO2) (400
Mrad(SiO2)) of TID. The pixel array is divided in 4 pixel subarrays,
from top-left to bottom-right: Standard photodiode design, P+ surround,
Proposed Gate Overlap and Classical Gated Self-Aligned.

region[8], [12]. It means that classical gated photodiode
designs are never meant to cover the N depleted region. It
has two major consequences: 1) the N depleted region is
in contact with the PMD interface where a higher
interface state density (Nj,) than at the gate oxide interface
is expected; 2) at the optimum voltage (P region in
accumulation) the depleted region is pinched between the
highly doped N region and the accumulated P region,
which leads to high Electric Field Enhancement (EFE) of
the dark current.

To mitigate this gated photodiode design limitations, a
new design is proposed and tested here: the Gate Overlap
design which corresponds to a gated photodiode layout
where the gate completely covers both N and P depleted
regions. By doing so, only the gate oxide is in contact
with the PN-junction and the electric field enhancement at
optimum gate voltage should be slightly reduced (Fig.2).

III. EXPERIMENTAL DETAILS
The studied CIS is constituted by a 128x128-10pum-
pitch-3T-pixel-array and it has been fully hardened
against TID effects (full Enclosed Layout Transistor
(ELT) design including all NMOSTs and all PMOSTSs).
The pixel array is divided in 4 pixel subarrays (as

1013

T=22°C -Standard

< =P+ Surround
+— 10714 Gate Overlap
S —Gated Self Aligned
'g 10_15' design
o Optimum\/
= Proposed Gate Bias
E 1016 design ¥
(m]

1017 : : Y ,

-3 -2 -1 0 1

Gate Bias (V)

Fig. 4: Dark Current as a function of Gate Bias before irradiation. The
proposed design reaches the performances of the standard diode before
irradiation for a gate bias of —0.7V whereas the classical design exhibits
a much higher dark current because of the Electric Field Enhancement
(EFE).
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Fig. 5: Absolute External Quantum Efficiency (EQE) (=QEXFF)
before irradiation. The use of a gate in the radiation hardened
pixels lead to an acceptable EQE reduction at short
wavelengths. The difference in EQE between the two gated
designs is not significant.
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illustrated in Fig. 3), each one with a particular
photodiode design (but with the same in-pixel
MOSFETs): the Standard photodiode design, the P+
surround, the proposed Gate Overlap and the Classical
Gated Self-Aligned. Before irradiation, the Charge-to-
Voltage conversion Factor (CVF) values were about
4.8uV/e- for the Standard design and 4.4 puV/e- for the
other pixel types.

The selected manufacturing process is a commercially
available 180 nm CIS process. Irradiations were
performed with an ARACOR semiconductor 10keV X-
ray irradiator at room temperature with worst case bias
conditions (i.e. CIS powered and operated) applied during
exposure (with no lid and no cover glass between the X-
ray beam and the integrated circuit). The gates used to
harden the Gated Self Aligned and Gated Overlap pixels
were biased to 3.3V during irradiation. This gate bias
condition represents an unrealistic worst case (high
positive voltage) and possibly lower degradation could be
obtained by applying a voltage more representative of real
operation conditions (0V or slightly negative voltage) on
the gate during exposure.

There was an issue during the manufacturing of this



2015 INTERNATIONAL IMAGE SENSOR WORKSHOP (IISW)

e

S
& 02
B 041
2 o6
O 7%1  GELTPMOST avth
s ]
S %81  &ELTNMOST AVth
> ]
'1.2 _j// TTTIT T LR | T rrorrrg T LBLELARAL | T Trorrrm
prera 0.001 0.01 0.1 1 10

TID (MGy(SiO2))
Fig. 6: Radiation Induced Threshold Voltage Shift (AVy,)
measured on individual GO2 ELT N and P MOSFETs. GO2
stands for double gate oxide (i.e. 3.3V MOSFETs).
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Fig. 7: Normalized sensitivity with TID at 650 nm. The Gated

SA design sensitivity is not shown because it has the same
behavior as the Gate Overlap design.

test chip: the channel doping profile of in-pixel
MOSFETs has not been properly implanted. Because of
that, the threshold voltage of in-pixel MOSFET is much
higher than the value targeted during the design phase
leading to a Maximum Output Voltage Swing(MOVS)
much lower than expected (about 600-700mV instead of
more than 1V). The main cause of this limited MOVS is
not due to the RHBD techniques and this issue should be
solved on the next test chip.

IV. RESULTS

Before irradiation, the proposed Gate Overlap layout
exhibits limited performance degradation compared to the
standard layout (Fig. 3, 4 and 5). After 4 MGy(SiO2) (i.e.
400 Mrad), the two gated photodiode designs are still able
to provide wuseful images (Fig.3), validating the
functionality of the radiation hardened sensor in the MGy
range. Similar results have been obtained after 10
MGy(Si02)/1 Grad(SiO2) of absorbed TID (picture not
shown here).

Contrary to what is usually observed at lower TID, it
appears that GO2 ELT PMOSFETs suffer from large
threshold voltage Vth shifts (due to radiation induced
positive trapped charge in the gate oxide) when the MGy
range is approached whereas GO2 ELT NMOSTs are
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Fig. 8: Electro-optical transfer function before irradiation and
after 4AMGy(SiO,). The overall performances are still reasonable

for the gated designs after 4AMGy whereas the standard design is
no longer sensitive to illumination.
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Fig. 9: Dark Current versus Total Ionizing Dose (TID). At 0.1
MGy the standard layout is no longer functional (all the
photodiodes are short-circuited through the inversion layer) and
the dark current cannot be evaluated. The proposed gate overlap
design still brings an appreciable improvement after the
maximum TID. As reported below 1MGy in [9] the dark current
saturates at high TID (most likely because of the saturation of
the interface state density in the MGy range).

weekly impacted (Fig.6). There is neither data nor study
of ELT PMOST irradiated in the MGy range in literature.
However, this unexpected dissymmetry agrees well with
the few published results on non-ELT irradiated GO2
PMOST in the MGy range [13]. The physical explanation
of this dissymmetry between N and PMOST gate oxide is
under investigation. To keep good speed performance, the
voltage bias of the PMOST current source has been
shifted to compensate the Vth shift at high TID leading to
a limited decrease of the maximum output voltage swing.

The whole sensitivity (EQExCVFxReadout Gain)
remains acceptable (Fig.7 and 8) on the gated designs for
the targeted applications after 4 MGy(SiO2) (less than
25% drop) whereas the standard diode layout becomes
completely insensitive to light between 10 and 100kGy (1
and 10 Mrad). This drop is due to the inversion of the
surrounding P doped region leading to a short-circuit
between the standard photodiodes.

The remaining sensitivity degradation on the gated
photodiode pixels is due to a combination of surface
recombination intensification and a readout gain variation
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(caused mainly by the PMOST gate oxide deterioration
and by the change of bias voltage). Dark current values
(Fig. 9) are skyrocketing for the standard design whereas
the RHBD photodiodes are able to contain the
unavoidable dark current rise with TID (best results are
obtained with the Gate Overlap design).

V. CONCLUSIONS AND PERSPECTIVES

This work demonstrates that CIS can be radiation
hardened to operate in the MGy range (> 100Mrad) and
even beyond (images at 10MGy/1Grad have also been
obtained). The proposed improved gated photodiode
design appears to be more efficient at mitigating TID
effects than other classical radiation hardened designs.
The main weakness of this first test vehicle is the large
PMOSFET degradation still under investigation that will
be mitigated in the next test chip.
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