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a b s t r a c t
In this work, radiation induced damage mechanisms in deep submicron technology is resolved using ﬁnger gated-diodes (FGDs) as a radiation sensitive tool. It is found that these structures are simple yet efﬁcient structures to resolve radiation induced damage in advanced CMOS processes. The degradation of the
CMOS image sensors in deep-submicron technology due to c-ray irradiation is studied by developing a
model for the spectral response of the sensor and also by the dark-signal degradation as a function of
STI (shallow-trench isolation) parameters. It is found that threshold shifts in the gate-oxide/silicon interface as well as minority carrier life-time variations in the silicon bulk are minimal. The top-layer material
properties and the photodiode Si–SiO2 interface quality are degraded due to c-ray irradiation. Results further suggest that p-well passivated structures are inevitable for radiation-hard designs. It was found that
high electrical ﬁelds in submicron technologies pose a threat to high quality imaging in harsh
environments.
Ó 2008 Elsevier Ltd. All rights reserved.

1. Introduction
CMOS active pixel sensors (APS) rival CCDs in domains that include low power operation, on-chip integration of analog and digital circuitry as well as cost effectiveness. Since these sensors are
utilized for applications involving the detection of signals as low
as a few electrons as well as high energy photons (especially for
medical/outer-space applications), radiation tolerance of such devices is of primary concern. All possible radiation effects are usually grouped into three basic types: transient effects (not
included in this work), ionization damage and displacement damages [1–3]. Ionization damage is the dominant mechanism when
energetic photons (c and X-rays) interact with solid-state matter.
For main stream silicon CMOS, the major concerns due to ionization damage are charge build-up in the gate dielectric, radiation induced interface levels, and the displacement of lattice atoms in the
bulk. The introduction of discrete energy levels at the Si-SiO2 interface leads to increased generation rates and thus higher surface
leakage currents. Similarly, displacement of lattice atoms in the
bulk leads to modiﬁed minority carrier life-times and increased
bulk-generated leakage currents [2–6]. In this work, we have utilized a simple structure called as a gated-diode (GD) for resolving
these mechanisms. An overview of its operation as well as experimental results is provided in Section 2. Section 3 deals with the c-
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ray irradiation effects on 4-T (4 transistor) CMOS image sensors.
These sensors are currently state-of-the-art in the image sensor
world. They utilize a p+ pinning layer that shields the photodiode
from surface effects that contribute to the leakage mechanism.
The doping of the photodiode layers are chosen such that the photodiode is completely depleted. A model for the spectral response
of such a sensor is derived in Section 3.1 and irradiation effects
are studied utilizing the model. One of the most dominant dark
current mechanisms in these structures are the defective sidewalls
and the edges of shallow trench isolations (STIs) separating the
photodiodes [7,8]. The emission rate from the defects is also enhanced by local electrical ﬁelds via the Poole–Frenkel effect as well
as the phonon-assisted tunneling [5,9]. This in turn increases the
shot noise and ﬁxed-pattern noise (FPN) of the image sensor [7].
The impact of irradiation on these effects is studied in Section
3.2. Finally, conclusions are drawn in Section 4.
The c-ray (1.17–1.33 MeV) dose used for the experiments was
from 0 to 1000 Gray in steps of 200 Gray, with a dose rate of
75.9 Gray/min. All the test structures for the experiments were
fabricated in Philips’ 0.18-lm CMOS technology.
2. Gated-diodes
2.1. Gated-diode (GD) theory
The GD (Fig. 1) is a structure obtained by placing a diffusion
region (drain) contiguous to a gate region. The application of a
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Fig. 1. The gated-diode structure and leakage components.

Fig. 2. Finger gated-diode structure; gate (diode) length = 1 lm, FGD length = 300 lm, FGD width = 300 lm, number of gates (diodes) = 150.
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reverse bias Vd on the drain lowers the quasi-fermi level for electrons, thus modulating the gate voltage Vg required to induce an
inversion. In this non-equilibrium case and under the simplifying
assumption that potential variation in a direction parallel (y-axis)
to the surface is negligible, sweeping the voltage of the overlapping
gate Vg through the regimes of accumulation, depletion and strong
inversion while monitoring the reverse current ID, helps resolve the
surface leakage component Isurf as well as the bulk (ﬁeld-induced)
leakage component Iﬁj. These leakage components help establish
two important device parameters, s0 the surface recombination
velocity (SRV) at the gate-oxide/silicon interface and s0, the generation life-time of minority carriers in the silicon bulk using the fundamental GD equations [13]. They are temperature-dependent
parameters, whose temperature dependence is determined by
the energy position of the dominant generation center and of the
center capture cross sections [10]. The current Iﬁj is due to the generation via the G–R (generation–recombination) centers in the
depletion region of the ﬁeld-induced junction close to the surface
under the gate and hence provides information about the carrier
life-times in this region of interest [11,12]. The recombination at
the surface is usually described by considering it as a plane sink,
with a gradient of carrier concentration close to it. The surface analogue of a minority carrier life-time in the bulk, s0 provides a conveniently homogeneous boundary condition for the excess
minority carrier concentration.
s0 (as well as 1/s0) can be related to the interface trap density Nit
in the interface (bulk) by the equation, s0 (or 1/s0) = rvthNit where r
is the carrier capture cross-section area in the interface (bulk), and
vth is the thermal velocity (107 cm/s) [13].

10.0
8.0

Vd, 0 to1 V,0.2 V steps

6.0
4.0
2.0
0.0
-0.5

0.0

0.5

1.0

1.5

1.0

1.5

Gate voltage Vg (V)
Fig. 3a. FGD I–V curves.
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Vd= 0.4 V

Fig. 2 shows the schematic of the fabricated GD. The ﬁngergates were designed to preserve the required gate (diode) area to
gate (diode) length and extract the necessary parameters. Fig. 3a
shows the I–V characteristics of a FGD. The fast-centers at the Si–
SiO2 interface are responsible for the increase in the leakage current until threshold. The values of s0 and s0 for a virgin FGD device
from the I–V curves were calculated to be 2.8 cm/s and 3.5 ls,
respectively. Fig. 3b shows the response of the FGD to an irradiation dose of 200 Gray. An obvious increase in the response can
be seen after irradiation. The mechanism for this shift is an increase in the number of interface traps in the surface and/or in
the bulk that leads to a higher leakage current. The point of inversion of the curves remained unchanged indicating that no charge
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Fig. 3b. Radiation response of the FGD to a irradiation dose of 200 Gray.
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Fig. 4a. s0 and s0 resolved using the FGD.

trapping has occurred in the SiO2 region that can shift the ﬂat-band
or threshold voltages. Fig. 4a shows the variation of s0 and s0 as a
function of radiation dose resolved using the FGD. The surface
component increases monotonically and saturates at higher doses.
The bulk component, on the other hand, exhibits a rapid change
after 400 Grays. The leakage currents reverse-computed from the
s0 and s0 parameters are shown in Fig. 4b. The knee-point for the
bulk component of the leakage current in the ﬁgures can be explained by the fact that radiation-induced defects are divacancy
and oxygen-vacancy (O-V) centers which are amphoteric [3]. Radiation-induced electron traps saturate at high radiation doses,
increasing the density of excess electrons reaching n+ drain region.
An increase in the radiation induced leakage current density with a
slope in the range of a few pA/cm2/Gray is observed for both the
surface as well as the bulk component.
Ionizing radiations generate holes that increase the oxide positive charge. The dispersive transport phenomenon in the SiO2 can
be modeled using the concept of small polaron hopping, called as
CTRW (continuous-time random walk). The characteristic time
scale of the hole transport process in the oxide (ts), at a temperature (T), for the electric ﬁeld in the oxide (Eox) and the oxide thickness (tox) is given by [22],
 1a 

d0 0:5qaEox
t ox
kT
ð1Þ
e
t s ¼ t s0
a

where a is the average hopping distance in the direction of the electric ﬁeld, d0 and t0s are constants and a = 0.25 for SiO2. The transport
process varies with the fourth power of the oxide thickness rendering modern deep submicron process (tox  4 nm) radiation hard
[21]. This also means that threshold shifts are negligible for this
process as was conﬁrmed by observing the inversion point of the
I–V curves of the FGDs before and after irradiation. This is especially
encouraging since 4-T CMOS image sensors include in-pixel ampliﬁers and transistors for its operation. Radiation induced threshold
as well as gain variation in these transistors will be minimal.
Further, since the epi-layer thickness of modern CMOS technology is only a few micrometers, degradation of spectral response of
such sensors due to carriers collected through diffusion (which is a
function of minority carrier life-time) would be negligible. It
should however be noted that for specialized sensors which rely
more on the collection of diffused carriers (and hence thicker substrates) irradiation damage especially to the longer wavelength region will be more pronounced.
The spectral response degradation also manifests through
changes in top-layer materials that form as part of the fabrication
process above the photodiode element as well as its Si–SiO2 interface. Such effects will be dealt in the following section.
3. CMOS image sensors
3.1. Spectral response: Model and experiment
A 4-T APS structure, shown in Fig. 5a, is a popular and rapidly
improving solution to high quality image sensing. The p+ pinning
layer is used on top of the photodiode to shield it from surface effects and hence minimize surface leakage currents. The charges
that are collected in the photodiode are transferred to the ﬂoating
diffusion node (FD) via the transfer gate (TX), and subsequently
read-out through a source follower (SF). This pixel area is considered to be the most vulnerable to the effects of radiation.
An analytic model for the internal spectral response of such a
pinned photodiode can be derived by solving the continuity equation of a usual p+/n photodiode (Fig. 5b) by using an equivalent
diode reverse voltage Vdp, which represents the depleted diode.
The contribution from the p-type epitaxial region is included for
the contribution from carriers collected through diffusion. Since
the penetration of the depletion region into the highly doped pinning region is negligible, this solution is a very good approximation
to the spectral response of the pinned photodiode. The p+ region is
considered to have a Gaussian proﬁle for the solution. The diffusion
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Fig. 4b. The reverse-computed current components using the obtained s0 and s0
values.

Fig. 5a. A 4-T APS structure.
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Table 1
Sensor characteristics
Parameter

Value

Pixel pitch
Conversion gain (g)(photon shot-noise method)
Transfer gate length
Operating voltage
Integration time

3.5 lm
40 lV/e
0.6 lm
3.3 V
6.4 ms

2

Simulated photocurrent density (μA/cm )

0.7

Fig. 5b. The schematic and relevant parameters of the p+/n/p-epi photodiode needed for deriving the analytic spectral response model.

length LA may be considered to be small compared to the minority
p
carrier (electrons) diffusion length Ln = (Dnsn) where Dn is the diffusion coefﬁcient and sn is the carrier life time, resulting in a simpliﬁed continuity equation,
o Dn
oDn
F 0 a 2 apﬃﬃ2LA r
 Dn ¼ 
r
2LA e
or 2
or
Dn
2

ð2Þ

where Dn is the excess minority carrier electrons in the p+ region, F0
is the photon ﬂux incident on the front surface whose reﬂection
coefﬁcient is zero, a is the absorption coefﬁcient and r is pxﬃﬃ2nL , where
A
xn is the depletion width in to the p+ region. The minority carriers
lost in the front surface interface (x = 0) is governed by the
relationship
sDnjx¼0 ¼ Dn

oDn
j
þ ln EDnjx¼0
ox x¼0

ð3Þ

where s is the front surface recombination velocity. The concentration of excess carriers at the boundary of the depletion region
(x = x) with a reverse bias Vdp, can be determined by the diode
equation
 qV

dp
n2
Dnjx¼x ¼ i e kT  1
ð4Þ
NA
where ni is the intrinsic carrier concentration and NA is the acceptor
concentration. An analytic solution based on a power series can be a
used to solve (2)–(4) [14]. Recombination in the space charge region
is not considered. The contribution from the epitaxial region can be
given as [15],
 
0
1
cosh LHn  eðaHÞ
qF 0 aLn
aðxj þWÞ
@
A
 
ð5Þ
 aLn 
e
ða2 L2n  1Þ
sinh LHn
with the assumption of an inﬁnite recombination rate at the epitaxial/substrate interface. Here xj is the metallurgical junction depth of
the p+/n diode, W is the depletion width and H is the thickness of
the neutral p-region.
We attempt to resolve the radiation induced degradation mechanisms by ﬁtting the response curve with the variables s (the surface recombination velocity) that affects the photons in the shorter
wavelengths, and an attenuation factor ni that was noticed on the
irradiated devices. The image sensors used for the experiments
have the properties listed in Table 1. Standard CMOS process
parameters have been used for simulation purposes.
The variation of the spectral response as a function of s obtained
through the developed model is shown in Fig. 6. The value of s is
seen to signiﬁcantly affect the response of the sensor towards
shorter wavelengths, since electrons are generated very close to
the interface for these photons.
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Fig. 6. Simulation of the variation of spectral response with varying surface recombination velocity (s).

Fig. 7 shows the normalized spectral response (sensors output
in digital number (DN) compensated for dark signal/input optical
power determined through a calibrated photodiode) of radiated
as well as un-irradiated devices. The equivalent reverse voltage
Vdp for the model was found to be 1.2 V resulting in a total depletion width of 1.6 lm. The apparent p-region epi-depth was obtained at 10 lm. The deviation of this value from the physical
epi-layer thickness of 4 lm can be explained by the contribution
of photo-generated electrons from the substrate which was neglected in the model. A very good ﬁt for all the curves is obtained
by using an attenuation factor ni as well as the term for surface
recombination velocity, s = seff.
From Section 2.2, it can be seen that there is negligible change
in the threshold as well as gain of in-pixel transistors due to irradiation. Thus the parameter ni can be decoupled from such electri-

Fig. 7. Spectral response of radiated and un-irradiated sensors and the ﬁt.
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cal variations and related mainly to optical changes in the toplayer material stack of the photodiode. Also, it is worthwhile to
note that only an effective value for s can be determined by this approach since wavelength-depended properties of the optical stack
has not been included in the model. Nevertheless, the relative
change in this parameter offers insight into the degradation of
the Si–SiO2 interface quality of the photodiode element.
The extracted parameters indicated in Fig. 7 reveal monotonic
optical stack degradation as well as a change in the Si–SiO2 interface effects. High energy rays such as c-rays change the material
properties of the materials they penetrate and mainly interact
through electronic excitation, electronic ionization and atomic displacements. As a result, color centers can be introduced in the

material [16], although this mechanism can be considered to be
small for the dose range considered in this study. A combination
of this effect along with a change in the reﬂection and/or multilayer interference effects could better explain the attenuation observed. From Fig. 7, a smoothening of the sharp peaks found in
the un-irradiated devices can be seen on radiated devices which
can also be explained by this hypothesis. Clearly, further studies
are needed to establish the mechanisms by which the optical degradation occurs. We are currently studying the effects of radiation
on some commonly used materials that form on top of the photodiode in advanced CMOS processes for better understanding this
phenomenon.
The variation of the lifetime in the epi-layer does not have much
effect in the present sensor, with a thickness of a few micrometers.
Since c-ray irradiation do not produce signiﬁcant displacement
damages, the change in sn as a function of radiation dose can be
safely neglected.
3.2. Dark signal degradation
For sub-0.25 lm processes, STI is the only viable scheme of
achieving high packing densities [17]. The STI is considered to be
the prominent mechanism of leakage current in pinned photodiodes [7,19]. The generation rate can be characterized through the

Fig. 8. Layout schematic of the pixels.
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Fig. 9. (a) Histogram of the dark signal for the un-irradiated sensors, (b) histogram of the dark signal for sensor with NTA = 0.3 lm, p-well protected, (c) histogram of the dark
signal for sensor with NTA=0.2 lm, p-well protected, (d) histogram of the dark signal for sensor with NTA = 0.3 lm, no p-well protection.
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surface recombination/generation velocity at the interface and also
by the generation lifetime in the bulk of the STI, the interface effects being prominent [8]. Protecting the STIs by p-well structures
has proved useful against STI induced leakage mechanisms. But not
much work has been done to characterize the effect of such structures in radiative environments especially on image sensors. Test
structures (Fig. 8) with and without p-well protection were fabricated for two different ‘‘p-well to active region” distances (NTA)
to estimate the degradation due to these conﬁgurations.
The histograms of the dark signal of the sensors (Fig. 9a–d) reveal that the radiation-induced degradation mechanism is sensitive to the nature and the location of the STI. The largest
degradation is seen in structures that have unprotected STIs. Further, structures that have the STI closer (NTA = 0.2 lm) to the photodiode is seen to degrade faster than the structures that have the
STI further apart (NTA = 0.3 lm). A larger value of NTA results in
higher immunity to radiation damage, but this value should be
optimized so the sensitivity and saturation level of the sensor is
not overly sacriﬁced. Since the doping density of the p-well region
is relatively higher than that of n-type region of the photodiode,
the STI is isolated from the depletion region during integration
for structures with p-well protection [19]. This explains the lower
dark current from these structures, and the also the slower degradation of these structures to irradiation.
The Arrhenius plot of the mean dark current of un-irradiated as
well as radiated sensors is shown in Fig. 10. The activation energy
of silicon devices such as CMOS image sensors usually lie anywhere between Eg (1.2 eV; characteristic of a diffusion process)
and Eg/2 (0.56 eV; characteristic of a thermal generation process).
Generally, at room temperature, the thermal generation process
dominates the diffusion mechanism. However, pixels with a low
dark current may also see a diffusion current dependence. Upon
irradiation of the sensors, it was found that the average activation
energy of the sensors was reduced. Processes like trap-assisted
tunneling and ﬁeld-enhanced emissions have been speculated to
play a role in this behavior. The emission rate from a defect that
is located in a high local electric ﬁeld is believed to increase dramatically [6]. To further investigate this phenomenon, the activation energies of some 1000 pixels as a function of dark current
(Fig. 11) was extracted. The activation energy of the pixels forms
a band from 1.2 eV to 0.56 eV, with most of the pixels being concentrated around the mean activation energy of the sensor. Pixels
with lower activation energies were seen to exhibit a higher dark
current. These ﬁndings reveal a ﬁeld-enhancement mechanism in
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Fig. 11. Leakage current vs. activation energy of 1000 pixels (NTA = 0.3 lm, no pwell).

action [1,6]. The Poole–Frenkel effect is an electric ﬁeld induced
lowering of potential barrier for the thermal emission of a carrier
from a level in the band-gap. We found that the high electrical ﬁeld
at the photodiode-transfer gate overlap was an important dark current mechanism in CMOS Image sensors in another work [18]. A
0.2 lm overlap is present between the pinned layer and the TX gate
due to self-aligned process. A very strong electrical ﬁeld of
3  105 V/cm is present in this region (when the reset voltage of
the FD node is 2 V) that gives rise to higher leakage current. This
amounts to an emission enhancement factor of 18 in a 3-dimensional model [20]. Increasing the voltage on the TX gate moves
the ‘‘pinch-off” point toward the photodiode region and results in
an even higher electrical ﬁeld. This phenomenon can be expected
to be worse for future devices where the dimensions are made
smaller and thus leading to higher electrical ﬁelds. Traps that are
located in this high electric ﬁeld region may exhibit a higher darker
current than the traps located outside this local ﬁeld. This could
also lead to a higher RTS (random telegraph signal) noise in the
sensor [5]. Clearly, further studies are necessary in this direction
to establish the mechanism by which such electrical ﬁelds interact
with traps introduced through irradiation and the effect of future
aggressive technologies where dimensions are continuously being
shrunk.
4. Conclusions
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Fig. 10. Arrhenius plot of the dark current of sensor (NTA = 0.3 lm, no p-well). The
scaled representative slopes for ni (intrinsic carrier concentration) and n2i have been
plotted for comparison.

The GD technique is found to be a very simple and fast method
to predict the radiation hardness of very complex and sensitive devices like CMOS image sensors. From the GD technique, it was
found that threshold variations due to charge build-up as well as
radiation induced leakage currents were negligible. c-ray irradiation affects the spectral response of 4-T image sensors by altering
the top layer material properties and changing the surface interface properties. For the dose rates considered in this work, both
these phenomenon were found to vary monotonically with the
dose as can be explained from the model that was developed. Further work needs to be done to characterize the top-layer material
properties as a function of radiation dose for high quality imaging
in future technologies. The results also indicate that p-well protected STI structures are inevitable for radiation-hard designs. A
larger value of NTA results in higher immunity to radiation damage, but should be optimized to avoid loss of sensitivity and saturation levels of the sensor. With the shrinking of pixel size, the STI
as well as the p-well fabrication processes would become the focus
of attention for optimizing the process for high quality imaging
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especially for applications related to harsh environments. Finally,
with the shrinking geometries, higher electrical ﬁelds interact with
radiation introduced traps thus contributing to a different leakage
mechanism. From the above facts, it can be concluded that the
deep submicron technology is a good candidate for fabricating
CMOS image sensors for applications like medical imaging or outer
space applications though some optimizations/studies in the direction presented in this work are necessary.
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