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INTRODUCTION  

CMOS Active Pixel Sensors (APS) excel in domains that include low power operation and on-chip integration 
of analog and digital circuitry. Since these sensors are utilized for applications involving the detection of signals as 
low as a few electrons, radiation tolerance of such devices is of primary concern. All possible radiation effects are 
usually grouped into three basic types: transient effects (not dealt in this study), ionization damage and displacement 
damages [1], [2], [6]. Ionization damage has been considered to be the dominant mechanism when energetic photons 
(γ and X-rays) interact with solid-state matter. The major concerns due to this damage are charge build-up in the 
gate dielectric and radiation induced interface states. The introduction of discrete energy levels at the Si-Si02 
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 lifetimes and increased bulk-generated leakage currents 
[2], [3], [4], [5].  

 
EXPERIMENTAL 

“Pinned” CMOS photodiodes (Fig. 1) utilize a p+ pinning layer that shields the photodiode from surface effects 
that contribute to the leakage mechanism. The doping of the layers are chosen such that the photodiode is depleted 
completely. 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 [9], [10]. To test the effects of radiation, 
test-structures with and without p-well protected STIs (Shallow Trench Isolation) were fabricated in Philips’ 0.18-
μm CMOS technology (Table. 1). The gap between the STI and the photodiode is represented by the parameter 
NTA. The structures were tested by irradiating them with γ-rays (1.17 MeV, 1.33 MeV); dose rate of 75.9 Gray/min. 

  Solving the continuity equation of a usual p+/n photodiode derives an analytic model for the internal spectral 
response of pinned photodiodes. An equivalent diode reverse voltage Vd, is used to represent the depleted diode. The 
contribution from the p-type epitaxial region is included for the contribution from carriers collected through 
diffusion. This model is used to estimate the optical degradation of the sensors due to irradiation. Standard CMOS 
process parameters have been used for the simulation. 

The dispersive transport phenomenon in the SiO2 can be modeled on the concept of small polaron hopping, 
called as CTRW (continuous-time random walk). The transport process varies with the fourth power of the oxide 
thickness rendering modern deep sub-micron process (tox ≈ 4 nm) radiation hard to ionization damage in the gate 
regions. We provide results that suggest that the degradation of the STIs due to irradiation is an important factor 
influencing the sensor performance in advanced technological processes where very thin oxides and small 
geometries are employed. The histograms of the dark signal of the sensors (Fig. 2 - 5; all different horizontal scales) 
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 (Fig. 6). Further, structures that have the STI 
closer (NTA = 0.2 μm) to the photodiode is seen to degrade faster than the structures that have the STI further apart 
(NTA = 0.3 μm). 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 
[11].  This explains the lower dark signal from these structures, and also the slower degradation of these structures to 
irradiation. The Arrhenius plot of the dark current (Fig. 7), shows that the radiation process introduces levels in the 
band-gap that tends the activation energy towards Eg/2, conforming to a generation-recombination mechanism. A 
plot of the activation energies of some 1000 pixels as a function of dark current (Fig. 8) reveals a field-enhancement 
phenomenon that results in pixels with lower activation energies to exhibit larger leakage currents [4], [5], [7]. We 
have characterized this effect in a separate study [8]. Fig. 9 shows the normalized spectral response (sensors output 
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(DNs)/calibrated sensor output (A)) of radiated as well as un-irradiated sensors and the fit based on the model. The 
equivalent reverse voltage Vd for the model was found to be 1.2 V resulting in a total depletion width of ~ 1.6 μm. A 
very good fit for all the curves is obtained by using an attenuation factor ξi (acting through the front layer optical 
stack) as well as the term for surface recombination velocity, s. The change in the parameters ξi and s extracted 
through the model indicates monotonic optical stack as well as interface degradation for the dose range considered. 
High energy rays such as γ-rays change the properties of the materials they penetrate and mainly interact through 
electronic excitation, electronic ionization and atomic displacements. As a result, color centers are introduced in the 
material [12]. A change in the absorption characteristics of top layer optical stack can explain the attenuation 
observed. From Fig. 9, 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. The variation of the lifetime in the epi-layer does not have 
much effect in the present sensor, with a thickness of ~ 4 μm. 

 
CONCLUSION 

1. The results 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 pixel saturation levels. 2. Radiation induced leakage mechanism is sensitive to field-enhancement processes, so 
efforts should be directed to reduce this effect especially in deep sub-micron technologies. 3. The results highlight 
the need to further study the changes in top-layer material characteristics due to radiation process, to improve sensor 
quality for future high-quality image sensing in harsh environments. 
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Parameter Value 

Pixel pitch 3.5 μm 

Conversion gain (g) 
(photon shot-noise 

method) 
39.7 μV/e- 

Transfer gate length 0.6  μm 

Operating voltage 3.3 V 

Integration time  6.4 ms 

130 140 150 160

100

1000

10000

co
un

t

Dark signal (DN)

 NTA=0.3 μm, no p-well
NTA=0.2 μm, p-well
NTA=0.3 μm, p-well

120 130 140 150 160 170 180

100

1000

10000

C
ou

nt

Dark signal (DN)

 0 Gray
 600 Gray
 1 kGray

150 200 250 300 350

100

1000

10000

C
ou

nt

Dark signal (DN)

 0 Gray
 600 Gray
1 kGray

120 160 200 240 280 320 360 400 440 480

100

1000

10000

C
ou

nt

Dark signal (DN)

 0 Gray
 600 Gray
 1 kGray

Figure 1: Layout schematic of the pixels. 

Figure 2: Histogram of the dark signal for 
the unradiated sensors. 

Figure 3: Histogram of the dark signal for sensor 
with NTA=0.3 μm, p-well protected.  

Figure 4: Histogram of the dark signal for sensor 
with NTA=0.2 μm, p-well protected.  

Figure 5: Histogram of the dark signal for sensor 
with NTA=0.3 μm, no p-well protection. 

Table 1: Sensor and measurement details. 

72



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
  
 
 
  
 
 
 
 
 
 
 
 

A B C
0.0

0.5

1.0

1.5

2.0

2.5

3.0

A = 0 Gray

 R
el

at
iv

e 
in

cr
ea

se

Dose

NTA=0.3 μm,
p-well protected STI

A B C
0.0

0.5

1.0

1.5

2.0

2.5

3.0

B = 600 Gray

 R
el

at
iv

e 
in

cr
ea

se

Dose

NTA = 0.2 μm,
p-well protected STI

A B C
0.0

0.5

1.0

1.5

2.0

2.5

3.0

C = 1 kGray

R
el

at
iv

e 
in

cr
ea

se
Dose

NTA = 0.3 μm
bare STI

1/T (K-1)

0.0030 0.0031 0.0032 0.0033 0.0034 0.0035
0.001

0.01

0.1

1

10

100

1000

Eact = 0.88 eV

Eact = 0.94 eV

Eact = 0.69 eV

ni
2(Diffusion)

D
ar

k 
cu

rr
. d

en
si

ty
 (n

A
/c

m
2 )

0 Gray

600 Gray

800 Gray

actE
kTe

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎝ ⎠

−Fit based on 
the functional form

ni(Thermal generation)

Dark current density (nA/cm2)
0 100 200 300 400 500 600

A
ct

iv
at

io
n 

en
er

gy
 (e

V
)

0.4

0.6

0.8

1.0

1.2

1.4

24oC 30oC 40oC

Radiation dose = 400 Gray

Figure 6:  Relative increase in the mean dark signal of the 
sensors. 

Figure 7: Arrhenius plot of the dark current of 
sensor (NTA=0.3 μm, no p-well). 

Figure 8: Leakage current vs. activation energy of 
 1000 pixels (NTA=0.3 μm, no p-well). 

Figure 9:  Normalized spectral response of radiated and unradiated sensors 
(NTA=0.3 μm, no p-well) as a function of wavelength and the fit. 
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