
I. INTRODUCTION

I T IS QUITE well known in the imaging community that
image sensors are subject to degradation effects due to

radiation. These effects show up as an increase in dark current, a
loss in transfer efÞciency [in the case of charge-coupled devices
(CCDs)], and in the generation of extra Òhot spotsÓ [1], [2].
Devices intended for space applications are being fabricated
in special processes so that the sensors can better withstand
radiation and to make them radiation-hard. Question is whether
similar effects are also responsible for the creation of hot pixels
namely, terrestrial cosmic rays.

II. E

VALUATION METHOD

To study the hot spot generation in the image sensors, an
extensive measurement program is being developed. In its
simplest form, devices were stored Òon the shelfÓ and were
measured at time intervals of several weeks. By comparing dark
images obtained during various measurement cycles, research
can be done to study the growth of hot spots. All measurements
reported are done at 60� C on CCD frame-transfer imagers with
the following characteristics:

Ñ active area of 8.8�H� � 6.6 (in digital numbers
(DN), with 1 DN � 2 pA/cm

� ) are used as the� -coordinate,
whereas the amplitudes of all individual pixels of measurement
� � 1 are used as the� -coordinate. In this way, every pixel
is represented by its two amplitudes (measurement� and
measurement� � 1) in a 2-D diagram. Ideally, all pixels are
located on the straight line with slope� 1. In reality, and even
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Fig. 10. Fitting parameter ax as a function of the hot spot amplitude. The
square dots represent the data obtained from the fitting, whereas the straight
lines are trend lines that clearly mark two "types" of hot spots.

spots with amplitude between 250 DN and 3750 DN with a
step size of 250 DN are investigated. In Fig. 10, the exponent
ax, which is used as the fitting parameter in Fig. 9, is shown
as a function of the amplitude of the hot spot. The squares are
the results of the aforementioned curve-fitting exercise. The two
straight lines are two fits to the empirically obtained data points.

It is noticeable that two groups of results can be recognized.
1) The data points for hot spots with larger amplitude cor-

respond to relatively low values of the fitting exponent.
These hot spots are most probably due to the damage
of cosmic rays created in the bulk of the silicon. The
energy of the cosmic rays is high enough to displace a
silicon atom from its original location in the monocrys-
talline lattice. (Typically, a 150-keV electron can displace
a silicon atom in the bulk lattice [7].) In this way, a
vacancy as well as an interstitial are created. Vacancies
created by incident radiation are unstable and migrate to
energetically favorable positions in the lattice. Typically,
the vacancies become trapped near impurity atoms due
to the stress imposed on the lattice by the impurities.
Typically, only 2% of the initially generated vacancies
remain [8]. The line connecting the higher amplitude hot
spot coefficients can be written as

a = 0.00222 � 0.00062 � log(hot_spot_amplitude).

2) The data points for hot spots with smaller amplitude
correspond to relatively high values of the fitting expo-
nent. These hot spots are most probably due to damage
created at the Si–SiO� interface, due to the creation of
extra surface states, and resulting as well in an overall
increase of the dark current and dark-current fixed-pattern
noise. (This statement is based on the fact that devices
stored 250 m below sea level showed the same increase
in dark current and dark-current fixed-pattern noise as
devices stored at sea level.) The line connecting the lower
amplitude hot spot coefficients is given by

a = 0.00575 � 0.00173 � log(hot_spot_amplitude).

Concentrating on the first equation, and in the assumption
that the higher amplitude hot spots are created by cosmic rays,
it is quite simple to calculate the number of hot spots gener-
ated per sensor and per day based only on that last equation.

Fig. 11. Curve without symbols is calculated by subtracting the effects of the
large-amplitude hot spots from the reference curve (solid line with the square
symbols). The curve with the circle symbols is the measured one obtained from
devices stored at −250 m.

Subtracting this number of hot spots from the reference data,
one obtains the result shown by the curve without symbols in
Fig. 11: this corresponds to the theoretical hot spot generation
without the effect of the cosmic rays. The curve with the circle
symbols in Fig. 11 is the one obtained from storing the sensors
at 250 m under the ground to shield them from terrestrial cosmic
rays. The similarity between the two curves is surprising.

The coincidence of these two curves can be seen as a kind
of proof that the large-amplitude hot spots are indeed created
by the interaction of the silicon devices with terrestrial cosmic
rays. Because at a depth of 250 m under the ground, no cosmic
rays are present anymore. The effects of the terrestrial cosmic
rays can be described by the equation given earlier (for this
particular sensor under the specific measurement conditions).

VII. NATURE OF THE COSMIC RAYS

The cosmic rays that reach the Earth surface are so-called
secondary rays. The primary cosmic rays come from the Milky
Way and from the sun. These are mainly composed of protons
with very high energies, ranging into the gigaelectronvolts.
The primary cosmic rays collide with the various atoms and
molecules of the atmosphere, and an avalanche effect is gen-
erating the secondary cosmic rays. These are composed of
protons, pions, electrons, neutrons, muons, etc. The energy of
the secondary cosmic rays is much lower than the energy of the
primary ones but still can range into the megaelectronvolt [4].

The number of particles and the nature of the species com-
posing the secondary cosmic rays can be calculated by some
simple formulas. If I� is the cosmic ray flux at altitude A� ,
and I� is the flux at altitude A� (both altitudes being expressed
as an air pressure in grams per square centimeter), the relation
between I� and I� is given by

I� = I� � exp
(

A� � A�

L

)

where L is a constant known as an absorption coefficient,
depending on the nature of the cosmic rays (neutrons, protons,
pions, muons, electrons, etc.).

To convert terrestrial altitudes to atmospheric pressure
(in grams per square centimeter), the following relation can be






