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0.1. Preface 1

0.1 Preface

Charge-coupled devices (CCDs) were invented in the 1970, and have been un-
der ongoing development since then. These ultra-low-noise and highly sensitive
imaging devices have been the preferred detectors of astronomers since then,
and exist in many different versions to suit the needs of various astronomical
purposes. CCDs are commonly flown in space, for instance as the main detection
instrument on several well known missions such as the Hubble Space Telescope,
the Cassini Probe or XMM-Newton. Furthermore CCDs are also frequently used
as the detection device in satellite Star Trackers, which provide attitude infor-
mation to the satellite orientation system.

However, one major drawback is their extreme vulnerability to radiation, which
is readily abundant in space. Needless to say that it is very important to inves-
tigate this, before a CCD is procured for a satellite mission.

Despite all modeling which have been performed on CCDs and testing on
similar components, the only way to asses the reliability of a particular CCD in
space, is to perform actual testing under conditions as close to those expected
during the actual mission as possible. The experience in modeling gained in past
years can be used to decrease the number of tests needed to qualify a component
for space use.

The ROMER satellite holds the MONS instrument, a 32 cm space telescope,
which will be used to detect stellar oscillations in nearby stars. The detection de-
vice is the backside illuminated CCD 47-20 from Marconi Applied Technologies.
This thesis will focus on the impact of space radiation on this CCD.

This device is also planned for use in the ROMER field monitor, and the front-
side illuminated version will be used in the two star trackers on board the satel-
lite.

Before I started with this task, I did not know much about the radiation en-
vironment and radiation damage in CCDs. But I could examine previous work
described in various papers, and in addition my work at TERMA A/S in the same
period was closely related to this thesis, which also helped a lot.

I put up a plan for the radiation tests:

1. Firstly, I had to investigate the radiation environment in space.

2. Then I examined from previous work done on different CCDs, what theories
and observed problems are known with respect to radiation damage.

3. After this, I identified key parameters which would be affected with respect
to the MONS mission.

4. Next, I designed and build in cooperation with the IFA workshop an exper-
imental setup.

5. After a half year the setup was build, and the unavoidable problems which
no one thought of before, had to be solved. Approximately one year after I
started on my masters thesis, I was ready to perform the actual irradiation.
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6. And at last, what I had to do, was data reduction and finish the writing of
this thesis.
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Radiation in Space

1.1 Introduction

Satellite electronics based on semiconductor technology suffer from the harsh
radiation environment in space. In order to assure reliability of the satellite
electronics, it is necessary to investigate the radiation environment encountered
in space first, and determine the particle fluence (i.e. the number of particles
encountered during mission time).

The radiation environment in space consists mainly of protons and electrons,
with energies which are able to cause ionizing damage and displacement damage
in the semiconductor material. Electrons and protons trapped in the magnetic
field of the Earth contribute significantly to the total particle fluence experi-
enced. The standard NASA AE-8 and AP-8 environment models are commonly
used to determine trapped electron and trapped proton fluences, respectively.

In addition, solar flares may be encountered during mission lifetime, contribut-
ing significantly to the received dose. These radiation fluxes (i.e. number of
particles per second) are of transient behaviour compared to the trapped parti-
cles, and their energy depends on the solar cycle. The JPL-91 model is normally
used for determining this.

The particle fluence experienced by the satellite is highly dependent on the orbit,
since the magnetic field of the Earth partially shields from solar flare radiation
at equator, and partially increases particle flux at the polar regions. Trapped
protons and electrons are encountered in large numbers in the Van Allen belts
which are toroidal formed bodies encircling the Earth at equator as shown in
figure 1.1.

The spatial distribution of the radiation fluxes is only to crude approxima-

tions symmetric; important asymmetries exist such as the infamous South At-
lantic Anomaly.
Cosmic radiation originating from far outside our solar system has a very much
lower flux than the trapped and solar particles. The nature of these particles is
quite different from the others, which will be discussed in section 1.2.3. Thus,
radiation encountered in space can roughly be classified into three groups:

1. Trapped radiation
2. Solar flares

3. Cosmic rays



6 Chapter 1. Radiation in Space

SR

Gcomagneti
e

Plastna Sheet |:> Current flows

w=p- Magnetic field lines

Figure 1.1 Illustration of the Van Allen radiation belts. Source: [2].

The next sections will briefly present the nature of these groups, and mention
the problem with secondary radiation.

The CCD situated in the MONS telescope is expected to be one of the most
vulnerable components in the ROMER satellite with respect to radiation, among
the reaction wheels, the field monitor and the two star tracker CCDs. Since
CCDs are most vulnerable to protons (e.g. reference [1]), special attention has
been paid to this issue.

1.2 The Radiation Environment in Space

The following sections give a brief overview of the radiation encountered in space.
A more elaborate version is given in “The Radiation Design Handbook” [2].

1.2.1 Trapped Particles

Trapped particles refer to electrons and protons trapped by the magnetic field of
the Earth, formed as the toroidal shaped Van Allen Belts. Electrons reach ener-
gies up to 7 MeV, and protons may reach 300 MeV or more, becoming quickly less
abundant at the higher energies. These particles usually originate from the sun,
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but artificial sources such as nuclear weapons are also possible!. The effects
of nuclear weapons are also described in [2]. Since the trapped particle fluxes
are dependent on solar activity, these may vary significantly on short time scale,
which may cause problems on short-term type operations of e.g. astronomical
character, e.g. if the CCD is saturated with signal from trapped protons when
passing the radiation belts.

Electrons and protons become less penetrating for lower energies, so these can
readily be absorbed by appropriate shielding. 1 cm of tantalum effectively blocks
off all protons below 100 MeV as seen in the table in section A.2. Tantalum
shields have been utilized on board e.g. the Hubble Space Telescope and the
Galileo Mission.

Standard models describing the trapped particle environment have been devel-
oped, NASAs popular AE-8 MIN and AP-8 MIN models for determining electron
and proton flux for solar minimum have been applied in all trapped particle cal-
culation in this thesis.
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Figure 1.2 Proton flux for a low Earth orbit in an altitude of 894 km during solar
maximum. The South Atlantic Anomaly is clearly visible. Note that only protons with
energies above 10 MeV are taken into account here. Lower proton energies are also
encountered at the polar regions.

1.2.2 Solar Flares

Solar flares are readily encountered during solar active periods. These contribute
with a transient proton flux of variable intensity. The spectrum is more soft than

'The American “Starfish” nuclear detonation in 1962 contributed with a severe amount of
trapped electrons, which persisted several years.
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the trapped proton spectrum. Solar flares are the main source of radiation for
satellites in the geosynchronous orbit and for satellites in the global positioning
system (GPS) orbit, which are positioned well above the radiation belts of the
Earth. Low orbiting satellites may be shielded from solar protons by the mag-
netic field close to the equator, but will experience a higher flux near the polar
region, where solar flare protons tend to funnel. Geomagnetic storms may sig-
nificantly alter this shielding effect, though.

All solar flare calculations in this thesis were done with the JPL-91 model.

1.2.3 Cosmic Rays

Cosmic radiation originates from the galactic center, and consists of electrons
and all types of nuclei with element numbers ranging from 1 < Z < 92 (hydrogen
to uranium). Energies range from some MeV per nucleon to several GeV per nu-
cleon - and rarely even to energies in the order of TeV per nucleon. The ionizing
effect of these ions is dependent on their energy and mass2. The effect of these
ions is quantized in terms of their linear energy transfer (LET MeV/mg/cm?),
almost equivalent to the electronic stopping power. The radiation hardness of a
semiconductor device can be verified with this parameter only. This eases testing
significantly, since one can create different LETSs by solely varying the energy of
a specific particle type instead of testing for all 92 particle types.

Cosmic rays are, in contradiction to the trapped and solar protons, treated as sin-
gle events, since these are much less abundant. The contribution of cosmic rays
to the total ionizing dose received by the satellite is negligible. However, con-
sidering their high energy and (occasionally high) mass, it makes digital devices
very vulnerable. Cosmic rays are capable of introducing errors such as bit-flips,
latch-ups and the fatal burn-outs. To quantisize these effects, LET is used as a
threshold, when exceeded the component is likely to suffer from one of the above
stated errors.

It is very difficult to protect from cosmic rays, since this implies mounting vast
amounts of shielding which is not feasible on a satellite. Instead radiation hard-
ened semiconductors are designed and error detecting/correcting code is used,
such as Hamming or Reed-Solomon3. Also redundant design is usually appli-
cated, to achieve a higher fault tolerance.

1.2.4 Secondary Radiation

Secondary radiation is generated, when any of the above stated radiation types
interact with the satellite structure. Usually the sensitive electronic devices are
shielded in some way, to prolong their lifetime and inhibit degradation. Espe-
cially electrons stopped in shielding generate bremsstrahlung, which is a conti-
nuous spectrum of gamma and x-rays with energies below the incident electron
energy.

2The ionizing effect is independent on charge though. When ions enter a material their charge
state will quickly reach a state of equilibrium, independent on their initial amount of charging.
3Reed-Solomon error correcting code is used on audio compact disks.
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Also secondary protons and neutrons? may be generated, preferably in shields

consisting of a material with higher nuclear mass, such as tantalum. To avoid
this, shields of aluminium are preferred, since these effectively stop electrons
and low energy protons. Tantalum shields are used for shielding CCDs in the
Hubble Space Telescope and the Galileo mission, but the increased nuclear mass
of tantalum results in a significant neutron flux, which is problematic for del-
icate devices such as CCDs. Tantalum shields are more effective for the same
aluminium thickness, but in the end aluminium is the more effective shield type
per gram, which is shown in [3]. See also the tables in appendix A. Unless any
sterical problems exist, aluminium should be the preferred, as it is for the MONS
telescope.

At last it should be noted that the satellite structure itself is getting activated,
primarily due to the proton bombardment, but this is generally considered to
have a negligible effect compared with the natural occurring particle fluxes in
space.

“Neutrons at high energies are basically behaving just as protons, since the coulomb-barrier
interacting with the proton is easily penetrated.
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1.3 Expected Radiation Levels

Using the SPENVIS [4] online software, expected radiation doses for the ROMER
Molniya orbit has been calculated.

1.3.1 The Molniya Orbit

The baseline ROMER Molniya orbit parameters were provided by The Danish
Space Research Institute (DSRI). The SPENVIS software calculated satellite po-
sitions for 229 positions during two days beginning at the orbit epoch. The loca-
tion of these discrete positions are shown in figure 1.3. The launch date was not
defined at the time when writing this thesis, but the baseline aimed at a launch
sometime in August 2005.

Orbit description:
Orbit epoch: 31. Aug. 2005 00:00:00
Altitude at Perigee: 600 km
Altitude at Apogee: 39767 km
Inclination: 63.435°
RA of ascending node: 173°
Argument of Perigee: 270°
True anomaly: 0.00000°
Eccentricity: 0.73748
Semi latus rectum: 12111.99601 km
Semi major axis: 26554.50000 km
Mean motion: 12.60599 rad/day

The Molniya orbit was chosen for the ROMER mission for several reasons.
First of all, the satellite reaction wheels which control the attitude, have to dump
momentum. Electric coils are equipped on the satellite, which can interact with
the earths magnetic field, when the satellite passes at perigee. The high incli-
nation of the Molniya orbit provides the possibility to dump momentum for all
three vectors, which would not have been possible when selecting a geo transfer
orbit launched from equator with an inclination of 0°.

Furthermore, due to the eccentric nature of the orbit, the Earth is only obscuring
targets in a limited amount of time. This enables long uninterrupted data series,
which are desirable for the astereoseismology group.

In addition, this orbit was visible from Denmark every 2. orbit, which eases
downlink of data. At last, the Soyus Fregat from STARSEM at the Baikonur
Cosmodrome is a relatively cheap launcher.

1.3.2 Radiation Environment Analysis

The ROMER satellite in the Molniya orbit passes the Van Allen belts 4 times a
day, where the satellite will experience high fluences of trapped protons and elec-
trons. The electrons are readily stopped and converted into bremsstrahlung. The
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Figure 1.3 Illustration of the ROMER Molniya orbit.

ROMER baseline implies 20 mm of Aluminium shielding. This effectively stops
all electrons, and primary protons up to approximately 70 MeV (see table A.1 in
appendix A).

For the radiation analysis the following models were applicated:

e Trapped particles: AP8-MIN, AE8-MIN (Confidence level 50%, local time
variation not included)

e Solar flares: JPL-91 (Geomagnetic shielding included, quiet magneto-sphere
conditions, mission duration 2 years, confidence level is 95% not to exceed
fluxes)

The ROMER mission is planned to last 2 years.

Total dose calculations

Total dose calculation were performed by the SPENVIS software, utilizing the
SHIELDOSE-2 model. Silicon was selected as the target material. The results
are presented in table 1.1.

It is evident that most ionizing damage is originating from the trapped pro-
tons, other contributions are minor.
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Table 1.1 Total ionizing dose contributions from various particle sources, after 20 mm
of aluminium shielding.

Source Dose, kRad(Si)
Electrons 0.000
Bremsstrahlung 0.106
Trapped protons 1.301
Solar protons 0.152
TOTAL: 1.559

Total Proton Fluence

The entire proton fluence is mainly originating from the trapped protons in the
Van Allen Belts. The critical parameters for the CCD (MONS telescope as well as
in the Star Trackers) scale linearly with the non-ionizing energy loss of protons,
therefore the “10 MeV damage equivalent protons” term is applicated here. This
term is a way of describing the amount of displacement damage the radiation
causes, and will be explained in detail in chapter 2. In figure 1.4, the 10 MeV
equivalent proton fluence is plotted versus the shielding thickness.

At 20 mm of spherical 47 shielding, the total mission fluence is 4.97-10%protons/cm?.
If only 10 mm of shielding would be applied, the dose would be about twice as
high: 1.06 - 10'%protons/cm?.

Radiation Dose Summary

The total dose, the MONS CCD will experience post 20 mm of shielding during
two years is restated in the box below.

Total ionizing dose: 1.56 kRad(S7)
Total non-ionizing dose: 4.97 - 10° protons/cm?
(10 MeV equivalent protons)
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Figure 1.4 Damage equivalent 10 MeV proton 2-year mission fluence for the ROMER

Molniya Orbit.
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Chapter Il

CCD Parameters Affected by Radiation

2.1 Introduction

Charge coupled devices (CCDs) are very sensitive to radiation, compared to other
semiconductors. The main problem arises when CCDs are used in long-term
space missions, where naturally occurring radiation will degrade the component.
Several properties are affected, and will now be discussed in detail.

Behind 20 mm of aluminium shielding as for the CCD on the MONS tele-
scope, only protons and bremsstrahlung are encountered, almost all electrons
are converted to bremsstrahlung (i.e. v-rays and X-rays). A minor fraction of the

protons is converted to secondary neutrons as well, becoming more significant
for shielding with higher Z.

20 years ago it was still assumed that 1 kRad total ionizing dose of °°Co ra-
diation was damage equivalent to 1 kRad total ionizing dose of proton damage.
This proved to be wrong, a CCD which easily could withstand 20 kRads(Si) of
60Co gamma rays, suffered significant charge transfer efficiency (CTE) losses at
1 kRad(Si) of proton damage [3]. It was then realized that the CTE degradation
is associated with the non-ionizing energy loss (NIEL), caused by displacement
damage in the bulk silicon material, which is far larger for low energy protons
(less than 10 MeV) than for ~-rays.

All results presented in this chapter are based on previous testing of various
CCDs. Some of these results are very dependent on the design of the CCD, and
cannot directly be applied for a particular CCD such as the Marconi CCD 47-20.
The purpose of presenting these results are solely to give a feeling for the mag-
nitudes of the radiation effects.

15
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2.2 Types of Radiation Damage in Semiconductors
The actual damage caused by protons and bremsstrahlung is categorized into
two groups:

e Ionization damage

e Displacement damage

The figure 2.1 gives an overview of the radiation damage issue on CCDs, and
is now described in detail in the next sections.

Source of damage GAMMA RAYS SOLAR AND TRAPPED
(Bremsstrahlung
from electrons) PROTONS
Damage type IONIZATION DISPLACEMENT
Associated term kRad / Gray 10 MeV equiv fluence
Damage caused E VOLTAGE SHIFT ] E EXTRA ENERGY LEVELS ]
s ¢ B e * B
Effects on a CCD * Surface dark current . * Charge transfer efficiency
* Threshold voltages shift * Bulk dark current
* Power consumption * Dark current spikes

* Random telegraph signals

S J/ - J

Figure 2.1 The radiation damage tree for CCDs.

2.2.1 CCD structure

A general overview of the way the CCD works is given in [5]. A typical standard
CCD pixel element consists of a p+ substrate layer, whereupon an epitaxial p
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layer is grown. Upon this layer a thin silicon-oxide layer is grown. A polycrys-
talline gate structure connects the pixel with the three clocking phases.

The charge collecting pixel of the CCD can be illustrated with a potential well,
which holds the electrons generated by incoming photons. For the CCD described
above, the charge collecting region is just at the interface between the silicon-
oxide layer and the epitaxial layer. This is unfortunate, since this interface state
is the source of large amounts of surface dark current.

Instead, phosphorous is implanted into the p-layer, converting it to a n type
carrier with an excess of holes. This modifies the potential well, so the charge
collecting region is moved below the silicon-oxide interface state. This is illustra-
ted in figure 2.2.
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Figure 2.2 Cross-section of a single pixel element of a buried channel CCD. The po-
tential curve illustrates the depletion layer, and the field free region. (The dimensions
stated here are typical, and may vary.)
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2.2.2 lonization Damage

Both protons and bremsstrahlung will lose most of their energy by ionization of
the target material. This will have various effects on the silicon material, but
mainly it will introduce electron hole pairs throughout the material. The CCD
47-20 is suspected to consist of an oxide and/or nitride layer, a n-type channel
implanted upon a p-type epitaxial layer, which is grown on the bulk material,
which will be some low resistivity material such as p+ doped silicon. The actual
charge depletion will happen partially in the p-layer and n-channel, but the n-
channel is used to move the charge out of the pixel element.

CCDs (and other MOS devices) will accumulate charge in the gate oxide thereby
changing the threshold voltages. The principle of this damage mechanism is
sketched in figure 2.3. Ionizing radiation generates electron-hole pairs within
the oxide structure. If no electric field is applied, then these electron-hole pairs
are most likely to recombine again with no further implications. But when a
gate voltage generates an electric field, the electrons will quickly leave the struc-
ture. If the gate voltage is positive with respect to the silicon substrate, they will
travel through the gate. The remaining holes have a significantly lower mobility
than the electrons, since the transportation mechanism is different!. A fraction
of these hole will then be trapped at the interface layer, and may reside there up
to several years. This causes a negative shift of the threshold voltage. The term
“threshold voltage” is derived from MOS-FETSs, where a certain gate voltage is
required to trigger the transistor due to this effect.

In addition MOS switches may not fully close anymore, due to the extra electric
field within the oxide layer, and this leads to an increased power consumption of
the device.

Tonizing radiation

PR E.

OO00O0 © 6 ee
©oo0o0

Figure 2.3 When ionizing damage hits the SiO structure electron-hole pairs are gen-
erated. For positive gate values the electrons leave the oxide layer through gate termi-
nal. The holes move more slowly towards the silicon interface, where they are very likely
to be trapped and generate an electric field within the structure, which may persist se-
veral years.

N

For a CCD this will affect the clocking voltages and the reset voltage Vpg.

Described as a stochastic hopping transport through localized states in the oxide layer.
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Furthermore, dark current will increase at the SiO2/Si interface, since ion-

izing radiation also increases the amount of trapping states located here. But
since the CCD 47-20 is a buried channel CCD, the depletion layer is pulled away
from the interface. This effect is reduced even more when the CCD is operated
in inverted mode, as it is with the MONS CCD. In the inverted mode, the phase
is adjusted so the substrate and surface potential become equal - which actually
is shown in figure 2.2. By this way holes are attracted and “pinned” at the sur-
face, the amount increasing as the phase is driven more negatively, maintaining
a potential of zero volts, relative to the substrate. These holes limit the surface
dark current generation.
In fact, the Marconi CCD 47-20 is a Multi-Phase Pinned (MPP) device, meaning
all phases are operated inverted during integration. This would cause the charge
to bloom across several pixels, if this would be done with an ordinary CCD. MPP
technology omits this by doping one of the three phases with boron, thereby neu-
tralizing the n-channel. This is then the collecting phase.

2.2.3 Displacement Damage

Especially low energy protons will interact with the silicon atoms by coulomb
forces, and thus loose energy by causing displacement damage to the lattice.
This can be visualized as a nucleon, which has left its original position in an
elsewhere perfect crystal lattice. This energy loss due to displacement damage,
is referred to as non-ionizing energy loss (NIEL), and is directly correlated with
the CTE degradation, as described in section 2.3.3.

This NIEL can be divided into two groups, elastic and inelastic NIEL, where
nuclear reactions account for the inelastic part of the NIEL, and displacement
damage for the elastic part. The latter is the most prominent effect observed.
Compton electrons produced through elastic scattering of gamma rays from a
60Co source (1.25 MeV y-rays ) with atomic electrons, have typically an energy of
580 keV and may collide with silicon atom, creating a vacancy [7] in the semicon-
ductor lattice. In general, photons with energies larger than 400 keV may cause
displacement damage (see [8]) in the lattice as well.

For a n-type buried channel CCD such as the Marconi CCD 47-20, the most
likely result is the generation of phosphorous-vacancy centers which will intro-
duce an extra energy level between the conduction band and valence band of the
semiconductor material. This will result in charge trapping, which will lead to
CTE degradation and an increase in the bulk dark current. The effect of an ex-
tra energy level between the conduction and valence band is shown in figure 2.4.
The worst defects are those defects, which reside in the middle of the energy gap,
since it is - popular spoken - more likely for an electron to receive two smaller
amounts of energy, than one tiny and one large amount. This is the case for the
phosphor-vacancy, as it is placed about 0.4 eV below the conduction band.

Charge trapping, as illustrated in figure 2.5, may also happen if the energy
level associated with the defect is empty. Charge passing a pixel with a defect,
can be trapped in the energy band, and may have a chance to be re-released some
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VASAVAY-_ g >

E(gap)=1.14 eV
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Valence band

Figure 2.4 In a perfect semiconductor, the energy required to raise an electron from the
valence band to the conduction band is 1.14 eV. If the temperature is low enough, only
few electrons from the valence have this energy, and this results in a low dark current.
If however an extra energy level is introduced, electrons can reach the conduction band
more easily by successively gaining smaller amounts of energy. On a CCD this is seen
as an increased dark current.

time later, depending on the temperature, or proceeds to the valence band. For
CCD operation it means that some charge may be deferred during read out, or
eventually the information is lost forever if trapping time constant is longer than
the clock-cycle of the CCD. If the trapping time constants are very long, typically
at cryogenic temperatures, the “fat-zero” method can be applicated. The CCD is
then pre-flashed with light, in order to fill all the traps with charge, so no further
charge is lost.

Conduction band

7 7

----o - -G -G -- Tmp

7
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Figure 2.5 If the extra energy band is empty, it may trap some electrons, and release
them again after a highly temperature dependent trapping time. For a CCD this is seen
as poor CTE.

Since low energy protons are the main source for displacement effects in sil-
icon material, it is not favoured to use the term “kRad(Si)” when dealing with
protons doses. Instead the term fluence (protons/cm?) should be used. In space,
a whole spectrum of energies are associated with the encountered protons and
photons, and just like the case for the ionizing damage, it is appropriate, to find a
term, which describes the entire amount of displacement damage, the spectrum
of protons will cause in the semiconductor. Since the NIEL is known for any
particle energy, and the spectrum is known, the total NIEL for a mission can be
calculated. This can then be transferred to a specific proton fluence of 10 MeV
protons which create the same amount of displacement damage in the material
of interest. Therefore the term “10 MeV equivalent protons” is used. The NIEL
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as a function of proton energy is shown later in figure 2.8.

Still, these protons also produce ionizing damage as well, and this can be
calculated by the electron stopping power:

_gRad-g dE
D=16-10°—"2.0. | — 2.1
6-10 MeV (dm) 21

where D is the ionizing dose in Rad, ® is the fluence in protons/cm? and ‘fi—f is
the electron stopping power in (MeV c¢m?/g) (see section A). The factor 1.6-10~% is
merely the conversion factor from MeV/g to Rad (1 Rad = 100 erg/g). Figure 2.6
illustrates this equation.

Note that this equation assumes a thin target. In thick targets, % will vary as

a function of depth.

Total Ionizing Dose for Various Proton Energies

assuming a fluence of 10" protons/cm2
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Figure 2.6 Total ionizing dose as a function of proton energy. The dose scales linearly
with the fluence.
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2.3 Key CCD Performance Parameters

The key parameters affected when a CCD-detector is exposed to radiation are:
e Dark Current
e Threshold Voltages
e Charge Transfer Efficiency (CTE)
e Linearity and full well capacity

Other parameters are affected as well, but may be less relevant in the context of
the MONS telescope:

e Power consumption
e Readout noise
e Gain

e Spectral response

2.3.1 Power Consumption

Hopkinson [6] has done tests on some Thomson CCDs, where the power con-
sumption of the output amplifier (/pp) and the clock drivers (Ipp4) were moni-
tored. The currents where monitored during °°Co irradiation, and were found to
increase linearly with dose by an amount independent of dose rate. A TH7863
CCD showed increase in Ipp of 0.12 mA/kRad when powered, and 0.04 mA/kRad
when unpowered during irradiation.

2.3.2 Threshold Voltages

Radiation will influence the threshold voltages of the CCDs, since holes are likely
to be trapped in deep traps at the oxide surface, and cause the gate potential of
the MOS structure to shift.

Both the reset voltage threshold (Vpg) as well as the clocking voltage threshold
will alter due to this effect. Hopkinson found for the TH7863 CCD a linear in-
crease of the reset voltage threshold of 0.09 V/kRad(Si) when irradiating with
60Co during power on. This result is remarkably consistent with the results
stated in the Marconi report [9]: here voltage shifts of ~ 0.1 Volt/kRad(Si) are
found. When unpowered during irradiation, the shift in the reset voltage thresh-
old was only 0.024 V" at 15 kRad(S1), according to Hopkinson. The Marconi report
states 0.250 V at 10 kRad(Si) when irradiating with °Sr s-rays.

No annealing effects were noticed after irradiation had ceased (Hopkinson).

It is very important to asses the operating window of the CCD voltages, and then
choose the operating voltages in such a way that radiation encountered in space
not will cause the component to fail, e.g. when the reset FET no longer is able
to turn off, the CCD ceases to clock, or the CCD is taken out of inversion. The
Marconi report provide a cookbook solution for how to select proper voltages.
The Marconi CCD 47-20 has no protection diodes, which makes it possible to op-
erate the CCD in inverted mode, thus the clocking voltages can be operated over
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a wide range, but nonetheless this is an issue, which should be investigated by
device testing. The investigation of the flat band voltage shift, will be a central
part of this thesis.

2.3.3 Charge Transfer Efficiency

As stated in the introduction, CTE degradation is directly related with NIEL.
Low energy protons will readily cause displacement damage in the CCD, and for
a n-type CCD the phosphor vacancy is favoured. The energy level of this defect is
located 0.44 eV below the conduction band. This may cause valence electrons to
thermally hop into the traps and be a source for dark current. Also the traps are
able to hold charge for some time, highly depending on the operating tempera-
ture, and then release the deferred charge again. This is causing the degradation
in CTE.

The time constant quickly becomes large for low temperatures, which is one rea-
son why astronomers cool their CCDs; the CTE will significantly improve when
the time constant of the traps is larger than the read out time. The traps will
then quickly be filled if there is a signal when starting to read out the CCD, and
then no further charge is lost during read out. Janesick [10] gives a detailed de-
scription of the CTE issue and also an equation for the emission time constant 7.:

_ eap(Br/kT)

e =

2.2
XnonvgNo ( )

where E7 is the trap energy level below the conduction band in eV, k is Bolz-
manns constant, T is the temperature in Kelvin, X, is an entropy factor, o,, is the
electron cross-section and is related to the ability of the trap to trap an electron,
measured in ¢m?2. This value is in the order of atomic dimension, about 10~ 5 ¢m?.
vy, is the thermal velocity of the electron, and is in the order of 107cm/sec (see
footnote?) and finally N¢ is the effective number of states in the conduction band,
2.8 - 10Ystates/cm3.

For the phosphor vacancy, some typical emission times are listed in the ta-
ble below and illustrated in the figure 2.7, assuming Xpyo, = 5- 10 Pem?,
(0n, = 3.5-10"Pem?) vy, No = 1.6 - 102! - T? and the Er = 0.44eV:

Temperature (°C) 7. (sec)

+25 3e-5
-60 0.056
-80 0.83

-100 22

-120 1380

The CCD clocking times of the experimental setup in thesis, are stated in the
appendix B.2.

It is now possible to calculate the amount of CTE degradation the CCD will
suffer in space. The SPENVIS tool offers this feature. This is based on a pre-
dictive approach, in which it is known that the displacement damage effects in

20 = (3KT/m?) ~ 107, where m is the effective electron mass.
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Figure 2.7 Emission time constants as a function of temperature for the phosphor
vacancy, located 0.44 eV below the conduction band.

a device for a given energy can be correlated to other energies (and even other
particles).

The relationship between NIEL and CTE degradation is illustrated in figure 2.8.
The scale factor (which connects the CTE degradation with the NIEL) is a device
specific constant, depending on the same parameters as CTE, and can be deter-
mined by performing irradiation tests.

CTE is very much depending on the time the CCD is clocked with, but also the
signal level and the background level influence the CTE performance. Further-
more temperature is important to the trapping constants. In this thesis CTE
was determined by the %°Fe method solely, with no background (except for the
dark current in the pictures at room temperature).

Note that ionizing damage may also have an indirect influence on CTE degra-
dation, due to a shift in the clock operating voltages to the CCD, e.g. when the
CCD is taken out of inversion.
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Figure 2.8 NIEL compared with CTE degradation. Scale factors are 3.9 - 10~!! and
1.2-107 ACTE - g(Si)/MeV for Leicester and JPL data respectively. Source: [3].

2.3.4 Localized “Bottomless” Traps

Localized traps, which are able to hold vast amounts of charge - seeming bottom-
less -, are seen as dead columns on the CCD. These columns start at the trap
itself and continue in parallel, but opposite direction of the read out direction,
and end at the edge of the CCD. White columns are due to another type of lo-
calized trap, in which charge is countinousely released instead (i.e. a very hot
pixel). Both traps are only significant at high temperatures, and become passive
at low temperatures. These particular traps are caused by some impurities in
the silicon material itself during manufacturing, and not by the moderate radia-
tion lavels encountered in space.

2.3.5 Dark Current

Dark Current will increase when CCDs are irradiated, and this is mainly a pro-
duct of the ionizing damage in the CCD, but can also be caused by displacement
damage. The origin of dark current is divided into two groups: 1) Surface dark
current, 2) Bulk dark current.

Surface Dark Current

Surface Dark Current arises at the SiOy/Si interface in CCDs (and other MOS
devices), and will increase as a function of the ionizing dose, the component re-
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ceives. For non-inverted CCDs this is the main contribution to dark current.
When CCDs are operated in inverted mode, the surface dark current is effec-
tively suppressed. According to [9], the surface generated dark current is close
to the detection limit in inverted CCDs.

Ionizing radiation will not cause any significant increase of surface dark current,
as long as the CCD is inverted, and the readout time is kept short.

Bulk Dark Current

Radiation, which create displacement damage in the depletion region of the CCD
(mainly protons, but also y-rays), introduces new defect states in the silicon band
gap. As mentioned before, the major defect state is the phosphor-vacancy (P-
V) for n-type buried channel CCDs, located 0.44 eV below the conduction band.
Thermal electrons from this state may then enter the conduction band, resulting
in a bulk dark current, as described in section 2.2.3.

As stated in [9], work on Marconi CCD 47 devices revealed that the increase in
bulk dark current As scales with the NIEL, Temperature and received flux as:

As~107°-V -¢-NIEL-T? - exp (ﬁ) (2.3)

As is in electrons per pixel per second (measured 3 months after irradia-
tion), V is the depletion volume in um?, ¢ is the proton fluence and NIEL is in
keV ¢m?/g. An example is shown in figure 2.9.

(The thickness of the depletion layer may be around 3 pum for the Marconi CCD
47-20 according to [11].

Dark Current Spikes / Defective Pixels

Due to the stochastic nature of the dark current distribution some pixels with
particular high dark current can occur. These are also referred to as hot pixels.
Previous testing on CCDs (e.g. [9] and [6]) revealed an increase in these pixels
with increasing proton dose. Typical dark currents of the largest spikes observed
were in the order of ~ 3 nA/em? at approximately +21°C.

Random Telegraph Signals

As stated in [9], proton irradiation cause some pixels to fluctuate in dark current,
which is known as Random Telegraph Signals (RTS). The dark current will flip
randomly between two or more discrete generation rates. The average time con-
stant for each state are well defined. The Marconi report shows a way to predict
these time constants, which was 6 days at —30°C, and 10 seconds at 50°C. The
amount of RTS defects in a pixel follows a Poisson distribution, and will increase
as a function of proton fluence.

The Marconi report mentions that there are indications that this effect may be
caused by elastic NIEL and not inelastic NIEL, which means that this effect is
not a result of nuclear reactions (protons being intercepted by silicon atoms).
Since the MONS telescope will operate in cryogenic conditions, the RTS issue is
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Mean Dark Signal Increase as a function of Temperature

assuming irradiation with 10° p/cm2 3 MeV protons and 338 pms depletion volume
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Figure 2.9 As vs. temperature after irradiation with 3 MeV protons.

considered insignificant.

2.3.6 Linearity and Full Well Capacity

Full well capacity (FWC)can be defined as the output signal, where the linearity
still is better than 5 %. According to Hopkinson’s [6] tests on Thomson CCDs,
full well capacity will slightly decrease as a function of dose (when irradiated
with %°Co).

In literature the FWC definition can be ambiguous. In practice three types of
saturation of the CCD may occur:

1. FET saturation
The linear area of the on-chip FET is not unlimited. Depending on the
operating conditions, the output FET may saturate before the pixels are
saturated.

2. Surface trapping
When large amounts of electrons fill the potential well some may reach
the MOS surface and recombine with holes, which are very abundant here.
Charge can also be spilled into neighbouring pixels, i.e. blooming.
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3. Blooming
Blooming depends on the differences in the potentials of the three phases.
When the difference becomes small, the limiting potential walls are low-
ered, and charge will spill into the neighbouring pixels. Unlike the previous
case, charge is not lost in this process.

2.3.7 Gain and Noise

The noise and gain of the output FETs were investigated on EEV devices [1], but
even after 3.6 - 10°cm 2 protons, only a slight increase in the noise was detected.
(8.2 e rms to 835 e~ rms)

Hopkinson [6] did not detect any change in the noise on the Thomson CCDs
when performing °Co irradiation, except when the reset voltage threshold ex-
ceeded the operating value at 20 kRad.
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Figure 2.10 Radiation effects are here plotted into the figure 2.2. The effects illustra-
ted here are partially created by ionizing and partially by displacement damage.
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2.4 Key Parameters in a Nutshell

The table below gives a very rough overview of the parameters affected in space
radiation. Here the CCD 47-20 used in the MONS telescope was kept in mind,
operated in inverted mode. The expected importance of an effect is related to a
specific type of radiation and marked as

“++4” : very important

“+” : should be investigated

“” . minor issue

‘- -” . no problems expected

&

Parameter Ionizing Damage Displacement Damage
CTE degradation - ++

Voltage Shift + -

Dark Current

- surface* - --

- bulk - +

- spikes - +

-RTS -- -

Power Consumption - -
Full Well Capacity + --

Gain and Noise - --

x: Surface dark current becomes significant, if the CCD goes out of inversion due
to voltage shifts. Otherwise no problems are expected here.

Since the MONS CCD is cooled to cryogenic temperatures, the dark current is-
sue may be minor.
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Chapter Il

Experimental Work

3.1 Test Plan

Based on the theoretic and empirical results stated in the previous chapters, the
CCD test plan was concentrated on the issues stated below:

e Gain and read out noise

Full well capacity

Charge transfer efficiency

e Dark current

Substrate voltage shift

Two CCDs were available for testing, both Marconi CCD 47-20 backside il-
luminated and engineering grade, which means, that the CCD may have some
serious problems, and just barely is able to output a signal. The CCD was first
characterized based on a detailed test plan:

3.2 (CCD Characterization

3.2.1 General Visual Inspection

The CCD was examined for structural peculiarities like hot columns, defective
pixels, defects in the pixel mask and similar. Since the CCDs were of engineering
grade quality, this step may reveal several problems.

Procedure: Some pictures were taken when the CCD was hot. The in-
creased dark current reveals peculiarities as stated above.

3.2.2 Gain and Read Out Noise

Gain is the total amplification factor, describing the relationship between the
collected amount of electrons in a pixel, and the actual digital number output by
the ADC. Furthermore the read out noise was determined.

This was done using the photon transfer method.

33
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Description: The photon transfer method (or variance method) uses Poisson
statistics in order to estimate the gain G 4py and read out noise (RON).

Let N, and o2 be the number of electrons counted in a CCD frame and the
corresponding variance. Due to the Poisson nature of the photons, and thereby
the generated electrons, one may write:

N, = o2 3.1)

Napu and 0%, are the corresponding values expressed in digital numbers,
thus:

Ne = Gapu - Napu (3.2)

and
o2 = Gipy - Tapu (3.3)

where the gain is expressed in e~ /ADU. Dividing the two equations with
each other results in

N

Gapu = QADU (3.4)
9ADU

Thus, when plotting the noise as a function of the photon irradiance, the slope

corresponds to the gain factor.

In practice there are additional noise sources such as dark current noise and
RON. These can be subtracted first. Furthermore no flat field or bias exposure
is entirely flat, fluctuations will contribute to 0% ,;;. This can be corrected by
using two flat field exposures and two bias exposures (i.e. exposures with zero
integration time) F0, F'1, B0, B1. Those two frames are then subtracted and the
variance is computed afterwards, i.e.:

(FO+ F1) — (B0 + B1)
GADU = ) P)
0ro—r1 — %Bo-B1

(3.5)

The computation of the read out noise is straightforward, when G is known:

0B0—BI1
RON =G (3.6)
ADU NG
Procedure: At any temperature two bias and two flat field exposures were
made. A little script was written, which calculates the gain and noise from these
frames.

3.2.3 Full Well Capacity

The full well was already defined in section 2.3.6. Note that the pixels can still
hold more charge when the whole chip is irradiated with light, here the potential
wells are completely filled with charge saturating the CCD.

Procedure: A green non-stabilized plain light emitting diode (LED) pro-
jected light on the CCD. 10 x 2 flat field exposures were taken at various LED
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intensities. The pictures were bias subtracted with respect to gradients over the
CCD determined by the over-scan area of the CCD frame. In addition a residual
bias frame created from 5 median filtered bias frames were subtracted. A fea-
tureless area of the CCD was selected, and the mean value was determined. The
variance was found by subtracting the two flat field exposures from each other,
since the flat field exposures were not really flat. The variance of the subtracted
frame was found and plotted versus the previously found mean value. The signal
level, where this curve breaks, is defined as the full well capacity. This test was
performed at five different temperatures for the gamma ray irradiated CCD.

3.2.4 Charge Transfer Efficiency

Charge transfer efficiency (CTE) can be divided into two types:

1. Global CTE
This is the overall mean CTE of the CCD, and can be determined by the
Fe-55 method described below.

2. Local CTE
Local CTE is associated with local traps and can be discovered by the pocket
pumping technique, which is described in [10]. This technique enables one
to determine the position and depth of a trap. This has not been investi-
gated further in this thesis.

Description: °Fe measurements is the most accurate way of determining

the CTE. %°Fe is a x-ray source emitting a strong line at 5.9 keV and a series
of weaker lines. When a 5.9 keV x-ray photon hits a pixel, 1620 electrons are
released in the silicon material. When reading out the CCD, some of these elec-
trons are trapped, and this loss of charge during the transfer cycle characterizes
the charge transfer efficiency.
To determine the parallel CTE, a CCD is exposed to these x-rays and the lines are
stacked afterwards into a composite trace. This is illustrated in figure 3.1. The
slope of the °°Fe signal corresponds directly to CTE loss in the parallel registers.
Thus, the CTE can be determined by the following equation:

Sp(e”)

TE=1— —F——
¢ X(e_)Np

(3.7

where Sp is the average deferred charge after Np pixel transfers. X (e™) is
the x-ray signal (i.e. 1620 e~ for an 5°Fe source).

Procedure: The *Fe source was simply placed in front of the CCD, and the
CCD was exposed three times in 10 sec. The *°Fe hits were identified with an
IDL program kindly provided by Anton Norup Sgrensen, IJAF. For the proton
irradiation tests, this program was modified, since only half of the CCD was sub-
jected to irradiation. The actual CTE determination happened by importing the
results into a plotting program (xmgrace). The slope was determined by linear
regression, and from this a CTE value was found.
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Figure 3.1 A horizontal 5°Fe x-ray transfer plot. Source: [7]

3.2.5 Dark Current

The mean dark current as a function of temperature, as well as the distribution
and the amount of hot pixels were examined. Especially at the y-ray irradiation
campaign the CCD was also taken out of inversion by alternating the substrate
voltage.

Mean Dark Current

Procedure: The CCD was kept totally dark for 6 different integration times,
and these were adjusted to the temperature accordingly. The actual dark current
value was then found by a shell script, which subtracted the over-scan bias and
residual bias value. Using the gain value found previously the dark current
measures were plotted versus the integration time. The slope of the curve is the
dark current generation rate.

This was repeated at temperatures until -100 °C'. At and below this temperature
the dark current was too low to be measured effectively (except for the proton
irradiated device).
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Dark Current Non-Uniformity

The dark current non-uniformity, or dark signal non-uniformity (DSNU), is usu-
ally defined as simply the variance of the dark current (e.g. [9]). This was only
measured at the y-ray irradiated device.

Procedure: A single dark frame was selected with a moderate amount of
dark current. The signal variance of a bias subtracted frame was used for DSNU
determination.

Hot Pixels

There is no final definition of when a pixel is a hot pixel. After experimen-
ting with various definitions such as “all pixels which have > 2 f,4me in two
frames”, the method used was simply to count the pixels above a selection of cer-
tain thresholds.

Procedure: Three frames were taken, and compared pairwise. A hot pixel
had to appear in two frames to be successfully detected, thereby ruling out cos-
mics and other transient phenomenons. The actual result is then an average of
the detected pixels in the three pairwise compared frames.

If the detected amount of hot pixels is unchanged in all comparisons, it is noted
as well (which indicates the insignificance of random telegraph pixels in that
case).

Substrate Voltage

Procedure: The substrate voltage could be altered by adjusting a variable re-
sistor located in the CCD controller box. This was done in steps of 0.25 Volts,
and at every step, the dark current generation rate was measured by taking
two frames with (very) different integration times. These frames where then
subtracted from each other, and the mean value was divided by the integration
time.

This test was only performed for the y-ray irradiated CCD at room temperature
and at -80 °C.
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3.3 Experimental Setup

Two backside illuminated Marconi CCD 47-20 were provided by the MONS group
for radiation testing:

e CCD-O0:
CCD 47-20-5-331
Serial#: 8283-07-12

e CCD-1:
CCD 47-20-5-331
Serial#: 8373-10-09

-

™ s B
k o S
. =

Figure 3.2 The Marconi CCD 47-20.

This CCD is a Multi Phase Pinned CCD and intended for operation in in-
verted mode. The active image area is 1024x1024 pixels large, or 13.3 mm x 13.3
mm, but there is also an image storage section of similar size. Furthermore some
dark columns and rows are provided, which is illustrated in figure 3.3.

The CCDs were of engineering grade (“Grade 5”) quality. This is a low-cost
version of the CCD, which still suits the purpose of radiation testing.

3.3.1 The CCD Camera

The CCD was mounted in a CCD camera, which previously hosted a different
CCD detector. An outline of the CCD related electronics is displayed in figure 3.4.
The CCD controller and the read out electronics were modified accordingly to op-
erate the Marconi CCDs.

All operating voltages are generated by the CCD Controller; and the static
ones are listed in the appendix B.1. The clocking frequencies and clocking pro-
gram reside within the CCD sequencer, which had to be reprogrammed for the
CCD 47-20. The sequencer was controlled by a plain PC with a special controller
card inserted. A command line interface on the PC was used for sending com-
mands to the CCD setup, e.g. when a picture was taken. The same PC was also
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Figure 3.3 Marconi CCD 47-20 schematic. Source: [13]

used as a storage device, where the CCD frames were stored on a hard disk in
the commonly used FITS format. From here the data could be transferred by
FTP to another computer where the actual data reduction took place.

3.3.2 The Beam Line Interface

A custom beam line interface was build by the IFA workshop so the CCD camera
could be mounted on one of the 5 MV accelerator beam lines. This beam line
interface was build to allow in-situ determination of the above stated parameters
after proton irradiation at low temperatures, and will now be described in further
detail.

A blueprint of the beam line interface is displayed in figure 3.5.

Retractable LED

A plain, commercial light emitting diode could be lowered and project light onto
the CCD. The diode was not stabilized in any way, but could be used for pro-
ducing flat field exposures. A resistor was soldered onto one of the connectors in
order to limit the current. When producing the flat fields at various intensities, a
power source was regulated from 0 - 10 V. The light output of the LED is roughly
proportional with the current.
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Figure 3.4 The CCD controller setup.

Retractable Beam Monitor

Here a semiconductor diode could be placed in the beam center. This diode could
be turned around and on the backside some fluorescent material was glued onto,
so the beam easily could be found when looking through the acryl window.
Instead of a diode, an isolated metal disk could also be inserted, for a coarse cur-
rent measurement.

Switching device

The switcher was a vacuum-tight device with 6 positions which could be placed
on the main axis. The switch holded

e An aluminium block, 1cm thick, for stopping a proton beam and prevent
light hitting the CCD.

e A Fe-55 source for CTE determination.

All other positions were empty.!

CCD Camera Dewar

The CCD could be cooled by a dewar which could be filled with liquid nitrogen.
One filling of LN2 could cool the CCD to -120 °C for two or three days. Dur-
ing that time it was important to maintain the vacuum in the setup, else water
vapour could condensate on the CCD and may destroy the CCD.

The dewar was filled with zeolite (in the vacuum part), which acts as a getter

!Originally a gold foil was intended for further scattering of the protons, but this idea was
abandoned later on.
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Figure 3.5 The beam line interface.

and reduces the amount of water vapour and oils within the vacuum system.

CCD Camera / Extra Beam Monitoring

The whole CCD camera could be taken off the beam line, and a visual beam mon-
itoring device could be attached. This consisted merely of a fluorescent screen,
where the exact position of the CCD in the camera housing was marked up.
Thereby the position of the beam could be found.

3.3.3 Compromises

But in the end, this beam line interface was used in a slightly different way. It
was decided not to use the 5 MeV accelerator for the irradiation. The reasons
for this is described in the next two chapters. Instead the beam line interface
was used as a mobile test bench, meaning that the performance tests could be
performed right after the irradiation, which partially happened outside of IFA.
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Figure 3.6 The beam-line interface, holding a light source and a Fe-55 source among
other things; and the CCD camera, including read out electronics.



Chapter IV

Gamma Irradiation

4.1 Experimental Setup

Initially it was planned to perform the TID tests with bremsstrahlung from the
5 MV accelerator at IFA. But this proved unfortunately not to be too feasible a
solution, since the achieved dose rates were low, and the the stability of the ac-
celerated electron beam current was rather poor at the required dose rates. The
setup at the 5 MV accelerator consisted of a water-cooled copper target, 2mm
thick, where the electrons were converted to bremsstrahlung. The gamma rays
passed a beam line termination made of stainless steel, which also provided a
Compton equilibrium. In a distance of 1.3 meters a dosimetry film with the size
of an A3 paper was placed.

The beam was very homogeneous, no significant variation in intensity was de-
tected, but the fluence was only 1 kRad(Si)/h, at its best. This would still be
acceptable, but timing problems and some major maintenance work forced me
to abandon this idea. Instead the Aarhus Kommunehospital kindly provided
beam-time at an accelerator which normally was used for cancer treatment.

Figure 4.1 An accelerator at the Kommunehospital Aarhus was used for the gamma
ray tests. The right picture shows the entire setup, but unfortunately only the dewar is
recognizable.

41.1 The Accelerator

The accelerator at the hospital provided a bremsstrahlung spectrum generated
by 6 MeV electrons hitting a tungsten target. Beam collimators were adjusted to

43



44 Chapter 4. Gamma Irradiation

match the dimensions of the CCD.

Several lead blocks were used to protect the CCD controller box where radi-
ation sensitive CMOS components are used - the connecting cables to the CCD
camera w