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Abstract

This thesis is concerned with the effects of radiation damagy CCDs used for space
applications. The manufacturing process and operational princifl€3CDs are presented in
Chapter 2. The space radiation environment, the two radiation geamechanisms relevant to
CCDs, and the effects of radiation on the operational chaiatitsr of CCDs are described in
Chapter 3.

Chapter 4 presents a study to assess the suitability of nowellight level L3Vision CCD
technology to applications in space. Two L3Vision CCDs wereeutbf to proton irradiations
representative of doses expected to be received by spadeci@ft Earth orbit. Post-irradiation
the devices were found to operate as expected, the effectadidtion on the operational
characteristics of the devices being comparable to previous studies.

The effect of low energy protons on CCDs is the subject of Gitapt The study was initiated in
response to the finding that soft protons could be focused by tmemmodules of the
XMM-Newton spacecraft onto the EPIC CCD detectors. Two E&¢@ices were irradiated with
protons of a few keV to find that soft protons cause more dmmhan that expected by the
Non-lonising Energy Loss damage relationship, as they deposit ohdiseir energy within the
CCD. The observed change in CTI of the EPIC devices on XMM-Mewis however
comparable to the pre-launch prediction, and the component attribtitelol energy protons is
small, <20 %.

Chapter 6 presents a study of a specific radiation induced phenomdRangddm Telegraph
Signals’. Development of analysis software and the irraahadf two CCDs are discussed before
a detailed characterisation of the generated RTS pixels septed. The study shows that the
mechanism behind RTS involves a bi-stable defect linked wihBftentre, in combination with
the high field regions of a CCD pixel.
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Chapter 1: Introduction

1.1. Radiation Damage in CCDs

The advantages of semiconductor detectors in astronomy have long iteeegnised.
Semiconductor imaging detectors are generally smaller andresipgis power than gaseous and
solid-state scintillation detectors, demonstrating better signabise, energy resolution and
linearity over a wide energy range. In the 1960’s semiconduetdiriology had progressed to a
point where metal-oxide-semiconductor (MOS) devices could be comhliine large arrays that
allowed the storage and transport of charge through the mbmgeats of the array. These
charge-coupled devices (CCDs) had a number of applications ingbtanics world in the form
of memory storage components and analogue signal processors, lag thevdevelopment of
silicon CCDs for use as imaging devices in the mid 1970’s ¢la@ned the interest of NASA. By
1978 NASA had produced imaging CCDs of 3@@xels with noise levels below 10 electrons and
by 1989 devices with 8Gixels with improved signal-to-noise and operational reliapiliere

being manufactured and considered for potential instruments on upcoming spaicmgis

The launch of the Galileo mission to Jupiter in 1989 and the HuBlplece Telescope in 1990
resulted in the first astronomical images to be obtained fobtrarge-coupled devices (CCDs)
operating in space. The effects of the space radiation environmenCCD operational
characteristics were also observed for the first time. dffiect of radiation on CCD imagers had
been studied since their initial development, however measutsnfimm the devices in space
revealed a number of new unexpected effects on device perfoeramt output noise. The
composition of the space radiation environment is complex and dependent oorgftamdit and
solar activity. The major limitation to CCD reliabilitgrises from damage caused by the space
radiation environment which in extreme cases can render a dieniperable. Study of the space
radiation environment and its effects on CCDs had begun and is the subjed thfetbis.

CCD detector technology has advanced through the nineties witlddtielopment of many
techniques to improve the radiation tolerance of devicesianpdove their spatial and spectral
capabilities. CCDs have been used as optical and X-ray detecton large number of space
missions and they emerged as the preferred detectors in all-thg missions of the nineties.
The current trends in astronomy detector requirements arindoeased imaging area, smaller

pixel size, increased charge collection efficiency, fastedoatand lower noise. These goals all



lend themselves well to the continuing development of CCD technology withg<being chosen

for several future optical and X-ray scientific missions cutseplanned or under study.

To date the largest CCD focal plane instruments operategdoesare the twin European Photon
Imaging Cameras (EPIC) cameras of the X-ray Multi ddir(XMM-Newton) spacecraft, each
composed of 7 individual CCDs. Focal plane instruments comprisedanfy more CCDs are
envisioned for future missions to fulfil the demand for increafechl plane size. The main
astrometric mapper instrument of the GAIA mission is composetb6f CCDs covering a focal
plane area of ~0.5 mwhile the wide field imager CCD array planned for the &¢rEvolving
Universe Spectroscopy (XEUS) mission consists of 16 CCDs aguinfor X-ray detection.
These missions are scheduled for launch in 2010 and 2015 respectively. The besegbfanned
instruments necessitates detailed radiation studies of rikigoement each spacecraft will be
located in and the effects that environment will have on the devices.

The continued use of CCDs in space requires radiation tesfirgjate of the art detectors to
deduce their suitability for up coming space applications. Theralso a need to analyse data
obtained from CCD detectors currently in orbit to improve understandf how the space
radiation environment affects device operating characterisiod to characterise specific
radiation damage phenomena. Long term measurements of on-orbit degation are now
available from several spacecraft in different orbits émmparison with data obtained from

ground based radiation experiments and modelling.

1.2. Research Goals

The work carried out for this thesis is comprised of theeparate CCD irradiation studies. The
aim of the first study was to assess the potential of using B2V Technologies L3Vision CCD
technology for space based applications. L3Vision CCDs featunevel structural design that
can reduce the effective readout noise of the device totkess one electron while operating at
MHz pixel rates. This attribute is particularly usefulrféow light level (‘L3’) imaging
applications. Two L3Vision CCDs were subjected to represimatanission doses of protons and

the effects of irradiation on the operational characteristics of thecdswirere investigated.

The second study examined the effects of low energy proton irradiati E2V Technologies
CCD22 devices. This is the same type of device used in th€ Efdal plane instruments of the
XMM-Newton spacecraft. The investigation was carried out in resptmshe discovery that soft
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protons could be focused by scattering interactions with the rsirob the Chandra (formerly
AXAF) satellite onto the focal plane of the AXAF CCD Imag Spectrometer (ACIS)
instrument. The XMM-Newton spacecraft has a similar mirrorcttice to Chandra and is subject
to the same focusing problem. A critical need for charaaéida of the possible damage caused
by different soft proton fluences was addressed with this wbokh experimentally and

theoretically with the development of a computational model by the author.

The third radiation study involved the in-depth study of a particuladiation induced
phenomenon in CCDs, fluctuating bright pixels, or ‘Random Telegragha®’ (RTS). RTS
pixels have been observed in many CCD types as a resultradiation and the underlying
mechanism is not well understood. A detailed study of the phenomenon in B2
Technologies CCD47-20 devices was carried out to obtain a batiderstanding of the
characteristics of RTS pixels and to improve on the curreneptecd model of the underlying

mechanism.

The work carried out for this thesis was funded by a Co-opexafiward in Science and
Engineering (CASE) studentship from the Particle Physics astioAomy Research Council
(PPARC) in collaboration with E2V Technologies (formerly Mani, formerly EEV) of

Chelmsford, Essex, England.

1.3. Thesis Organisation

There have been a number of theses on different aspects of CCD studiesgorbgiube group at
the University of Leicester including an investigation of fieasibility of detecting X-rays with
conventional video CCDs (Lumb 1983), the use of high resistivitga@iliin CCDs to improve
high energy X-ray detection efficiency (Chowanietz 1986), radimtlamage effects in CCDs for
space applications (Holland 1990), the soft X-ray response of CQDastelli 1991),
three-dimensional modelling of astronomical CCDs for X-ray and Utécdéon (Kim 1995), fine
structure effects in CCDs developed for the JET-X instrunfetly 1997), device modelling of
CCDs for the CUBIC mission (Hutchinson 1999), the use of CCDsXfoay polarimetry (Hill
1999) and the use of CCDs for exotic atom X-ray spectroscopy termae the charged pion

mass and muon neutrino mass upper limit (Nelms 2002).

The work in this thesis continues the CCD theme with a furiheestigation of radiation damage
effects in CCDs, in particular the effects of proton irradiatiornorel devices for low light level
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applications, the effects of low energy protons on the EPIC MEZDs of XMM-Newton and

the underlying mechanism behind radiation induced fluctuating CCD pixels.

The thesis is organised into seven chapters including thisdattion. Chapter 2 describes how
CCDs are manufactured, the structure of the different typetewoice available, how CCDs store
and transport charge, CCD noise sources and how a CCD dete¢tsphd number of terms

used for describing a CCD’s performance are also detailed.

Chapter 3 outlines the space radiation environment and its teffen CCD operational

characteristics. The various components of the space radiatiocroement are discussed before
the two important radiation damage mechanisms for the studwadifition damage in CCDs,
ionisation and displacement damage, are described.

Chapter 4 is an investigation of the effects of proton irradiadf L3Vision CCDs to deduce the
suitability of this novel device technology for space applmas. The device structure is
described, followed by a description of the proton irradiation expenisiand the effect proton

irradiation had on the operational characteristics of the devices.

Chapter 5 describes soft proton irradiation experimentsadhout on CCD22 devices, the same
as those of the European Photon Imaging Cameras of XMM-Newtoassess the effects of
different low energy proton fluences on the device operating ctetiatics. The development of
a computational model to simulate the charge transfer effigiehanges resulting from the soft

proton irradiations is also presented.

Chapter 6 first describes an initial study of the ‘Random TelpbrSignal’ phenomenon in a
CCD47-20 device. This study was carried out to allow improvementh@fexperimental set up
and the development of analysis software for a far more inFdsfpidy of the phenomenon using
a second CCD47-20 device. The detailed study is then presented wdiiich the proposed

theoretical models for explaining the mechanism behind RTS are discussed.

The final chapter, Chapter 7, recounts the main conclusions efttigsis and assesses the
possible directions for future work.



1.4. Publications

Some of the results in this thesis are contained withinfale®wing publications. The thesis
chapters to which these papers refer are given in brackets:

Smith, D. R., A. D. Holland, M. S. Robbins, “The effect of protons on E2V Technologies
L3Vision CCDs”,Nuc. Inst. and Methyvol. A513, (2003), pp. 296-99 [Chapter 4].

Abbey, A. F., R. M. AmbrosiD. R. Smith, E. Kendziorra, |. Hutchinson, A. Short, P. Bennie,
A. Holland, T. Clauss, M. Kuster, W. Rochow, M. Brandt, M. J. L. Turner, A. Wells, “The
effect of low energy protons on the operational characteristics of BRDS CCDs”,Proc.
RADECS$(2001) [Chapter 5].

Ambrosi, R. M.,D. R. Smith, A. F. Abbey, |. B. Hutchinson, E. Kendziorra, A. Short,
A. Holland, M. J. L. Turner, A. Wells, “The impact of low energy proton damagehen t
operational characteristics of EPIC-MOS CCDNYc. Inst. and Methvol. B207, (2003),
pp. 175-85 [Chapter 5].

Ambrosi, R. M., A. D. T. Short, A. F. Abbey, A. A. Well). R. Smith, “The effect of proton
damage on the X-ray spectral response of MOS CCDs for the Swift X-efgscope”Nuc.
Inst. and Meth.vol. A482, (2002), pp. 644-52 [Chapter 5].

Smith, D. R., A. D. Holland, M. S. Robbins, R. M. Ambrosi, |. B. Hutchinson, “Proton induced
leakage current in CCDsRroc. SPIE vol. 4851, (2003), pp. 842-48 [Chapter 6].

Smith, D. R., A. D. Holland, I. B. Hutchinson, “Random telegraph signals in charge coupled
devices”, accepted for publication Muc. Inst. and Methvol. A, (2003) [Chapter 6].

Smith, D. R., R. M. Ambrosi, A. D. Holland, I. B. Hutchinson, A. Wells, “The prompt particle
background and micrometeoroid environment at L2 and its implications for Baadifdn
pressProc. 2 Eddington WorkshaqESA SP-485, (2003) [Chapter 6].



Chapter 2: The Charge Coupled Device

This chapter describes how CCDs are manufactured and the undegyinciples of CCD
operation. Charge storage, transfer and readout are detailédtfoisurface channel and buried
channel devices. The various components of CCD noise are then siiscimlowed by the
definition of several terms used to describe a CCD’s operationactaistics.

2.1. Introduction

The charge-coupled device (CCD) was originally conceived by Bagld Smith (1970) at Bell
Telephone Laboratories in the late 1960'’s, and consists of a-medtle semiconductor (MOS)
capacitor array usually made of silicon. An electrode structsifaliricated over the surface of
the device that allows depletion regions to be formed under biasetlagles. Charge is collected
in these depletion regions and by changing the bias of subseglsstitodes of the device, the
charge ‘packet’ is transferred to an output circuit where lthesl of charge is measured. The
technique of transferring, or ‘coupling’, charge from one eleartal another has a number of
applications, for example analogue signal processing, high densityones and most
importantly, imaging devices (Barbe 1975). For use as imagingceds, higher quality
fabrication methods need to be employed to produce CCDs with festvactural defects
(Jastrzebski et al. 1981). Such defects are not as impariasignal processing and memory
devices where higher charge signals are used. In a CCD mgatgivice, charge is generated in
proportion to the incident light intensity by the process of iotisa The signal charge is
collected in the depletion region of the MOS capacitors befaeetiansferred to the output node,
amplified and measured. The distribution of the collected chiargiee CCD forms an electronic
image which is reconstructed after readout of the device.eSihe initial design of the CCD
many improvements in fabrication methods and device structwe Ib@en instigated to produce
modern devices that can be used for high resolution imaging and epeary in the X-ray and
optical wavebands while withstanding the rigours of being launchexdspace and subjected to
the space radiation environment for the duration of their operation.

This chapter describes how CCDs are fabricated and how a @U€xts, transfers and reads out

charge. The different noise sources are also described alon@wliscussion of the performance

parameters that characterise a device. Further informationtaCCDs and their applications can

be found in Beynon and Lamb (1980), Sze (1981), Howes and Morgan (1979) argicBane
(2001).



2.2. CCD Fabrication and Structure

A CCD consists of strips of polysilicon electrode formed irdgn array by the presence of
orthogonal ‘channel stops’ that prevent charge spreading alongtlgéhl of the electrodes. Each
CCD pixel consists of a set of two to four electrodes, usutihge, that when biased collect
charge and are used to ‘clock’ the signal packet to the rgtagiade of the device. These ‘three
phase’ devices are the most common due to their high processnideaad high yield, although
two and four phase devices are also available. Charge callacthe potential wells formed by
the biased electrodes and channel stops is stored under an oxitigintslayer at the surface of
the device. Such a device is called a ‘surface channel’ CCur€ig.1 shows a section of a three

phase surface channel CCD.

Silican substrate

Channel-stop Stored charge

Depletion region
(potenual weil)

Figure 2.1 A section of a surface channel CCD showing the electrodesynghastops, charge

storage area and different layers of the CCD

The idea of transferring charge in a ‘buried channel’ wast fiuggested by Boyle and Smith in
1970, with the first test structures produced by 1972 (Walden et al. 19¥2) buried channel
device stores and transports charge a short distancepri).below the Si-Si@interface, greatly
reducing the signal loss to lattice defects in the interfi@ggon. Impurity atoms in the silicon
lattice have associated discrete energy levels thabdiween the conduction and valence bands
and it is here that the carriers can become ‘trapped’ (Grove)18&jure 2.2 illustrates the main
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defect complexes found in CCDs and lists some of their propertegtice defects are produced
not only during the CCD manufacturing process but are also cremtedresult of displacement

damage by energetic particles. Displacement damage is discussectinatait in Chapter 3.

V'V P-V 0o-V V-V Defect

_ =017
—_ + ) —
0.44 0.4
+ o
003 —2— 7 0.13 — —025
VIVITVI IV IV I T 7777V T T I T I P77 I T VP 77 Py I 7o o7 vy vyraop7vorer7?»7 E,
Vacancy Interstitial Phosphorous Oxygen Divacancy
Vacancy Vacancy
(E-center) (A-center) (J-center) Name
400K 600K 550K Anneal Temperature
0.94eV 1.25eV Annealing

Activation Energy

Figure 2.2 A diagram of the main defect complexes that form as a redulisplacement damage
in CCDs. Details of the energy levels induced in the eilichand-gap and the approximate
annealing temperatures and activation energies are giveneiérgy levels are in eV measured

from the nearest band edge

The CCD fabrication process involves firstly growing p-typetayial silicon over a heavily
doped p+-type silicon substrate. The use of a heavily doped substrateetedvantage over bulk
silicon that intrinsic gettering occurs during processing, iehaefects in the epitaxial silicon
migrate to the substrate, increasing the purity and uniformitshefepitaxial layer and leaving
fewer cosmetic defects in the finished device. The imaga af the CCD is then defined by
boron doping of the non-imaging area forming a p+ peripheral region. €liesm these areas is
swept away by contacts to an external power supply during operatitire CCD, therefore not

contributing charge to the image. The silicon surface is m¥vén a thermally grown oxide



creating an insulating layer between the silicon and the padgsilelectrode structures that will
be placed on top. The buried channel is then created by ion implantatioally phosphorous,
through the oxide layer to a peak concentration ok~B'" cni®, creating a p-n junction with the
underlying p-type silicon. A silicon-nitride layer is then addedptevent contamination of the
underlying silicon during later manufacturing steps, prevent furtfear-uniform growth of the
oxide layer and improve the integrity of the electrical insiola of the two layers. A 1006C
anneal is then given to anneal displacement damage resultomg the ion implantation.
Photolithography processes are then used to build up the polysilicotmosle structures on top
of the silicon-nitride. Each electrode is deposited in turthvdi.2 um to 0.3um of oxide between
each one, before a final layer of vapour phase grown oxide, ‘VAR@Xadded to protect the
electrode structure from particle contamination. Contact halegten opened up in the oxide
where bond pads and tracks to the electrodes and output regiisteeeded and each device is
cut from the wafer to be wire bonded and packaged for use. A mhetaled description of the
CCD manufacturing process is given in Morgan and Board (1983). Asesestion through a
surface channel CCD is shown in Figure 2.3 and a buried channel C&&3-section is shown in

Figure 2.4. The electrode structure and various layers within eachedarngdabelled.

Polysilicon Electrode -<«<—— One Pixel —>
Interface Oxide 91 62 03
\ I

i ¢ ¢ ~<—— Insulating Oxide ~0.5 um

L — Silicon Nitride  ~0.1 pm

T =—— Silicon Dioxide ~0.1 pm

10 - 100 pm
thick p-type Epitaxial Silicon

p+ Substrate

Figure 2.3 A cross-section through a surface channel CCD showing the ‘overlapping’ilpmips

electrode structure
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Interface Oxide 91 62 03
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i i i <<1— Insulating Oxide ~0.5 um

Silicon Nitride ~0.1 pm
=— Silicon Dioxide  ~0.1 pm

~1.0 ym—> n-type Silicon Implant
T \
10 tﬁl%?( Hm p-type Epitaxial Silicon g?;g;;sfg'fg‘:lﬁ
from the silicon
¢ dioxide layer

p+ Substrate

Figure 2.4 A cross-section through a buried channel CCD showing the chargegstoegion that

located away from the Si-Silinterface

The structure of a completed CCD is shown in Figure 2.5. The deshiown is a ‘frame transfer’
device which has an ‘image’ section and a ‘store’ section.efick without a store section is
called a ‘full frame’ device. During readout of the colledgteharge, additional charge will be
accumulated if the image section of the CCD remains exposed to ligletn@@thod of preventing
this extra charge causing unwanted image smear during readout igg@ Istautter that can close
over the image section, while another more commonly used technigthe iase of a frame
transfer device with a shielded store section. In the &d@mnsfer device the image charge is
transferred quickly to the store section of the device wheaglout can occur with no additional
charge being accumulated. This type of device also has the adidadtage of allowing the next

image to be taken while readout is taking place.
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SERIAL REGISTER

Figure 2.5 A schematic of a ‘frame transfer CCD. The arrows indic#te charge transfer
direction

2.3. Potentialsin a CCD

2.3.1. The Surface Channel Device

Signal charge generated by incident photons is collected irfddygletion’ region under the
biased electrode in each CCD pixel. The potential applied tolectrede repels the majority
carriers forming the depletion region. It is useful to considesingle MOS capacitor to
understand the potentials and electric field in a CCD. Figuéeshows the effect of electrode
bias on the energy bands of the underlying silicon. With no applied voltageeting Fevel,Eg, is
the same in the semiconductor and the metal. When a voltaaggplied to the electrode the
potential drops across the junction. Band bending occurs in theceathictor as thé&r level
stays flat as no current flows. If the bias voltage is mad®e negative the valence band bends
nearer toEg resulting in an increased concentration of majority carriedes in the case of
p-type silicon, developing near the Si-Sitbterface. This situation is called ‘accumulation’. For
small positive bias the valance band bends away figroreating a region depleted of majority
charge carriers. The depth of this region into the silicorrdases as the applied voltage is

increased. This situation is called ‘depletion’. For large pesitbias the intrinsic level bends
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belowEr and minority carriers accumulate at the interface while majosdtyiers are removed by
a substrate connection. This situation is therefore calledefsion’. If the bias is increased
further to the point where the conduction band crogsgs'strong inversion’, the number of
majority carriers at the surface becomes very high. Tii& bilicon is shielded from the applied

bias and no further increase in the depletion depth can be made.

Metal Oxide Silicon

_____________ E Unbiased
DV Dud sssshossnnnsnnnsnnnnnnnnnnnnnnnnns EF

Negative
Voltage Y E
C

____________ E Accumulation

Depletion

)  hssssssssssssssssssssssssEmEEs E E
Low Positive E
Voltage # v

T E. Inversion

3
Ev
High Positive /
Voltage *] /

Figure 2.6 The effect of electrode bias on the energy bands of the underlyiegrsili
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The potential profile in the depletion region of a uniformly doped p-type silicGDGs related to

the dopant concentratiohl,, by Poisson’s equation:

d?V _ aN,
dx*  £g€,

(2.1)

Whereq is the electronic chargesg; is the relative permittivity of silicon and, is the relative
permittivity of free space. Integrating equation 2.1 with the boundandition that the electric
field is zero at the depletion depl, gives a linear expression for the electric field into the
device:
dv N
AV -9 (x-D) 2.2)
dx &4&,
Integrating equation 2.2 with respectxt@ives an expression for how the potential changes with

distancey, into the silicon:

v=Na _py 2.3)
2£4¢,

At the silicon surface/ = Vs andx = 0, giving an expression for the relationship between the
depletion depth and the surface potential:

_gN,D?
284,

/2 EV.
D= % (2.5)
A

Figure 2.7 shows the potential profile of a surface channelcgewith a 0.2um oxide layer on

(2.4)

S

Therefore:

silicon with a dopant concentration of 4 10" cm® with 10 V applied to the gate electrode

(Holland 1990). Figure 2.8 shows the potential profile under twoteddes of a surface channel
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device modelled using the EVEREST Device Modelling SoftwareGharge Generation Events
(Fowler et al. 1998).

10

POTENTIAL /V

P 1 I I S
0 1 2 3 4 5

DEPTH /microns

Figure 2.7 The potential profile of a surface channel device

Potential

Figure 2.8 The potential profile under two CCD electrodes in a surfacencbhdevice, one
biased, one unbiased, modelled using the EVEREST Device Modellfigv&e for Charge
Generation Events (Fowler et al. 1998)
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2.3.2. The Buried Channel Device

In the buried channel CCD, when a potential is applied to the erlaydepletion region is
formed. The depletion layer at the p-n junction between the n-typiedwhannel implant and
the p-type underlying epitaxial silicon, grows as the appliedtedde voltage is increased. A
point arises where the depletion layers meet and any furtherdridhe n layer has no further
influence on the potential profile. This condition is called ‘pinclfi-ahd results in the creation
of a potential maximum ~0.am below the Si-Si@interface. Any increase in electrode bias will
increase the depth of the depletion region into the silicon but thengal minimum remains in
the same place. Solving Poisson’s equation numerically foemifft applied bias produces the
plot in Figure 2.9. The solid and dashed lines represent the poterdfdeprnder electrodes held
at 10 V and 0 V respectively, the dotted line showing the potential profitker an intersection of

both the channel stop and the 10 V electrode and the p+-type isolation columns)(HEAI80).

T v T v T * ™ + T v T

Potential under 10V electrode
/ N e Potential under OV electrode

["s) / e 3 .. Potential under 10V electrode & channel stop -

POTENTIAL /V

1
L o “a
! ’ 3
w -/ "~ \ “1
] RS
| ' ‘\‘ 1
)

1 1 1 == i p— |

0 1 2 3 E

DEPTH /microns

Figure 2.9 The potential profile of a buried channel device
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2.4. Charge Transfer

Charge collected under the bias electrode of each pixel inC@B is first moved down the

columns of the device by a series of ‘clocking’ pulses. Ttiansfer is known as ‘parallel’

transfer and is brought about by sequencing the bias of the @diestrin each pixel. One cycle
results in all the charge packets moving down one row, the ieisket moving into the readout
register which has one bias electrode held high to preséhee horizontal information.

Figure 2.10 shows a clocking sequence transferring charge from ondeglectrode to another.
In the initial stages of transfer, the charge is moved Hf/isduced drift brought about by the
charge distribution concentration gradient. Once the chargehldistn becomes more uniform
the fringing-field between the electrodes becomes the dominflneinte on charge movement
(Hsieh and Luk 1984). A final factor influencing the flow of charig thermal diffusion that may

have an effect in low field regions (Banghart et al. 1991).

10V oV ov 10v 10V OV

f?ve  _r9¢%

Potential well
containing charge

10V

0oV oV ov ov 10V 0oV

P ?ve  r9¢f¢

collapsing

Figure 2.10The charge transfer process
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2.4.1. Charge Transfer Efficiency

For scientific imaging CCDs it is important to have good @il ransfer Efficiency, CTE. A
reduction in CTE is caused by insufficient transfer time and agpping of charge that is released
into following signal packets. The effect of bad CTE is seesragaring of the sources in a CCD
image in the direction of charge transfer. The energy resolution ofigelevalso affected by bad
CTE, the deferment of charge from the source pixel leading bvoadening of the observed
spectral lines. When describing the transfer efficiency désice numerically, it is useful to talk
about Charge Transfer Inefficiency, CTI, which is the fractidriatal charge left behind after

transfer from one pixel to another, where:

CTI =1-CTE (2.6)

Given suitable charge transfer time, CTl is dependent orrepping and release time constants
of electrons and holes from the trapping sites, governed by Shocldeg-Rall theory (Shockley
and Reed 1952). In a buried channel device with a charge packdingsn the n layer, hole
capture can be omitted. The traps below mid-band are always ectulpie to long electron
emission time constants and the traps above mid-band have longrh@sian time constants.
For these reasons only the traps above mid-band are of intetese electron capture and

emission is dominant. Electron capture and emission is described by:

dN —
t(;atpped = OnVinNe (Nt B Ntrapped) = ToVinNe Niapped expk_-:-E @7
N VAN J
e Y
capture emission

WhereNgappeqiS the number of trapped electrons at an energy |IEMeglow the conduction band
edge,q, is the electron capture cross-sectignjs the electron thermal velocity, is the density

of electrons in the conduction ban, is the density of trapd\, is the density of states in the
conduction bandk is the Boltzmann constant afdis the temperature. The electron capture and

emission time constants are therefore given by:

E
1 eXF(kT)
="/ (2.8)

r Temission -

capture —
Unvth ne Jnvth Nc
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The electron capture time constant is dominated by the elecapture cross-section, while the
emission time constant is dominated by the trap energy levétemperature. In a steady state,

the fraction of traps filled/’, in a time,At, is given by (Bond 1996):

re— L 1,{ ol ]{ ol j 29)
1+ Z-capture z—capture z—emission
[4

emission

The electron trapping time is ~10 - 100 ns while the release tgnlependent on the trap species
and can be of order a few 10’s of nanoseconds to seconds. If thaseekame is slow in
comparison to the pixel transfer time, charge smearing willseen in the CCD image.
Figure 2.11 shows the effect of CTE on the signal charge packet.

Signal Level

S e — I —

Initial Charge Packet One Pixel Transfer Two Pixel Transfers

Figure 2.11The effect of CTE on a charge packet. Signal charge isftos the initial charge
packet during transfer and is emitted into subsequent pixels

2.5. Charge Readout

After transfer of a CCD row into the orthogonal serial readegfister, each charge packet in the
row is clocked onto an output node for amplification and readout. &rtte of the serial register
and the output circuit are shown in Figure 2.12. A number of methodsaufout exist but the
method employed by the CCDs used for the work in this thesis is as follows:
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The reset FET is turned on allowing the output FET to be et teference voltage level. The
reset FET is then turned off while the bias on the last&bde in the serial register, the output
gate, is lowered allowing the charge packet to pass to the putple. The output node is of
n-type silicon and biased to form a deep potential well foteming the signal charge. As the
signal charge is transferred to the output node, the voltddbe output FET Veer, changes in
proportion to the number of electrons in the charge packeheifautput transistor is operated in

its linear region. This relationship is given by:

A
AVigr = C_QGFET (2.10)
T

WheredQ is the signal charge leveG; is the total output FET capacitance (usually ~10 fF for
low noise CCDs) andger is the gain of the output FET (usually ~0.7). This readout protess

repeated for each pixel of the CCD. Usually a value of | iv&per electron is obtained.

¢Reset VReset Drain VDrain

QOutput
FET

Output

n-type Silicon
output diode

External

p-type Silicon Load

Figure 2.12A typical CCD readout register and output circuit
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2.6. CCD Noise

The main components of CCD noise are discussed in detail by Beynonaamiol (1980), Howes
and Morgan (1979) and Robbins (1992). The total CCD noise figutteeigjiadrature sum of the

following sources:

2.6.1. Photon Shot Noise

The mean number of electron hole paing, created in silicon for a given incident X-ray photon

of energyE, is:

EV
n, =—~ (2.11)
w

Where wis the energy required for generation of a single electron-paie For siliconw is
3.68 eV at -100°C and 3.65 eV at room temperature (Bertolini and Coche 1968). Hiige\s
higher than the silicon band-gap energy of 1.12 eV as phonons are producedilaas
electron-hole pairs. The statistical variationngf given by Poissonian statistics is higher than the
observed variation. The difference is due to secondary electrongailegeneration not being
independent and an empirical modifier to the Poissonian value, called tloef&&tor,F, needs to

be included (Fano 1947). The photon shot noise is therefore given by:

|FE
Jshot = \V l:neh = wy (212)

To enable X-ray spectroscopy, the overall CCD system needsv® &anoise level not much

greater than this Fano-Limited valueis usually taken to be 0.115 (Alig et al. 1980).

2.6.2. Reset Noise

Due to thermal noise in the reset potential. At “@the reset noise can be ~100 electrons. The
reset noise is given by:

VKTG, (2.13)

q

o —

reset —
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This source of noise can be removed by use of Correlated Dowstgléhg, CDS, where the
reference voltage is measured and averaged over a fimte lioth before and after charge is
clocked onto the output node, the difference between the two |datsy the signal charge

component (Hopkinson and Lumb 1982).

2.6.3. Transistor Noise

Due to thermal motion of charge carriers, ‘Johnson’ noise, andtrdqgping and release of
electrons in the conductive drain to source channel of the outgilit Flicker' noise. Flicker
noise is also known as ‘1/f' noise due to its spectral distidrutvhich is proportional to 1%
wherea is close to unity (Sze 1981). Both sources of transistor noée lie optimised by
accurate CDS methods (Hopkinson and Lumb 1982).

2.6.4. Transfer Noise

Due to loss of signal charge to trapping sites. For small lossesahsfér noise is given by:

Ocn =+/NN&g (2.14)

e

WhereN is the number of electrons in the signal packeéts the number of transfers arads the
CTI.

2.6.5. Dark Current

Due to thermal excitation of electrons into the conduction band. Teksgrons will become
added to the signal charge packet introducing a noise component tligpéendent on the
intrinsic carrier concentratiom;, and therefore temperature. Electrons can be thermalligegixc
into the conduction band from three locations within the CCD: frbm depletion region, from
the bulk silicon field-free region and from the Si-Si@terface. The total dark currenty, is
given by (Sze 1981):

|, = (ﬂjD +( ab, jnf + 950 (2.15)
21 L N, 2

Depletion Field-free Si-O;
region region interface
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Where 1 is the effective lifetime in the depletion regioD, is the diffusion constant,, is the
electron diffusion length and is the surface recombination velocity. The dark current

components from the depleted region and the interface have a t@mmeerdependence of

exp(‘E%kT), wherekEg; is the silicon band-gap energy of 1.12 eV. The temperature dependence of

the dark current component from the field-free regioeiep(‘E%T). The dominant component of

the total dark current is from the interface region.

It is common practice to operate scientific CCDs at a lemperature to reduce the dark current
contribution to the overall CCD noise figure. Operation of a C@D-90 °C has been
demonstrated to reduce the dark current by 30° (Chowanietz 1987). The use of ‘inverted
mode’ operation also reduces the dark current by suppressirapittgbution from the interface
region. The surface of the device is put into inversion, allovilmgaccumulation of holes at the
interface, which then combine with thermally generated electirams interface generation sites,
reducing the dark current by a factor of >100. Dark currentigcubsed in more detail in
Chapter 3.

2.7. Photon Detection

Accounting for the electrode structure and oxide layers abogebtliik silicon, a CCD is an
efficient detector in two distinct energy bands. These bantig;fthe visible wavelength range,
4000 A to 10000 A and the X-ray wavelength range, 1 keV to 5 keV. Therpben efficiency

of silicon at different wavelengths is shown in Figure 2.13. WheriXaay photon interacts with
the bulk silicon of the CCD a cloud of electron-hole pairs isquced as a result of ionisation.
This is a threshold process that has a weak temperagpendlence. At room temperature the
ionisation energy is ~3.65 eV increasing to ~3.72 eV close to abspdute(Bertolini and Coche
1968). The number of electron-hole pairs produced by ionisation isftmerproportional to the

incident photon energy for energies above a few eV.

Optical photons are of a relatively low energy and inteksith electrons in the valence band of
the silicon, promoting electrons to the conduction band via the phastoie effect. In this way a

single electron is generated for each incident optical photon.eldwrons can then move freely
in the silicon to be collected in the potential wells undeasied CCD electrodes, the number of

electrons in a given pixel being proportional to the intensity of the incicmdiaition.
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Figure 2.13The absorption length of electromagnetic radiation in silicon

If an incident photon imparts some of its energy directly to l@ai atom, it may excite an
electron in the K-shell, expelling it from the atom. The endttelectron will have the same
energy as the incident photon, minus the silicon K-shell bindingggnef 1.84 keV. The atom
then de-excites by transfer of an outer shell electron toktfshell, releasing a fluorescence
X-ray, or by Auger and non-radiative processes. Fluorescence X-raifeansave an energy of
1.7 keV and are absorbed by ~ith of silicon, before they can travel into an adjacent CCD pixel

contributing to the escape peak in the X-ray spectrum.

2.7.1. Charge Spreading

Electrons liberated in the depletion region of the CCD aréect#d under the biased electrode in
each pixel, forming the signal packet, while holes are swepgtyalny the electric fields. In the
field free region charge spreading occurs before the elecamnpulled into the buried channel.
This process may result in some electrons being collectediirownding pixels and not the
interaction pixel causing a distortion in the CCD image. When alisgra spectrum recorded by
a CCD it is usual to consider only ‘isolated events’, pixelfwno charge in the adjacent pixels,
to get the best spectral resolution. A spectrum of ‘all evewill increase the width of the
spectral features as a result of charge spreading, degragingesolution. One technique of
increasing the spectral resolution is to use software thaigréses ‘split-pixel’ events and sums
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the charge in the central and adjacent pixels, recoverininttident photon energy information.
The effect of charge spreading can be reduced by minimisingxteat of the field free region of

the device.

2.7.2. Quantum Efficiency

The efficiency of a CCD to detect photons of different wawnglh is called the ‘quantum
efficiency’, QE. The QE at a given enerdy, is given by:

QE(E) = Telectrode(l - e—,ux ) (216)

Where Teecrode IS the transmission of the electrode structyrds the absorption coefficient of
silicon andx is the thickness of the epitaxial silicon layer of thevide. An example of a CCD
QE curve for a CCD22 open electrode device optimised for Xgpgctroscopy is shown in
Figure 2.14. The absorption edges are due to photons being absorbed bynsléctthe inner
shells of the silicon atom. The absorption edges are also wherguantum mechanical nature of
the photoelectron causes variations in the QE attributable toraiien fine structures (Keay
1997).

The QE at low energy is decreased as photons are absorbtn ®fectrode structures before
passing into the bulk silicon of the device where the chargeegged can be collected. An
improvement in the low energy QE can be achieved by ‘back illumination’ ovacd€Shortes et
al. 1974). This involves thinning the bulk silicon on the back of @@D down to the depletion
layer boundary during fabrication. The resulting device cabduk illuminated with low energy
photons being absorbed in the bulk silicon after passing through dldgar of only ~50 nm,
improving the QE. An example QE curve for a back illuminatedicevs also shown in
Figure 2.14. Other methods of improving the low energy QE are uskeifand open electrode
structures (Castelli 1991, Holland et al. 1993). The high energycan be improved by using a
higher atomic number material as the detector, for examplesGaAin the case of the silicon
CCD, increasing the depletion depth by using higher resistivity silicon.

24



100

] / w\ / A\
80
& 60 -
c
Q@ 1
[$)
£
w 1
E 40
<
s 1
>
(04
20
1 ——CCD22
1 Back illuminated CCD
0 : : —F— . . . . . .
0.1 1 10

Energy (keV)

Figure 2.14 Quantum efficiency of an E2V Technologies CCD22 open electrodeel¢Short
2002). The quantum efficiency of a back illuminated device is also shown fopaonson

The ‘response matrix’ of a CCD describes the probabilityritigtion of the CCD channel in
which a photon of a given energy will be measured. An example obdetied response matrix
for an E2V Technologies CCD12 device is given in Figure 2.15. The geale of the figure is a
logarithmic scale and represents the QE for a given photonggnand CCD channel. A
logarithmic scale is used to emphasise the second order lossseffect
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Figure 2.15 An E2V Technologies CCD12 response matrix depicting the sigeadllin

channels, for a given input photon energy

2.7.3. Spatial Resolution

The spatial resolution of a CCD is described by the ‘modulatrandfer function’, MTF. The
modulation depth is the difference in charge level between twacssyand the minimum charge
level between them. The MTF is the relationship of the matiolh depth to the image spatial
frequency. The MTF is degraded by charge transfer losses aadwicharge spreading. A good
guality astronomical CCD needs sources to be separated bythwardwo pixels to have a high
MTF.

2.7.4. Energy Resolution

The energy resolution of a CCD is described by the ‘full thidt half maximum’, FWHM of a
spectral feature. For a cooled CCD with good CTE, the FWHM is given by:
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, FE,
FWHM = 235w,|0,,,° +—~ (2.17)
w

Where gy is the total CCD readout noise in electrons. Typically, is ~10 electrons giving a
FWHM of ~140 eV for the’Fe Ka peak.

2.8. Summary

This chapter has described the CCD manufacturing process asehped the underlying physics
governing charge storage, charge transport and charge readauti®fice. Both surface and
buried channel devices have been described, buried channel dimata$ng in the work carried
out for this thesis. The various sources of noise involveh \@CD operation have also been
discussed along with the definition of several important tetrsed to describe the operating
characteristics of a device. The next chapter goes on to tesitré various components of the
space radiation environment and the effects this environment hashenoperational
characteristics of CCDs.
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Chapter 3: The Space Radiation Environment and its Effects on
CCDs

This chapter describes the near Earth space radiation environamehtits effects on the
operational characteristics of CCDs. The different componentsthef space radiation
environment are described, followed by a detailed discussion of réukation damage

mechanisms relevant to CCDs and their resulting effects on CCD operation.

3.1. Introduction

For the operation of CCDs on scientific satellites and epgdaft, it is necessary to have an
understanding of the radiation environment the devices will expeegieluring their lifetime and

to have a thorough understanding of the effects this environmdhhawe on the operational
characteristics of the devices. This chapter will foligcuss the various components of the space
radiation environment and then describe the two radiation damage mgeisamilevant to CCDs;
ionisation and displacement damage. After presenting the uimlgrphysics behind the two
damage mechanisms, the effects of radiation damage on CCD iopeaat described in detalil,
along with techniques and methods of reducing radiation damagdiation hardening’. A
number of models used to simulate both the space radiation enviroraméradiation damage
effects in CCDs are also discussed in this chapter.

3.2. The Space Radiation Environment

The different components of the space radiation environment aeusied in detail by
Holmes-Siedle and Adams (2002). What follows is a brief summoithe main space radiation
components that influence CCDs onboard spacecraft orbiting théh.Edhe effect of

geomagnetic and spacecraft shielding on the radiation fluxesivext by a CCD are then
discussed, along with an overview of some of the modelling toddslable for calculating total
accumulated spacecraft radiation fluxes.

3.2.1. Radiation Belts

The radiation belts consist of protons up to a few hundreds of Me¥ electrons up to a few
MeV that have become trapped in the Earth’s magnetic fidddenthey were travelling through
the solar system. The belts were discovered by Van Allen ir81®%n Allen and Frank 1959)
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and are described in detail by Hess (1968). The trapping of protah&lantrons occurs where
the magnetic field lines come close together and is dependetttecimcoming particle’s energy
and angle of incidence. Once trapped the particles spiral around the tiaeggié lines bouncing
back and fourth between the magnetic poles. The final componerdpddd particle motion is a
longitudinal drift around the Earth, electrons drifting east anotons drifting west. Figure 3.1
illustrates the motion of a charged patrticle trapped inEaeth’s magnetic field. The channelling
of particles down into the atmosphere by the strong magnetic fegobns above the north and
south poles gives rise to colourful aurorae, their colours causedldstrons colliding with
molecules in the atmosphere.

, ; «. Trajectory of

. trapped particle
\\\ .
. Mirror point Y

(Pitch angle of helical trajectory=90%)

Magnetic field line —
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% Plasma maritle

% Plasmasphere
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Figure 3.2 The Earth’s magnetosphere and radiation belts (Daly 1989)
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Figure 3.2 shows the ‘bow wave’ form of the Earth’s magnetosplaaik the regions where
particles become trapped forming the radiation belts. The asymwale form of the
magnetosphere is a result of distortions caused by the wahal, the ~12 offset of the Earth’s
magnetic axis from its rotational axis and also geologicéa$. The general shape and the
distortions in the magnetic field create areas of incréasspped particle flux over the north and

south poles, called the ‘auroral horns’.

Geomagnetic
axis

Figure 3.3 A radial profile of the trapped electron flux in the Eartin&diation belts for electrons
of energy above 1 MeV (Daly 1989)

Radial profiles of the proton and electron belts have been produoed drnumber of on-orbit
measurements (Daly 1989). The trapped electron flux is highdstdraltitude bands called the
‘inner’ and ‘outer’ zone maxima, shown in Figure 3.3. The inner zone anstelectrons of
energies up to ~5 MeV while the outer zone, with a flux aroundater of magnitude higher,
contains electrons of greater than ~7 MeV. The low flux area betwe®inner and outer zone is
called ‘the slot’. The highest concentration of protons is foundoaer altitude, shown in
Figure 3.4. Unlike the trapped electrons, the trapped protons do not distinct zones. The
proton flux varies inversely with distance from Earth and monotdlyicavith energy
(Stassinopoulos and Raymond 1988). The variation of the electron and proton fluxgmvtitle
energy are shown in Figures 3.5 and 3.6 respectively, for a lawhEabit of inclination 60 at
300 km and 500 km.

30



Geomagnetic
anis

—“\\‘m1 i
T /Kf%\; \
W@
e AN
|
|
|

f j L ;:Eanh radii)
/
Q

Figure 3.4 A radial profile of the trapped proton flux in the Earth’sdfation belts for protons of
energy above 10 MeV (Daly 1989)
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Figure 3.5 Variation of the trapped electron flux with particle energytive Earth’'s radiation
belts modelled by AE8
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Figure 3.6 Variation of the trapped proton flux with particle energy in tarth’'s radiation belts
modelled by AP8

For a spacecraft orbiting the Earth it is important to spentities time in the radiation belts as
possible as the total incident spacecraft radiation fluxtrengly dependent on the orbital
parameters. Low Earth orbits with inclination 24&ill pass through the auroral horns and be
subjected to the trapped particle environment (Stassinopoulos and Raymond 1988).

3.2.1.1. The South Atlantic Anomaly

In the same way the Earth’s magnetic field creates theralihorns, a magnetic anomaly is
responsible for increasing particle fluxes by a factor >10@ iregion over the South Atlantic.
This region is known as the South Atlantic Anomaly, SAA. Figure shdws a 500 km altitude

contour plot of proton fluxes >50 MeV over the South Atlantieyealing the dipping of the

proton belt towards the Earth’s surface in this region. The SAA is inapbriot only for satellites

in low Earth orbit, but also for the many spacecraft launchetghas through the SAA on route
to their final destinations. The SAA and aroural horns can onlyb®ded by satellites in low

Earth orbits of inclination <1%5(Stassinopoulos and Raymond 1988).
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Figure 3.7 A 500 km altitude contour plot of proton fluxes >50 MeV produced by tHe8A
radiation model showing the dipping of the proton belt in the South Pacific fartie SAA

3.2.2. Solar Wind

The lighter elements in the Sun’s corona have enough energy to be gjettietb space forming

the ‘solar wind’ (Parks 1991). The ejected patrticles consaniy of protons and electrons of a
few keV and their flux is inversely proportional to the distarfoom the Sun squared and may
vary by a factor ~20 dependent on the 11 year solar cycle. Beyandhagnetosphere the solar

wind can be of considerable flux that can cause spacecraft charging.

3.2.3. Solar Events

Energetic protons, heavy ions and electrons up to MeV energiebecajected into space by the
Sun as a ‘solar event’ (Tranquille 1994). The flux of partickmitted is intermittent and
dependant on the solar cycle making it difficult to prediw future occurrence of solar events.
Figure 3.8 shows solar event and sun spot activity over 3 solé&xy& solar event takes around
8 minutes to reach the Earth and can last for a few hours to a few daysation. The protons in
a solar event are of lower energy than the trapped protortsiftarth’s radiation belts, but they
can have much higher total fluence levels. For spacecraftimgtddeyond the radiation belts, for
example in geostationary, highly eccentric or planetary orbitsulastantial part of the total
spacecraft radiation flux will be caused by solar events.
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Figure 3.8 Monthly Solar event and sunspot activity over 3 solar cycles (Goswaahi £988)

3.2.4. Cosmic Rays

Cosmic rays are highly energetic charged patrticles originating fhoee possible sources:

e Galactic: These particles come from outside our solar systeitteghfrom supernovae,
pulsars and neutron stars. On passing through the galactic magnetic fiplatickes
become diffuse and on arrival at Earth they are seen as a low isotropid fiexparticles

are mostly protons with ~1 % heavier nuclei of up to TeV energies.

e Solar: These particles come from the Sun’s chromosphere and are eémgtddr events.
The composition of solar cosmic rays is different to that of galactic says as a
result of their different origin.

» Terrestrial: Galactic cosmic rays interact with the Earthfre@phere causing secondary
radiation to be emitted as a ‘cosmic ray shower’. This secondary raliatthe main

component of cosmic radiation at the Earth’s surface.

The cosmic ray flux is attenuated by the solar wind and therefoseen to vary with the solar

cycle.
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3.2.5. Geomagnetic and Spacecraft Shielding

A degree of protection from low energy radiation is provided by the Earnti@ignetosphere (Daly
1994, Stassinopoulos and Raymond 1988). Cosmic rays and particles fr@urthesed to have
a minimum energy for penetration into the magnetosphere whalitsain the lower intensity of
these particles nearer the Earth. The amount of shieldingeafféry the magnetosphere is
dependent on the altitude and inclination of a spacecraftid and also the intensity of the solar
wind, which can compress the magnetosphere allowing particles totragnefurther.
Geostationary and polar orbiting spacecraft will not experiescg benefits of geomagnetic

shielding as they are beyond or at the limits of the magnetosphere.
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Figure 3.9 The range of protons and electrons in aluminium (Ziegler et al. 1985)

Physically shielding CCDs on a spacecraft by surrounding théth aluminium, or a high
atomic number metal such as tantalum, is a common method used to théuerpected total

mission radiation fluence (Dale et al. 1993). The range of mlastand protons in aluminium is
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shown in Figure 3.9 (Ziegler et al. 1985). Electrons of up to ~5VMean be shielded out by
~5 mm of aluminium or equivalent thickness of spacecraftcsting, for example any electronics
or optics structure, greatly reducing the electron component spacecraft's total radiation
fluence when orbiting within the radiation belts. Higher energytipias associated with solar
events and cosmic rays are difficult to shield practicalhd are therefore an important factor
when modelling the expected CCD radiation fluence. The use ofespaft shielding also
introduces a secondary radiation component where the energy and fluxpartiaes is changed
through scatter and absorption in the shield material. This cormp@igo has to be considered
when modelling CCD radiation fluence.

The CCD may be unshielded in the observation direction and fordlaison the choice of orbit
and orientation of the spacecraft are important. Some instrumémtsexample the X-ray
Telescope onboard the NASA Swift Gamma Ray Burst Explorerlgateemploy the use of
mechanical shutters that can be closed to prevent radiatienimgthe telescope that could cause
damage to the detectors (Burrows et al. 2000), while anothdmigae used by the EPIC
instruments on the XMM-Newton satellite involves having ao&d’ position on the
instrument’s filter wheel (Turner et al. 2000). The use of @stts a valuable way of protecting
CCDs when travelling through high radiation flux areas, but does hewatroduce added

complexity and mass to the spacecraft.

3.2.6. Modelling the Space Radiation Environment

To model the expected radiation fluence to be received by a CCD darpegiod in space it is
necessary to have a model that will use the orbital parasefethe spacecraft, integrating the
expected particle fluxes as the spacecraft travels aroundtisfor the duration of its mission.
The model needs to include information on trapped particles iretréh’s radiation belts, solar
event particle fluxes, cosmic rays and the effects of spafteand geomagnetic shielding. One
such model is the SPace ENVironment Information System, SPENViEh was developed by
the European Space Agency in 1998 to incorporate several spaagamadanodels into a single
interface (Heynderickx et al. 2000). Orbital parametersearred into the program and then
required models are selected by the user for evaluation ofdti&tion environment over a
specified mission duration. After selection of the spaceaudiit, trapped proton and electron
fluxes are predicted using the incorporated AP8 and AE8 modelsg avith a prediction of the
solar proton fluence using either the King, JPL-85 or JPL-91 modéie effect of geomagnetic

shielding can be included which computes an energy cut off dependeaht orbital parameters
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and solar cycle epoch, while the effect of different thickses of shielding around a CCD is
modelled by SHIELDOSE. The SHIELDOSE model currently only incoapes aluminium

shielding but is being expanded to include additional materials. Ti@enSPENVIS package
can be used to obtain a first order approximation of the tadlation fluence expected to be

received by a CCD during its operational lifetime.

The main drawback of using the computational models within SPENVI8tssfsom the data the
models are based on having been recorded many years ago, for exhmp>8 and AE8
models use data from the 1960’s which introduces large unceesirthere is currently a drive
to include more recent satellite data in the space radigisfronment models and to use recent
data to correct existing models. The Trapped Radiation ENvironmsydel Development
project, TREND, has been initiated by the European Space Agemrcyhriblogy Research
Programme to improve upon the existing space radiation environmentlsnotiespacecraft

orbiting around the Earth through the radiation belts (Lemaire et al. 1995).

Another problem with current radiation models is caused by the donature of the amplitude
and frequency of solar events. Particles from solar eventhankto shield out due to their high
energy spectrum, and hard to detect before causing damage to a CCD. Radiationthmdébre

generally incorporate either a single major solar eventa gpecific number of events for a

certain mission duration, giving a worst case estimate for the solat paeticle flux.

3.2.7. The Non-lonising Energy Loss Function

When discussing total proton fluence values it is useful to iralterms of equivalent 10 MeV

fluence, to allow the comparison of irradiation experiments caroet at different proton

energies. The Non-lonising Energy Loss function is a scalingféattat allows the amount of
displacement damage caused by protons of different enemies tompared. The use of NIEL
scaling for silicon devices has been described in detail by Bur88g) and Van Lint (1987). The
specific use of NIEL scaling in CCDs is discussed by Srour et al. (2003)
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The form of the NIEL function is shown in Figure 3.10 and can be approximated by:

8

E,<13.5MeVthen  NIEL=—-
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WhereE, is the incident proton energy in MeV.
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Figure 3.10The Non-lonising Energy Loss (NIEL) function

3.3. Radiation Damage Mechanisms in the CCD

The effect of radiation on silicon devices is discussed in Heta number of books, for example
Srour (1984), Larin (1968) and Holmes-Siedle and Adams (2002). The awmage mechanisms

important for the study of radiation effects in CCDs are ionisation deyaffecting devices with

oxide insulating layers, and displacement damage, which affects alteethictor devices.
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Figure 3.11 The amount of ionisation caused by a 10 MeV proton in silicon modaliging
SRIM 2003

3.3.1. lonisation Damage

lonisation damage occurs when an incident particle can impart enengigy to an atom to
excite an electron into the conduction band. As the particle tsabugh the CCD it leaves a
trail of electron-hole pairs along its path. Figure 3.11 shows how thauatrof ionisation caused
by a 10 MeV proton varies with depth in silicon. This is a #ireld process with an energy of
~3.65 eV required to excite an electron into the conduction band ititarsatom and 18 eV for
a silicon-dioxide atom (Emery and Rabson 1965). In the silicon ofdée¢ice the holes are
quickly removed by the electric fields and the electronscaltected in the potential wells under
the electrodes where they become part of the signal chargieloxide and nitride insulating
layers most electrons will recombine with holes but some eegmwill be left to drift and diffuse
through the lattice under the influence of the applied ele&iglds. The electrons are swept from
the device while some of the holes will become trapped nealSiH&iO, interface where the
concentration of impurity atoms is high. Impurity atoms in thiesn lattice have associated
discrete energy levels that lie between the conduction aneheal bands and it is here that
carriers become ‘trapped’ (Grove 1967). The holes may be #@igrmxcited and released from
the shallow trap sites, drifting through the lattice againlurgcoming trapped at deeper levels.
Holes trapped at a deep level will remain trapped for a longer peritichefresulting in a change
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in the electric field potential at the Si-SjOnterface. The increase in positive charge by the
accumulation of holes results in an increase in the obserag@de current of the device. If the
device is unbiased during irradiation the electrons in the oxideramidie layers are free to
diffuse around allowing more recombination to occur and reducing the ambledkage current
generated (Robbins 1992). Figure 3.12 shows the amount of radiation indheede that

escapes recombination for different irradiation bias.
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Figure 3.12 The amount of radiation induced charge escaping recombinationiffatedt

irradiation bias levels (Robbins 1992)

3.3.2. Displacement Damage

Displacement damage is caused when an incident energetic plobimged particle or neutron
imparts enough energy to an atom to displace it from itsctsite (Messenger 1992). Atomic
displacement is a threshold process requiring ~20 eV in silicbe. dbsence of an atom in the
lattice is called a ‘vacancy’ and the displaced atom adled an ‘interstitial’ atom, the two

components forming a ‘Frenkel pair'. If the displaced atom has emangrgy, it may displace

surrounding atoms creating a ‘defect cluster’. Neutrons with eéeergf a few MeV can cause
cluster damage in silicon displacing hundreds of atoms, while ldie&tgy electrons and protons

usually only impart enough energy to the target atom to causeadatdd defect. Figure 3.13
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shows how the number of displaced atoms decreases with increéasidgnt proton energy. For
low incident particle energies, energy is imparted to thgeaatom by Coulomb interaction. For
incident particle energies ~10 MeV the energy is transferred Isfielscattering from the nuclear

force field, while at energies of >100 MeV the transfer is by a hudlegastic process.
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Figure 3.13 The number of atoms displaced by different energy protons in sil{sam Lint
1987)

Defects in a CCD are also created during the manufacturinggss which includes a high
temperature, ~100%C, annealing phase to remove many of them. There are a number of known
defects that can be present in CCD devices, each withsandiive activation energy and
annealing temperature, most of which can be annealed at around tevoperature. Using
activation energy and anneal temperature measurements the dordefact centres can be
determined.

The vacancies and interstitial sites created by displacementgdaana not electrically active, but
if they possess thermal energy >1%0they can move through the crystal lattice and combine
with other defects to create stable defect complexes. The tdefeaplexes of importance in
CCDs are illustrated in Figure 2.2, along with some of their propertiestfilee main complexes
are the phosphorous-vacancy, the oxygen-vacancy and the divacancy althoegrereenumber
of other impurities that can form defects, including boron, carbon auodhinium atoms. The

defects created have associated discrete energy levelsh \Whievithin the silicon band-gap
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(Grove 1967). These radiation-induced levels can give rise to greeesses: recombination,
generation, trapping, compensation and tunnelling. Any amount of each groeesoccur
dependent on the carrier concentration, temperature and locatidmw idetvice. Each of these

processes is illustrated in Figure 3.14, and is described below:

* Recombination: Electron-hole pairs recombine at a rate dependent on the tyfecf de

centre, reducing the minority carrier lifetime.

e Generation: Thermal generation of electron-hole pairs near the midthe bfand-gap.

e Trapping: Carriers become trapped at shallow levels in the band-gap and caeritesl by

thermal excitation. The rate of re-emission is dependent on the typdeauft@entre.

« Compensation: Reduction of the majority carrier concentration by cabé@asming trapped

at lower level sites from donor sites just below the conduction band.

¢ Tunnelling: Carriers can tunnel through a potential barrier from the valeaicd to the
conduction band. This process is only important where the electric figldgth is greater

than a few 10V cm™ and therefore does not cause a problem during usual CCD operation.

Conduction Band fr f"_ \ f J Ec

I__X;PLI Donar Lewvel
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Recombination | Generation Trapping Compensation Tunneling

Figure 3.14The possible effects of radiation induced levels in the silicon band-gap
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3.4. The Effects of Radiation Damage on the CCD

lonisation and displacement damage have a number of effects @p#national characteristics
of the CCD that are described below. Methods of preventing and iregitiee radiation damage
caused to a device are also discussed.

3.4.1. Flat Band Voltage Shift

As a result of the increase in positive charge at theiSiMterface caused by ionisation, the
reset drain voltage has to be made more negative for theel¢évioperate in the same manner.
This change in threshold voltage is termed a ‘flat band galtahift’. Figure 3.15 shows the
effect of oxide trapped charge on the potentials under thegehaansfer electrodes and output
structure of a CCD. The build up of positive charge does ffiecethe storage and transfer of
collected charge because all the electrodes are affegtatirly, the potential of the reset drain
however has no insulator above it and therefore needs to be madenegative to compensate
for the reduced electrode and output gate potentials (Roy et al).1888at band voltage shift
reduces the charge handling capacity of the CCD and increlaseatevice power requirement. If
a large enough shift occurs as a result of ionisation damagelévice may become inoperable.
Figure 3.16 shows the flat band voltage shift resulting from a 5@ kraton irradiation of an
E2V CCDO01. The measurements were recorded by monitoring the cufrém: reset drain and
recording at what point the current drops, indicating the point hickv charge is no longer

transferred.

Build-up of holes due to irradiation
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Figure 3.15 The effect of oxide trapped charge on the potentials underctizgge transfer
electrodes and output structure of a CCD (adapted from Roy et al. 1989)
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Methods employed to reduce the required change in gate voltage caused hbydpridaamage are
called ‘radiation hardening’ technigues. Methods include thinning@btkide layer reducing the
number of trapping sites present (Shiono et al. 1983), high temperatunealing of the device
during manufacture to remove a large fraction of the oxide trapping sites, asg-cfiannel CCD
structure where the holes are swept away from the Sp-Bil®rface, and use of a planar insulator
so the voltage shift is the same under all electrodes®fdevice. The injection of charge into a
device has also been demonstrated as a successful methodlifay’ fraps, removing the holes
accumulated at the surface of the device. Charge injection iastied in more detail below when
describing methods to prevent CTI degradation. During CCD operatalucing the operating
temperature can reduce the level of ionisation damage indleaddige current by ‘freezing’

carriers in trap sites, increasing the carrier emission tiomstnt.

—— 0 krad
o 50 krad

Ird {nA)

Vrd (V)

Figure 3.16 The flat band voltage shift resulting from a 50 krad protoadiation of an E2V
CCDO01, where Vrd is the reset drain voltage and Ird is the reset drain t(iRebbins 1992)

3.4.2. Increase in Dark Current

The increase in surface charge as a result of ionisatioragda in a CCD results in an increase in
the observed dark current of the device. An additional increasee dark current results from

the generation of carriers from radiation induced levels inditieon band-gap. The generation
rate equations for defects in the depleted and bulk regions@ERA are discussed in detail by
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Robbins (1992). The contribution to dark current from the depletedoatidregions of the CCD
are roughly equal, although in the depleted region it is the refudt large number of shallow
traps emitting small amounts of charge while in the bulk regiandark current is generated by a
few deeper level trapping sites emitting large charge levalst(8002). Although there is no way
to suppress the dark current generated in the bulk silicon ddvice, the accumulated surface
charge can be reduced by holding the surface in inversion. Wihsthface of a CCD in
inversion the holes are attracted from the channel stopsditlie trapping sites in the insulating
layers of the device. The dark current spectrum is Gaugsiarature with a high energy tail
composed of ‘dark current spikes’. The nature of dark current spikesdsssied below.

3.4.3. Increase in Charge Transfer Inefficiency

Energy levels in the silicon band-gap generated by displacemenagia of a CCD can trap
charge carriers resulting in a loss of signal chargeterge is held from its associated signal
packet during readout. The trapping time is dependent on the rtwatien and emission rate of
the defect involved. Figure 3.17 shows the approximate variatioeniission rate for several
common defects as a function of temperature. For devices operatingcl epdivelengths and at
TV frame rates, the CTI can be decreased by radiation damdgtfout significant loss of image
quality. The apparent loss in CTI can be decreased by thernm&rggon of charge filling the
traps in place of signal charge (Hopkinson 1992, Holmes-Siedle et al. 1995) gedhpaction.

A number of techniques have been developed to measure the CTCGDa The fill and spill’
method involves measuring the delay in charge transfer of eifspeharge packet, while the
‘stacked line trace’ method involves creating an array otdgisams, each created from a
different region of interest on the CCD, and evaluating the B tharacterising the change in
mean energy of an X-ray peak with position across the CGBygHolland 1990). The slope of
the X-ray peak in the stacked line trace is proportionahs €Tl value, the shallower the slope,
the lower the CTI.

The CTI of a device can be decreased in a number of ways:

« Higher Signal Charge: A reduction in the fraction of signal charge losafaping is brought
about by higher signal charge levels.
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« Faster Pixel Transfer Speed: By increasing the clocking speed ofGBet&faster than the
trapping time constant of the predominant traps, less charge from tied pigcket will

become trapped before transfer of the charge.

« High Temperature Annealing: Trapping sites can be annealed at higietatares to regain

some charge transfer performance (Holland 1991).

¢ Low Temperature Operation: CTIl has been seen to decrease with decteagosgature as a

result of ‘freezing’ carriers in trap sites (Holland et al. 1991).

* Changes in Device Structure: Successful CTl reduction has been obsenmvgdasiow
channel (Holland et al. 1991) or supplementary channel (Bredthauer et al. 19€i)dse
structures where the signal charge is confined in a smaller voludueireg the number of

trapping sites in the vicinity of the signal charge.

« Defect Engineering: Several ways of reducing the amount of phosphorous-yategacts in
a device have also been investigated in an attempt to remove the main chapieg

mechanism responsible for increasing CTI (Holmes-Siedle et al. 1995, Hopkii999).

« Charge Injection: Some CCD designs incorporate a structure to allogelmbe injected
into the first image row of the device. This charge is then sweptidh the image and store
sections of the device filling many of the traps and reducing the CTI (Hdl&t al. 1993). A
variation on this idea involves integrating signal charge in the fins rows of a device
before the accumulated charge is swept through the device on readout.ethadnmvolves
no extra CCD structure and instead relies on a novel CCD clocking methagRim et al.
2000).

The XMM-Newton spacecraft has taken advantage of narrow eletand charge injection
structures in the design of the CCDs employed in the two MOSofg@an Photon Imaging

Cameras onboard. Charge injection tests have been investigatttk itaboratory while a

reduction in operating temperature from -1to -120°C has been investigated on orbit. Both
these techniques have shown beneficial reductions in CTI (Abbey et al. 2002).
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Figure 3.17 The approximate variation in emission time constant witlgerature of several
common defects found in the CCD (Burt 2002)

3.4.4. Bright Pixels

Bright pixels, or dark current spikes, are found to be present in@ @@r to irradiation, but the
number of bright pixels is greatly increased after irradiatespecially with protons. The bright
pixel spikes found in unirradiated devices are possibly due toalmetecipitates at
oxidation-induced faults (Burt 2002) while the spikes found posdiation are caused by
induced carrier emission sites within the bulk and depletedosiliof the CCD. The amplitude
range of bright pixels covers a broad range and is seen indftecdirrent histogram of a CCD as
a high energy tail on the Gaussian distribution of the CCIxdarrent. The range in amplitudes
results from the different induced mid band-gap energy levalsex by irradiation of a device,
coupled with any ‘Field Enhanced Emission’ factor. Some bright pieedsibit a ‘switching’
behaviour, changing sharply between two or more distinct chargelslenith random time
constants. This type of pixel fluctuation has become known as ‘Randelegiaph Signal’
behaviour and is the subject of Chapter 6 below.
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3.4.4.1. Field Enhanced Emission

Field enhanced emission can result from three possible mexshanthe ‘Poole-Frenkel’ effect,
where an electron climbs over a potential barrier loweredabyapplied electric field, ‘pure
tunnelling’, and ‘phonon assisted tunnelling’, where an electron absoéosal energy from the
lattice and can tunnel through the potential barrier (Martiale1981). These three processes are
illustrated in Figure 3.18.

Conduction
Band

f. .

\

Poole-Frenkel
Emission

Phonon Assisted
Tunnelling

Pure
Tunnelling

Figure 3.18 The three possible mechanisms of field enhanced emissiontéabitpm Martin et
al. 1981)

In a CCD the electric field strength associated with the deastop and inter-electrode regions
of a pixel can be of order £0 10° V cm™, causing significant field enhanced emission. The
enhancement factor for Poole-Frenkel emission in the case @lectron trapped at an energy
level E below the conduction band edge, can be obtained by first considering téetipb An
electron trapped by a singly charged positive ion, located at0, under the influence of a

uniform applied electric fieldé, will experience a potentiaV, given by:

2

V(r) :l—q{r cosd (3.3)
4rE &1
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Where spherical co-ordinates are used and the arbitrary Zeemeargy is taken to be the
conduction band edge at 0, as shown in Figure 3.19 (Hartke 1968). The potential minimum at

I = rmaxiS found by settingV/a = 0, to obtain:

L
e =| 2 (3.4)
47E £,€ COSO

EvaluatingV atr = rpa gives an expression for the reduction in the potential barrigghihedE,,

due to the presence of an applied electric field:

1

H )2
S
Si®0

Integrating overd due to the spatial variation @k, the reciprocal lifetime of a trapped electron

in the presence of an applied electric fielﬁ, , IS obtained:

Ti . %T( ["dof sinweexp{—%(g)} + ["dp EsinédﬁJ (3.6)

r

Where it has been assumed that the electron release ratdeigeindent of the applied electric
field for 7712 < 8 < 17 where the potential barrier height is increased by thetetefield. These
integrals can then be evaluated by substitution, usirgcosf, to give an expression for the

emission enhancement due to an applied electric field:

o (1 Voxg(a—1) ¢4+ L
r —(azj[exp"(a 1)+1]+2 (3.7)

Where the reciprocal lifetime in the absence of an applied éid@id, }{ro ,is exp(—EkT) anda

is given by:
, 1
a= [q—sz (3.8)
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Figure 3.19 shows the emission enhancement for silicon over theieliéetd strength values of
interest, calculated using equation 3.7. Of the remaining two &alianced emission processes,
pure tunnelling only becomes an important contribution at electrid &rengths above a few
10" V cm™. Phonon assisted tunnelling is however important in the electrit $ieength range of

interest and adds an additional component to the total field enhanced eméasion r
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Figure 3.19Modelled Poole-Frenkel emission enhancement for silicon

3.4.5. Transient Effects

The highly energetic particles in a cosmic ray produce a minimipnisation of
~80 electrongim™ as they pass through a CCD causing a group of pixels in thieeléw appear
bright, generally only for a single frame before the excessgehss swept away. Usually cosmic

ray events are detected by CCD readout software and removed from the émalysis.
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3.4.6. Radiation Damage Prediction Tools

The main radiation effect of concern when using CCDs forcspé sensitivity and positional
science is CTI. Usually for these applications the CCDgsrated cooled, for example at -4D,
and therefore the dark current component is negligible. A nurobeepeatable experimental
studies have been carried out investigating the variation ihv@th proton flux, temperature,
irradiation bias, signal charge size and readout speed. Froexgegimental studies a number of
models have been developed that produce results comparablee ton¢asured CTI levels
including those by Holland et al. (1991), and Dale et al. (1993). Figure sha®s the modelled
variation in CTI with 10 MeV proton irradiation fluence for an EZ¥chnologies CCD02 device

operating at -906C.
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Figure 3.20 A model for CTI growth variation with 10 MeV proton irradiati fluence for a

CCDO02 with an 8um wide buried channel and 281’ pixels operating at -96C (Holland et al.
1991)
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3.5. Summary

This chapter has presented the various components of the spdiaéiora environment and
described a number of computational models that can be used to snthiatnvironment. The
NIEL function has been introduced as a method of normalising protomdkido equivalent
10 MeV proton fluence, allowing the comparison of radiation damagglts from different
proton irradiation experiments. The two radiation damage meatmanig importance in CCDs,
ionisation and displacement damage, have been described in detaikedlby descriptions of
the various effects radiation damage has on the operationedathastics of CCDs. The next
chapter presents work carried out to assess the potentiading umnovel low light level CCD
technology for space applications. Two devices featuring the needhology were irradiated
with protons and the effects of radiation damage on the operatibashcteristics of the devices

were observed.
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Chapter 4: L3Vision Radiation Testing

This chapter investigates the effects of proton irradiaton the operational characteristics of
novel L3Vision CCDs in order to assess their potential for use in spaeel 3¥ision technology
is described first, followed by the experimental method employedhfirradiation of two such
devices. The experimental results are then presented andsleeved radiation effects discussed
in light of the possible use of L3Vision technology for space applications.

4.1. Introduction

A new CCD technology called L3Vision was developed by E2V Tebtgies in 2000, that
reduces the effective readout noise of a device to less tharleatron, even while operating at
MHz pixel rates. The device works by having an additional ngaegister after the readout
register of the CCD in which the signal charge is multigliey an avalanche process before
reaching the output amplifier, increasing the signal to nolsgrém et al. 2001, Mackay et al.

2001). The effective readout noisgy, for a gain,G, is given by:

O = (4.2)

|9

Whereg; is the actual readout noise of the device.

A principle weakness of the CCD as a detector is thiatster readout time results in an increase
in readout noise. The L3Vision technology addresses this problem andi@saevices that have

readout noise comparable to the best image intensifiers.

The L3Vision devices are suited to applications where lighels are very low and therefore
there is potential for their use in space based applicationdobking at faint sources. One
potential space application of the L3Vision technology currently wrmansideration is the
Radial Velocity Spectrometer, RVS, instrument for the plannedlAGAstrometry mission.
According to the current specification, the RVS instrument dllcomposed of 3 CCDs used to
acquire spectra from very faint sources typically with less thansogreal electron per pixel in the
spectrum. The main operational constraint on the instrument isseéhe small charge levels
associated with the faintest stars it can observe. A possgiilen to improve the magnitude limit
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that can be observed by the RVS is the application of L3Viidachnology to the CCDs of the
instrument.

To be a viable technology for use in the space environmentriecessary to know if the gain
register of an L3Vision device is tolerant to the spaceati@h environment encountered by
scientific satellites, and will not be susceptible to catgstic breakdown failure as a result of
radiation damage. Bright pixels generated in the high fieldamalie regions of the gain register,

as a result of radiation damage, could lead to ‘white’ images.

This chapter studies the effects of radiation on CCD65 @svimcorporating the L3Vision
technology and ascertains their suitability for space applicatibms.such devices were obtained
and subjected to proton fluences representative of total anigkiences expected to be received
by typical spacecraft (Holmes-Siedle et al. 1995). This chdpt describes the architecture of
the CCDG65 device before detailing the experimental method employed and ths odxalhed.

4.2. CCDG65 Structure

The CCD65 is a frame transfer device that has a standsdout register followed by a ‘gain’
register that multiplies the signal charge before iteaesed by the output FET. The device can be
operated in inverted mode to suppress dark current. The inverted daokleurrent is typically
~200 electrons per pixel per second at’®0 The image and store sections of the CCD are each
591 x 296 pixels, while the readout and gain registers are each &@lIspn length plus a few
reference pixels. The device characteristics are sumathits Table 4.1. The pixels in the gain
register are larger than the other pixels in the deviceriter to handle the potentially larger

signal charge after gain. Figure 4.1 shows the geometrical layout dEtfiee.
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Active image area

Image section

Store section

Pixel size: Image section
Store section
Readout register
Gain register

Spectral range

11.52% 8.64 mm
591 x 296 pixels
591 x 296 pixels
20%x 30 pum
13.5x 30 um
20x 30 um

40x 30 um

400 — 1060 nm

Table 4.1E2V Technologies CCD65 characteristics

IMAGE SECTION

+ 15 DARK REF.
288 ACTIVE ROWS
+ 8 DARK REF.

576 ACTIVE COLUMNS

STORE SECTION
591 COLUMNS
296 ROWS

591 REGISTER PIXELS

Q

| 591 GAIN REGISTER PIXELS | |

16 corner register
pixels

Figure 4.1 The geometrical layout of the CCD65 L3Vision device

4.2.1. The Gain Register Avalanche Process

The gain in the signal as it passes through the gain

of the pixels in the register is clocked with a much h

the charge. Figure 4.2 shows a cross-section of the gain eegikictrodes and corresponding
potentials during charge transfer. An additional electrode het®aolts d.c. is included before

the high voltage electrode typically held at ~40 - 50 volts. The largdraddield present between

16 overscan register
pixels

registurs because one electrode in each

igheltage than is needed to just transfer



the high voltage electrode and the d.c. electrode causes thgecteariers to be accelerated to a
high enough velocity to generate more charge carriers throughrtioess of impact ionisation
(Grove 1967).

01 1
‘1’3 p1 Fixed 92 03 @1 ¢3 1%\" Fixed 2 $3 13\"
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‘i’ 7 ? ? 7 7 ? P ? 7 7 ‘i’
] : — o o g
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Fixed high field region /
during transfer from ¢1 @ @

...... . Charge carriers generated
by impact ionisation

Figure 4.2 Charge transfer in an L3Vision gain register

The average gain per pixel transfer through the gain ragistgenerally small, but on passing
through the full 591 gain register elements the total gain can bedefr a few hundred. The gain,
G, is given by:

G=(@1+R) (4.2)

WhereR is the mean gain per transfer apds the number of gain elements. For the CCD65,
takingR as 0.01, the gain is ~358. The valueRfs dependent on the statistical variation in the
amount of impact ionisation caused by the electric field strermgtween the d.c. and high
voltage electrodes. By varying the bias of the high voltagectebde from a standard drive

voltage of ~12 volts to ~50 volts, gain values ranging from 1 to 1000 can be obtained.
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With a gain of unity the L3Vision device operates in the sanagy &s a standard device, with a
single extra row in the readout sequence. The measured variatigain with applied bias

voltage at three different temperatures is shown in Figureh&.gain is seen to increase with
decreasing temperature at a given applied voltage due to theetatare dependence of the
electron ionisation rate. For a given electric field, the iatin rate increases with decreasing

temperature as described in detail by Sze (1981).
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——T=12 (E2V data)
— T=-4T (E2V data) /
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Applied Voltage (V)

Figure 4.3E2V Technologies measured variation of gain with applied bias voltage @ED65

The statistical variation in the gain makes it difficutiteconstruct the number of electrons in the
original signal packets detected. A device using the L3Visiechhology can only be
successfully used for optical photon counting purposes when the inqgudhenion flux is low
enough to only generate a single electron in a pixel during imagggration without pile-up
occurring. If this is the case, the gain of the device candigs~1000 to clearly discriminate
single electron events from the output amplifier noise. Figlueshows the distribution of output
signal size for input events of 1, 2 and 3 electrons, with a 1 &balility of gain per stage in the
L3Vision gain register. The data shown was generated usinmplssiMonte Carlo model. The
50 noise threshold is also shown, indicating that for this pariicgkin level, 1 and 2 electron

events may not be discernible from the noise peak after gain.
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Figure 4.4 The distribution of output signal size for input events of 1, 2 andeXtebns after
transfer through the L3Vision gain register, with a 1 % probabilityahger transfer

4.3. Experimental Method

4.3.1. The Accelerator Facility and Dosimetry

Irradiation of two L3Vision CCD65 devices was carried out usthg cyclotron accelerator
facility at Birmingham University, UK. Figure 4.5 shows a sofaic of the Birmingham beam

line.

Shutter

CCD

Proton

ﬁ Beam

Photodiode

el

Figure 4.5 A schematic of the Birmingham cyclotron beam line
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Prior to irradiation of the devices, the uniformity of theofwn beam over the target region was
examined by using a photodiode in pulse counting mode. The spectrum emabed was a
Nucleus Inc. PCA-Il card and software, the photodiode used avhBDT Sensors diode, part

number PIN-3CD. The photodiode characteristics are summarised in Table 4.2.

Active area 3.2mm
Active thicknes$ 27 um
Capacitance 10 pF (at 10 V/1 kHz)
Leakage current 2nA
Rise time 15ns (50Q load)

@As determined by Holmes-Siedle et al. (1995)

Table 4.2UDT Sensors PIN-3CD photodiode characteristics

The photodiode was mounted on a support arm attached to the inside fdee af/ostat front
plate which allowed the diode to be positioned on a locus passingdhrthe centre of the beam
line. The flux per crireaching the photodiode in 1 minute was measured several biotasin

the centre of the beam and at a position 5 mm away from theeerepresentative of the CCD
target area to be irradiated. The variation in beam uniforaityss the target area was measured
to be+15 %. The mean energy of the proton beam was 6.5 MeV for thdiatians carried out.

An example of a typical recorded spectrum is shown in Figure 4.6.
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Figure 4.6 A PIN-3CD photodiode pulse height spectrum

The primary ionisation peak is clearly discernible from the ngmmk allowing accurate
determination of the number of photons being counted in the actigeom of the photodiode.
Protons that interact with the diode twice during the sahapmg period, ~1us, are also seen in
the recorded spectrum, forming a secondary ‘pile-up’ peak. The numbeounts in the
secondary peak was doubled and added to the number in the primaryopestimate the total

proton fluence. The analysis regions for each peak are indicat€idiure 4.6.

During each irradiation the photodiode was positioned ~2 cmdntfof the shielded section of
the target CCD and used to accurately monitor the proton flusreehing the CCD in real time.
The system live timeT,.., and the actual elapsed tim&,apseq fOr each irradiation were both
monitored and used to account for the dead-time in the system (typic20i$6). Using the NIEL
function, the final 10 MeV equivalent proton fluence received iohearradiation, Figyey Was

calculated by:

Fos ( N, . ](Telapsed]( NIEL(lOMeV)j 43)

Adiode TIive NIEL (65M€V)
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Where Ny is the number of counts in the primary proton peak plus two tithesnumber of
counts in the secondary peak aAg,q. is the area of the diode. The error associated with the
dosimetry of each irradiation was taken to be ~20 %, based on tlaen beniformity
measurements and the lack of including counts in any tertiaakp&eyond the primary and

secondary peaks in the measured photodiode pulse height spectra.

4.3.2. Irradiation of CCDs

After determination of the proton beam characteristics,ttte CCDs were irradiated one after
the other. Previous studies have shown that device temperatuirgg deradiation does not
influence the radiation damage effects observed (Holmes<ietdhl. 1995). The irradiations
were therefore carried out at 22 requiring no cooling equipment. In each case the target CCD
was mounted in a vacuum chamber attached to the end of the beam line. Thérgeand target
chamber were under vacuum during the irradiations to prevent lggtifns to ionisation with
air. All CCD pins were grounded to avoid potential static dgmaAluminium shields were used

to cover parts of the CCDs that were to be kept unirradiats control areas. Figure 4.7 shows

the area of each device irradiated and the 10 MeV equivalent proton ddsareaaeceived.

The whole of the readout and gain registers, and half of the iraadestore sections, of device
00463-10-12 were irradiated with a 10 MeV equivalent proton fluencg bk 10° protons crif.

A 10 MeV equivalent proton fluence of 1:010° protons crif was given to the left half of device
00463-10-13, with an additional dose of Z0L0° protons crif given to just the left half of the
readout and gain registers. Figure 4.6 shows the photodiode specteordae for the
1.0x 10° protons crif irradiation of device 00463-10-13.
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Figure 4.7 A schematic showing the proton irradiated areas of two L3Vision CCD6kegand

the associated 10 MeV equivalent proton doses received

4.4. Experimental Results

After irradiation both CCDs remained functional and at a tempegaof 22°C showed increased
dark current and bright pixel counts comparable to those observ€€ s subjected to similar

proton doses (Ambrosi et al. 2002).

For device 00463-10-13 a sequencer program was used to readout onlyatteut and gain
register pixels of the device. The image clocks wergpsnded during readout to avoid thermal
leakage current from the image and store sections entdrengetadout register. A series of short
3 ms row integrations were then taken. Figure 4.8 shows an accuomuliti200 such rows,

together with annotations indicating the different device and proton exposgions.
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Figure 4.8 An image taken using a sequencer program that only readgixels in the readout
and gain registers of the device. The irradiated and unirrediiséctions of the readout register
can be seen, along with under and overscan pixels. The figure irsctlidgrams of the L3Vision
device to correlate the sections of the recorded image with thegatysictions of the device
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Figure 4.9 shows the average of the rows in the recorded image oeFdgirThe figure has four
sections, which are from right to left: non-irradiated readegjister; irradiated readout register;
irradiated gain register; non-irradiated gain register. Thpeslof the signal in the gain register,
the increase in number of bright pixels and the increase in basecdirrent level due to proton
irradiation can all be seen in this figure. The factor of ~2@ase in dark current level between
the gain register and readout register is due to the factor of ~2 indrepse| size from those in
the readout register compared to those in the gain registetovAtapplied voltage levels an

indication of proton beam non-uniformity, slop@sndB in Figure 4.9, can be seen.

Comparison of the measured post irradiation gain curves with tfongee L3Vision CCD65 as
measured by E2V Technologies, Figure 4.10, show that the irradgatiave not significantly

affected the behaviour of the device.
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Figure 4.9 The effect of different applied voltage on the L3Vision readant gain registers.
Slopes A and B show an indication of proton beam non-uniformity with lowiagploltage. The
gain is seen to increase sharply once the applied voltagerisdased above 30 volts. The factor 2
increase in dark current level between the gain register@adout register due to different pixel

sizes is also indicated
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Figure 4.10Measured variation of gain with applied bias voltage pastdiation. Gain curves as
measured by E2V Technologies for the L3Vision CCD65 are shown for coroparis

4 5. Discussion

After irradiation with protons the L3Vision device is found to ogeranormally, with the

resulting change in dark current and number of bright pixels coafgbarto previous proton
irradiation studies. The behaviour of the gain register did clwinge as a result of proton
irradiation. Bright pixels generated in the gain register Wetad to increase in amplitude in the
same way as the normal gain register pixels, showing no es@desf extraneous field
enhancement effects. It is therefore assumed that the obsenigbd fhixels generated were not

located in the vicinity of a high field avalanche region.

After studying the effects of proton irradiation on two L3Visidevices, there appear to be no
problems that would inhibit the use L3Vision technology for spaagseld applications. There is
however a need to irradiate further devices in order to deduemission sites generated in the

high field regions of the gain register pixels can cause defédlure. This study can not be
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carried out by irradiating a single device to a high fluencéhéswould result in all the pixels in

the gain register becoming bright.

In terms of area, 25 % of the gain register is comprised ef high voltage electrode. The
probability of obtaining a bright defect in an avalanche region of the gajister after irradiation
is therefore approximately 0.25. After irradiation with 2110° protons crif, 3 bright pixels
were generated in the gain register of device 00463-10-13. Andiatian of
2.8 x 10° protons cnf will therefore generate 4 bright defects in the gain regjsbne of which
should lie in the avalanche region. Irradiation of 20 devices to lthisl will yield ~20 bright
defects in the avalanche region of the device giving goodssitzgion whether such a defect can
cause device failure. Conversely, using an irradiation le¥él.b x 10° protons crif as in the
presented study, 27 devices would need to be irradiated to gené&@tbright defects in the

avalanche region of the device.

If the CCDs chosen for the RVS instrument on GAIA use th¥istn technology, assuming the
gain register is the same as that of the CCD65 devicesetmay be a 1 in 4 chance of device
failure when irradiating the whole gain register to a leweR.1 x 10° protons crff, if a bright
defect in the avalanche region does indeed cause device failhi® statement emphasises the
need for irradiation of a large number, ~25, L3Vision devices.

Previous proton irradiation studies on conventional CCDs have showrrthdiation with the
device unbiased, as in this study, induces significantly lowstage shifts than if the device
were operational during the irradiations. The magnitude of thiekage shifts and their effect on

L3Vision device performance also needs to be investigated in the futadiation study.

4.6. Summary

This chapter has presented work carried out to assessotieatjal for use of CCDs featuring
L3Vision technology in space. Two test devices were irradiateith vproton fluences
representative of mission doses received by typical Eartitiog spacecraft. The L3Vision
technology and the irradiation methodology have been described &diday a detailed analysis
of the radiation damage effects caused by the proton irradigtiThe two devices tested were
found to operate as expected after irradiation with no significhahges in the behaviour of the

gain register, proving the L3Vision technology has potential for inséuture low light level
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space applications. The next chapter describes another sépeston irradiation studies with a
different CCD type. The aim of this second study was to asbeseffects of low energy proton

irradiation on the operational characteristics of the devices.
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Chapter 5: The Effects of Low Energy Protons on CCD S

This chapter investigates the effects of low energy protoadiation on the operational
characteristics of E2V Technologies CCD22 devices. The reakehsd the work and the
experimental method are described in detail along with a computatimoeael that was
developed to model the expected CTI changes resulting from theriegraal soft proton
irradiations. The experimental and modelled results are then presentebeunskdd.

5.1. Introduction

The Chandra spacecraft demonstrated that not only X-ray photonsyfbptatons with energies
below 500 keV could be focused by the spacecraft's X-ray mirrorgp the AXAF CCD
Imaging Spectrometer (ACIS) (Prigozhin et al. 2000, O’Del&kt2000). Chandra’s mirrors are
arranged in a Wolter Type 1 arrangement that allows the fagusf X-rays by shallow angle
grazing incidence onto the focal plane detectors. A similaranimodule design was used for the
XMM-Newton spacecraft and a study by Rasmussen et al. (1999) shilwagdas for Chandra,
soft protons could be scattered by single or double grazingactiens with the mirrors onto the
European Photon Imaging Camera (EPIC) MOS X-ray focal platectes. Figure 5.1 shows
the design of a Wolter Type 1 optic and shows the path of incoming phasottgey are focussed
by the two mirror sections onto the focal plane detector. fiduere shows a single mirror ‘shell’,
the actual XMM-Newton mirror module containing 58 nested mirrbells in a coaxial and

confocal arrangement.

A comparison between the space environment induced degradation Gh#rara instruments
and the possible effect on XMM-Newton showed that the EPIC M@®E on XMM-Newton
are susceptible to the same low energy protons that haveedalamage to the ACIS CCDs on
Chandra (Nartallo et al. 2001). The procedure for prevention obprdamage to the CCDs on
XMM-Newton involves moving the filter wheel of each instrent to a ‘closed’ position when
the radiation monitor onboard detects a proton flux above a thresnadtl The insensitivity of
the radiation monitor to soft protons results in a delay of order tensimiites in closing the filter
wheels, allowing soft protons to reach the detectors. In respanskete findings, a critical
investigation into the effects of soft protons on EPIC MOSDBCGwas initiated to assess the

impact of soft protons on the operational characteristics of the CCDs
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Figure 5.1 The Wolter Type 1 optic arrangement used for the mirror modulelseoChandra and
XMM-Newton spacecraft

A study of the effects of soft protons was particularlypiontant because soft protons have the
potential for increasing CTI more than higher energy, MeV grgotons due to their higher
scattering cross-section. Soft protons therefore penetrate ardhort distance into a CCD,

depositing most of their energy in the vicinity of the buried channel, where climtgnsported.

Two CCD22 devices, the same as those used in the EPIC MOS8raarnf the XMM-Newton
satellite (Turner et al. 2001), were taken to the UniversityTlbingen to be irradiated with
protons using a 3.5 MeV Van de Graaff accelerator facilithe TTCD22 structure is presented
below, followed by detailed descriptions of the irradiation methodplagd data analysis. A
Monte Carlo model developed to simulate the observed CTI chargdsrésulted from the

proton irradiations is also presented.
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5.2. CCD22 Structure

The CCD22 device is a front illuminated three-phase frame tradsfdce manufactured by E2V
Technologies (Short et al. 1998). The CCD22 uses high resistilicon and an open electrode
structure to obtain good quantum efficiency between 0.2 keV and 10 Ke¥ image section of
the CCD consists of 608 600 pixels of 4Qum square with an additional 2 charge injection rows.
The store section consists of 680602 pixels, each measuring 38n x 12 um. The device
characteristics are summarised in Table 5.1. Each of the tidM>Newton EPIC MOS focal

plane cameras is comprised of 7 CCD22 devices arranged as shown in Figure 5.2.

Active image area 24 % 24 mm
Image section 600x 600 pixels
Store section 600x 602 pixels
Pixel size: Image section 40x 40 um
Store section 39x12um
Readout register 39%x 12um
Spectral range 0.1 -15keV

Table 5.1E2V Technologies CCD22 characteristics

Figure 5.2The XMM-Newton EPIC MOS focal plane camera CCD arrangement
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5.3. Experimental Method

5.3.1. The Accelerator Facility and Proton Damage Be  am Line

The 3.5 MeV Van de Graaff accelerator at the Eberhard-Kanliwersitat Tubingen, Germany,
has a beam line dedicated to soft proton damage tests andowasissioned for evaluating the
effect of soft proton damage on the pn-CCDs used in the EPIC pro@ifandziorra et al. 2000).
Figure 5.3 shows a schematic diagram of the experimentalupeused for the CCD22

irradiations.
Shutter
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] Al Filters

] ] |:| Proton
- | | [ | |:| Beam
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Shield Aperture

*5Fe Source
Chopper

Figure 5.3 A schematic of the Tubingen proton damage beam line

A monoenergetic 900 keV nano-amp proton beam with a flux of ¥110** protons crif s* was
reduced to ~1Dprotons crif s* by a copper pinhole aperture of 1.5 mm diameter. Aluminium
foil filters of 10 pym, 12 um, 13 um and 14um thickness on a sliding holder were used to
attenuate and broaden the spectral distribution of the beam.niden energy of protons
transmitted through each foil is given in Table 5.2 (@&000). A rotating beam chopper with a
0.3 mm wide slit reduced the flux by a further factor of 21Bor calibration purposes &Fe
source could be moved in and out of the field of view of the CCDshAitter was available to

shield the CCD from the proton beam when not carrying out an irradiation.
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Al Foil Thickness gm) | Mean energy of transmitted proton spectrum (keV)
14 10
13 70
12 170
10 330

Table 5.2Mean proton energy transmitted through different Al foil thicknesseayf2000)

The final component of the beam line was a movable shield thadtl dmupositioned to cover the
top or bottom half of the CCD by turning a dial on the outside of beam line. The dial

prevented the need to open the beam line and break the vacuum wheginchéhe shield
position to irradiate different sections of a CCD.

Proton spectra measured by a pn-CCD usinguidPand 13um Al foils are shown in Figure 5.4

(Claus 2000).
3

Figure 5.4 Proton spectra measured by a pn-CCD usingrh?and 13um Al foils (Claup 2000)
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5.3.2. Irradiation and Calibration of CCDs

Two EPIC CCDs were selected for irradiation. In each dhsetarget CCD was fixed within a
cryostat chamber bolted to the end of the beam line and cooled@0 °C, the operational
temperature of the devices on XMM-Newton. The CCD was located appabaiyi200 mm from
the end of the beam line with an aluminium shield placed in frdrthe CCD store section to
prevent X-rays or protons falling on it and causing CTI charigethe serial register. Although
the CCDs selected for these tests were characteriseginimstof CTl and response to various
X-ray energies between 200 eV and 10 keV prior to irradiatidth woft protons, the use of the
movable shield in the beam line allowed certain areas of €3€B to be kept undamaged,
providing a control for the damaged sections. The beam line ayubi@at containing the target

CCD were under vacuum during irradiation to prevent loss of protons to iomisatth air.

Prior to each irradiation, the position of the proton beam waasme=d to ensure an even spread
of protons across the area to be irradiated. This was achlgvedadiating the CCD operating in
photon counting mode for ~1 s with a very low flux rate, using theut@ aluminium foil. The
observed distribution of protons in the resulting CCD image used to deduce where the CCD
should be moved to obtain the desired uniformity. Theut@foil and very short irradiation time
were used for the beam positioning to prevent any damage to @i2. CThe mean energy of
protons transmitted through the 3#m foil was 10 keV. This energy is low enough to be
attenuated by 0.pm of silicon preventing any significant amount of energy being deedsin

the buried channel of the device.

Before an irradiation, the target CCD was exposed to a sharst of protons in order to
determine the proton fluxgs., passing through the aluminium foil being used:

N P
I:)flux = (51)
Tf AROI

WhereN; is the number of protons detected in an area of interest in a siragteefT; is the frame
time, andAro is the size of the region of interest. The exposure tilefor each section of the

CCD to receive the required proton dogecould then be calculated:

T, = P’7 (5.2)

flux
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The total fluence received by each section of the two CGDshbwn in Figure 5.5. The white
panels in the figure refer to the irradiated areas of the CCDsnidsn proton energy transmitted
through each foil filter is also given in each panel. Each irradiationpraseded and followed by

a calibration check with th&Fe source in order to measure changes in the parallel CTI.

At the end of each day of testing the CCDs were warmed aonrtemperature and maintained at
this temperature overnight. Any annealing effects were obdezgeh morning when the devices

were again cooled to -10 and calibrated with th&Fe source.

Estimates from solar event spectral measurements takethdyEPIC pn-CCD camera on
XMM-Newton (for protons between 100 keV and 200 keV) indicate thatEPIC MOS CCDs
may have already received a soft proton dose of the ordéoprotons crif in the worst case
(Kendziorra et al. 2000). In this experiment, total doses exceed&grbfons crif, a value
representative of the total dose the EPIC MOS devicesapected to receive over 10 years of

operation.

CCD B5/21 CCD B5/19
1.3x10° protons cm 2 mean energy 170 keV
(12 pm Al foil) 5.0x10° protons cm
mean energy 170 keV
2.3x10° protons cm 2 mean energy 330 keV (12 um Al foil)
(10 pm Al foil)
Image
Image 1.0x107 protons cm 2.5x10° protons cm 2
mean energy 70 keV mean energy 10 keV
(13 pm Al foil) (14 pm Al foil)
Store Store

Figure 5.5 Total doses given to each section of the irradiated CCDs

74



5.3.3. Recorded Proton Spectra

The proton spectra obtained with the two CCD22 devices usingahe dvailable aluminium
foils are shown in Figure 5.6. In each case, the count rate at @2 itad to be low enough to
avoid pile-up during the 5.4 s frame time of the CCD. To avoid A§#@uration, the system was
controlled by adjustment of the charge integration time. The compeiton spectrum through
each aluminium foil could not be measured by the CCD due to dimoits in pixel integration
time and gain reduction. These limitations can be seen in tbes gif Figure 5.6, where the
highest energy measured through theph® aluminium foil is 480 keV and through the 1&n,
13 um and 14um foils it is 182 keV.

The double peak in panel D of Figure 5.6 is not a real effect and is cdnystie saturation of the
analogue to digital converter. The peak at 200 keV is caused bii-pix¢l events where the
central pixel is saturated and charge has spread into adjacent pileldigdital value of this pixel

is therefore not representative of the total energy depobigdtie proton in the pixel. At proton
energies above 200 keV the penetration depth is higher in siiodnmost of the events will be
spread between several pixels as a result of charge being depostediid free region.

In comparing the measured CCD22 proton spectra through theriand 13um Al foils with

those measured by the pn-CCD (Figure 5.4), an additional large levggeomponent is seen in
the CCD22 spectra. This difference is the result of charge dffests observed in the CCD22
device where electrons generated near the surface of theedestome redistributed by tapping
sites at the oxide interface. The amount of charge loss i® mpoevalent at lower temperatures

and is a strong function of decreasing incident particle energy (Short et al..2002)
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Figure 5.6 Proton spectra measured with EPIC MOS CCDs after irradiatioough four
different aluminium foil thicknesses
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5.4. Computational Model

Predicting the CTI change in the CCDs irradiated with low energygm®tvas not possible using
the standard Non-lonising Energy Loss, ‘NIEL’, method of obtaining 1BeMeV equivalent
proton dose. NIEL displacement damage scales with dose as tlom proérgy decreases (Dale et
al. 1993). Below 1 MeV however, NIEL ceases to be an effecthethod of predicting CTI
change as a function of proton dose. This is as a result oédlmmergy protons physically
stopping in the vicinity of the CCD buried channel, depositing their maxiranrrgy in the place
where it will cause the most damage. NIEL also does not thkegeometry of the CCD into
account. Another method of modelling the CTI change was requiredsdlaéion was to use the
Stopping Range of lons in Matter (SRIM) program (Ziegler etl®85) to model the effect of

low energy protons in a representative CCD structure.

5.4.1. Modelling Expected CCD Damage Using SRIM

The SRIM program was first used to model 1000 protons interactiith & representative
CCD22 structure at a number of input energies between 0.1 MeV180 MeV. Due to the
limitations of the SRIM program and the available knowleddethe layered structure of the
CCD22, the buried channel was taken to be oM wide at a depth of 1.5m below the

hypothetical CCD surface (Holland 1994, Ambrosi et al. 2002). The ipaumameters of the

model are given in Table 5.3.

Layer Material Depth ¢m) Th(i/cjl:r?)ess %e/(r:lrs%t)y
Oxide and VAPOX Sio, 0.000 - 0.500 0.500 2.27
Electrode Si 0.500 - 1.000 0.500 2.33
Nitride Passivation SizN,4 1.000 - 1.085 0.085 3.44
Oxide Protection SiO, 1.085-1.170 0.085 2.27
Active Region Si 1.170-2.670 1.500 2.33

#The buried channel is within this region at a depth of 1ugY

Table 5.3SRIM Monte Carlo model input parameters
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The SRIM output data allowed calculation of the percentaga gfven input proton’s energy
deposited into the chosen buried channel volume. The output of thisaiorubnd the fit to the

data are shown in Figure 5.7. The fit consists of a Gaussian, represth#iatandard distribution

of energy deposited by protons actually stopping within the CCDelduchannel volume, and a
split power law representing the NIEL function. The figure shdiet protons below 140 keV
will not penetrate far enough into the CCD22 structure to rebehburied channel of the CCD,
and therefore they will not contribute to an increase in Clle largest amount of energy is
deposited in the CCD buried channel when the incoming proton haseagyeof 223 keV at the

surface of the CCD. Figure 5.8 shows data from four of the manyS&inulations used in the

Monte Carlo model. The four panels of the figure show the mties tracks of incident protons,
with energies of 100, 200, 300 and 1000 keV respectively, interactitigtie simulated CCD22

structure. The position of the buried channel is indicated irh gzamel showing that incident
protons of ~200 keV will deposit most of their energy in theinity of the buried channel

volume. Incident protons of energy >1 MeV pass far beyond the buried chbefweé depositing

the majority of their energy, the resulting displacement damage saaiihghe NIEL function.

1000

—— Fitted Curve

100 O Modelled Data

10 4

um (keV)

1 4

0.1 4

0.01

0.001

Channel at a depth of 1.57

0.0001

Energy Deposited into a 0.4  um wide Buried

0.00001

100 1000 10000 100000

Incident Proton Energy (keV)

Figure 5.7 The amount of energy deposited into a Qu& wide buried channel at a depth of
1.57um from the surface of a representative CCD22 structure fasiction of interacting proton

energy
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If the depth of the CCD22 buried channel is in fact deeper than the lledd#epth, then the peak
in Figure 5.7 becomes shifted to the right, a converse shift occuifrihg depth of the channel is
shallower. If the buried channel is narrower, while still fixatdthe modelled depth, the peak
remains in the same place, but the fraction of energy depbaiteach input energy decreases.
Conversely, the deposited energy fraction increases if theneth@wider. This emphasises the
fact that the radiation hardness of buried channel CCDs sasith the width of the buried
channel, as shown by Watts et al. (1994).

Proton energy = 100 keV Proton energy = 200 keV

Buried channel
depth
J
Buried channél
depth

) o el ) _ ﬁ_ N
2] n | 0 " n 2] 2 X%
0 157 2.67 0 157 2.67
Depth into CCD ( pm) Depth into CCD ( pum)
Proton energy = 300 keV Proton energy = 1000 keV
T T
2 - 2
8l< " Sl
5|8 » 58
~ £ 8° i ~ 1 4 B[°
Q L Ol 5 o — .~ 5
2] 4l || & @ i 2 4l % @ o |
0 157 2.67 0 157 2.67
Depth into CCD ( um) Depth into CCD ( um)

Figure 5.8 The ionisation depth of protons interacting with a representafi@®22 structure
over the charge transfer path. The buried channel depth isaitediédn each panel, showing that

protons of ~200 keV deposit the most energy into the buried channel volume
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5.4.2. Modelling CTI

The SRIM model was used in conjunction with the experimentallysuesd energy spectra to
calculate the total amount of enerdy,, in keV deposited within the specified buried channel
volume by the proton beam, given by:

Ebc :z(NbinEp 1_<;0j (53)

Wherei is the total number of energy bins in the spectriNg, is the number of counts in each
energy bin,E; is the input proton energy (in keV) associated with the epdig and¢ is the

percentage of the input energy deposited in the buried channel, obtained from the & m

For each of the CCD22 irradiatiors,. was calculated and then used to deduce the 10 MeV

equivalent proton fluenc&;;ovey deposited in the buried channel:

E
Fiovev = bC—A” (5.4)

10ero|v|ev

Where A, is the area of the CCD irradiated adehveyis the value obtained from the SRIM
model for an input energy of 10 MeV and is 8.571.0° %.

The corresponding parallel CTI change was then deduced using:
CTIl = XF ey (5.5)

Where X is the rate of change of CTI with proton dose for an EPIC MOSD operating at
-100°C. In this case&X = 1.62x 10™* and was determined experimentally in a study by Ambrosi
et al. (2002), where an EPIC MOS CCD was exposed to increasisgs of 10 MeV protons and
the CTI was measured as a function of progressive amountsrégka Linear relationships

between CTI change and proton dose have also been reported by Watts et al. (1994).
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5.5. Experimental Results

Two CCDs were irradiated with varying proton energy distribng. The CTI for each device
was measured prior to each irradiation and for device B5/21 thishown in panel A of
Figure 5.9. Panel B shows the change in CTI of the same devieeigfdiation with a proton
spectrum passing through the i aluminium foil. Panel C shows a more dramatic CTI change
observed when the device was exposed to a spectrum of protoreothdtinflict more damage
to the buried channel, while panel D confirms that as the nuraberotons that can contribute
damage in the buried channel increases, the CTIl increases. Nbrighw pixels were present in

the two devices after irradiation, operating at -£a0

The **Fe calibration source illuminating the image section of @@D was used to determine
changes in the resolution of theoKpeak at 5898 eV after irradiation through the figh

aluminium foil as a function of proton dose. The intrinsic redolutprior to damage was
measured to be ~150 eV. The increase in CTI degraded the iiesotot ~170 eV, a 13 %

reduction.
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Figure 5.9 The four panels depict the measured CTI before and afterpiotadiation of device

B5/21 through different thickness aluminium foils. The error maeach panel is the same for
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5.5.1. Comparison of Model and Experiment

The experimental and modelled CTI results for the irradiated devieesompared in Table 5.4.

Al Foil Mean Proton| Experimental CTl Modelled CTI Ratio (+ 25%)
ceb Thicknessgm) | Energy (keV)| Change ¢5%) | Change #20%) | (Experimental/Modelle}i
B5/21 13 70 3.35x 10° 2.55% 10° 1.3
B5/21 12 170 1.18x 10° 6.79% 10° 1.7
B5/21 10 330 4.75x 10° 6.13x 10° 7.7
B5/19 14 10 9.20x 10" 5.34x 10° 17.2
B5/19 12 170 5.25x 10° 3.32x 10° 15.8

Table 5.4Comparison of experimental and modelled CTI changes

The differences between modelled and experimental CTI values ageexpected. The modelled
values are a lower limit for the CTI owing to the fact thhe input spectra are incomplete, for
example the spectrum associated with thqui®foil, stops at 182 keV. The full spectra will have
a higher proton energy component traversing the CCD, depositamyadl amount of additional
energy in the buried channel and this would account for part of tfiereince. The difference
between modelled and experimental CTI values may also be expl#irted representative
CCD22 structure and the location and width of the CCD buried cHaareeslightly different to
the parameters used in the model. Figure 5.10 shows how changingteded buried channel
width, or depth below the CCD surface, affects the percentdgihe input proton’s energy
deposited into the buried channel volume. Device B5/19 was takendrdiffierent silicon wafer
than that of B5/21 most likely resulting in the buried channel of daeeice being wider or in a
slightly different location to that of the other (Gardiner 2003)his explains why the
experimental to modelled ratios for device B5/19 are highantthose for device B5/21. The
increase in experimental to modelled ratio for theuid foil irradiation of device B5/19 is due to
the ‘double peak’ occurring in the input spectrum to the SRIM nhodased by saturation of the
ADC.
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Figure 5.10The effect of varying buried channel width and depth below t#®Gurface on the

amount of energy deposited in the buried channel
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5.6. Discussion

Soft protons of a few hundred keV can rapidly damage the chtaagsfer capabilities of CCD22
devices due to the higher cross sections associated witbrigrof energies below 900 keV. This
is emphasised by the Monte Carlo model developed for this studyhwdtiowed the greatest
amount of damage to the buried channel is associated with theedticamount of energy
deposited within it. For an input proton energy of ~220 keV most es¢hparticles will come to
rest in the CCD buried channel, causing maximum damage. As the inptongenergy increases,
the fraction of energy deposited in the buried channel decremsgshence larger doses are

required to produce the same observed amount of damage.

The results of on-orbit CTI measurements for both MOS camena®ard XMM-Newton over
the first 1070 days of the mission have now been documented. All 7sG&both the MOS 1
and MOS 2 cameras show a steady increase in CTI over thentuduration of the mission.
Figure 5.11 shows the gradual increase in parallel trans$sekfor Mn-Kx X-rays, for CCD 1
of MOS 2. The general ‘slope’ of the data is due to displacerdamage caused by protons in
the radiation belts. XMM-Newton passes through the Earth’s radidielts during each 48 hour
revolution, each time encountering some high energy protons tha bBawvugh energy to
penetrate the shielding around the detectors and cause dimglacdamage in the CCDs. The
larger ‘steps’ in the data are associated with periods afemsed solar activity where
displacement damage is caused by high energy solar protons. Biguralso indicates parallel
loss values recorded during charge injection and cooling tests.charge injection test was
carried out in revolution 330 and showed that the technique could reitiec€TI by ~50 %
(Abbey 2002). The use of charge injection did not restore the 6The pre-launch value and
also introduced 10 — 200 additional bright pixels into the CCDnfea recorded when charge
injection was used. The cooling test in revolution 448 was used tsiigade the change in CTI
resulting from a decrease of 2Q in the operating temperature of the EPIC CCDs from -A0D0
to -120°C (Abbey et al. 2002). This technique reduced the CTI by slightye than 50 % and
after revolution 533 was implemented permanently, indicated by gtetM® measurements in
Figure 5.11.

The average CTI values associated with MOS 1 and MOS 2 yat588 were 1.3x 10° and
1.7 x 10° respectively (Bennie 2001). Estimates made by Kendziorra.g2000) from solar
event spectrum measurements made with the pn-CCD camerat dintka showed the MOS

cameras should have received doses of pt6tons crif, where the proton energy was estimated
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to be between 100 keV and 200 keV. By folding a value between 1D° protons crif and

2 x 10° protons crif through the SRIM model, the equivalent 10 MeV fluence can beutated
and hence the expected CTI, which in this case lies betweer ¥08 and 1.5x 10°. The upper
limit of this range is within the average CTI changes for the two Mfaferas, quoted by Bennie
(2001).
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Figure 5.11 On-orbit measurements of the Mmakparallel transfer losses of MOS 2 CCD 1 as a

function of time

Figure 5.12 shows the average CTI trend over the duration of iesion for the 7 CCDs of
MOS 2. The on-orbit trend is extrapolated from day 1066 after theadjp@al temperature was
reduced to -126C using the CTI value obtained for the cooling test in revolit#48 and the
CTI values obtained since the change in operational temperature. Fpadson, the dashed line
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of the figure shows the 90 % confidence level CTI trend thas weedicted before launch for
operation of the MOS CCDs at -12C. This predicted trend was based on CCD22 irradiation
tests carried out before the launch of XMM-Newton that concluded @TI after 7 years of
operation should be ~2 10°. The measured trend at -120 is below the level predicted before
launch, indicating that soft protons only account for a minor tfcac of the observed CTI
increase, <20 %, the MOS CCDs being subjected to a predomintaanitiyproton spectrum. This
low level of soft protons indicates that the operation of the spaadt with regard to preventing
soft protons reaching the CCD detectors is optimal and noatipeal changes need to be made.
As reported by Kendziorra et al. (2000), the EPIC pn-CCD detemmtoxMM-Newton was used

to measure the proton spectra of solar events and the resultsedhtypical fluxes of
0.2 protons ¢ s* between 100 keV and 200 keV. Given these measurements, it would take
2.5x 10° s (~29 days) of continuous staring at such events to sustaitotilechanges in CTI

given in Table 5.4.
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Figure 5.12 The pre-launch predicted and on-orbit measured Mngéarallel CTI change over
time for the CCDs of MOS2
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5.7.  Summary

This chapter has described an investigation into the effefctew energy protons on CCD22
devices, the same devices as those used in the EPIC MOS atsteftthe XMM-Newton

spacecraft. The CCD22 structure and irradiation methodology havegdresented followed by a
detailed discussion of the radiation damage induced CTI chategesed by the irradiations. The
development of a computational model to simulate the CTI chatgeésdsulted from the proton
irradiations has also been presented and shown to produce usefis.réheltsoft proton damage
component to the on-orbit CTI measurements taken from the EPIC d®Bes was found to be
small, the current operation of the spacecraft during sel@nts being sufficient to keep the
observed CTI change comparable to that expected pre-launch. Thecimepter presents a
detailed investigation of a specific radiation induced phenomenon, th#itigfiating bright

pixels. The irradiation of two CCD47-20 devices is describedpfedid by an in-depth analysis
of the collected data and a discussion of several modelsgowafd to explain the mechanism

behind fluctuating pixels.
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Chapter 6: Random Telegraph Signals

This chapter investigates fluctuating pixels resulting fra@moton irradiation of two E2V
Technologies CCD47-20 devices. The device structure is dedcribbst followed by a
description of the experimental set up and the irradiations carrieddquieliminary study of one
device is then presented followed by a detailed investigaticituofuating pixels in the second
device. The characteristics of flickering pixels are diseasin detail and the proposed models

explaining the mechanism behind the phenomenon are viewed in light of thetedltiata.

6.1. Introduction

The generation of bright pixels as a result of irradiationao€CD has been discussed in the
preceeding chapters of this thesis. This chapter deals wipeaific type of radiation-induced
bright pixel; those observed to have a fluctuating charge level apparent random nature of the
fluctuation period has resulted in such pixels being called ‘flicige pixels’ which are said to
exhibit ‘Random Telegraph Signal’ (RTS) behaviour. The term RIBS also been applied to
‘flicker’, or ‘1/f noise, as described in Chapter 2 (KandidB85, Kandiah et al. 1989). Flicker
noise, however results from electron and hole emission and eafpum interface traps adjacent
to the channel region of any CCD FETSs, while the RTS phenomena shaldy in this chapter
are shown to result from bulk traps, showing well defined time @omistand characteristics
independent of the surface conditions of the CCD. Little sthdg been made of the RTS
phenomenon, the main reference sources for information being thishedb papers by Hopkins
and Hopkinson (1993, 1995) whose investigation of RTS was initiated aslagtsther authors
reporting CCD pixels exhibiting fluctuating dark current lessé¢Grour et al. 1986, Marshall et al.
1989).

The period of amplitude fluctuation is shown later in this chapteibe proportional to the
temperature of the CCD. As the operational temperature dévice is reduced, the mean time
constants for the low and high amplitudes of the fluctuation areeased. CCDs used in X-ray
applications are usually cooled to around -@where the mean time constants are of order
several days and will not cause significant concern in theectiin of data. RTS pixels are
however still observed at such low temperatures, for exampie & background events in the
MOS 2 camera of XMM-Newton, operating at -120, are the result of flickering pixels in 5 of
the 7 CCDs (Ballet 2003). At temperatures above °20the time constants become of order

hours and start to become more of a problem in data analysis. RiT&leady caused significant
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problems for the optical CCD detectors of the GOMOS instrument oEMMISAT satellite and
may also become more significant in future X-ray missions white trend is for warmer
operation CCDs, for example the Demonstration of a Compact Ima¥ingy Spectrometer
(D-CIXS) instrument on the SMART1 mission to observe the Moon aisd subsequent

development for the Bepi Colombo mission to Mercury.

The mechanism behind RTS is still not well understood and théwescribed in this chapter
was initiated to provide information to improve the current piga models of RTS. This
chapter first describes the CCD47-20 devices used for the sdndythe proton irradiations
carried out before describing the techniques used to chara&cteesresulting pixels exhibiting
RTS behaviour.

6.2. CCD47-20 Structure
The E2V Technologies CCD47-20 is a front illuminated frame ti@nslevice that can be

operated in inverted mode to suppress dark current. The image @mdssictions of the CCD
each contain 1024 1024 pixels of 13um square. The device characteristics are summarised in
Table 6.1.

Active image area 13.3x 13.3 mm
Image section 1024x 1024 pixels
Store section 1024x 1024 pixels
Pixel size: Image section 13.0% 13.0pm
Store section 13.0% 13.0pum
Readout register 13.0x 13.0pum
Epitaxial silicon thickness 20 um
Resistivity 20—-30Q cm
Spectral range 400 — 1100 nm

Table 6.1E2V Technologies CCD47-20 characteristics
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6.3. lIrradiation of CCDs

Irradiation of one CCD47-20, device number 9211-5-3, was carried out tisen@irmingham
University cyclotron facility described in Chapter 4. The samedrdefy techniques were again
used, the error associated with the dosimetry of each itiadidaken to be ~20 %. Two
irradiations were carried out with CCD 9211-5-3 at room temperatui@5 MeV proton beam
was used to give a 10 MeV equivalent proton fluence of<L1%’ protons crif to one third of the
CCD. The rest of the CCD was covered with an aluminium shieldorevent the protons
damaging that part of the device. It should be noted that the storeseétihe CCD47-20 has its
own aluminium shield, although this is not thick enoughuml to stop the protons passing

through it.

A second irradiation was carried out with two thirds of th€Z shielded with aluminium while
the rest of the device was irradiated through 100 of copper foil. The copper had the effect of
reducing the mean energy of the proton beam to 2.0 MeV. The sameffiiotons was given to
the CCD as for the 6.5 MeV irradiation. The 10 MeV equivalent protoarfce given in this case
was 3.6x 10° protons crif. For the second irradiation the photodiode was also covered with
100um of copper in order to measure the same proton flux and meanyeagithat reaching the
CCD. The central part of the CCD remained unirradiated esrdrol area. The shielding regime
and 10 MeV equivalent proton dose received by each area of d&wit#-5-3 are shown in
Figure 6.1. The exposure time for each irradiation was ~80 seconds.
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Figure 6.1 A schematic showing the proton irradiated areas of devicebeur8211-5-3 and the

associated 10 MeV equivalent proton doses received
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A second CCD47-20, device number 9211-4-4, was irradiated using theatedit0 MeV
proton damage beam line at the tandem Van de Graaff acamiefatility run by AEA

Technologies in Harwell, UK. Figure 6.2 shows a schematic of the Harwalidine.

Scattering
Foil

LI 1 e
|_|_| /|_| Beam

Faraday
Cup

Rotating O
Target Solid State
Plate Detector

Figure 6.2 A schematic of the Harwell tandem Van de Graaff beam line

Before irradiation, an even distribution of protons across #rget area was achieved and
verified by use of a series of scattering foils. By ratgtithe sample plate out of the beam, the
charge accumulated in the Faraday cup at the end of the beamnththe number of scattered
particles in the solid state detector were used to deterrh@aamber of particles reaching the
target area. This calibration was carried out by Harwtffsand was used to determine the
exposure time needed to give the required proton dose to the target detétdosimetry error
associated with each irradiation was taken to be ~20 % based erbgéam uniformity
measurements. An E2V Technologies CCD02 device was also irddiathe same way as the
CCD47-20 device to provide a rough check that the proton flux redeies in agreement with

previous irradiation studies.

The CCD was mounted onto the sample plate and rotated into thenpbetam for irradiation,
with all CCD pins grounded to avoid static damage. The irragiiatvas carried out at room
temperature under vacuum. The shielding regime and 10 MeV eqoivateton dose received
by the irradiated area of device 9211-4-4 are shown in Figure 6.3.eXpesure time for the

irradiation was ~10 seconds.
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Figure 6.3 A schematic showing the proton irradiated area of device nurf@bgl-4-4 and the
associated 10 MeV equivalent proton dose received

6.3.1. Dark Current Changes

The mean dark current level increased in the areas of e@dh tGat were irradiated. Figure 6.4
shows the average pixel amplitude in each column of the two CCDshwduales with the mean
energy and the fluence of the protons received by each irradatea. The increase in dark
current resulting from the 1.8 10° and 3.0x 10° 10 MeV equivalent proton doses given at the
two different accelerator facilities are comparable tohwi the 20 % dosimetry error. The dark
current increase in the area of device 9211-5-3, irradiated thr@0 um of copper foil, is far
higher due to the very large number of bright pixels generatetid210 MeV protons increasing
the average pixel amplitude in these columns. The ‘curve’ ofitteih the 2.0 MeV irradiated
region is due to the copper foil being positioned at a slightly efftical angle across the device.
At a temperature of 24C, the unirradiated region in the centre of device 9211-5-3 hddrk
current level of ~2600 electrons, while the dark current lefetsthe 6.5 MeV and 2.0 MeV
mean proton energy irradiations were ~3400 electrons and ~14,000roekecper pixel
respectively. The dark current level of device 9211-4-4 increased f2#00-to ~2900 electrons.
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Figure 6.4 Each graph shows the average pixel amplitude of 1000 rows imihgé section of
the proton-irradiated CCDs

6.4. Preliminary RTS Study

An initial RTS analysis of device 9211-4-4 was carried out to sssige general characteristics of
the radiation-induced RTS pixels. This information was then usedkasis for the development
of CCD sequencer and analysis software designed for a moritedettudy of device 9211-5-3.
The 600 brightest pixels of the CCD were selected and monitoreg é2eseconds over a period
of 12 hours. The CCD was stabilised at a temperature ofGl@uring data collection. Of the 600
pixels studied, 342 were found to exhibit a fluctuating charge levelurgi§.5 shows a section of
the irradiated area of the CCD showing the uniform spread efdhserved bright pixels and
fluctuating pixels resulting from the irradiation and demonstigathe uniformity of the Harwell

proton beam.

95



CCD Row Number

1000

@ + +
+ i + + @*
9007jrr @+ o @ o @ s+
@@ + + et
+ +
80| @ ® ¢ ® + ®
® , +, to + . +@
700 | ® ot O+ 8 ®
+ + + +
.+ +®¢® + Bright Pivel
600{ , @ + +
® ® + ORTS
¥ + + 7 ++® +
@7 4 + 4+
500{ @ e + .
F @ @ i@ @++
400 - (Chu +
I o%e
t o+
300 - ety N ¢éé + 4 +
*+ + :t +1 +
200 M ‘ + O ‘ *

CCD Column Number

35

Figure 6.5 The post-irradiation distribution of bright pixels and fluctuatipixels in device

9211-4-4

A number of different types of fluctuation were observed that chalatlassified into one of five

different categories. For each classification the amplitufl¢he oscillation or transition was

above o of the mean pixel level of a ‘Flat’ reference bright pixelherec was 50 electrons, and

the noise distribution was Poissonian in nature. The categorége called: Wave, Bi-Stable,
Multi-Stable, Bi-Stable with Wave, and Stable. The characterisfiesch are described below:

* Wave: The pixel amplitude varies with a sinusoidal oscillation.

« Bi-Stable: The pixel shows sharp amplitude transitions between 2 distivelsl

* Multi-Stable: The pixel shows sharp amplitude transitions betweererthan 2 distinct

levels.
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¢ Bi-Stable with Wave: The pixel shows sharp amplitude tréms#t between 2 distinct
levels while the amplitude also varies in a sinusoidal fashion.

* Flat: The pixel shows no oscillatory nature, or transitions, #natvisible above the pixel
noise.

Examples of each fluctuation type are shown in Figure 6.6, spacen awbid overlap. Gaps in
the data were caused by loss of frame synchronisationhort eriods during data collection.
The number of pixels in each of the five categories is shown in Table 6.2.

Classification Number of Pixels % of Total Pixels
Stable 258 43.0
Wave 71 11.8
Bi-Stable 150 25.0
Multi-Stable 22 3.7
Bi-Stable with Wave 99 16.5
Total 600 100

Table 6.2The number of pixels exhibiting different types of fluctuatidmmm a total sample of
600 pixels

The pixels classified as ‘Bi-Stable’ pixels in this studgne RTS pixels exhibiting standard RTS
behaviour (Hopkins and Hopkinson 1993), the amplitude of the pixel switchatgreen two
distinct levels. The high and low state time constants were priadorty of order several tens of
minutes to hours at the -1 monitoring temperature. This is in agreement with previouskwor
that investigated the affect of temperature on RTS pixdigwing that the time constants
increase as the temperature is lowered, the time betweagtitade changes becoming many

hours and even days when operating at®@Hopkins and Hopkinson 1995).
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Figure 6.6 Examples of recorded random telegraph signals from a CCD47-20topek a

temperature of -16C

Pixels showing more than two distinct amplitude levels wes® albserved and classified as
‘Multi-Stable’ pixels. Of the RTS pixels generated afteofon irradiation, ~3.5 % were ‘Multi-
Stable’. This is comparable to measurements made in previoaggestwhere the fraction of
generated RTS pixels exhibiting multi-stable behaviour aftadiation with different 10 MeV
proton doses was found to be between ~1 % - 15 % (Bond 1996).

The smooth oscillation observed in a number of pixels had a peried@iminutes, and was due

to thermal drift introduced by the temperature controllere Tdmplitude of the oscillation
increased proportionally with the mean pixel dark current |dyetoming visible above the noise
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in all pixels with a mean dark current level above ~2200 tetes. The oscillation is not a
radiation induced effect, and removing the ‘Wave’ classificafiam the collected data reveals
that ~45 % of the monitored pixels had generated RTS chaistater This is in good agreement
with a study involving E2V Technologies CCD02 and Hamamatsu S5466 Q@dkated with
neutrons TCf), where the fraction of generated bright pixels exhibitinfSRproperties was
found to be 40 % (Stefanov 2001).

6.5. Development of Analysis Software

The results obtained from the preliminary study indicated thatRTS pixels were behaving as
expected but also indicated ways of improving the method of analysiterBemperature control
hardware was obtained to remove unwanted oscillations from the d&ise a novel CCD
sequencer program was developed to remove the synchronisatioemroausing data loss and
decrease the time between samples to 0.25 seconds. The reductlmm sample time was to
ensure that high frequency transitions were adequately sampledheknptactical problem
encountered during testing was the amount of time required to obtgm data sets for statistical
analysis. Previous studies have shown that the time constarf®f® pixels decrease with
increasing temperature (Hopkins and Hopkinson 1993). The same numbeitdies from high
to low charge state can be observed in ~1 hour atGt6ompared with 12 hours at -£C. The
data collected from device 9211-5-3 was therefore taken at teypes in the range 4% to
55°C.

The new CCD sequencer code allowed readout of individuallycssleCCD rows in 0.25 second
intervals. The resulting images revealed any RTS pixelthhnCCD, showing the variation in
pixel amplitude over time for each pixel in the selected rdwhe device. Figure 6.7 shows an

example of a recorded CCD image taken atGausing the RTS analysis sequencer program.

99



RTS Pixels

by 1

Bright Pixel

<— Time (seconds)

25

50 300
CCD Column Number

Figure 6.7 An image taken using a sequencer program that only readpixels in a selected
row of the CCD. Each row in the image is recorded at 0.25 secordvals revealing the change

in amplitude over time of RTS pixels

Each column in the recorded images was then input into RTS asaghivare that characterised
the number of distinct amplitude levels present by convolvingnieasured amplitude spectrum
with a matched Gaussian and observing the number of peaks antidrouthe gradient of the
convolution. The matched Gaussian was generated by fitting a @aussction to the average
amplitude spectrum of 10 ‘stable’ pixels. The raw data and ttiedf Gaussian function are
shown in Figure 6.8. The analysis software allowed the associafieaah CCD pixel with a
number of distinct amplitudes, giving the mean ADC value of eachliamde level and the time
between amplitude switches. The four panels of Figure 6.9 illusthegeoutput from the RTS
analysis software showing the raw pixel amplitude variaberr time, the measured amplitude
spectrum, the convolved amplitude spectrum and the gradient ofotihelution. The raw data
used for the figure is that of a 2-level RTS pixel, the twstithct amplitude levels being clearly

resolved by the analysis software.
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The following bullet points summarise the steps taken to charaetRisS pixels:

 CCD row selected and RTS sequencer used to obtain an image of the amyditiadion

over time of all the pixels in the row

e Each column from the recorded image is read into the RTS analysis seftwa

» Variation in pixel amplitude over time plotted

e Amplitude spectrum recorded and plotted

* Amplitude spectrum convolved with a matched Gaussian function and plotted

« Gradient of the convolution plotted and used to determine the number of distinct

amplitude levels present

* Time between amplitude switches recorded for each distinct ardplievel

250

71| © Average data from 10 'stable’ pixels

4 | —— Gaussian fit
200 A
150

100 A

50
1 <
04 00? — &K%Q,O,

180 230 280 330
Amplitude (ADC value)

Counts

Figure 6.8 The average amplitude spectrum of 10 ‘stable’ CCD pixelgditvith a Gaussian
function. The fit shown has a of 10 and was used as the matched Gaussian in the RTS analysis

software
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Figure 6.9 Output from the RTS analysis software showing the sensitioftyhe software to
picking out the number of distinct amplitude levels present in #ve pixel amplitude data. The
raw data was recorded with the CCD operating atG5

6.6. Characterisation of RTS Pixels

6.6.1. General Properties

From a sample of 1800 pixels in the 36L0° protons crif irradiated region of device 9211-5-3,
the number of RTS pixels and the number of distinct amplitude ¢eirekach RTS pixel were
recorded. The number of amplitude levels was investigated to deteiftireeoccurrence of RTS
pixels with more than two amplitude levels scaled with theistiaal probability of more than
one RTS defect occurring in a given pixel. If the measured number of 3 or 4 levepReES was
the same as the number expected by the statistical probahllifiyctuating pixels should be the
result of one or more 2-level transitions within a givenglixf the observed number of RTS
pixels with more than two amplitude levels was significantfgager than the expected number it
would indicate that RTS pixels with more than two levels dre tesult of additional processes.
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Figure 6.10 shows the variation in amplitude with time for an RTS pixel withentioan 2 distinct

amplitude levels.
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Figure 6.10Amplitude variation with time of a multi-level RTS pixel at 3G

An amplitude spectrum was obtained from raw data collected 3E56r each RTS pixel and the
RTS analysis software used for the detection of distingpl#ude levels. Figure 6.11 shows the
measured distribution of RTS pixels with 2, 3, 4 and 5 amplitudeléegad the statistically
expected fraction that should be present if the explanation fev@-or 4-level RTS pixels is
simply that two 2-level RTS phenomena are located within tineespixel. The observed number
of pixels showing more than two distinct amplitude levels is sigaiitly below the expected
value due to the level of noise in the data reducing the deteefficiency. Detection thresholds
from 50 to 100 were investigated, all producing data with the same powerflavNo clear
evidence that additional processes are responsible for therhigimeber of amplitude levels
observed was found, the most likely explanation for multi-lev&SRbeing a number of 2-level

RTS phenomena residing in a single pixel.

103



0.6

Pow er law fit to data

0.5 4 y =11.6x%4
04
03 Statistically expected fraction of 3 or 4 level pix els

Fraction of Total Pixels

Number of Amplitude Levels

Figure 6.11The fraction of RTS pixels exhibiting 2, 3, 4 and 5 distinct amplitude levels

To deduce if the RTS phenomenon could be linked to the high fieldnsgiithin a CCD pixel,
the ‘event’ size of the bright pixels containing RTS was istigated. If a high proportion of RTS
pixels were found to be located in single pixel events it woulddat that the defect causing
RTS is located in the inter-electrode or the channel stop higld fegions, where it is very
difficult for charge to diffuse into adjacent pixels. Iflarge proportion of horizontal or vertical
split events were observed, the defect causing RTS magobeentrated in the lower field
regions of a pixel, where the charge generated can diffuse ddjacent pixels before being
collected into the charge storage region.

From a total of 921 RTS pixels observed in the £.50° protons crf irradiated region of device
9211-5-3, only a very small number of the RTS pixels were locaidjdcent to another bright
pixel. Figure 6.12 shows the percentage of the observed RTS piagladghdifferent ‘event’
sizes. The number of 2 pixel events is consistent with the prbtyabf obtaining two single
events in adjacent pixels, providing evidence for the locabRTS in the inter-electrode or

channel stop high field regions.
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Figure 6.12The distribution of event sizes from a total of 921 RTS pixels

Further evidence for the location of RTS in the high fieldioms of a pixel can be obtained by
considering the physical structure of a pixel and the charge storajgansport volumes. Figure
6.13 is a diagram of the CCD47-20 3-phase pixel structure, indigatie charge storage region,
the inter-electrode and channel stop high field regions and the assboi@vement of charge for

the potential situation shown.
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Figure 6.13 The structure of a CCD47-20 pixel indicating the inter-elearagid channel stop
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Assuming the depth and width in each case to be the same, the rdie wblume of the charge
storage region in a CCD47-20 pixel during a single pixel trandfgr to the volume of the high

field region within,V,y, can be approximated by:

V Dtransfer

Cs —

Vhf th

(6.1)

Where Dyansier i the distance travelled during a single pixel transfer 8ndis the distance
travelled through a high field region during the transfer. Sulititiy in suitable values of 1@m
and 0.2um respectivelyV.4Vy: is found to be 65. If this value is comparableNg,,/Nxrs Where
Nraps IS the number of traps in a given sample of pixels &igsis the number of pixels in the
sample showing RTS characteristics, this provides indiegence that the RTS phenomenon

may be linked with traps located in the high field regions of a CCD pixel.

After irradiation of device 9211-4-4 with 8 10° protons crif, from an area containing 18400
pixels ~1.2 % had a charge level greater tharobthe mean dark current level. Of this fraction,
~45 % will exhibit RTS characteristics, i.e. ~100 of the sanmmiels. An irradiation fluence of
1 x 10° protons crif results in a CTI of ~% 10* electrons per pixel (Holland et al. 1991). For a
Mn Ka X-ray this CTI value results in the loss of a single etentper transfer through 3 pixels.
In a sample of 18400 pixels there will therefore be ~6000 trapghils instanceNya,dNgrs iS
found to be 60, comparable with thg4V; value 65 supporting the high field location of RTS

phenomena.

6.6.2. Amplitude Properties

The mean RTS transition amplitude over a 1 hour period was recotde@dQG intervals from

45 °C to 55°C for 85 RTS pixels. The transition amplitude is the change ik darrent level
from the bright pixel pedestal level to the high RTS amplitudel hour ~80 RTS transitions are
observed at 48C, the number increasing to ~150 at %5 Figure 6.14 shows histograms of the
observed amplitudes at 4&, 50 °C and 55°C. As temperature is increased the mean RTS
transition amplitude also increases with the distribution of atés becoming more widely
spread. The mean RTS amplitude at each measured temperatgiteovs) in Table 6.3.
Figure 6.15 shows an example amplitude versus time plot for angRdeb at the three different
temperatures, highlighting the transition amplitude change figinee also shows how the bright

107



pedestal amplitude increases with increasing temperatureesibh of the extra dark current in

the pixel.

Counts

RTS Amplitude (NnAcm )

Figure 6.14Histograms of RTS transition amplitudes of 85 RTS pixels at three tempesatu

Temperature’C) | Mean RTS Transition Amplitude (nA€m
45 0.60
50 0.75
55 1.05

Table 6.3The mean RTS transition amplitude at different temperatures
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Figure 6.15The variation in transition amplitude and bright pedestal énnbé with temperature
of an RTS pixel

A previous investigation into RTS pixels in a TH7895M devicethmixels of 19um? looked to
see if there was a correlation between the RTS transitigplitude and the dark current pedestal
amplitude (Bond 1996). No correlation was observed for the dataatetl at 10°C. Figure 6.16
shows the relationship between RTS transition amplitude andaler&nt pedestal amplitude for
24 RTS pixels of device 9211-5-3 at 46 and 55°C and also displays the data recorded by Bond
at 10°C (1996). As the temperature increases the spread in thevelsegansition amplitudes
becomes larger for higher pedestal amplitudes. A powerttandline can be fitted to all three
data sets indicating a power law relationship between the teanye of the device and the

spread in the transition amplitude and pedestal amplitude correlation.

The mean transition amplitude of 10 RTS pixels was evaluat@baC intervals from 45°C to
55 °C. Plotting the log of the transition energy as a function of 1/kT, the RTSnsition
amplitude was found to follow an Arrhenius relationship with a meativation energy of
0.53+ 0.13 eV. The results for 10 RTS pixels are shown in Figure 6.17. Tiweseassociated
with each data point are indicated for one data set and adse the temperature stability error
and the noise variation in the mean amplitude level of a giR&% pixel. This mean activation
energy value is comparable with the activation energy of &85703 eV found by Bond (1996)
and lies near the mid-band energy of 0.55 eV, indicating the E-centbear-center as the defect
most likely responsible for RTS.
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6.6.3. Period Properties

The period of time spent in the high and low amplitude statetngurach RTS transition was
recorded for eight 2-level RTS pixels. A ‘switch’ from onevel to another was defined as an
amplitude change above®f the mean dark current pedestal level of the given pixellghgth

of time at a given amplitude level was defined as the ‘periftta were recorded at 2%&
intervals from 45°C to 55°C. Figure 6.18 shows an example amplitude verses time plot for an
RTS pixel at the three different temperatures highlightimg high and low state period changes.
Figure 6.19 shows histograms of the recorded low and high periodurements at 4%C, 50°C

and 55°C. The bin size for the low state period histogram is 2 secondgtendin size for the

high state period histogram is 10 seconds.

5.00

4.50 -

/ I

|
‘ ! mﬁ “‘\ﬁ’“\“‘mv\\

| ) n
o ww ! \ S
! ) \

i g ‘ 0
400 4 oy B | 55 °C
]
|

3.50 A !

|
1 ‘ l AT | 50°C
I l
3.00 1 ] bl r\j i T

I ‘
n
1 ﬂ\%uﬂ\ qxﬂ ‘H “\Nh

Pixel Amplitude (nA.cm )

2.50 —m u T
Al

|
1 \ | \
2.00 1 MW o) W ‘l ““\““M " \ﬂ“m”m “*\J“ W* ”W‘

15 -7

Time (seconds)

Figure 6.18The variation in high and low state period with temperature of an RTS pixel

As temperature is increased the distribution of observed highl@amdstate periods becomes
narrower, the mean time spent in a high or low state becontinger. Chf fitting was used to
determine the time constant for each state at the fivesored temperatures. The mean time in
the low state was best fit by a single exponential in eade cBlotting the logof each measured
low state time constant as a function of 1/kT reveals amémius relationship with an activation
energy of 0.2 0.1 eV.

The high state data are better fitted by a combination of tepmeential functions, revealing one
time constant that varies with temperature in a simiay to that of the low state and a second
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time constant that varies more markedly. Figure 6.20 shows thH&Aius relationship of the two
high state time constants that have activation energies af 0.1 eV and 0.2+ 0.1 eV and also

shows the low state data. The error associated with eachpdatais shown. All three measured
period activation energies are within the measured error, atidig that an activation energy of
~0.2+ 0.1 eV is common to all three measured time constants. The Iy by Bond (1996)

found a single time constant for the low state and also onlyhgleitime constant for the high
state. In each case the period activation energy was found @0ke0.1 eV, much larger than

the observed value in this study.
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Figure 6.19 Histograms of RTS high and low state periods from a sampl& BITS pixels at

three temperatures

112



0.4

0.2 4

Eat=0.2+0.1eV

% Eat=0.1+0.1eV

-0.2

.04

Ln Time Constant

-0.6 4

O Low State
0.8 1| A High State 1 E.t=0.2£0.1eV
< High State 2
-1 ; . ‘
2.18E+20 2.21E+20 2.24E+20 2.27E+20 2.30E+20

1KT

Figure 6.20RTS high and low state period activation energies

6.6.4. Annealing

The possible link between the RTS phenomenon and the E-centre, majggsthe comparable
RTS amplitude and E-centre activation energies, was furthestigated by an annealing study.
Device 9211-5-3 was subjected to an unbiased anneal at a tempeshfi20°C for a period of

2 hours. The characteristic anneal temperature of the Eeéntr120°C. If the mechanism
behind the RTS phenomenon is linked to the E-centre, a significaction of the RTS pixels
observed before heating the device should have annealed when invelstifjate/ard.

Characterisation of 69 RTS pixels, of which 6 had >2 distinct andtievels, took place both
before and after the anneal. The characterisation involveddiegpthe amplitude of the selected
RTS pixels at 0.25 second intervals for 5 minutes. All the cteld RTS pixels were from the

3.6 10° protons crif irradiated area of the CCD. The data was collected 4650
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Post-anneal Classification Number of Pixels % of Total Pixels
RTS completely annealed 50 72.5
RTS partially annealed 3 4.3
RTS still present 16 23.2
Total 69 100

Table 6.4Post-anneal characteristics of a sample of 69 RTS pixels

Table 6.4 summarises the state of the 69 monitored RTS pixads thié¢ anneal. Of the total
sample, 28 % of the pixels still showed RTS characteristidsilen72 % were completely
annealed. This is comparable to the value of ~80 % obtained by Ho(l880) when annealing
bright pixels at 160C for 16 hours. The large fraction of RTS pixels annealednsfly supports
the case for the underlying mechanism behind the phenomenon being tonktezlE-centre. It is
also interesting to note that of the 6 RTS pixels with mibr@n 2 distinct amplitude levels, three
annealed completely while 3 only annealed 2 of their amplitudddeVéis observation strongly
supports the idea that multi-level RTS is the result of more thiae bi-stable defect occurring
within a given pixel, a single RTS defect annealing away radu¢che number of observed
amplitude levels by two in each of the observed cases. Figure &i@kssthe variation in

amplitude over time for six of the monitored pixels both before and afteradimge

Previous work by Bond (1996) observed changes in the amplitude and pédribanonitored
RTS pixels during a stepped anneal study. The study found that RiStsleare gradually
annealed, the time in the high state amplitude became increadimgy until it eventually
became infinite. In contrast, of the 50 RTS pixels that waamaealed in the work carried out for
this thesis, 42 displayed amplitudes very close or below theapneal low state amplitude. Of
the remaining 8 annealed RTS pixels, only 1 was annealed to aritadeplevel comparable to
the pre-anneal high state amplitude, the rest annealing to tahpllevels between that of the
pre-anneal high and low amplitudes.

There were 16 pixels that still exhibited RTS charactigsafter annealing. In each case the

flickering period and transition amplitude had decreased slightith the exception of 2 pixels
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where the RTS transition amplitude had become much larger thaastbefore annealing, as

shown in Figure 6.22.

Pre-anneal Post-anneal

Pixel Amplitude (arbitrary scale)
W)

Time (seconds)

A, B = Complete anneal of RTS; C, D =RTSstillpr esent;

E = Complete anneal of multi-level RTS; F=Partia | anneal of multi-level RTS

Figure 6.21 The amplitude variation with time of RTS pixels monitored befened after
annealing. The amplitude scale is arbitrary to allow the priegmn of the data, however the
relative amplitude scale of each data set is the same
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Figure 6.22 The amplitude variation with time of an RTS pixel showing agkincrease in

transition amplitude after annealing

6.7. Discussion

The RTS pixels observed after proton irradiation of CCD47-20 dsvidisplay very sharp
amplitude transitions between distinct levels with high time tamts and well defined activation
energies. After a 10 MeV equivalent proton dose of20° cmi?, approximately 45 % of the
bright pixels in the irradiated area show signs of dark curfieictuation between two or more
distinct amplitude levels aboves®f the mean dark current level. The spread of bright pixels and
pixels exhibiting RTS characteristics is uniform throughout #Hrea of irradiation. Of the
observed RTS pixels >90 % were isolated events, indicatingréehanism behind the RTS
phenomenon may physically lie inside the inter-electrode and chatagehigh field regions of a
given pixel. Consideration of the physical structure and the exiiethie high field regions within
a CCD pixel also support this hypothesis, the ratio of the chsigmge volume to the volume of
the high field region in a pixel being comparable to the ratithef number of traps to the number

of RTS defects observed within a pixel. These ratios are 65 and 60 respective
The number of RTS pixels with >2 distinct amplitude levelslasver than the statistically
expected number if >2 levels is the result of two or more 2{ldR€S mechanisms residing

within a given pixel. This is due to the thermal noise on the aankent level making it hard for

116



the analysis software to detect the distinct amplitudel$evEhis fact does however support the
idea that multi-level RTS is not due to a separate mechatisthat of 2-level RTS, the most
likely cause being a number of 2-level RTS being present withénsame pixel. The observed
partial annealing of multi-level RTS is also in agreemevith this hypothesis. RTS pixels
exhibiting 3 distinct amplitude levels and not a multiple of éhcbe explained not only by the
inability of the software to detect other amplitude levdi®wae the noise in the data, but also by
consideration of the magnitude of the high and low state amplitofleach defect in the pixel.
The observed pixel amplitude at any given time is the superpositfiaghe amplitude of each
defect in the pixel at that moment. If there are two bi-statbefects within a given pixel the
resulting pixel amplitude can show 4 amplitude levels or 3. Therobasen of 3 levels arises
when the transition amplitude of each of the bi-stable deféxtsvithin the measurement
resolution. A similar superposition argument can be used to deduce thatderthstable defects
within a given pixel, any number of amplitude levels between 4 and 8 can be eldserv

The RTS transition amplitude does not show a strong correlatitnthe dark current pedestal
amplitude, with transition amplitudes varying over a range ofnAlcii” for a given pedestal
amplitude at 45°C. As temperature is increased the dark current incredisesspread in the

observed transition amplitudes becoming larger for higher pedestaltadgdi

The above observed RTS properties indicate the likely mechdmi$imd RTS involves discrete
transitions between two states separated by an energy bafienumber of theoretical

explanations of the RTS phenomenon have been proposed and these models are described below

« Field Enhancement: The defect must be field enhanced, accounting for the largsitiam
amplitudes, low activation energies and correlation to bright pixete defect responsible
may be located in the inter-electrode or channel stop regiorss kel where the electric
field is larger due to Poole-Frenkel enhancement. Another stiggds that charge captured
by a defect may create an electric field around itself whtedn influences nearby defects.
However, the field created would not reach very far and ttsultimg number of defects
influenced would not be enough to account for the large trams&émplitudes seen. This idea

is also statistically unlikely if there are not many defects pnesethe silicon lattice.
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Multiple Defects: The high transition amplitudes may be the result of many bulk alefe
contributing charge at the same time. Work has shown thatndr&@@ defects would be
required to act together to generate the amplitudes seen arissihéory is thought to be
unlikely (Kirton et al. 1989).

Multi-stable Defect: The observed well defined time constants suggest that a stalile

defect, with two or more states separated by an energy hamigy be responsible for the
RTS phenomenon. The defect must be common as it is widely $agnand in some cases
before, proton irradiation of a device. There are however, no knoefects with the

appropriate activation energy and energy states. Normallyirties constants of capture and
emission of charge are thermally independent. This is nat for the observed RTS time
constants, which show a strong temperature dependence. The RTHisgvibhenomenon
therefore involves a mechanism that is independent of simptgren capture and emission

probabilities.

A Different Charge States

Energy

Stable
= Energy
Levels

Figure 6.23Energy verses defect configuration for a defect with two stabtesta and B

A proposed model is a multi-stable defect with the stable igordétion dependent on the

charge state: state A being stable for one charge siatkstate B being stable for another
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(Chantre 1989, Watkins 1991). The configuration can be flipped over thentait barrier
from state A to state B by thermal fluctuations. The energy levebohestate, along with any
field enhancement, will determine the level of thermally gated conduction band electrons
and therefore the dark current amplitude level. If one sisteearer the mid gap than the
other there will be two clear dark current levels observed afedd #nhancement. This model
can not explain the multi-level RTS pixels observed, if theg the result of a different
process to 2-level RTS, and also does not account for the secghgéiiod time constant
observed in the data. Figure 6.23 illustrates the proposed deafemhel charge state, state A
has the lower energy, while in the other charge state, state B has thedaergy.

Reorientation of the E-centre: This model was suggested by Bond (1996) and involves the
reorientation of the E-centre in a strong electric field. Témrrelation between RTS
behaviour and dark current spikes indicates that the defspbrsible for the dark current
spikes may also be the cause of RTS. The E-centre is a comméndbféct in proton
irradiated silicon and is generated in numbers large enough taiexle large fraction of
pixels exhibiting RTS after irradiation. It has been shown tlmgt E-centre in its neutral
charge state has an extra positive charge on the P-atom, emaesponding extra electron
orbital (Watkins and Corbett 1964). The defect has a resultipgldimoment, and the field
enhancement factor caused by the defect will depend on its ati@mtwithin the applied
electric field (Martin et al. 1981). The E-centre has beeneoled to reorient its axis, the
vacancy taking the place of any one of the four nearest sil@oms to the phosphorous
atom, moving through the silicon lattice by thermally overcomingeptal barriers (Watkins
and Corbett 1964). Figure 6.24 shows the structure of the silicorcdattontaining an
E-centre defect and one possible reorientation. The level df darrent generation is
dependent on the orientation of the defect within the appliedriefield. A movement of
the vacancy from a small angle to a large angle reldtivihe electric field vector will result
in large amplitude RTS signals and vice-versa.
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Figure 6.24 The silicon lattice containing an E-centre defect. The vagaran reorient itself
from its normal position nearest the phosphorous atom to a new naéegebly moving through
the lattice as shown

For this model to be viable, RTS time constants should be lebeed to the kinetics of
reorientation of the defect. The measured activation enerdies reorientation are
0.93 % 0.05 eV, higher than the observed &20.1 eV observed in the CCD47-20 study
presented. The model also explains the lack of a correlation batR&S amplitude and the
dark current pedestal, and lack of any direct evidence fod ®mhancement, as the model
assumes the amplitude is dependent on the defect orientatiothenetectric field strength.
Electric fields have however been observed to influence theemation kinetics of defects,
which may explain the large variation in time constants observed (Kimget979).

The models described above each provide explanations for a numbersefved RTS
characteristics, but not all. The reorientation of the E-aernrovides the most detailed
description of a mechanism to explain the RTS phenomenon, but doesamtra for the two

high state time constants observed in the data obtained foththéss. The work in this chapter
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has shown that the most likely model for RTS involves the Btee the high field regions of a

device and a single bi-stable mechanism.

6.8. Summary

This chapter has presented an in-depth study of fluctuating gixgloton irradiated CCDs. The
prevalence of the ‘Random Telegraph Signal’ phenomenon and thefackderstanding of the
underlying mechanism was described first, followed by descriptiaf the devices used for the
study. The irradiation methodology was then presented followed by-aepth analysis of the
induced RTS pixel characteristics. The RTS phenomenon was shobengtongly linked with

the E-centre and most likely physically located within thehhfigld regions of a device. A
number of models for the underlying mechanism have been presentedsnasie plausible

involving a single bi-stable defect configuration that can bentadly flipped from one stable

state to another giving rise to the amplitude and period charaaterigiserved.
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Chapter 7: Conclusions and Future Work

This chapter summarises the main conclusions of the threeestadrried out for this thesis and
indicates directions for possible future work in each case.

7.1. L3Vision Radiation Testing

To assess the potential of using L3Vision technology in spaceicapiphs, two E2V
Technologies CCD65 devices incorporating the L3Vision technolegpe irradiated with proton
fluences representative of total mission fluences recebyedpacecraft operating in low Earth
orbit. The main conclusions of the study are given below:

« After irradiation the two devices were shown to operate as expectedheittesulting
increase in dark current and number of bright pixels generated by eachtioadiaing

comparable to previous proton irradiation studies on other devices.
e The L3Vision gain register operated normally after proton irradiation

« Bright pixels generated in the gain register appeared not to be locatea igthfield
avalanche regions as they exhibited similar characteristidgetbright pixels generated

in the image section of the device.

The study has revealed no significant problems inhibiting uke of L3Vision technology in

space applications although there is a need for further proton irradiatidies involving a larger

number of devices to improve on current statistics and deducerifgat defect generated in the
avalanche region of a pixel in the gain register can caledce failure. A proton irradiation

study of a batch of ~25 CCDG65 devices featuring the L3Vision teldgyois currently being

planned to address this question.

7.2. The Effect of Low Energy Protons on CCDs

The impact of low energy protons on the operational charadteyisit CCD22 devices was
investigated to assess the damage contribution of low energgradd the observed on-orbit
CTE degradation of the EPIC MOS devices of XMM-Newton. The main kmngns of the study

are:
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« Protons with energy of order a few keV cause more damage than that ekxpgdte
Non-lonising Energy Loss function as they deposit the majority of their eneitinn
the CCD.

« The greatest amount of damage to the buried channel is associated withhbst
amount of energy deposited within it, the most damage caused by protons of ~220 keV

which come to rest within the CCD buried channel volume.

* The component of the observed CTE degradation of the EPIC MOS devices of
XMM-Newton attributed to soft protons is small, <20 %.

« The operation of the XMM-Newton spacecraft is optimal for keeping thiemoton flux
reaching the EPIC MOS CCDs to a minimum.

The study also resulted in the development of a computational model thhkeassed to simulate
the CTI expected after irradiation of a CCD with low energy protdmgut to the model involves
specifying a representative CCD structure, in this caseC22 device, and can therefore be

used to model other CCD devices in the future.

7.3. Random Telegraph Signals

A detailed investigation of the ‘Random Telegraph Signal’ phenomdrambeen carried out
with a number of new findings being made. The study involved tragliation of two CCD47-20
devices with protons, and the subsequent development of detaileciarnsdftware to allow the
characterisation of radiation induced RTS pixels. The main firglsfghe RTS investigation are

as follows:

« Approximately 45 % of bright pixels generated after proton irradiation exhib% R

behaviour.

¢ The observed RTS pixels exhibited amplitude and period behaviour comparable to

previous studies.
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¢ Occurrence statistics and annealing results show the mechanism fonfRRil&is two
distinct amplitude levels, RTS pixels with >2 amplitude levels beingéselt of more

than one such bi-stable defect residing within the pixel.

* The large amplitude variations associated with RTS pixels indicatRTi®phenomenon
is linked with the high field regions of a CCD pixel. Consideration of the lpgkeicture,
the charge storage volume and extent of the high field region within a pixesalgport

this finding.

* The large number of RTS pixels generated after irradiation and thedangant of RTS
pixels annealed at 12 provides strong evidence that the underlying mechanism
behind RTS is linked with the E-centre. The RTS amplitude activatienggrwas found
to be around mid-band, 0.530.13 eV, also supporting the link with the E-centre which

lies at 0.44 eV below the conduction band.

Future work will involve the use of a proton microprobe to ‘ictfeprotons into specific regions
of a CCD pixel allowing direct measurement of the location ofjbtiand RTS defects within the
volume of a pixel and accurate correlation with the high fiedd aharge storage regions (Simon
2003).
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