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Abstract

This thesis is concerned with the effects of radiation damage in CCDs used for space
applications. The manufacturing process and operational principles of CCDs are presented in
Chapter 2. The space radiation environment, the two radiation damage mechanisms relevant to
CCDs, and the effects of radiation on the operational characteristics of CCDs are described in
Chapter 3.

Chapter 4 presents a study to assess the suitability of novel low light level L3Vision CCD
technology to applications in space. Two L3Vision CCDs were subjected to proton irradiations
representative of doses expected to be received by spacecraft in low Earth orbit. Post-irradiation
the devices were found to operate as expected, the effects of radiation on the operational
characteristics of the devices being comparable to previous studies.

The effect of low energy protons on CCDs is the subject of Chapter 5. The study was initiated in
response to the finding that soft protons could be focused by the mirror modules of the
XMM-Newton spacecraft onto the EPIC CCD detectors. Two EPIC devices were irradiated with
protons of a few keV to find that soft protons cause more damage than that expected by the
Non-Ionising Energy Loss damage relationship, as they deposit most of their energy within the
CCD. The observed change in CTI of the EPIC devices on XMM-Newton is however
comparable to the pre-launch prediction, and the component attributable to low energy protons is
small, <20 %.

Chapter 6 presents a study of a specific radiation induced phenomenon, ‘Random Telegraph
Signals’. Development of analysis software and the irradiation of two CCDs are discussed before
a detailed characterisation of the generated RTS pixels is presented. The study shows that the
mechanism behind RTS involves a bi-stable defect linked with the E-centre, 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 been recognised.

Semiconductor imaging detectors are generally smaller and require less power than gaseous and

solid-state scintillation detectors, demonstrating better signal-to-noise, energy resolution and

linearity over a wide energy range. In the 1960’s semiconductor technology had progressed to a

point where metal-oxide-semiconductor (MOS) devices could be combined into large arrays that

allowed the storage and transport of charge through the many elements of the array. These

charge-coupled devices (CCDs) had a number of applications in the electronics world in the form

of memory storage components and analogue signal processors, but it was the development of

silicon CCDs for use as imaging devices in the mid 1970’s that gained the interest of NASA.  By

1978 NASA had produced imaging CCDs of 5002 pixels with noise levels below 10 electrons and

by 1989 devices with 8002 pixels with improved signal-to-noise and operational reliability were

being manufactured and considered for potential instruments on upcoming space missions.

The launch of the Galileo mission to Jupiter in 1989 and the Hubble Space Telescope in 1990

resulted in the first astronomical images to be obtained from charge-coupled devices (CCDs)

operating in space. The effects of the space radiation environment on CCD operational

characteristics were also observed for the first time. The affect of radiation on CCD imagers had

been studied since their initial development, however measurements from the devices in space

revealed a number of new unexpected effects on device performance and output noise. The

composition of the space radiation environment is complex and dependent on spacecraft orbit and

solar activity. The major limitation to CCD reliability arises from damage caused by the space

radiation environment which in extreme cases can render a device inoperable. Study of the space

radiation environment and its effects on CCDs had begun and is the subject of this thesis.

CCD detector technology has advanced through the nineties with the development of many

techniques to improve the radiation tolerance of devices and improve their spatial and spectral

capabilities. CCDs have been used as optical and X-ray detectors on a large number of space

missions and they emerged as the preferred detectors in all the X-ray missions of the nineties.

The current trends in astronomy detector requirements are for increased imaging area, smaller

pixel size, increased charge collection efficiency, faster readout and lower noise. These goals all
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lend themselves well to the continuing development of CCD technology with CCDs being chosen

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

To date the largest CCD focal plane instruments operated in space are the twin European Photon

Imaging Cameras (EPIC) cameras of the X-ray Multi Mirror (XMM-Newton) spacecraft, each

composed of 7 individual CCDs. Focal plane instruments comprised of many more CCDs are

envisioned for future missions to fulfil the demand for increased focal plane size. The main

astrometric mapper instrument of the GAIA mission is composed of 160 CCDs covering a focal

plane area of ~0.5 m2, while the wide field imager CCD array planned for the X-ray Evolving

Universe Spectroscopy (XEUS) mission consists of 16 CCDs optimised for X-ray detection.

These missions are scheduled for launch in 2010 and 2015 respectively. The size of these planned

instruments necessitates detailed radiation studies of the environment 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 testing of state of the art detectors to

deduce their suitability for up coming space applications. There is also a need to analyse data

obtained from CCD detectors currently in orbit to improve understanding of how the space

radiation environment affects device operating characteristics and to characterise specific

radiation damage phenomena. Long term measurements of on-orbit device degradation are now

available from several spacecraft in different orbits for comparison with data obtained from

ground based radiation experiments and modelling.

1.2. Research Goals

The work carried out for this thesis is comprised of three separate CCD irradiation studies. The

aim of the first study was to assess the potential of using new E2V Technologies L3Vision CCD

technology for space based applications. L3Vision CCDs feature a novel structural design that

can reduce the effective readout noise of the device to less than one electron while operating at

MHz pixel rates. This attribute is particularly useful for low light level (‘L3’) imaging

applications. Two L3Vision CCDs were subjected to representative mission doses of protons and

the effects of irradiation on the operational characteristics of the devices were investigated.

The second study examined the effects of low energy proton irradiation of E2V Technologies

CCD22 devices. This is the same type of device used in the EPIC focal plane instruments of the

XMM-Newton spacecraft. The investigation was carried out in response to the discovery that soft
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protons could be focused by scattering interactions with the mirrors of the Chandra (formerly

AXAF) satellite onto the focal plane of the AXAF CCD Imaging Spectrometer (ACIS)

instrument. The XMM-Newton spacecraft has a similar mirror structure to Chandra and is subject

to the same focusing problem. A critical need for characterisation of the possible damage caused

by different soft proton fluences was addressed with this work both experimentally and

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

The third radiation study involved the in-depth study of a particular radiation induced

phenomenon in CCDs, fluctuating bright pixels, or ‘Random Telegraph Signals’ (RTS). RTS

pixels have been observed in many CCD types as a result of irradiation and the underlying

mechanism is not well understood. A detailed study of the phenomenon in two E2V

Technologies CCD47-20 devices was carried out to obtain a better understanding of the

characteristics of RTS pixels and to improve on the current accepted model of the underlying

mechanism.

The work carried out for this thesis was funded by a Co-operative Award in Science and

Engineering (CASE) studentship from the Particle Physics and Astronomy Research Council

(PPARC) in collaboration with E2V Technologies (formerly Marconi, formerly EEV) of

Chelmsford, Essex, England.

1.3. Thesis Organisation

There have been a number of theses on different aspects of CCD studies produced by the group at

the University of Leicester including an investigation of the feasibility of detecting X-rays with

conventional video CCDs (Lumb 1983), the use of high resistivity silicon in CCDs to improve

high energy X-ray detection efficiency (Chowanietz 1986), radiation damage effects in CCDs for

space applications (Holland 1990), the soft X-ray response of CCDs (Castelli 1991),

three-dimensional modelling of astronomical CCDs for X-ray and UV detection (Kim 1995), fine

structure effects in CCDs developed for the JET-X instrument (Keay 1997), device modelling of

CCDs for the CUBIC mission (Hutchinson 1999), the use of CCDs for X-ray polarimetry (Hill

1999) and the use of CCDs for exotic atom X-ray spectroscopy to determine the charged pion

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

The work in this thesis continues the CCD theme with a further investigation of radiation damage

effects in CCDs, in particular the effects of proton irradiation on novel devices for low light level
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applications, the effects of low energy protons on the EPIC MOS CCDs of XMM-Newton and

the underlying mechanism behind radiation induced fluctuating CCD pixels.

The thesis is organised into seven chapters including this introduction. Chapter 2 describes how

CCDs are manufactured, the structure of the different types of device available, how CCDs store

and transport charge, CCD noise sources and how a CCD detects photons. A number of terms

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

Chapter 3 outlines the space radiation environment and its effects on CCD operational

characteristics. The various components of the space radiation environment are discussed before

the two important radiation damage mechanisms for the study of radiation damage in CCDs,

ionisation and displacement damage, are described.

Chapter 4 is an investigation of the effects of proton irradiation of L3Vision CCDs to deduce the

suitability of this novel device technology for space applications. The device structure is

described, followed by a description of the proton irradiation experiments and the effect proton

irradiation had on the operational characteristics of the devices.

Chapter 5 describes soft proton irradiation experiments carried out on CCD22 devices, the same

as those of the European Photon Imaging Cameras of XMM-Newton, to assess the effects of

different low energy proton fluences on the device operating characteristics. The development of

a computational model to simulate the charge transfer efficiency changes resulting from the soft

proton irradiations is also presented.

Chapter 6 first describes an initial study of the ‘Random Telegraph Signal’ phenomenon in a

CCD47-20 device. This study was carried out to allow improvement of the experimental set up

and the development of analysis software for a far more in-depth study of the phenomenon using

a second CCD47-20 device. The detailed study is then presented, after which the proposed

theoretical models for explaining the mechanism behind RTS are discussed.

The final chapter, Chapter 7, recounts the main conclusions of this thesis and assesses the

possible directions for future work.
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1.4. Publications

Some of the results in this thesis are contained within the following 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 Meth., vol. A513, (2003), pp. 296-99 [Chapter 4].

Abbey, A. F., R. M. Ambrosi, D. R. Smith, E. Kendziorra, I. 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 EPIC-MOS CCDs”, Proc.

RADECS, (2001) [Chapter 5].

Ambrosi, R. M., D. R. Smith, A. F. Abbey, I. B. Hutchinson, E. Kendziorra, A. Short,

A. Holland, M. J. L. Turner, A. Wells, “The impact of low energy proton damage on the

operational characteristics of EPIC-MOS CCDs”, Nuc. Inst. and Meth., vol. B207, (2003),

pp. 175-85 [Chapter 5].

Ambrosi, R. M., A. D. T. Short, A. F. Abbey, A. A. Wells, D. R. Smith, “The effect of proton

damage on the X-ray spectral response of MOS CCDs for the Swift X-ray Telescope”, Nuc.

Inst. and Meth., vol. A482, (2002), pp. 644-52 [Chapter 5].

Smith, D. R., A. D. Holland, M. S. Robbins, R. M. Ambrosi, I. B. Hutchinson, “Proton induced

leakage current in CCDs”, Proc. 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 in Nuc. Inst. and Meth., vol. 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 Eddington”, in

press, Proc. 2nd Eddington Workshop, ESA SP-485, (2003) [Chapter 6].
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Chapter 2: The Charge Coupled Device

This chapter describes how CCDs are manufactured and the underlying principles of CCD

operation. Charge storage, transfer and readout are detailed for both surface channel and buried

channel devices. The various components of CCD noise are then discussed followed by the

definition of several terms used to describe a CCD’s operational characteristics.

2.1. Introduction

The charge-coupled device (CCD) was originally conceived by Boyle and Smith (1970) at Bell

Telephone Laboratories in the late 1960’s, and consists of a metal-oxide semiconductor (MOS)

capacitor array usually made of silicon. An electrode structure is fabricated over the surface of

the device that allows depletion regions to be formed under biased electrodes. Charge is collected

in these depletion regions and by changing the bias of subsequent electrodes of the device, the

charge ‘packet’ is transferred to an output circuit where the level of charge is measured. The

technique of transferring, or ‘coupling’, charge from one electrode to another has a number of

applications, for example analogue signal processing, high density memories and most

importantly, imaging devices (Barbe 1975). For use as imaging devices, higher quality

fabrication methods need to be employed to produce CCDs with fewer structural defects

(Jastrzebski et al. 1981). Such defects are not as important in signal processing and memory

devices where higher charge signals are used. In a CCD imaging device, charge is generated in

proportion to the incident light intensity by the process of ionisation. The signal charge is

collected in the depletion region of the MOS capacitors before it is transferred to the output node,

amplified and measured. The distribution of the collected charge in the CCD forms an electronic

image which is reconstructed after readout of the device. Since the initial design of the CCD

many improvements in fabrication methods and device structure have been instigated to produce

modern devices that can be used for high resolution imaging and spectroscopy in the X-ray and

optical wavebands while withstanding the rigours of being launched into space and subjected to

the space radiation environment for the duration of their operation.

This chapter describes how CCDs are fabricated and how a CCD collects, transfers and reads out

charge. The different noise sources are also described along with a discussion of the performance

parameters that characterise a device. Further information about CCDs and their applications can

be found in Beynon and Lamb (1980), Sze (1981), Howes and Morgan (1979) and Janesick

(2001).
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2.2. CCD Fabrication and Structure

A CCD consists of strips of polysilicon electrode formed into an array by the presence of

orthogonal ‘channel stops’ that prevent charge spreading along the length of the electrodes. Each

CCD pixel consists of a set of two to four electrodes, usually three, that when biased collect

charge and are used to ‘clock’ the signal packet to the readout node of the device. These ‘three

phase’ devices are the most common due to their high process tolerance and high yield, although

two and four phase devices are also available. Charge collected in the potential wells formed by

the biased electrodes and channel stops is stored under an oxide insulating layer at the surface of

the device. Such a device is called a ‘surface channel’ CCD. Figure 2.1 shows a section of a three

phase surface channel CCD.

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

storage area and different layers of the CCD

The idea of transferring charge in a ‘buried channel’ was first suggested by Boyle and Smith in

1970, with the first test structures produced by 1972 (Walden et al. 1972). The buried channel

device stores and transports charge a short distance, ~0.5 µm, below the Si-SiO2 interface, greatly

reducing the signal loss to lattice defects in the interface region. Impurity atoms in the silicon

lattice have associated discrete energy levels that lie between the conduction and valence bands

and it is here that the carriers can become ‘trapped’ (Grove 1967). Figure 2.2 illustrates the main
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defect complexes found in CCDs and lists some of their properties. Lattice defects are produced

not only during the CCD manufacturing process but are also created as a result of displacement

damage by energetic particles. Displacement damage is discussed in more detail in Chapter 3.

Figure 2.2 A diagram of the main defect complexes that form as a result of displacement damage

in CCDs. Details of the energy levels induced in the silicon band-gap and the approximate

annealing temperatures and activation energies are given. The energy levels are in eV measured

from the nearest band edge

The CCD fabrication process involves firstly growing p-type epitaxial silicon over a heavily

doped p+-type silicon substrate. The use of a heavily doped substrate has the advantage over bulk

silicon that intrinsic gettering occurs during processing, where defects in the epitaxial silicon

migrate to the substrate, increasing the purity and uniformity of the epitaxial layer and leaving

fewer cosmetic defects in the finished device. The image area of the CCD is then defined by

boron doping of the non-imaging area forming a p+ peripheral region. Charge from these areas is

swept away by contacts to an external power supply during operation of the CCD, therefore not

contributing charge to the image. The silicon surface is covered in a thermally grown oxide
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creating an insulating layer between the silicon and the polysilicon electrode structures that will

be placed on top. The buried channel is then created by ion implantation, usually phosphorous,

through the oxide layer to a peak concentration of ~5 × 1017 cm-3, creating a p-n junction with the

underlying p-type silicon. A silicon-nitride layer is then added to prevent contamination of the

underlying silicon during later manufacturing steps, prevent further non-uniform growth of the

oxide layer and improve the integrity of the electrical insulation of the two layers. A 1000 oC

anneal is then given to anneal displacement damage resulting from the ion implantation.

Photolithography processes are then used to build up the polysilicon electrode structures on top

of the silicon-nitride. Each electrode is deposited in turn with 0.2 µm to 0.3 µm of oxide between

each one, before a final layer of vapour phase grown oxide, ‘VAPOX’, is added to protect the

electrode structure from particle contamination. Contact holes are then opened up in the oxide

where bond pads and tracks to the electrodes and output register are needed and each device is

cut from the wafer to be wire bonded and packaged for use. A more detailed description of the

CCD manufacturing process is given in Morgan and Board (1983). A cross-section through a

surface channel CCD is shown in Figure 2.3 and a buried channel CCD cross-section is shown in

Figure 2.4. The electrode structure and various layers within each device are labelled.

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

electrode structure

10 - 100 µm
thick

~0.5 µm

~0.1 µm

~0.1 µm

p+ Substrate
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Figure 2.4 A cross-section through a buried channel CCD showing the charge storage region that

located away from the Si-SiO2 interface

The structure of a completed CCD is shown in Figure 2.5. The device shown is a ‘frame transfer’

device which has an ‘image’ section and a ‘store’ section. A device without a store section is

called a ‘full frame’ device. During readout of the collected charge, additional charge will be

accumulated if the image section of the CCD remains exposed to light. One method of preventing

this extra charge causing unwanted image smear during readout is to have a shutter that can close

over the image section, while another more commonly used technique is the use of a frame

transfer device with a shielded store section. In the frame transfer device the image charge is

transferred quickly to the store section of the device where readout can occur with no additional

charge being accumulated. This type of device also has the added advantage of allowing the next

image to be taken while readout is taking place.

µ
µ

m

p+ Substrate

~0.5 µ

~0.1 m

~0.1 m

m
thick

10 - 100 µ

~1.0 µm
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Figure 2.5 A schematic of a ‘frame transfer’ CCD. The arrows indicate the charge transfer

direction

2.3. Potentials in a CCD

2.3.1. The Surface Channel Device

Signal charge generated by incident photons is collected in the ‘depletion’ region under the

biased electrode in each CCD pixel. The potential applied to an electrode repels the majority

carriers forming the depletion region. It is useful to consider a single MOS capacitor to

understand the potentials and electric field in a CCD. Figure 2.6 shows the effect of electrode

bias on the energy bands of the underlying silicon. With no applied voltage the Fermi level, EF, is

the same in the semiconductor and the metal. When a voltage is applied to the electrode the

potential drops across the junction. Band bending occurs in the semiconductor as the EF level

stays flat as no current flows. If the bias voltage is made more negative the valence band bends

nearer to EF resulting in an increased concentration of majority carriers, holes in the case of

p-type silicon, developing near the Si-SiO2 interface. This situation is called ‘accumulation’. For

small positive bias the valance band bends away from EF creating a region depleted of majority

charge carriers. The depth of this region into the silicon increases as the applied voltage is

increased. This situation is called ‘depletion’. For large positive bias the intrinsic level bends
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below EF and minority carriers accumulate at the interface while majority carriers are removed by

a substrate connection. This situation is therefore called ‘inversion’. If the bias is increased

further to the point where the conduction band crosses EF, ‘strong inversion’, the number of

majority carriers at the surface becomes very high. The bulk silicon is shielded from the applied

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

Figure 2.6 The effect of electrode bias on the energy bands of the underlying silicon

Unbiased
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The potential profile in the depletion region of a uniformly doped p-type silicon CCD is related to

the dopant concentration, NA, by Poisson’s equation:

0
2

2

εε Si

AqN

dx

Vd = (2.1)

Where q is the electronic charge, εSi is the relative permittivity of silicon and ε0 is the relative

permittivity of free space. Integrating equation 2.1 with the boundary condition that the electric

field is zero at the depletion depth D, gives a linear expression for the electric field into the

device:

)(
0

Dx
qN

dx

dV

Si

A −=
εε

(2.2)

Integrating equation 2.2 with respect to x gives an expression for how the potential changes with

distance, x, into the silicon:

2

0

)(
2

Dx
qN

V
Si

A −=
εε

(2.3)

At the silicon surface V = VS and x = 0, giving an expression for the relationship between the

depletion depth and the surface potential:

0

2

2 εε Si

A
S

DqN
V = (2.4)

Therefore:

A

SSi

qN

V
D 02 εε

= (2.5)

Figure 2.7 shows the potential profile of a surface channel device with a 0.2 µm oxide layer on

silicon with a dopant concentration of 1 × 1015 cm-3 with 10 V applied to the gate electrode

(Holland 1990). Figure 2.8 shows the potential profile under two electrodes of a surface channel
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device modelled using the EVEREST Device Modelling Software for Charge Generation Events

(Fowler et al. 1998).

Figure 2.7 The potential profile of a surface channel device

Figure 2.8 The potential profile under two CCD electrodes in a surface channel device, one

biased, one unbiased, modelled using the EVEREST Device Modelling Software 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 n layer a depletion region is

formed. The depletion layer at the p-n junction between the n-type buried channel implant and

the p-type underlying epitaxial silicon, grows as the applied electrode voltage is increased. A

point arises where the depletion layers meet and any further bias on the n layer has no further

influence on the potential profile. This condition is called ‘pinch-off’ and results in the creation

of a potential maximum ~0.5 µm below the Si-SiO2 interface. Any increase in electrode bias will

increase the depth of the depletion region into the silicon but the potential minimum remains in

the same place. Solving Poisson’s equation numerically for different applied bias produces the

plot in Figure 2.9. The solid and dashed lines represent the potential profile under electrodes held

at 10 V and 0 V respectively, the dotted line showing the potential profile under an intersection of

both the channel stop and the 10 V electrode and the p+-type isolation columns (Holland 1990).

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 in the CCD is first moved down the

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

transfer and is brought about by sequencing the bias of the electrodes in each pixel. One cycle

results in all the charge packets moving down one row, the first packet moving into the readout

register which has one bias electrode held high to preserve the horizontal information.

Figure 2.10 shows a clocking sequence transferring charge from under one electrode to another.

In the initial stages of transfer, the charge is moved by self induced drift brought about by the

charge distribution concentration gradient. Once the charge distribution becomes more uniform

the fringing-field between the electrodes becomes the dominant influence on charge movement

(Hsieh and Luk 1984). A final factor influencing the flow of charge is thermal diffusion that may

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

Figure 2.10 The charge transfer process
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2.4.1. Charge Transfer Efficiency

For scientific imaging CCDs it is important to have good Charge Transfer Efficiency, CTE. A

reduction in CTE is caused by insufficient transfer time and by trapping of charge that is released

into following signal packets. The effect of bad CTE is seen as smearing of the sources in a CCD

image in the direction of charge transfer. The energy resolution of a device is also affected by bad

CTE, the deferment of charge from the source pixel leading to a broadening of the observed

spectral lines. When describing the transfer efficiency of a device numerically, it is useful to talk

about Charge Transfer Inefficiency, CTI, which is the fraction of total charge left behind after

transfer from one pixel to another, where:

CTECTI −= 1 (2.6)

Given suitable charge transfer time, CTI is dependent on the trapping and release time constants

of electrons and holes from the trapping sites, governed by Shockley-Reed-Hall theory (Shockley

and Reed 1952). In a buried channel device with a charge packet residing in the n layer, hole

capture can be omitted. The traps below mid-band are always occupied due to long electron

emission time constants and the traps above mid-band have long hole emission time constants.

For these reasons only the traps above mid-band are of interest where electron capture and

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

( )
kT

E
NNvNNnv

dt

dN
trappedcthntrappedtethn

trapped −−−= expσσ                   (2.7)

   capture       emission

Where Ntrapped is the number of trapped electrons at an energy level E below the conduction band

edge, σn is the electron capture cross-section, vth is the electron thermal velocity, ne is the density

of electrons in the conduction band, Nt is the density of traps, Nc is the density of states in the

conduction band, k is the Boltzmann constant and T is the temperature. The electron capture and

emission time constants are therefore given by:

ethn
capture nvσ

τ 1=
cthn

emission Nv

kT

E

σ
τ
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���

�
=

exp
(2.8)
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The electron capture time constant is dominated by the electron capture cross-section, while the

emission time constant is dominated by the trap energy level and temperature. In a steady state,

the fraction of traps filled, Γ, in a time, ∆t, is given by (Bond 1996):
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(2.9)

The electron trapping time is ~10 - 100 ns while the release time is dependent on the trap species

and can be of order a few 10’s of nanoseconds to seconds. If the release time is slow in

comparison to the pixel transfer time, charge smearing will be seen in the CCD image.

Figure 2.11 shows the effect of CTE on the signal charge packet.

Figure 2.11 The effect of CTE on a charge packet. Signal charge is lost from 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 readout register, each charge packet in the

row is clocked onto an output node for amplification and readout. The end of the serial register

and the output circuit are shown in Figure 2.12. A number of methods of readout 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 set to a reference voltage level. The

reset FET is then turned off while the bias on the last electrode in the serial register, the output

gate, is lowered allowing the charge packet to pass to the output node. The output node is of

n-type silicon and biased to form a deep potential well for collecting the signal charge. As the

signal charge is transferred to the output node, the voltage of the output FET, VFET, changes in

proportion to the number of electrons in the charge packet, if the output transistor is operated in

its linear region. This relationship is given by:

FET
T

FET G
C

Q
V

∆=∆ (2.10)

Where ∆Q is the signal charge level, CT is the total output FET capacitance (usually ~10 fF for

low noise CCDs) and GFET is the gain of the output FET (usually ~0.7). This readout process is

repeated for each pixel of the CCD. Usually a value of 1-6 µV per electron is obtained.

Figure 2.12 A 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 Beynon and Lamb (1980), Howes

and Morgan (1979) and Robbins (1992). The total CCD noise figure is the quadrature sum of the

following sources:

2.6.1. Photon Shot Noise

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

of energy, Eγ, is:

ω
γE

neh = (2.11)

Where ω is the energy required for generation of a single electron-hole pair. For silicon ω is

3.68 eV at -100 oC and 3.65 eV at room temperature (Bertolini and Coche 1968). This value is

higher than the silicon band-gap energy of 1.12 eV as phonons are produced as well as

electron-hole pairs. The statistical variation of neh given by Poissonian statistics is higher than the

observed variation. The difference is due to secondary electron-hole pair generation not being

independent and an empirical modifier to the Poissonian value, called the Fano factor, F, needs to

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

ω
σ γFE

Fnehshot == (2.12)

To enable X-ray spectroscopy, the overall CCD system needs to have a noise level not much

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

2.6.2. Reset Noise

Due to thermal noise in the reset potential. At -90 oC the reset noise can be ~100 electrons. The

reset noise is given by:

q

kTCT
reset =σ (2.13)
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This source of noise can be removed by use of Correlated Double Sampling, CDS, where the

reference voltage is measured and averaged over a finite time both before and after charge is

clocked onto the output node, the difference between the two levels being the signal charge

component (Hopkinson and Lumb 1982).

2.6.3. Transistor Noise

Due to thermal motion of charge carriers, ‘Johnson’ noise, and the trapping and release of

electrons in the conductive drain to source channel of the output FET, ‘flicker’ noise. Flicker

noise is also known as ‘1/f’ noise due to its spectral distribution which is proportional to 1/fα,

where α is close to unity (Sze 1981). Both sources of transistor noise can be 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 losses the transfer noise is given by:

εσ NNeCTI = (2.14)

Where Ne is the number of electrons in the signal packet, N is the number of transfers and ε is the

CTI.

2.6.5. Dark Current

Due to thermal excitation of electrons into the conduction band. These electrons will become

added to the signal charge packet introducing a noise component that is dependent on the

intrinsic carrier concentration, ni, and therefore temperature. Electrons can be thermally excited

into the conduction band from three locations within the CCD: from the depletion region, from

the bulk silicon field-free region and from the Si-SiO2 interface. The total dark current, Id, is

given by (Sze 1981):
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Where τ is the effective lifetime in the depletion region, Dn is the diffusion constant, Ln is the

electron diffusion length and s is the surface recombination velocity. The dark current

components from the depleted region and the interface have a temperature dependence of

( )kT
ESi

2exp − , where Esi is the silicon band-gap energy of 1.12 eV. The temperature dependence of

the dark current component from the field-free region is ( )kT
ESi−exp . The dominant component of

the total dark current is from the interface region.

It is common practice to operate scientific CCDs at a low temperature to reduce the dark current

contribution to the overall CCD noise figure. Operation of a CCD at -90 oC has been

demonstrated to reduce the dark current by 3 × 10-6 (Chowanietz 1987). The use of ‘inverted

mode’ operation also reduces the dark current by suppressing the contribution from the interface

region. The surface of the device is put into inversion, allowing the accumulation of holes at the

interface, which then combine with thermally generated electrons from interface generation sites,

reducing the dark current by a factor of >100. Dark current is discussed in more detail in

Chapter 3.

2.7. Photon Detection

Accounting for the electrode structure and oxide layers above the bulk silicon, a CCD is an

efficient detector in two distinct energy bands. These bands fall in the visible wavelength range,

4000 Å to 10000 Å and the X-ray wavelength range, 1 keV to 5 keV. The absorption efficiency

of silicon at different wavelengths is shown in Figure 2.13. When an X-ray photon interacts with

the bulk silicon of the CCD a cloud of electron-hole pairs is produced as a result of ionisation.

This is a threshold process that has a weak temperature dependence. At room temperature the

ionisation energy is ~3.65 eV increasing to ~3.72 eV close to absolute zero (Bertolini and Coche

1968). The number of electron-hole pairs produced by ionisation is therefore proportional to the

incident photon energy for energies above a few eV.

Optical photons are of a relatively low energy and interact with electrons in the valence band of

the silicon, promoting electrons to the conduction band via the photoelectric effect. In this way a

single electron is generated for each incident optical photon. The electrons can then move freely

in the silicon to be collected in the potential wells under biased CCD electrodes, the number of

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

If an incident photon imparts some of its energy directly to a silicon atom, it may excite an

electron in the K-shell, expelling it from the atom. The emitted electron will have the same

energy as the incident photon, minus the silicon K-shell binding energy of 1.84 keV. The atom

then de-excites by transfer of an outer shell electron to the K-shell, releasing a fluorescence

X-ray, or by Auger and non-radiative processes. Fluorescence X-rays in silicon have an energy of

1.7 keV and are absorbed by ~10 µm 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 are collected under the biased electrode in

each pixel, forming the signal packet, while holes are swept away by the electric fields. In the

field free region charge spreading occurs before the electrons are pulled into the buried channel.

This process may result in some electrons being collected in surrounding pixels and not the

interaction pixel causing a distortion in the CCD image. When observing a spectrum recorded by

a CCD it is usual to consider only ‘isolated events’, pixels with no charge in the adjacent pixels,

to get the best spectral resolution. A spectrum of ‘all events’ will increase the width of the

spectral features as a result of charge spreading, degrading the resolution. One technique of

increasing the spectral resolution is to use software that recognises ‘split-pixel’ events and sums
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the charge in the central and adjacent pixels, recovering the incident photon energy information.

The effect of charge spreading can be reduced by minimising the extent of the field free region of

the device.

2.7.2. Quantum Efficiency

The efficiency of a CCD to detect photons of different wavelength is called the ‘quantum

efficiency’, QE. The QE at a given energy, E, is given by:

( ) ( )x
electrode eTEQE µ−−= 1 (2.16)

Where Telectrode is the transmission of the electrode structure, µ is the absorption coefficient of

silicon and x is the thickness of the epitaxial silicon layer of the device. An example of a CCD

QE curve for a CCD22 open electrode device optimised for X-ray spectroscopy is shown in

Figure 2.14. The absorption edges are due to photons being absorbed by electrons in the inner

shells of the silicon atom. The absorption edges are also where the quantum mechanical nature of

the photoelectron causes variations in the QE attributable to absorption fine structures (Keay

1997).

The QE at low energy is decreased as photons are absorbed by the electrode structures before

passing into the bulk silicon of the device where the charge generated can be collected. An

improvement in the low energy QE can be achieved by ‘back illumination’ of a device (Shortes et

al. 1974). This involves thinning the bulk silicon on the back of the CCD down to the depletion

layer boundary during fabrication. The resulting device can be back illuminated with low energy

photons being absorbed in the bulk silicon after passing through a dead layer of only ~50 nm,

improving the QE. An example QE curve for a back illuminated device is also shown in

Figure 2.14. Other methods of improving the low energy QE are use of thin and open electrode

structures (Castelli 1991, Holland et al. 1993). The high energy QE can be improved by using a

higher atomic number material as the detector, for example GaAs, or in the case of the silicon

CCD, increasing the depletion depth by using higher resistivity silicon.
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Figure 2.14 Quantum efficiency of an E2V Technologies CCD22 open electrode device (Short

2002). The quantum efficiency of a back illuminated device is also shown for comparison

The ‘response matrix’ of a CCD describes the probability distribution of the CCD channel in

which a photon of a given energy will be measured. An example of a modelled response matrix

for an E2V Technologies CCD12 device is given in Figure 2.15. The grey scale of the figure is a

logarithmic scale and represents the QE for a given photon energy and CCD channel. A

logarithmic scale is used to emphasise the second order loss effects.
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Figure 2.15 An E2V Technologies CCD12 response matrix depicting the signal level in

channels, for a given input photon energy

2.7.3. Spatial Resolution

The spatial resolution of a CCD is described by the ‘modulation transfer function’, MTF. The

modulation depth is the difference in charge level between two sources, and the minimum charge

level between them. The MTF is the relationship of the modulation depth to the image spatial

frequency. The MTF is degraded by charge transfer losses and also by charge spreading. A good

quality astronomical CCD needs sources to be separated by more than two pixels to have a high

MTF.

2.7.4. Energy Resolution

The energy resolution of a CCD is described by the ‘full width at half maximum’, FWHM of a

spectral feature. For a cooled CCD with good CTE, the FWHM is given by:

Partial
events

Escape
peak line

Low level
charge loss

Silicon-K
edge
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ω
σω γFE

FWHM total += 235.2 (2.17)

Where σtotal is the total CCD readout noise in electrons. Typically σtotal is ~10 electrons giving a

FWHM of ~140 eV for the 55Fe Kα peak.

2.8. Summary

This chapter has described the CCD manufacturing process and presented the underlying physics

governing charge storage, charge transport and charge readout of a device. Both surface and

buried channel devices have been described, buried channel devices featuring in the work carried

out for this thesis. The various sources of noise involved with CCD operation have also been

discussed along with the definition of several important terms used to describe the operating

characteristics of a device. The next chapter goes on to describe the various components of the

space radiation environment and the effects this environment has on the operational

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 environment and its effects on the

operational characteristics of CCDs. The different components of the space radiation

environment are described, followed by a detailed discussion of the radiation damage

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

3.1. Introduction

For the operation of CCDs on scientific satellites and spacecraft, it is necessary to have an

understanding of the radiation environment the devices will experience during their lifetime and

to have a thorough understanding of the effects this environment will have on the operational

characteristics of the devices. This chapter will first discuss the various components of the space

radiation environment and then describe the two radiation damage mechanisms relevant to CCDs;

ionisation and displacement damage. After presenting the underlying physics behind the two

damage mechanisms, the effects of radiation damage on CCD operation are described in detail,

along with techniques and methods of reducing radiation damage; ‘radiation hardening’. A

number of models used to simulate both the space radiation environment and radiation damage

effects in CCDs are also discussed in this chapter.

3.2. The Space Radiation Environment

The different components of the space radiation environment are discussed in detail by

Holmes-Siedle and Adams (2002). What follows is a brief summary of the main space radiation

components that influence CCDs onboard spacecraft orbiting the Earth. The effect of

geomagnetic and spacecraft shielding on the radiation fluxes received by a CCD are then

discussed, along with an overview of some of the modelling tools available for calculating total

accumulated spacecraft radiation fluxes.

3.2.1. Radiation Belts

The radiation belts consist of protons up to a few hundreds of MeV and electrons up to a few

MeV that have become trapped in the Earth’s magnetic field while they were travelling through

the solar system. The belts were discovered by Van Allen in 1958 (Van Allen and Frank 1959)
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and are described in detail by Hess (1968). The trapping of protons and electrons occurs where

the magnetic field lines come close together and is dependent on the incoming particle’s energy

and angle of incidence. Once trapped the particles spiral around the magnetic field lines bouncing

back and fourth between the magnetic poles. The final component of trapped particle motion is a

longitudinal drift around the Earth, electrons drifting east and protons drifting west. Figure 3.1

illustrates the motion of a charged particle trapped in the Earth’s magnetic field. The channelling

of particles down into the atmosphere by the strong magnetic field regions above the north and

south poles gives rise to colourful aurorae, their colours caused by electrons colliding with

molecules in the atmosphere.

Figure 3.1 The motion of charge particles trapped by the Earth’s magnetic field (Hess 1968)

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 magnetosphere and the regions where

particles become trapped forming the radiation belts. The asymmetrical form of the

magnetosphere is a result of distortions caused by the solar wind, the ~11o offset of the Earth’s

magnetic axis from its rotational axis and also geological effects. The general shape and the

distortions in the magnetic field create areas of increased trapped particle flux over the north and

south poles, called the ‘auroral horns’.

Figure 3.3 A radial profile of the trapped electron flux in the Earth’s radiation belts for electrons

of energy above 1 MeV (Daly 1989)

Radial profiles of the proton and electron belts have been produced from a number of on-orbit

measurements (Daly 1989). The trapped electron flux is highest in two altitude bands called the

‘inner’ and ‘outer’ zone maxima, shown in Figure 3.3. The inner zone contains electrons of

energies up to ~5 MeV while the outer zone, with a flux around an order of magnitude higher,

contains electrons of greater than ~7 MeV. The low flux area between the inner and outer zone is

called ‘the slot’. The highest concentration of protons is found at lower altitude, shown in

Figure 3.4. Unlike the trapped electrons, the trapped protons do not form distinct zones. The

proton flux varies inversely with distance from Earth and monotonically with energy

(Stassinopoulos and Raymond 1988). The variation of the electron and proton fluxes with particle

energy are shown in Figures 3.5 and 3.6 respectively, for a low Earth orbit of inclination 60o at

300 km and 500 km.
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Figure 3.4 A radial profile of the trapped proton flux in the Earth’s radiation belts for protons of

energy above 10 MeV (Daly 1989)

Figure 3.5 Variation of the trapped electron flux with particle energy in the Earth’s radiation

belts modelled by AE8
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Figure 3.6 Variation of the trapped proton flux with particle energy in the Earth’s radiation belts

modelled by AP8

For a spacecraft orbiting the Earth it is important to spend as little time in the radiation belts as

possible as the total incident spacecraft radiation flux is strongly dependent on the orbital

parameters. Low Earth orbits with inclination >45o will 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 the auroral horns, a magnetic anomaly is

responsible for increasing particle fluxes by a factor >100 in a region over the South Atlantic.

This region is known as the South Atlantic Anomaly, SAA. Figure 3.7 shows a 500 km altitude

contour plot of proton fluxes >50 MeV over the South Atlantic, revealing the dipping of the

proton belt towards the Earth’s surface in this region. The SAA is important not only for satellites

in low Earth orbit, but also for the many spacecraft launched that pass through the SAA on route

to their final destinations. The SAA and aroural horns can only be avoided by satellites in low

Earth orbits of inclination <15o (Stassinopoulos and Raymond 1988).
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Figure 3.7 A 500 km altitude contour plot of proton fluxes >50 MeV produced by the AP8

radiation model showing the dipping of the proton belt in the South Pacific forming the SAA

3.2.2. Solar Wind

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

the ‘solar wind’ (Parks 1991). The ejected particles consist mainly of protons and electrons of a

few keV and their flux is inversely proportional to the distance from the Sun squared and may

vary by a factor ~20 dependent on the 11 year solar cycle. Beyond the magnetosphere 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 energies can be ejected into space by the

Sun as a ‘solar event’ (Tranquille 1994). The flux of particles emitted is intermittent and

dependant on the solar cycle making it difficult to predict the future occurrence of solar events.

Figure 3.8 shows solar event and sun spot activity over 3 solar cycles. A solar event takes around

8 minutes to reach the Earth and can last for a few hours to a few days in duration. The protons in

a solar event are of lower energy than the trapped protons in the Earth’s radiation belts, but they

can have much higher total fluence levels. For spacecraft orbiting beyond the radiation belts, for

example in geostationary, highly eccentric or planetary orbits, a substantial 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 (Goswami et al. 1988)

3.2.4. Cosmic Rays

Cosmic rays are highly energetic charged particles originating from three possible sources:

• Galactic: These particles come from outside our solar system emitted from supernovae,

pulsars and neutron stars. On passing through the galactic magnetic field the particles

become diffuse and on arrival at Earth they are seen as a low isotropic flux. The particles

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

• Solar: These particles come from the Sun’s chromosphere and are emitted in solar events.

The composition of solar cosmic rays is different to that of galactic cosmic rays as a

result of their different origin.

• Terrestrial: Galactic cosmic rays interact with the Earth’s atmosphere causing secondary

radiation to be emitted as a ‘cosmic ray shower’. This secondary radiation is the main

component of cosmic radiation at the Earth’s surface.

The cosmic ray flux is attenuated by the solar wind and therefore is seen 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 Earth’s magnetosphere (Daly

1994, Stassinopoulos and Raymond 1988). Cosmic rays and particles from the Sun need to have

a minimum energy for penetration into the magnetosphere which results in the lower intensity of

these particles nearer the Earth. The amount of shielding offered by the magnetosphere is

dependent on the altitude and inclination of a spacecraft’s orbit and also the intensity of the solar

wind, which can compress the magnetosphere allowing particles to penetrate further.

Geostationary and polar orbiting spacecraft will not experience any benefits of geomagnetic

shielding as they are beyond or at the limits of the magnetosphere.

Figure 3.9 The range of protons and electrons in aluminium (Ziegler et al. 1985)

Physically shielding CCDs on a spacecraft by surrounding them with aluminium, or a high

atomic number metal such as tantalum, is a common method used to reduce the expected total

mission radiation fluence (Dale et al. 1993). The range of electrons and protons in aluminium is
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shown in Figure 3.9 (Ziegler et al. 1985). Electrons of up to ~5 MeV can be shielded out by

~5 mm of aluminium or equivalent thickness of spacecraft structure, for example any electronics

or optics structure, greatly reducing the electron component of a spacecraft’s total radiation

fluence when orbiting within the radiation belts. Higher energy particles associated with solar

events and cosmic rays are difficult to shield practically and are therefore an important factor

when modelling the expected CCD radiation fluence. The use of spacecraft shielding also

introduces a secondary radiation component where the energy and flux of the particles is changed

through scatter and absorption in the shield material. This component also has to be considered

when modelling CCD radiation fluence.

The CCD may be unshielded in the observation direction and for this reason the choice of orbit

and orientation of the spacecraft are important. Some instruments, for example the X-ray

Telescope onboard the NASA Swift Gamma Ray Burst Explorer satellite, employ the use of

mechanical shutters that can be closed to prevent radiation entering the telescope that could cause

damage to the detectors (Burrows et al. 2000), while another technique used by the EPIC

instruments on the XMM-Newton satellite involves having a ‘closed’ position on the

instrument’s filter wheel (Turner et al. 2000). The use of shutters is a valuable way of protecting

CCDs when travelling through high radiation flux areas, but does however introduce 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 during a period in space it is

necessary to have a model that will use the orbital parameters of the spacecraft, integrating the

expected particle fluxes as the spacecraft travels around its orbit for the duration of its mission.

The model needs to include information on trapped particles in the Earth’s radiation belts, solar

event particle fluxes, cosmic rays and the effects of spacecraft and geomagnetic shielding. One

such model is the SPace ENVironment Information System, SPENVIS, which was developed by

the European Space Agency in 1998 to incorporate several space radiation models into a single

interface (Heynderickx et al. 2000). Orbital parameters are entered into the program and then

required models are selected by the user for evaluation of the radiation environment over a

specified mission duration. After selection of the spacecraft orbit, trapped proton and electron

fluxes are predicted using the incorporated AP8 and AE8 models, along with a prediction of the

solar proton fluence using either the King, JPL-85 or JPL-91 models. The effect of geomagnetic

shielding can be included which computes an energy cut off dependent on the orbital parameters
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and solar cycle epoch, while the effect of different thicknesses of shielding around a CCD is

modelled by SHIELDOSE. The SHIELDOSE model currently only incorporates aluminium

shielding but is being expanded to include additional materials. The whole SPENVIS package

can be used to obtain a first order approximation of the total radiation fluence expected to be

received by a CCD during its operational lifetime.

The main drawback of using the computational models within SPENVIS results from the data the

models are based on having been recorded many years ago, for example the AP8 and AE8

models use data from the 1960’s which introduces large uncertainties. There is currently a drive

to include more recent satellite data in the space radiation environment models and to use recent

data to correct existing models. The Trapped Radiation ENvironment model Development

project, TREND, has been initiated by the European Space Agency Technology Research

Programme to improve upon the existing space radiation environment models of spacecraft

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

Another problem with current radiation models is caused by the sporadic nature of the amplitude

and frequency of solar events. Particles from solar events are hard to shield out due to their high

energy spectrum, and hard to detect before causing damage to a CCD. Radiation models therefore

generally incorporate either a single major solar event, or a specific number of events for a

certain mission duration, giving a worst case estimate for the solar event particle flux.

3.2.7. The Non-Ionising Energy Loss Function

When discussing total proton fluence values it is useful to talk in terms of equivalent 10 MeV

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

energies. The Non-Ionising Energy Loss function is a scaling factor that allows the amount of

displacement damage caused by protons of different energies to be compared. The use of NIEL

scaling for silicon devices has been described in detail by Burke (1986) 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:

Ep < 13.5 MeV then NIEL = 
9.0

8

pE
(3.1)

Ep > 13.5 MeV then NIEL = 
28.0

6.1

pE
(3.2)

Where Ep is the incident proton energy in MeV.

Figure 3.10 The Non-Ionising Energy Loss (NIEL) function

3.3. Radiation Damage Mechanisms in the CCD

The effect of radiation on silicon devices is discussed in detail in a number of books, for example

Srour (1984), Larin (1968) and Holmes-Siedle and Adams (2002). The two damage mechanisms

important for the study of radiation effects in CCDs are ionisation damage, affecting devices with

oxide insulating layers, and displacement damage, which affects all semiconductor devices.
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Figure 3.11 The amount of ionisation caused by a 10 MeV proton in silicon modelled using

SRIM 2003

3.3.1. Ionisation Damage

Ionisation damage occurs when an incident particle can impart enough energy to an atom to

excite an electron into the conduction band. As the particle travels through the CCD it leaves a

trail of electron-hole pairs along its path. Figure 3.11 shows how the amount of ionisation caused

by a 10 MeV proton varies with depth in silicon. This is a threshold process with an energy of

~3.65 eV required to excite an electron into the conduction band of a silicon atom and 18 eV for

a silicon-dioxide atom (Emery and Rabson 1965). In the silicon of the device the holes are

quickly removed by the electric fields and the electrons are collected in the potential wells under

the electrodes where they become part of the signal charge. In the oxide and nitride insulating

layers most electrons will recombine with holes but some carriers will be left to drift and diffuse

through the lattice under the influence of the applied electric fields. The electrons are swept from

the device while some of the holes will become trapped near the Si-SiO2 interface where the

concentration of impurity atoms is high. Impurity atoms in the silicon lattice have associated

discrete energy levels that lie between the conduction and valence bands and it is here that

carriers become ‘trapped’ (Grove 1967). The holes may be thermally excited and released from

the shallow trap sites, drifting through the lattice again until becoming trapped at deeper levels.

Holes trapped at a deep level will remain trapped for a longer period of time resulting in a change
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in the electric field potential at the Si-SiO2 interface. The increase in positive charge by the

accumulation of holes results in an increase in the observed leakage current of the device. If the

device is unbiased during irradiation the electrons in the oxide and nitride layers are free to

diffuse around allowing more recombination to occur and reducing the amount of leakage current

generated (Robbins 1992). Figure 3.12 shows the amount of radiation induced charge that

escapes recombination for different irradiation bias.

Figure 3.12 The amount of radiation induced charge escaping recombination at different

irradiation bias levels (Robbins 1992)

3.3.2. Displacement Damage

Displacement damage is caused when an incident energetic photon, charged particle or neutron

imparts enough energy to an atom to displace it from its lattice site (Messenger 1992). Atomic

displacement is a threshold process requiring ~20 eV in silicon. The absence of an atom in the

lattice is called a ‘vacancy’ and the displaced atom is called an ‘interstitial’ atom, the two

components forming a ‘Frenkel pair’. If the displaced atom has enough energy, it may displace

surrounding atoms creating a ‘defect cluster’. Neutrons with energies of a few MeV can cause

cluster damage in silicon displacing hundreds of atoms, while MeV energy electrons and protons

usually only impart enough energy to the target atom to cause an isolated defect. Figure 3.13
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shows how the number of displaced atoms decreases with increasing incident proton energy. For

low incident particle energies, energy is imparted to the target atom by Coulomb interaction. For

incident particle energies ~10 MeV the energy is transferred by elastic scattering from the nuclear

force field, while at energies of >100 MeV the transfer is by a nuclear inelastic process.

Figure 3.13 The number of atoms displaced by different energy protons in silicon (Van Lint

1987)

Defects in a CCD are also created during the manufacturing process which includes a high

temperature, ~1000 oC, annealing phase to remove many of them. There are a number of known

defects that can be present in CCD devices, each with a distinctive activation energy and

annealing temperature, most of which can be annealed at around room temperature. Using

activation energy and anneal temperature measurements the dominant defect centres can be

determined.

The vacancies and interstitial sites created by displacement damage are not electrically active, but

if they possess thermal energy >100 oK they can move through the crystal lattice and combine

with other defects to create stable defect complexes. The defect complexes of importance in

CCDs are illustrated in Figure 2.2, along with some of their properties. The three main complexes

are the phosphorous-vacancy, the oxygen-vacancy and the divacancy although there are a number

of other impurities that can form defects, including boron, carbon and aluminium atoms. The

defects created have associated discrete energy levels, which lie within the silicon band-gap
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(Grove 1967). These radiation-induced levels can give rise to five processes: recombination,

generation, trapping, compensation and tunnelling. Any amount of each process can occur

dependent on the carrier concentration, temperature and location in the device. 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 type of defect

centre, reducing the minority carrier lifetime.

• Generation: Thermal generation of electron-hole pairs near the middle of the band-gap.

• Trapping: Carriers become trapped at shallow levels in the band-gap and can be re-emitted by

thermal excitation. The rate of re-emission is dependent on the type of defect centre.

• Compensation: Reduction of the majority carrier concentration by carriers becoming trapped

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

• Tunnelling: Carriers can tunnel through a potential barrier from the valence band to the

conduction band. This process is only important where the electric field strength is greater

than a few 107 V cm-1 and therefore does not cause a problem during usual CCD operation.

Figure 3.14 The 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

Ionisation and displacement damage have a number of effects on the operational characteristics

of the CCD that are described below. Methods of preventing and reducing the 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 the Si-SiO2 interface caused by ionisation, the

reset drain voltage has to be made more negative for the device to operate in the same manner.

This change in threshold voltage is termed a ‘flat band voltage shift’. Figure 3.15 shows the

effect of oxide trapped charge on the potentials under the charge transfer electrodes and output

structure of a CCD. The build up of positive charge does not effect the storage and transfer of

collected charge because all the electrodes are affected similarly, the potential of the reset drain

however has no insulator above it and therefore needs to be made more negative to compensate

for the reduced electrode and output gate potentials (Roy et al. 1989). A flat band voltage shift

reduces the charge handling capacity of the CCD and increases the device power requirement. If

a large enough shift occurs as a result of ionisation damage the device may become inoperable.

Figure 3.16 shows the flat band voltage shift resulting from a 50 krad proton irradiation of an

E2V CCD01. The measurements were recorded by monitoring the current of the reset drain and

recording at what point the current drops, indicating the point at which charge is no longer

transferred.

Figure 3.15 The effect of oxide trapped charge on the potentials under the charge 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 by ionisation damage are

called ‘radiation hardening’ techniques. Methods include thinning of the oxide layer reducing the

number of trapping sites present (Shiono et al. 1983), high temperature annealing of the device

during manufacture to remove a large fraction of the oxide trapping sites, use of a p-channel CCD

structure where the holes are swept away from the Si-SiO2 interface, and use of a planar insulator

so the voltage shift is the same under all electrodes of the device. The injection of charge into a

device has also been demonstrated as a successful method for ‘filling’ traps, removing the holes

accumulated at the surface of the device. Charge injection is discussed in more detail below when

describing methods to prevent CTI degradation. During CCD operation, reducing the operating

temperature can reduce the level of ionisation damage induced leakage current by ‘freezing’

carriers in trap sites, increasing the carrier emission time constant.

Figure 3.16 The flat band voltage shift resulting from a 50 krad proton irradiation of an E2V

CCD01, where Vrd is the reset drain voltage and Ird is the reset drain current (Robbins 1992)

3.4.2. Increase in Dark Current

The increase in surface charge as a result of ionisation damage in a CCD results in an increase in

the observed dark current of the device. An additional increase in the dark current results from

the generation of carriers from radiation induced levels in the silicon band-gap. The generation

rate equations for defects in the depleted and bulk regions of a CCD are discussed in detail by
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Robbins (1992). The contribution to dark current from the depleted and bulk regions of the CCD

are roughly equal, although in the depleted region it is the result of a large number of shallow

traps emitting small amounts of charge while in the bulk region the dark current is generated by a

few deeper level trapping sites emitting large charge levels (Burt 2002). Although there is no way

to suppress the dark current generated in the bulk silicon of a device, the accumulated surface

charge can be reduced by holding the surface in inversion. With the surface of a CCD in

inversion the holes are attracted from the channel stops filling the trapping sites in the insulating

layers of the device. The dark current spectrum is Gaussian in nature with a high energy tail

composed of ‘dark current spikes’. The nature of dark current spikes is discussed below.

3.4.3. Increase in Charge Transfer Inefficiency

Energy levels in the silicon band-gap generated by displacement damage of a CCD can trap

charge carriers resulting in a loss of signal charge as charge is held from its associated signal

packet during readout. The trapping time is dependent on the concentration and emission rate of

the defect involved. Figure 3.17 shows the approximate variation in emission rate for several

common defects as a function of temperature. For devices operating at optical wavelengths and at

TV frame rates, the CTI can be decreased by radiation damage without significant loss of image

quality. The apparent loss in CTI can be decreased by thermal generation of charge filling the

traps in place of signal charge (Hopkinson 1992, Holmes-Siedle et al. 1995) or charge injection.

A number of techniques have been developed to measure the CTI of a CCD. The ‘fill and spill’

method involves measuring the delay in charge transfer of a specific charge packet, while the

‘stacked line trace’ method involves creating an array of histograms, each created from a

different region of interest on the CCD, and evaluating the CTI by characterising the change in

mean energy of an X-ray peak with position across the CCD array (Holland 1990). The slope of

the X-ray peak in the stacked line trace is proportional to the CTI 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 lost to trapping is brought

about by higher signal charge levels.
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• Faster Pixel Transfer Speed: By increasing the clocking speed of the CCD to faster than the

trapping time constant of the predominant traps, less charge from the signal packet will

become trapped before transfer of the charge.

• High Temperature Annealing: Trapping sites can be annealed at high temperatures to regain

some charge transfer performance (Holland 1991).

• Low Temperature Operation: CTI has been seen to decrease with decreasing temperature as a

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

• Changes in Device Structure: Successful CTI reduction has been observed using narrow

channel (Holland et al. 1991) or supplementary channel (Bredthauer et al. 1991) electrode

structures where the signal charge is confined in a smaller volume reducing the number of

trapping sites in the vicinity of the signal charge.

• Defect Engineering: Several ways of reducing the amount of phosphorous-vacancy defects in

a device have also been investigated in an attempt to remove the main charge trapping

mechanism responsible for increasing CTI (Holmes-Siedle et al. 1995, Hopkinson 1999).

• Charge Injection: Some CCD designs incorporate a structure to allow charge to be injected

into the first image row of the device. This charge is then swept through the image and store

sections of the device filling many of the traps and reducing the CTI (Holland et al. 1993). A

variation on this idea involves integrating signal charge in the first few rows of a device

before the accumulated charge is swept through the device on readout. This method involves

no extra CCD structure and instead relies on a novel CCD clocking method (Prigozhin et al.

2000).

The XMM-Newton spacecraft has taken advantage of narrow electrode and charge injection

structures in the design of the CCDs employed in the two MOS European Photon Imaging

Cameras onboard. Charge injection tests have been investigated in the laboratory while a

reduction in operating temperature from -100 oC to -120 oC 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 with temperature 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 a CCD prior to irradiation, but the

number of bright pixels is greatly increased after irradiation, especially with protons. The bright

pixel spikes found in unirradiated devices are possibly due to metal precipitates at

oxidation-induced faults (Burt 2002) while the spikes found post irradiation are caused by

induced carrier emission sites within the bulk and depleted silicon of the CCD. The amplitude

range of bright pixels covers a broad range and is seen in the dark current histogram of a CCD as

a high energy tail on the Gaussian distribution of the CCD dark current. The range in amplitudes

results from the different induced mid band-gap energy levels caused by irradiation of a device,

coupled with any ‘Field Enhanced Emission’ factor. Some bright pixels exhibit a ‘switching’

behaviour, changing sharply between two or more distinct charge levels with random time

constants. This type of pixel fluctuation has become known as ‘Random Telegraph 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 mechanisms: the ‘Poole-Frenkel’ effect,

where an electron climbs over a potential barrier lowered by an applied electric field, ‘pure

tunnelling’, and ‘phonon assisted tunnelling’, where an electron absorbs thermal energy from the

lattice and can tunnel through the potential barrier (Martin et al. 1981). These three processes are

illustrated in Figure 3.18.

Figure 3.18 The three possible mechanisms of field enhanced emission (adapted from Martin et

al. 1981)

In a CCD the electric field strength associated with the channel stop and inter-electrode regions

of a pixel can be of order 105 - 106 V cm-1, causing significant field enhanced emission. The

enhancement factor for Poole-Frenkel emission in the case of an electron trapped at an energy

level E below the conduction band edge, can be obtained by first considering the potential. An

electron trapped by a singly charged positive ion, located at r = 0, under the influence of a

uniform applied electric field, ξ, will experience a potential, V, given by:
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Where spherical co-ordinates are used and the arbitrary zero of energy is taken to be the

conduction band edge at r = 0, as shown in Figure 3.19 (Hartke 1968). The potential minimum at

r = rmax is found by setting ∂V/∂r = 0, to obtain:

2

1

0
max cos4 ���

�
���
�

=
θξεπε Si

q
r (3.4)

Evaluating V at r = rmax gives an expression for the reduction in the potential barrier height, δEb,

due to the presence of an applied electric field:
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Integrating over θ due to the spatial variation of δEb, the reciprocal lifetime of a trapped electron

in the presence of an applied electric field, 
rτ

1 , is obtained:
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Where it has been assumed that the electron release rate is independent of the applied electric

field for π/2 ≤ θ ≤ π, where the potential barrier height is increased by the electric field. These

integrals can then be evaluated by substitution, using t = cosθ, to give an expression for the

emission enhancement due to an applied electric field:
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Where the reciprocal lifetime in the absence of an applied electric field, 
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Figure 3.19 shows the emission enhancement for silicon over the electric field strength values of

interest, calculated using equation 3.7. Of the remaining two field enhanced emission processes,

pure tunnelling only becomes an important contribution at electric field strengths above a few

107 V cm-1. Phonon assisted tunnelling is however important in the electric field strength range of

interest and adds an additional component to the total field enhanced emission rate.

Figure 3.19 Modelled Poole-Frenkel emission enhancement for silicon

3.4.5. Transient Effects

The highly energetic particles in a cosmic ray produce a minimum ionisation of

~80 electrons µm-1 as they pass through a CCD causing a group of pixels in the device to appear

bright, generally only for a single frame before the excess charge is swept away. Usually cosmic

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

The main radiation effect of concern when using CCDs for spectral sensitivity and positional

science is CTI. Usually for these applications the CCD is operated cooled, for example at -90 oC,

and therefore the dark current component is negligible. A number of repeatable experimental

studies have been carried out investigating the variation in CTI with proton flux, temperature,

irradiation bias, signal charge size and readout speed. From the experimental studies a number of

models have been developed that produce results comparable to the measured CTI levels

including those by Holland et al. (1991), and Dale et al. (1993). Figure 3.20 shows the modelled

variation in CTI with 10 MeV proton irradiation fluence for an E2V Technologies CCD02 device

operating at -90 oC.

Figure 3.20 A model for CTI growth variation with 10 MeV proton irradiation fluence for a

CCD02 with an 8 µm wide buried channel and 22 µm2 pixels operating at -90 oC (Holland et al.

1991)
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3.5. Summary

This chapter has presented the various components of the space radiation environment and

described a number of computational models that can be used to simulate the environment. The

NIEL function has been introduced as a method of normalising proton fluence to equivalent

10 MeV proton fluence, allowing the comparison of radiation damage results from different

proton irradiation experiments. The two radiation damage mechanisms of importance in CCDs,

ionisation and displacement damage, have been described in detail, followed by descriptions of

the various effects radiation damage has on the operational characteristics of CCDs. The next

chapter presents work carried out to assess the potential of using novel low light level CCD

technology for space applications. Two devices featuring the novel technology were irradiated

with protons and the effects of radiation damage on the operational characteristics of the devices

were observed.
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Chapter 4: L3Vision Radiation Testing

This chapter investigates the effects of proton irradiation on the operational characteristics of

novel L3Vision CCDs in order to assess their potential for use in space. The L3Vision technology

is described first, followed by the experimental method employed for the irradiation of two such

devices. The experimental results are then presented and the observed 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 Technologies in 2000, that

reduces the effective readout noise of a device to less than one electron, even while operating at

MHz pixel rates. The device works by having an additional ‘gain’ register after the readout

register of the CCD in which the signal charge is multiplied by an avalanche process before

reaching the output amplifier, increasing the signal to noise (Jerram et al. 2001, Mackay et al.

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

G
r

eff

σσ = (4.1)

Where σr is the actual readout noise of the device.

A principle weakness of the CCD as a detector is that a faster readout time results in an increase

in readout noise. The L3Vision technology addresses this problem and provides devices that have

readout noise comparable to the best image intensifiers.

The L3Vision devices are suited to applications where light levels are very low and therefore

there is potential for their use in space based applications for looking at faint sources. One

potential space application of the L3Vision technology currently under consideration is the

Radial Velocity Spectrometer, RVS, instrument for the planned GAIA astrometry mission.

According to the current specification, the RVS instrument will be composed of 3 CCDs used to

acquire spectra from very faint sources typically with less than one signal electron per pixel in the

spectrum. The main operational constraint on the instrument is the very small charge levels

associated with the faintest stars it can observe. A possible option to improve the magnitude limit
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that can be observed by the RVS is the application of L3Vision technology to the CCDs of the

instrument.

To be a viable technology for use in the space environment it is necessary to know if the gain

register of an L3Vision device is tolerant to the space radiation environment encountered by

scientific satellites, and will not be susceptible to catastrophic breakdown failure as a result of

radiation damage. Bright pixels generated in the high field avalanche 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 devices incorporating the L3Vision

technology and ascertains their suitability for space applications. Two such devices were obtained

and subjected to proton fluences representative of total mission fluences expected to be received

by typical spacecraft (Holmes-Siedle et al. 1995). This chapter first describes the architecture of

the CCD65 device before detailing the experimental method employed and the results obtained.

4.2. CCD65 Structure

The CCD65 is a frame transfer device that has a standard readout register followed by a ‘gain’

register that multiplies the signal charge before it is sensed by the output FET. The device can be

operated in inverted mode to suppress dark current. The inverted mode dark current is typically

~200 electrons per pixel per second at 20 oC. The image and store sections of the CCD are each

591 × 296 pixels, while the readout and gain registers are each 591 pixels in length plus a few

reference pixels. The device characteristics are summarised in Table 4.1. The pixels in the gain

register are larger than the other pixels in the device in order to handle the potentially larger

signal charge after gain. Figure 4.1 shows the geometrical layout of the device.
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Active image area 11.52 × 8.64 mm

Image section

Store section

591 × 296 pixels

591 × 296 pixels

Pixel size:         Image section 20 × 30 µm

                          Store section 13.5 × 30 µm

                          Readout register 20 × 30 µm

                          Gain register 40 × 30 µm

Spectral range 400 – 1060 nm

Table 4.1 E2V Technologies CCD65 characteristics

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 register occurs because one electrode in each

of the pixels in the register is clocked with a much higher voltage than is needed to just transfer

the charge. Figure 4.2 shows a cross-section of the gain register electrodes and corresponding

potentials during charge transfer. An additional electrode held at ~2 volts d.c. is included before

the high voltage electrode typically held at ~40 - 50 volts. The large electric field present between
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the high voltage electrode and the d.c. electrode causes the charge carriers to be accelerated to a

high enough velocity to generate more charge carriers through the process of impact ionisation

(Grove 1967).

Figure 4.2 Charge transfer in an L3Vision gain register

The average gain per pixel transfer through the gain register is generally small, but on passing

through the full 591 gain register elements the total gain can be of order a few hundred. The gain,

G, is given by:

γ)1( RG += (4.2)

Where R is the mean gain per transfer and γ is the number of gain elements. For the CCD65,

taking R as 0.01, the gain is ~358. The value of R is dependent on the statistical variation in the

amount of impact ionisation caused by the electric field strength between the d.c. and high

voltage electrodes. By varying the bias of the high voltage electrode 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 same way as a standard device, with a

single extra row in the readout sequence. The measured variation in gain with applied bias

voltage at three different temperatures is shown in Figure 4.3. The gain is seen to increase with

decreasing temperature at a given applied voltage due to the temperature dependence of the

electron ionisation rate. For a given electric field, the ionisation rate increases with decreasing

temperature as described in detail by Sze (1981).

Figure 4.3 E2V Technologies measured variation of gain with applied bias voltage for a CCD65

The statistical variation in the gain makes it difficult to reconstruct the number of electrons in the

original signal packets detected. A device using the L3Vision technology can only be

successfully used for optical photon counting purposes when the incident photon flux is low

enough to only generate a single electron in a pixel during image integration without pile-up

occurring. If this is the case, the gain of the device can be set to ~1000 to clearly discriminate

single electron events from the output amplifier noise. Figure 4.4 shows the distribution of output

signal size for input events of 1, 2 and 3 electrons, with a 1 % probability of gain per stage in the

L3Vision gain register. The data shown was generated using a simple Monte Carlo model. The

5σ noise threshold is also shown, indicating that for this particular gain 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 and 3 electrons after

transfer through the L3Vision gain register, with a 1 % probability of gain per transfer

4.3. Experimental Method

4.3.1. The Accelerator Facility and Dosimetry

Irradiation of two L3Vision CCD65 devices was carried out using the cyclotron accelerator

facility at Birmingham University, UK. Figure 4.5 shows a schematic of the Birmingham beam

line.

Figure 4.5 A schematic of the Birmingham cyclotron beam line

CCD

Shutter

Photodiode

Proton
Beam

0

10

20

30

40

50

60

70

0 200 400 600 800 1000 1200 1400

Signal out (electrons)

C
ou

nt
s

1 electron

2 electrons

3 electronsNoise
threshold



59

Prior to irradiation of the devices, the uniformity of the proton beam over the target region was

examined by using a photodiode in pulse counting mode. The spectrum analyser used was a

Nucleus Inc. PCA-II card and software, the photodiode used was a UDT Sensors diode, part

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

Active area 3.2 mm2

Active thicknessa 27 µm

Capacitance 10 pF   (at 10 V/1 kHz)

Leakage current 2 nA

Rise time 15 ns   (50 Ω load)

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

Table 4.2 UDT Sensors PIN-3CD photodiode characteristics

The photodiode was mounted on a support arm attached to the inside face of the cryostat front

plate which allowed the diode to be positioned on a locus passing through the centre of the beam

line. The flux per cm2 reaching the photodiode in 1 minute was measured several times both in

the centre of the beam and at a position 5 mm away from the centre, representative of the CCD

target area to be irradiated. The variation in beam uniformity across the target area was measured

to be ±15 %. The mean energy of the proton beam was 6.5 MeV for the irradiations 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 noise peak allowing accurate

determination of the number of photons being counted in the active region of the photodiode.

Protons that interact with the diode twice during the same shaping period, ~1 µs, are also seen in

the recorded spectrum, forming a secondary ‘pile-up’ peak. The number of counts in the

secondary peak was doubled and added to the number in the primary peak to estimate the total

proton fluence. The analysis regions for each peak are indicated in Figure 4.6.

During each irradiation the photodiode was positioned ~2 cm in front of the shielded section of

the target CCD and used to accurately monitor the proton fluence reaching the CCD in real time.

The system live time, Tlive, and the actual elapsed time, Telapsed, for each irradiation were both

monitored and used to account for the dead-time in the system (typically ~20 %). Using the NIEL
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Where Ntotal is the number of counts in the primary proton peak plus two times the number of

counts in the secondary peak and Adiode is the area of the diode. The error associated with the

dosimetry of each irradiation was taken to be ~20 %, based on the beam uniformity

measurements and the lack of including counts in any tertiary peaks beyond 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, the two CCDs were irradiated one after

the other. Previous studies have shown that device temperature during irradiation does not

influence the radiation damage effects observed (Holmes-Siedle et al. 1995). The irradiations

were therefore carried out at 22 oC requiring no cooling equipment. In each case the target CCD

was mounted in a vacuum chamber attached to the end of the beam line. The beam line and target

chamber were under vacuum during the irradiations to prevent loss of protons to ionisation with

air. All CCD pins were grounded to avoid potential static damage. Aluminium shields were used

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

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

The whole of the readout and gain registers, and half of the image and store sections, of device

00463-10-12 were irradiated with a 10 MeV equivalent proton fluence of 5.1 × 108 protons cm-2.

A 10 MeV equivalent proton fluence of 1.0 × 108 protons cm-2 was given to the left half of device

00463-10-13, with an additional dose of 2.0 × 109 protons cm-2 given to just the left half of the

readout and gain registers. Figure 4.6 shows the photodiode spectrum recorded for the

1.0 × 108 protons cm-2 irradiation of device 00463-10-13.
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Figure 4.7 A schematic showing the proton irradiated areas of two L3Vision CCD65 devices and

the associated 10 MeV equivalent proton doses received

4.4. Experimental Results

After irradiation both CCDs remained functional and at a temperature of 22 oC showed increased

dark current and bright pixel counts comparable to those observed in CCDs subjected to similar

proton doses (Ambrosi et al. 2002).

For device 00463-10-13 a sequencer program was used to readout only the readout and gain

register pixels of the device. The image clocks were suspended during readout to avoid thermal

leakage current from the image and store sections entering the readout register. A series of short

3 ms row integrations were then taken. Figure 4.8 shows an accumulation of 200 such rows,

together with annotations indicating the different device and proton exposure regions.

10 MeV equivalent proton
fluence received:

5.1 ×××× 108 protons cm -2

10 MeV equivalent proton
fluence received:

1.0 ×××× 108 protons cm -2

Additional fluence in
dashed area of:

2.0 ×××× 109 protons cm -2
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Figure 4.8 An image taken using a sequencer program that only reads out pixels in the readout

and gain registers of the device. The irradiated and unirradiated sections of the readout register

can be seen, along with under and overscan pixels. The figure includes diagrams of the L3Vision

device to correlate the sections of the recorded image with the physical sections of the device

Irradiated region

Readout direction

Bright pixel
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Figure 4.9 shows the average of the rows in the recorded image of Figure 4.8. The figure has four

sections, which are from right to left: non-irradiated readout register; irradiated readout register;

irradiated gain register; non-irradiated gain register. The slope of the signal in the gain register,

the increase in number of bright pixels and the increase in base dark current level due to proton

irradiation can all be seen in this figure. The factor of ~2 increase in dark current level between

the gain register and readout register is due to the factor of ~2 increase in pixel size from those in

the readout register compared to those in the gain register. At low applied voltage levels an

indication of proton beam non-uniformity, slopes A and B in Figure 4.9, can be seen.

Comparison of the measured post irradiation gain curves with those for the L3Vision CCD65 as

measured by E2V Technologies, Figure 4.10, show that the irradiations have not significantly

affected the behaviour of the device.

Figure 4.9 The effect of different applied voltage on the L3Vision readout and gain registers.

Slopes A and B show an indication of proton beam non-uniformity with low applied voltage. The

gain is seen to increase sharply once the applied voltage is increased above 30 volts. The factor 2

increase in dark current level between the gain register and readout register due to different pixel

sizes is also indicated
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Figure 4.10 Measured variation of gain with applied bias voltage post irradiation. Gain curves as

measured by E2V Technologies for the L3Vision CCD65 are shown for comparison

4.5. Discussion

After irradiation with protons the L3Vision device is found to operate normally, with the

resulting change in dark current and number of bright pixels comparable to previous proton

irradiation studies. The behaviour of the gain register did not change as a result of proton

irradiation. Bright pixels generated in the gain register were found to increase in amplitude in the

same way as the normal gain register pixels, showing no evidence of extraneous field

enhancement effects. It is therefore assumed that the observed bright pixels generated were not

located in the vicinity of a high field avalanche region.

After studying the effects of proton irradiation on two L3Vision devices, there appear to be no

problems that would inhibit the use L3Vision technology for space based applications. There is

however a need to irradiate further devices in order to deduce if emission sites generated in the

high field regions of the gain register pixels can cause device failure. This study can not be

1

10

100

1000

35 36 37 38 39 40 41 42 43 44

Applied Voltage (V)

G
ai

n
T = 46 C (E2V data)

T = 12 C (E2V data)

T = -4 C (E2V data)

T = 22 C (post irradiation)

o

o

o

o



66

carried out by irradiating a single device to a high fluence as this would result in all the pixels in

the gain register becoming bright.

In terms of area, 25 % of the gain register is comprised of the high voltage electrode. The

probability of obtaining a bright defect in an avalanche region of the gain register after irradiation

is therefore approximately 0.25. After irradiation with 2.1 × 109 protons cm-2, 3 bright pixels

were generated in the gain register of device 00463-10-13. An irradiation of

2.8 × 109 protons cm-2 will therefore generate 4 bright defects in the gain register, one of which

should lie in the avalanche region. Irradiation of 20 devices to this level will yield ~20 bright

defects in the avalanche region of the device giving good statistics on whether such a defect can

cause device failure. Conversely, using an irradiation level of 2.1 × 109 protons cm-2 as in the

presented study, 27 devices would need to be irradiated to generate ~20 bright defects in the

avalanche region of the device.

If the CCDs chosen for the RVS instrument on GAIA use the L3Vision technology, assuming the

gain register is the same as that of the CCD65 devices, there may be a 1 in 4 chance of device

failure when irradiating the whole gain register to a level of 2.1 × 109 protons cm-2, if a bright

defect in the avalanche region does indeed cause device failure. This statement emphasises the

need for irradiation of a large number, ~25, L3Vision devices.

Previous proton irradiation studies on conventional CCDs have shown that irradiation with the

device unbiased, as in this study, induces significantly lower voltage shifts than if the device

were operational during the irradiations. The magnitude of these voltage shifts and their effect on

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

4.6. Summary

This chapter has presented work carried out to assess the potential for use of CCDs featuring

L3Vision technology in space. Two test devices were irradiated with proton fluences

representative of mission doses received by typical Earth orbiting spacecraft. The L3Vision

technology and the irradiation methodology have been described followed by a detailed analysis

of the radiation damage effects caused by the proton irradiations. The two devices tested were

found to operate as expected after irradiation with no significant changes in the behaviour of the

gain register, proving the L3Vision technology has potential for use in future low light level
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space applications. The next chapter describes another series of proton irradiation studies with a

different CCD type. The aim of this second study was to assess the effects 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 proton irradiation on the operational

characteristics of E2V Technologies CCD22 devices. The reasons behind the work and the

experimental method are described in detail along with a computational model that was

developed to model the expected CTI changes resulting from the experimental soft proton

irradiations. The experimental and modelled results are then presented and discussed.

5.1. Introduction

The Chandra spacecraft demonstrated that not only X-ray photons, but soft protons with energies

below 500 keV could be focused by the spacecraft’s X-ray mirrors, onto the AXAF CCD

Imaging Spectrometer (ACIS) (Prigozhin et al. 2000, O’Dell et al. 2000). Chandra’s mirrors are

arranged in a Wolter Type 1 arrangement that allows the focusing of X-rays by shallow angle

grazing incidence onto the focal plane detectors. A similar mirror module design was used for the

XMM-Newton spacecraft and a study by Rasmussen et al. (1999) showed that, as for Chandra,

soft protons could be scattered by single or double grazing interactions with the mirrors onto the

European Photon Imaging Camera (EPIC) MOS X-ray focal plane detectors. Figure 5.1 shows

the design of a Wolter Type 1 optic and shows the path of incoming photons as they are focussed

by the two mirror sections onto the focal plane detector. The figure shows a single mirror ‘shell’,

the actual XMM-Newton mirror module containing 58 nested mirror shells in a coaxial and

confocal arrangement.

A comparison between the space environment induced degradation of the Chandra instruments

and the possible effect on XMM-Newton showed that the EPIC MOS CCDs on XMM-Newton

are susceptible to the same low energy protons that have caused damage to the ACIS CCDs on

Chandra (Nartallo et al. 2001). The procedure for prevention of proton damage to the CCDs on

XMM-Newton involves moving the filter wheel of each instrument to a ‘closed’ position when

the radiation monitor onboard detects a proton flux above a threshold level. The insensitivity of

the radiation monitor to soft protons results in a delay of order tens of minutes in closing the filter

wheels, allowing soft protons to reach the detectors. In response to these findings, a critical

investigation into the effects of soft protons on EPIC MOS CCDs was 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 modules of the Chandra and

XMM-Newton spacecraft

A study of the effects of soft protons was particularly important because soft protons have the

potential for increasing CTI more than higher energy, MeV range, protons due to their higher

scattering cross-section. Soft protons therefore penetrate only a short distance into a CCD,

depositing most of their energy in the vicinity of the buried channel, where charge is transported.

Two CCD22 devices, the same as those used in the EPIC MOS cameras of the XMM-Newton

satellite (Turner et al. 2001), were taken to the University of Tübingen to be irradiated with

protons using a 3.5 MeV Van de Graaff accelerator facility. The CCD22 structure is presented

below, followed by detailed descriptions of the irradiation methodology and data analysis. A

Monte Carlo model developed to simulate the observed CTI changes that resulted 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 transfer device manufactured by E2V

Technologies (Short et al. 1998). The CCD22 uses high resistivity silicon and an open electrode

structure to obtain good quantum efficiency between 0.2 keV and 10 keV. The image section of

the CCD consists of 600 × 600 pixels of 40 µm square with an additional 2 charge injection rows.

The store section consists of 600 × 602 pixels, each measuring 39 µm × 12 µm. The device

characteristics are summarised in Table 5.1. Each of the two XMM-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

Store section

600 × 600 pixels

600 × 602 pixels

Pixel size:         Image section 40 × 40 µm

                          Store section 39 × 12 µm

                          Readout register 39 × 12 µm

Spectral range 0.1 – 15 keV

Table 5.1 E2V Technologies CCD22 characteristics

Figure 5.2 The 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-Karls-Universität Tübingen, Germany,

has a beam line dedicated to soft proton damage tests and was commissioned for evaluating the

effect of soft proton damage on the pn-CCDs used in the EPIC program (Kendziorra et al. 2000).

Figure 5.3 shows a schematic diagram of the experimental set up used for the CCD22

irradiations.

Figure 5.3 A schematic of the Tübingen proton damage beam line

A monoenergetic 900 keV nano-amp proton beam with a flux of ~1.0 × 1011 protons cm-2 s-1 was

reduced to ~104 protons cm-2 s-1 by a copper pinhole aperture of 1.5 mm diameter. Aluminium

foil filters of 10 µm, 12 µm, 13 µm and 14 µm thickness on a sliding holder were used to

attenuate and broaden the spectral distribution of the beam. The mean energy of protons

transmitted through each foil is given in Table 5.2 (Clauβ 2000). A rotating beam chopper with a

0.3 mm wide slit reduced the flux by a further factor of ~103. For calibration purposes a 55Fe

source could be moved in and out of the field of view of the CCD. A shutter was available to

shield the CCD from the proton beam when not carrying out an irradiation.

Chopper

Pinhole
Aperture

Al Filters

Shutter

55Fe Source

Shield

CCD

Proton
Beam



72

Al Foil Thickness (µm) Mean energy of transmitted proton spectrum (keV)

14 10

13 70

12 170

10 330

Table 5.2 Mean proton energy transmitted through different Al foil thicknesses (Clauβ 2000)

The final component of the beam line was a movable shield that could be positioned to cover the

top or bottom half of the CCD by turning a dial on the outside of the beam line. The dial

prevented the need to open the beam line and break the vacuum when changing the shield

position to irradiate different sections of a CCD.

Proton spectra measured by a pn-CCD using 12 µm and 13 µm Al foils are shown in Figure 5.4

(Clauβ 2000).

Figure 5.4 Proton spectra measured by a pn-CCD using 12 µm and 13 µm Al foils (Clauβ 2000)

12 µm Al foil 13 µm Al foil
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5.3.2. Irradiation and Calibration of CCDs

Two EPIC CCDs were selected for irradiation. In each case the target CCD was fixed within a

cryostat chamber bolted to the end of the beam line and cooled to -100 oC, the operational

temperature of the devices on XMM-Newton. The CCD was located approximately 200 mm from

the end of the beam line with an aluminium shield placed in front of the CCD store section to

prevent X-rays or protons falling on it and causing CTI changes in the serial register. Although

the CCDs selected for these tests were characterised in terms of CTI and response to various

X-ray energies between 200 eV and 10 keV prior to irradiation with soft protons, the use of the

movable shield in the beam line allowed certain areas of each CCD to be kept undamaged,

providing a control for the damaged sections. The beam line and cryostat containing the target

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

Prior to each irradiation, the position of the proton beam was measured to ensure an even spread

of protons across the area to be irradiated. This was achieved by irradiating the CCD operating in

photon counting mode for ~1 s with a very low flux rate, using the 14 µm aluminium foil. The

observed distribution of protons in the resulting CCD image was used to deduce where the CCD

should be moved to obtain the desired uniformity. The 14 µm foil and very short irradiation time

were used for the beam positioning to prevent any damage to the CCD. The mean energy of

protons transmitted through the 14 µm foil was 10 keV. This energy is low enough to be

attenuated by 0.3 µm of silicon preventing any significant amount of energy being deposited in

the buried channel of the device.

Before an irradiation, the target CCD was exposed to a short burst of protons in order to

determine the proton flux, Pflux, passing through the aluminium foil being used:

ROIf

p
flux AT

N
P = (5.1)

Where Np is the number of protons detected in an area of interest in a single frame, Tf is the frame

time, and AROI is the size of the region of interest. The exposure time, Td, for each section of the

CCD to receive the required proton dose, η, could then be calculated:

flux
d P

T
η= (5.2)
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The total fluence received by each section of the two CCDs is shown in Figure 5.5. The white

panels in the figure refer to the irradiated areas of the CCDs. The mean proton energy transmitted

through each foil filter is also given in each panel. Each irradiation was preceded and followed by

a calibration check with the 55Fe source in order to measure changes in the parallel CTI.

At the end of each day of testing the CCDs were warmed to room temperature and maintained at

this temperature overnight. Any annealing effects were observed each morning when the devices

were again cooled to -100 oC and calibrated with the 55Fe source.

Estimates from solar event spectral measurements taken by the EPIC pn-CCD camera on

XMM-Newton (for protons between 100 keV and 200 keV) indicate that the EPIC MOS CCDs

may have already received a soft proton dose of the order of 105 protons cm-2 in the worst case

(Kendziorra et al. 2000). In this experiment, total doses exceeded 106 protons cm-2, a value

representative of the total dose the EPIC MOS devices are expected to receive over 10 years of

operation.

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

1.3x106 protons cm -2, mean energy 170 keV
(12 µµµµm Al foil)

CCD B5/21 CCD B5/19

2.3x106 protons cm -2, mean energy 330 keV
(10 µµµµm Al foil)

1.0x107 protons cm -2

mean energy 70 keV
(13 µµµµm Al foil)

5.0x106 protons cm -2

mean energy 170 keV
(12 µµµµm Al foil)

2.5x105 protons cm -2

mean energy 10 keV
(14 µµµµm Al foil)

Image

Image

Store Store
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5.3.3. Recorded Proton Spectra

The proton spectra obtained with the two CCD22 devices using the four available aluminium

foils are shown in Figure 5.6. In each case, the count rate at the CCD had to be low enough to

avoid pile-up during the 5.4 s frame time of the CCD. To avoid ADC saturation, the system was

controlled by adjustment of the charge integration time. The complete proton spectrum through

each aluminium foil could not be measured by the CCD due to limitations in pixel integration

time and gain reduction. These limitations can be seen in the plots of Figure 5.6, where the

highest energy measured through the 10 µm aluminium foil is 480 keV and through the 12 µm,

13 µm and 14 µm foils it is 182 keV.

The double peak in panel D of Figure 5.6 is not a real effect and is caused by the saturation of the

analogue to digital converter. The peak at 200 keV is caused by multi-pixel events where the

central pixel is saturated and charge has spread into adjacent pixels. The digital value of this pixel

is therefore not representative of the total energy deposited by the proton in the pixel. At proton

energies above 200 keV the penetration depth is higher in silicon and most of the events will be

spread between several pixels as a result of charge being deposited in the field free region.

In comparing the measured CCD22 proton spectra through the 12 µm and 13 µm Al foils with

those measured by the pn-CCD (Figure 5.4), an additional large low energy component is seen in

the CCD22 spectra. This difference is the result of charge loss effects observed in the CCD22

device where electrons generated near the surface of the device become redistributed by tapping

sites at the oxide interface. The amount of charge loss is more prevalent 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 irradiation through four

different aluminium foil thicknesses
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5.4. Computational Model

Predicting the CTI change in the CCDs irradiated with low energy protons was not possible using

the standard Non-Ionising Energy Loss, ‘NIEL’, method of obtaining the 10 MeV equivalent

proton dose. NIEL displacement damage scales with dose as the proton energy decreases (Dale et

al. 1993). Below 1 MeV however, NIEL ceases to be an effective method of predicting CTI

change as a function of proton dose. This is as a result of lower energy protons physically

stopping in the vicinity of the CCD buried channel, depositing their maximum energy in the place

where it will cause the most damage. NIEL also does not take the geometry of the CCD into

account. Another method of modelling the CTI change was required. The solution was to use the

Stopping Range of Ions in Matter (SRIM) program (Ziegler et al. 1985) 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 interacting with a representative

CCD22 structure at a number of input energies between 0.1 MeV and 100 MeV. Due to the

limitations of the SRIM program and the available knowledge of the layered structure of the

CCD22, the buried channel was taken to be 0.4 µm wide at a depth of 1.57 µm below the

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

model are given in Table 5.3.

Layer Material Depth (µm)
Thickness

(µm)
Density
(g/cm3)

Oxide and VAPOX

Electrode

Nitride Passivation

Oxide Protection

Active Region

SiO2

Si

Si3N4

SiO2

Si

0.000 - 0.500

0.500 - 1.000

1.000 - 1.085

1.085 - 1.170

1.170 - 2.670a

0.500

0.500

0.085

0.085

1.500

2.27

2.33

3.44

2.27

2.33

a The buried channel is within this region at a depth of 1.57 µm

Table 5.3 SRIM Monte Carlo model input parameters
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The SRIM output data allowed calculation of the percentage of a given input proton’s energy

deposited into the chosen buried channel volume. The output of this simulation and the fit to the

data are shown in Figure 5.7. The fit consists of a Gaussian, representing the standard distribution

of energy deposited by protons actually stopping within the CCD buried channel volume, and a

split power law representing the NIEL function. The figure shows that protons below 140 keV

will not penetrate far enough into the CCD22 structure to reach the buried channel of the CCD,

and therefore they will not contribute to an increase in CTI. The largest amount of energy is

deposited in the CCD buried channel when the incoming proton has an energy of 223 keV at the

surface of the CCD. Figure 5.8 shows data from four of the many SRIM simulations used in the

Monte Carlo model. The four panels of the figure show the ionisation tracks of incident protons,

with energies of 100, 200, 300 and 1000 keV respectively, interacting with the simulated CCD22

structure. The position of the buried channel is indicated in each panel showing that incident

protons of ~200 keV will deposit most of their energy in the vicinity of the buried channel

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

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

Figure 5.7 The amount of energy deposited into a 0.4 µm wide buried channel at a depth of

1.57 µm from the surface of a representative CCD22 structure as a function of interacting proton

energy
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If the depth of the CCD22 buried channel is in fact deeper than the modelled depth, then the peak

in Figure 5.7 becomes shifted to the right, a converse shift occurring if the depth of the channel is

shallower. If the buried channel is narrower, while still fixed at the modelled depth, the peak

remains in the same place, but the fraction of energy deposited at each input energy decreases.

Conversely, the deposited energy fraction increases if the channel is wider. This emphasises the

fact that the radiation hardness of buried channel CCDs scales with the width of the buried

channel, as shown by Watts et al. (1994).

Figure 5.8 The ionisation depth of protons interacting with a representative CCD22 structure

over the charge transfer path. The buried channel depth is indicated in 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 experimentally measured energy spectra to

calculate the total amount of energy, Ebc, in keV deposited within the specified buried channel

volume by the proton beam, given by:

� ��
���

�=
i

pbinbc ENE
1 100

ξ
(5.3)

Where i is the total number of energy bins in the spectrum, Nbin is the number of counts in each

energy bin, Ep is the input proton energy (in keV) associated with the energy bin and ξ is the

percentage of the input energy deposited in the buried channel, obtained from the SRIM model.

For each of the CCD22 irradiations Ebc was calculated and then used to deduce the 10 MeV

equivalent proton fluence, F10MeV, deposited in the buried channel:

F10MeV 
MeV

irrbc AE

10100ξ
= (5.4)

Where Airr  is the area of the CCD irradiated and ξ10MeV is the value obtained from the SRIM

model for an input energy of 10 MeV and is 8.57 × 10-6 %.

The corresponding parallel CTI change was then deduced using:

MeVXFCTI 10= (5.5)

Where X is the rate of change of CTI with proton dose for an EPIC MOS CCD operating at

-100 oC. In this case X = 1.62 × 10-14 and was determined experimentally in a study by Ambrosi

et al. (2002), where an EPIC MOS CCD was exposed to increasing doses of 10 MeV protons and

the CTI was measured as a function of progressive amounts of damage. 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 distributions. The CTI for each device

was measured prior to each irradiation and for device B5/21 this is shown in panel A of

Figure 5.9. Panel B shows the change in CTI of the same device after irradiation with a proton

spectrum passing through the 13 µm aluminium foil. Panel C shows a more dramatic CTI change

observed when the device was exposed to a spectrum of protons that could inflict more damage

to the buried channel, while panel D confirms that as the number of protons that can contribute

damage in the buried channel increases, the CTI increases. No new bright pixels were present in

the two devices after irradiation, operating at -100 oC.

The 55Fe calibration source illuminating the image section of the CCD was used to determine

changes in the resolution of the Kα peak at 5898 eV after irradiation through the 12 µm

aluminium foil as a function of proton dose. The intrinsic resolution prior to damage was

measured to be ~150 eV. The increase in CTI degraded the resolution to ~170 eV, a 13 %

reduction.
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Figure 5.9 The four panels depict the measured CTI before and after proton irradiation of device

B5/21 through different thickness aluminium foils.  The error bar in each panel is the same for

each data point in that panel. Pixels have been binned in fives to create ‘Super Pixels’
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5.5.1. Comparison of Model and Experiment

The experimental and modelled CTI results for the irradiated devices are compared in Table 5.4.

CCD
Al Foil

Thickness (µm)

Mean Proton

Energy (keV)

Experimental CTI

Change (± 5%)

Modelled CTI

Change (± 20%)

Ratio (± 25%)

(Experimental/Modelled)

B5/21 13 70 3.35 × 10-6 2.55 × 10-6 1.3

B5/21 12 170 1.18 × 10-5 6.79 × 10-6 1.7

B5/21 10 330 4.75 × 10-5 6.13 × 10-6 7.7

B5/19 14 10 9.20 × 10-7 5.34 × 10-8 17.2

B5/19 12 170 5.25 × 10-5 3.32 × 10-6 15.8

Table 5.4 Comparison of experimental and modelled CTI changes

The differences between modelled and experimental CTI values were as expected. The modelled

values are a lower limit for the CTI owing to the fact that the input spectra are incomplete, for

example the spectrum associated with the 12 µm foil, stops at 182 keV. The full spectra will have

a higher proton energy component traversing the CCD, depositing a small amount of additional

energy in the buried channel and this would account for part of the difference. The difference

between modelled and experimental CTI values may also be explained if the representative

CCD22 structure and the location and width of the CCD buried channel are slightly different to

the parameters used in the model. Figure 5.10 shows how changing the modelled buried channel

width, or depth below the CCD surface, affects the percentage of the input proton’s energy

deposited into the buried channel volume. Device B5/19 was taken from a different silicon wafer

than that of B5/21 most likely resulting in the buried channel of one device being wider or in a

slightly different location to that of the other (Gardiner 2003). This explains why the

experimental to modelled ratios for device B5/19 are higher than those for device B5/21. The

increase in experimental to modelled ratio for the 14 µm foil irradiation of device B5/19 is due to

the ‘double peak’ occurring in the input spectrum to the SRIM model caused by saturation of the

ADC.
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Figure 5.10 The effect of varying buried channel width and depth below the CCD surface on the

amount of energy deposited in the buried channel

0

5

10

15

20

25

30

35

100 1000

Input Energy (keV)

P
er

ce
nt

ag
e 

of
 In

pu
t E

ne
rg

y 
D

ep
os

ite
d 

in
to

 B
ur

ie
d 

C
h

an
ne

l

1.47um Depth

1.57um Depth

1.67um Depth

1.77um Depth

0

5

10

15

20

25

30

35

100 1000

Input Energy (keV)

P
er

ce
nt

ag
e 

of
 In

pu
t E

ne
rg

y 
D

ep
os

ite
d 

in
to

 B
ur

ie
d 

C
h

an
ne

l
0.5um Width

0.4um Width

0.3um Width

0.2um Width

0.1um Width

Input Proton Energy (keV)

Input Proton Energy (keV)



85

5.6. Discussion

Soft protons of a few hundred keV can rapidly damage the charge transfer capabilities of CCD22

devices due to the higher cross sections associated with protons of energies below 900 keV. This

is emphasised by the Monte Carlo model developed for this study, which showed the greatest

amount of damage to the buried channel is associated with the highest amount of energy

deposited within it. For an input proton energy of ~220 keV most of these particles will come to

rest in the CCD buried channel, causing maximum damage. As the input proton energy increases,

the fraction of energy deposited in the buried channel decreases and hence larger doses are

required to produce the same observed amount of damage.

The results of on-orbit CTI measurements for both MOS cameras onboard XMM-Newton over

the first 1070 days of the mission have now been documented. All 7 CCDs of both the MOS 1

and MOS 2 cameras show a steady increase in CTI over the current duration of the mission.

Figure 5.11 shows the gradual increase in parallel transfer losses for Mn-Kα X-rays, for CCD 1

of MOS 2. The general ‘slope’ of the data is due to displacement damage caused by protons in

the radiation belts. XMM-Newton passes through the Earth’s radiation belts during each 48 hour

revolution, each time encountering some high energy protons that have enough energy to

penetrate the shielding around the detectors and cause displacement damage in the CCDs. The

larger ‘steps’ in the data are associated with periods of increased solar activity where

displacement damage is caused by high energy solar protons. Figure 5.11 also indicates parallel

loss values recorded during charge injection and cooling tests. The charge injection test was

carried out in revolution 330 and showed that the technique could reduce the CTI by ~50 %

(Abbey 2002). The use of charge injection did not restore the CTI to the pre-launch value and

also introduced 10 – 200 additional bright pixels into the CCD frames recorded when charge

injection was used. The cooling test in revolution 448 was used to investigate the change in CTI

resulting from a decrease of 20 oC in the operating temperature of the EPIC CCDs from -100 oC

to -120 oC (Abbey et al. 2002). This technique reduced the CTI by slightly more than 50 % and

after revolution 533 was implemented permanently, indicated by the last two measurements in

Figure 5.11.

The average CTI values associated with MOS 1 and MOS 2 at day 580 were 1.3 × 10-5 and

1.7 × 10-5 respectively (Bennie 2001). Estimates made by Kendziorra et al. (2000) from solar

event spectrum measurements made with the pn-CCD camera at that time, showed the MOS

cameras should have received doses of ~105 protons cm-2, where the proton energy was estimated
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to be between 100 keV and 200 keV. By folding a value between 1 × 105 protons cm-2 and

2 × 105 protons cm-2 through the SRIM model, the equivalent 10 MeV fluence can be calculated

and hence the expected CTI, which in this case lies between 7.3 × 10-6 and 1.5 × 10-5. The upper

limit of this range is within the average CTI changes for the two MOS cameras, quoted by Bennie

(2001).

Figure 5.11 On-orbit measurements of the Mn-Kα parallel transfer losses of MOS 2 CCD 1 as a

function of time

Figure 5.12 shows the average CTI trend over the duration of the mission for the 7 CCDs of

MOS 2. The on-orbit trend is extrapolated from day 1066 after the operational temperature was

reduced to -120 oC using the CTI value obtained for the cooling test in revolution 448 and the

CTI values obtained since the change in operational temperature. For comparison, the dashed line
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of the figure shows the 90 % confidence level CTI trend that was predicted before launch for

operation of the MOS CCDs at -120 oC. This predicted trend was based on CCD22 irradiation

tests carried out before the launch of XMM-Newton that concluded the CTI after 7 years of

operation should be ~2 × 10-5. The measured trend at -120 oC is below the level predicted before

launch, indicating that soft protons only account for a minor fraction of the observed CTI

increase, <20 %, the MOS CCDs being subjected to a predominantly hard proton spectrum. This

low level of soft protons indicates that the operation of the spacecraft with regard to preventing

soft protons reaching the CCD detectors is optimal and no operational changes need to be made.

As reported by Kendziorra et al. (2000), the EPIC pn-CCD detector on XMM-Newton was used

to measure the proton spectra of solar events and the results showed typical fluxes of

0.2 protons cm-2 s-1 between 100 keV and 200 keV. Given these measurements, it would take

2.5 × 106 s (~29 days) of continuous staring at such events to sustain the total changes in CTI

given in Table 5.4.

Figure 5.12 The pre-launch predicted and on-orbit measured Mn-Kα parallel CTI change over

time for the CCDs of MOS2
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5.7. Summary

This chapter has described an investigation into the effects of low energy protons on CCD22

devices, the same devices as those used in the EPIC MOS detectors of the XMM-Newton

spacecraft. The CCD22 structure and irradiation methodology have been presented followed by a

detailed discussion of the radiation damage induced CTI changes caused by the irradiations. The

development of a computational model to simulate the CTI changes that resulted from the proton

irradiations has also been presented and shown to produce useful results. The soft proton damage

component to the on-orbit CTI measurements taken from the EPIC MOS devices was found to be

small, the current operation of the spacecraft during solar events being sufficient to keep the

observed CTI change comparable to that expected pre-launch. The next chapter presents a

detailed investigation of a specific radiation induced phenomenon, that of fluctuating bright

pixels. The irradiation of two CCD47-20 devices is described, followed by an in-depth analysis

of the collected data and a discussion of several models put forward to explain the mechanism

behind fluctuating pixels.
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Chapter 6: Random Telegraph Signals

This chapter investigates fluctuating pixels resulting from proton irradiation of two E2V

Technologies CCD47-20 devices. The device structure is described first followed by a

description of the experimental set up and the irradiations carried out. A preliminary study of one

device is then presented followed by a detailed investigation of fluctuating pixels in the second

device. The characteristics of flickering pixels are discussed in detail and the proposed models

explaining the mechanism behind the phenomenon are viewed in light of the collected data.

6.1. Introduction

The generation of bright pixels as a result of irradiation of a CCD has been discussed in the

preceeding chapters of this thesis. This chapter deals with a specific type of radiation-induced

bright pixel; those observed to have a fluctuating charge level. The apparent random nature of the

fluctuation period has resulted in such pixels being called ‘flickering pixels’ which are said to

exhibit ‘Random Telegraph Signal’ (RTS) behaviour. The term RTS has also been applied to

‘flicker’, or ‘1/f’ noise, as described in Chapter 2 (Kandiah 1985, Kandiah et al. 1989). Flicker

noise, however results from electron and hole emission and capture from interface traps adjacent

to the channel region of any CCD FETs, while the RTS phenomena under study in this chapter

are shown to result from bulk traps, showing well defined time constants and characteristics

independent of the surface conditions of the CCD. Little study has been made of the RTS

phenomenon, the main reference sources for information being the published papers by Hopkins

and Hopkinson (1993, 1995) whose investigation of RTS was initiated as a result of other authors

reporting CCD pixels exhibiting fluctuating dark current levels (Srour et al. 1986, Marshall et al.

1989).

The period of amplitude fluctuation is shown later in this chapter to be proportional to the

temperature of the CCD. As the operational temperature of a device is reduced, the mean time

constants for the low and high amplitudes of the fluctuation are increased. CCDs used in X-ray

applications are usually cooled to around -100 oC where the mean time constants are of order

several days and will not cause significant concern in the collection of data. RTS pixels are

however still observed at such low temperatures, for example 5 % of background events in the

MOS 2 camera of XMM-Newton, operating at -120 oC, are the result of flickering pixels in 5 of

the 7 CCDs (Ballet 2003). At temperatures above -20 oC the time constants become of order

hours and start to become more of a problem in data analysis. RTS has already caused significant
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problems for the optical CCD detectors of the GOMOS instrument on the ENVISAT satellite and

may also become more significant in future X-ray missions where the trend is for warmer

operation CCDs, for example the Demonstration of a Compact Imaging X-ray Spectrometer

(D-CIXS) instrument on the SMART1 mission to observe the Moon and its subsequent

development for the Bepi Colombo mission to Mercury.

The mechanism behind RTS is still not well understood and the work described in this chapter

was initiated to provide information to improve the current proposed models of RTS. This

chapter first describes the CCD47-20 devices used for the study and the proton irradiations

carried out before describing the techniques used to characterise the resulting pixels exhibiting

RTS behaviour.

6.2. CCD47-20 Structure

The E2V Technologies CCD47-20 is a front illuminated frame transfer device that can be

operated in inverted mode to suppress dark current. The image and store sections of the CCD

each contain 1024 × 1024 pixels of 13 µm square. The device characteristics are summarised in

Table 6.1.

Active image area 13.3 × 13.3 mm

Image section

Store section

1024 × 1024 pixels

1024 × 1024 pixels

Pixel size:         Image section 13.0 × 13.0 µm

                          Store section 13.0 × 13.0 µm

                          Readout register 13.0 × 13.0 µm

Epitaxial silicon thickness 20 µm

Resistivity 20 – 30 Ω cm

Spectral range 400 – 1100 nm

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

Irradiation of one CCD47-20, device number 9211-5-3, was carried out using the Birmingham

University cyclotron facility described in Chapter 4. The same dosimetry techniques were again

used, the error associated with the dosimetry of each irradiation taken to be ~20 %. Two

irradiations were carried out with CCD 9211-5-3 at room temperature. A 6.5 MeV proton beam

was used to give a 10 MeV equivalent proton fluence of 1.5 × 108 protons cm-2 to one third of the

CCD. The rest of the CCD was covered with an aluminium shield to prevent the protons

damaging that part of the device. It should be noted that the store section of the CCD47-20 has its

own aluminium shield, although this is not thick enough, ~1µm, to stop the protons passing

through it.

A second irradiation was carried out with two thirds of the CCD shielded with aluminium while

the rest of the device was irradiated through 100 µm of copper foil. The copper had the effect of

reducing the mean energy of the proton beam to 2.0 MeV. The same flux of protons was given to

the CCD as for the 6.5 MeV irradiation. The 10 MeV equivalent proton fluence given in this case

was 3.6 × 108 protons cm-2. For the second irradiation the photodiode was also covered with

100 µm of copper in order to measure the same proton flux and mean energy as that reaching the

CCD. The central part of the CCD remained unirradiated as a control area. The shielding regime

and 10 MeV equivalent proton dose received by each area of device 9211-5-3 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 device number 9211-5-3 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 the dedicated 10 MeV

proton damage beam line at the tandem Van de Graaff accelerator facility run by AEA

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

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

Before irradiation, an even distribution of protons across the target area was achieved and

verified by use of a series of scattering foils. By rotating the sample plate out of the beam, the

charge accumulated in the Faraday cup at the end of the beam line and the number of scattered

particles in the solid state detector were used to determine the number of particles reaching the

target area. This calibration was carried out by Harwell staff and was used to determine the

exposure time needed to give the required proton dose to the target detectors. The dosimetry error

associated with each irradiation was taken to be ~20 % based on the beam uniformity

measurements. An E2V Technologies CCD02 device was also irradiated in the same way as the

CCD47-20 device to provide a rough check that the proton flux received was in agreement with

previous irradiation studies.

The CCD was mounted onto the sample plate and rotated into the proton beam for irradiation,

with all CCD pins grounded to avoid static damage. The irradiation was carried out at room

temperature under vacuum. The shielding regime and 10 MeV equivalent proton dose received

by the irradiated area of device 9211-4-4 are shown in Figure 6.3. The exposure time for the

irradiation was ~10 seconds.
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Figure 6.3 A schematic showing the proton irradiated area of device number 9211-4-4 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 each CCD that were irradiated. Figure 6.4

shows the average pixel amplitude in each column of the two CCDs which scales with the mean

energy and the fluence of the protons received by each irradiated area. The increase in dark

current resulting from the 1.5 × 108 and 3.0 × 108 10 MeV equivalent proton doses given at the

two different accelerator facilities are comparable to within the 20 % dosimetry error. The dark

current increase in the area of device 9211-5-3, irradiated through 100 µm of copper foil, is far

higher due to the very large number of bright pixels generated by the 2.0 MeV protons increasing

the average pixel amplitude in these columns. The ‘curve’ of the line in the 2.0 MeV irradiated

region is due to the copper foil being positioned at a slightly off vertical angle across the device.

At a temperature of 24 oC, the unirradiated region in the centre of device 9211-5-3 had a dark

current level of ~2600 electrons, while the dark current levels for the 6.5 MeV and 2.0 MeV

mean proton energy irradiations were ~3400 electrons and ~14,000 electrons per pixel

respectively. The dark current level of device 9211-4-4 increased from ~2200 to ~2900 electrons.
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Figure 6.4 Each graph shows the average pixel amplitude of 1000 rows in the image section of

the proton-irradiated CCDs

6.4. Preliminary RTS Study

An initial RTS analysis of device 9211-4-4 was carried out to assess the general characteristics of

the radiation-induced RTS pixels. This information was then used as a basis for the development

of CCD sequencer and analysis software designed for a more detailed study of device 9211-5-3.

The 600 brightest pixels of the CCD were selected and monitored every 12 seconds over a period

of 12 hours. The CCD was stabilised at a temperature of -10 oC during data collection. Of the 600

pixels studied, 342 were found to exhibit a fluctuating charge level. Figure 6.5 shows a section of

the irradiated area of the CCD showing the uniform spread of the observed bright pixels and

fluctuating pixels resulting from the irradiation and demonstrating the uniformity of the Harwell

proton beam.

0

4000

8000

12000

16000

0 200 400 600 800 1000

CCD Column Number

A
ve

ra
ge

 P
ix

el
 A

m
pl

itu
de

 (
el

ec
tro

ns
)

0

4000

8000

12000

16000

0 200 400 600 800 1000

CCD Column Number

A
ve

ra
ge

 P
ix

el
 A

m
pl

itu
de

 (
el

ec
tro

ns
)

6.5 MeV          Unirradiated          2.0 MeV 10.0 MeV                         Unirradiated

Device 9211-5-3 Device 9211-4-4

Bright Column

Dark
Column

Dark
Columns

A
ve

ra
ge

 P
ix

el
 A

m
pl

itu
de

 (e
le

ct
ro

ns
 p

er
 ro

w
)

A
ve

ra
ge

 P
ix

el
 A

m
pl

itu
de

 (e
le

ct
ro

ns
 p

er
 ro

w
)



96

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

9211-4-4
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• Bi-Stable with Wave: The pixel shows sharp amplitude transitions between 2 distinct

levels while the amplitude also varies in a sinusoidal fashion.

• Flat: The pixel shows no oscillatory nature, or transitions, that are visible above the pixel

noise.

Examples of each fluctuation type are shown in Figure 6.6, spaced out to avoid overlap. Gaps in

the data were caused by loss of frame synchronisation for short periods 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 6.2 The number of pixels exhibiting different types of fluctuation, from a total sample of

600 pixels

The pixels classified as ‘Bi-Stable’ pixels in this study were RTS pixels exhibiting standard RTS

behaviour (Hopkins and Hopkinson 1993), the amplitude of the pixel switching between two

distinct levels. The high and low state time constants were predominantly of order several tens of

minutes to hours at the -10 oC monitoring temperature. This is in agreement with previous work

that investigated the affect of temperature on RTS pixels, showing that the time constants

increase as the temperature is lowered, the time between amplitude changes becoming many

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

temperature of -10 oC

Pixels showing more than two distinct amplitude levels were also observed and classified as

‘Multi-Stable’ pixels. Of the RTS pixels generated after proton irradiation, ~3.5 % were ‘Multi-

Stable’. This is comparable to measurements made in previous studies where the fraction of

generated RTS pixels exhibiting multi-stable behaviour after irradiation 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 period of ~70 minutes, and was due

to thermal drift introduced by the temperature controller. The amplitude of the oscillation

increased proportionally with the mean pixel dark current level, becoming visible above the noise
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in all pixels with a mean dark current level above ~2200 electrons. The oscillation is not a

radiation induced effect, and removing the ‘Wave’ classification from the collected data reveals

that ~45 % of the monitored pixels had generated RTS characteristics. This is in good agreement

with a study involving E2V Technologies CCD02 and Hamamatsu S5466 CCDs irradiated with

neutrons (252Cf), where the fraction of generated bright pixels exhibiting RTS properties was

found to be 40 % (Stefanov 2001).

6.5. Development of Analysis Software

The results obtained from the preliminary study indicated that the RTS pixels were behaving as

expected but also indicated ways of improving the method of analysis. Better temperature control

hardware was obtained to remove unwanted oscillations from the data, while a novel CCD

sequencer program was developed to remove the synchronisation problem causing data loss and

decrease the time between samples to 0.25 seconds. The reduction in the sample time was to

ensure that high frequency transitions were adequately sampled. Another practical problem

encountered during testing was the amount of time required to obtain large data sets for statistical

analysis. Previous studies have shown that the time constants of RTS pixels decrease with

increasing temperature (Hopkins and Hopkinson 1993). The same number of switches from high

to low charge state can be observed in ~1 hour at 45 oC compared with 12 hours at -10 oC. The

data collected from device 9211-5-3 was therefore taken at temperatures in the range 45 oC to

55 oC.

The new CCD sequencer code allowed readout of individually selected CCD rows in 0.25 second

intervals. The resulting images revealed any RTS pixels in the CCD, showing the variation in

pixel amplitude over time for each pixel in the selected row of the device. Figure 6.7 shows an

example of a recorded CCD image taken at 55 oC using the RTS analysis sequencer program.
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Figure 6.7 An image taken using a sequencer program that only reads out pixels in a selected

row of the CCD. Each row in the image is recorded at 0.25 second intervals revealing the change

in amplitude over time of RTS pixels

Each column in the recorded images was then input into RTS analysis software that characterised

the number of distinct amplitude levels present by convolving the measured amplitude spectrum

with a matched Gaussian and observing the number of peaks and troughs in the gradient of the

convolution. The matched Gaussian was  generated by fitting a Gaussian function to the average

amplitude spectrum of 10 ‘stable’ pixels. The raw data and the fitted Gaussian function are

shown in Figure 6.8. The analysis software allowed the association of each CCD pixel with a

number of distinct amplitudes, giving the mean ADC value of each amplitude level and the time

between amplitude switches. The four panels of Figure 6.9 illustrate the output from the RTS

analysis software showing the raw pixel amplitude variation over time, the measured amplitude

spectrum, the convolved amplitude spectrum and the gradient of the convolution. The raw data

used for the figure is that of a 2-level RTS pixel, the two distinct amplitude levels being clearly

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

• CCD row selected and RTS sequencer used to obtain an image of the amplitude variation

over time of all the pixels in the row

• Each column from the recorded image is read into the RTS analysis software

• Variation in pixel amplitude over time plotted

• 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 amplitude level

Figure 6.8 The average amplitude spectrum of 10 ‘stable’ CCD pixels fitted with a Gaussian

function. The fit shown has a σ 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 sensitivity of the software to

picking out the number of distinct amplitude levels present in the raw pixel amplitude data. The

raw data was recorded with the CCD operating at 55 oC

6.6. Characterisation of RTS Pixels

6.6.1. General Properties

From a sample of 1800 pixels in the 3.6 × 108 protons cm-2 irradiated region of device 9211-5-3,

the number of RTS pixels and the number of distinct amplitude levels in each RTS pixel were

recorded. The number of amplitude levels was investigated to determine if the occurrence of RTS

pixels with more than two amplitude levels scaled with the statistical probability of more than

one RTS defect occurring in a given pixel. If the measured number of 3 or 4 level RTS pixels was

the same as the number expected by the statistical probability, all fluctuating pixels should be the

result of one or more 2-level transitions within a given pixel. If the observed number of RTS

pixels with more than two amplitude levels was significantly greater than the expected number it

would indicate that RTS pixels with more than two levels are the result of additional processes.
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Figure 6.10 shows the variation in amplitude with time for an RTS pixel with more than 2 distinct

amplitude levels.

Figure 6.10 Amplitude variation with time of a multi-level RTS pixel at 50 oC

An amplitude spectrum was obtained from raw data collected at 50 oC for each RTS pixel and the

RTS analysis software used for the detection of distinct amplitude levels. Figure 6.11 shows the

measured distribution of RTS pixels with 2, 3, 4 and 5 amplitude levels and the statistically

expected fraction that should be present if the explanation for 3-level or 4-level RTS pixels is

simply that two 2-level RTS phenomena are located within the same pixel. The observed number

of pixels showing more than two distinct amplitude levels is significantly below the expected

value due to the level of noise in the data reducing the detection efficiency. Detection thresholds

from 5σ to 10σ were investigated, all producing data with the same power law fit. No clear

evidence that additional processes are responsible for the higher number of amplitude levels

observed was found, the most likely explanation for multi-level RTS being a number of 2-level

RTS phenomena residing in a single pixel.
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Figure 6.11 The 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 field regions within a CCD pixel,

the ‘event’ size of the bright pixels containing RTS was investigated. If a high proportion of RTS

pixels were found to be located in single pixel events it would indicate that the defect causing

RTS is located in the inter-electrode or the channel stop high field regions, where it is very

difficult for charge to diffuse into adjacent pixels. If a large proportion of horizontal or vertical

split events were observed, the defect causing RTS may be concentrated in the lower field

regions of a pixel, where the charge generated can diffuse into adjacent pixels before being

collected into the charge storage region.

From a total of 921 RTS pixels observed in the 1.5 × 108 protons cm-2 irradiated region of device

9211-5-3, only a very small number of the RTS pixels were located adjacent to another bright

pixel. Figure 6.12 shows the percentage of the observed RTS pixels having different ‘event’

sizes. The number of 2 pixel events is consistent with the probability of obtaining two single

events in adjacent pixels, providing evidence for the location of RTS in the inter-electrode or

channel stop high field regions.

y = 11.6x -4.4

0

0.1

0.2

0.3

0.4

0.5

0.6

1 2 3 4 5 6

Number of Amplitude Levels

Fr
ac

tio
n 

of
 T

ot
al

 P
ix

el
s

Statistically expected fraction of 3 or 4 level pix els

Pow er law  f it to data



105

Figure 6.12 The distribution of event sizes from a total of 921 RTS pixels

Further evidence for the location of RTS in the high field regions of a pixel can be obtained by

considering the physical structure of a pixel and the charge storage and transport volumes. Figure

6.13 is a diagram of the CCD47-20 3-phase pixel structure, indicating the charge storage region,

the inter-electrode and channel stop high field regions and the associated movement of charge for

the potential situation shown.
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Figure 6.13 The structure of a CCD47-20 pixel indicating the inter-electrode and channel stop

high field regions and the movement of charge into the charge storage region of each pixel
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Assuming the depth and width in each case to be the same, the ratio of the volume of the charge

storage region in a CCD47-20 pixel during a single pixel transfer, Vcs, to the volume of the high

field region within, Vhf, can be approximated by:

hf

transfer

hf

cs

D

D

V

V
= (6.1)

Where Dtransfer is the distance travelled during a single pixel transfer and Dhf is the distance

travelled through a high field region during the transfer. Substituting in suitable values of 13 µm

and 0.2 µm respectively, Vcs/Vhf is found to be 65. If this value is comparable to Ntraps/NRTS, where

Ntraps is the number of traps in a given sample of pixels and NRTS is the number of pixels in the

sample showing RTS characteristics, this provides indirect evidence 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 3 × 108 protons cm-2, from an area containing 18400

pixels ~1.2 % had a charge level greater than 5σ of the mean dark current level. Of this fraction,

~45 % will exhibit RTS characteristics, i.e. ~100 of the sample pixels. An irradiation fluence of

1 × 109 protons cm-2 results in a CTI of ~2 × 10-4 electrons per pixel (Holland et al. 1991). For a

Mn Kα X-ray this CTI value results in the loss of a single electron per transfer through 3 pixels.

In a sample of 18400 pixels there will therefore be ~6000 traps. In this instance Ntraps/NRTS is

found to be 60, comparable with the Vcs/Vhf 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 recorded at 5 oC intervals from

45 oC to 55 oC for 85 RTS pixels. The transition amplitude is the change in dark current level

from the bright pixel pedestal level to the high RTS amplitude. In 1 hour ~80 RTS transitions are

observed at 45 oC, the number increasing to ~150 at 55 oC. Figure 6.14 shows histograms of the

observed amplitudes at 45 oC, 50 oC and 55 oC. As temperature is increased the mean RTS

transition amplitude also increases with the distribution of amplitudes becoming more widely

spread. The mean RTS amplitude at each measured temperature is shown in Table 6.3.

Figure 6.15 shows an example amplitude versus time plot for an RTS pixel at the three different

temperatures, highlighting the transition amplitude change. The figure also shows how the bright
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pedestal amplitude increases with increasing temperature as a result of the extra dark current in

the pixel.

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

Temperature (oC) Mean RTS Transition Amplitude (nA.cm-2)

45 0.60

50 0.75

55 1.05

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

of an RTS pixel

A previous investigation into RTS pixels in a TH7895M device, with pixels of 19 µm2, looked to

see if there was a correlation between the RTS transition amplitude and the dark current pedestal

amplitude (Bond 1996). No correlation was observed for the data collected at 10 oC. Figure 6.16

shows the relationship between RTS transition amplitude and dark current pedestal amplitude for

24 RTS pixels of device 9211-5-3 at 45 oC and 55 oC and also displays the data recorded by Bond

at 10 oC (1996). As the temperature increases the spread in the observed transition amplitudes

becomes larger for higher pedestal amplitudes. A power law trendline can be fitted to all three

data sets indicating a power law relationship between the temperature of the device and the

spread in the transition amplitude and pedestal amplitude correlation.

The mean transition amplitude of 10 RTS pixels was evaluated at 2.5 oC intervals from 45 oC to

55 oC. Plotting the loge of the transition energy as a function of 1/kT, the RTS transition

amplitude was found to follow an Arrhenius relationship with a mean activation energy of

0.53 ± 0.13 eV. The results for 10 RTS pixels are shown in Figure 6.17. The errors associated

with each data point are indicated for one data set and arise from the temperature stability error

and the noise variation in the mean amplitude level of a given RTS pixel. This mean activation

energy value is comparable with the activation energy of 0.57 ± 0.03 eV found by Bond (1996)

and lies near the mid-band energy of 0.55 eV, indicating the E-center or the J-center as the defect

most likely responsible for RTS.
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Figure 6.16 RTS transition amplitude variation with dark current pedestal amplitude

Figure 6.17 RTS transition amplitude activation energy
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6.6.3. Period Properties

The period of time spent in the high and low amplitude states during each RTS transition was

recorded for eight 2-level RTS pixels. A ‘switch’ from one level to another was defined as an

amplitude change above 5σ of the mean dark current pedestal level of the given pixel, the length

of time at a given amplitude level was defined as the ‘period’. Data were recorded at 2.5 oC

intervals from 45 oC to 55 oC. Figure 6.18 shows an example amplitude verses time plot for an

RTS pixel at the three different temperatures highlighting the high and low state period changes.

Figure 6.19 shows histograms of the recorded low and high period measurements at 45 oC, 50 oC

and 55 oC. The bin size for the low state period histogram is 2 seconds and the bin size for the

high state period histogram is 10 seconds.

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

As temperature is increased the distribution of observed high and low state periods becomes

narrower, the mean time spent in a high or low state becoming shorter. Chi2 fitting was used to

determine the time constant for each state at the five measured temperatures. The mean time in

the low state was best fit by a single exponential in each case. Plotting the loge of each measured

low state time constant as a function of 1/kT reveals an Arrhenius relationship with an activation

energy of 0.2 ± 0.1 eV.

The high state data are better fitted by a combination of two exponential functions, revealing one

time constant that varies with temperature in a similar way to that of the low state and a second
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time constant that varies more markedly. Figure 6.20 shows the Arrhenius relationship of the two

high state time constants that have activation energies of 0.1 ± 0.1 eV and 0.2 ± 0.1 eV and also

shows the low state data. The error associated with each data point is shown. All three measured

period activation energies are within the measured error, indicating that an activation energy of

~0.2 ± 0.1 eV is common to all three measured time constants. The RTS study by Bond (1996)

found a single time constant for the low state and also only a single time constant for the high

state. In each case the period activation energy was found to be 0.9 ± 0.1 eV, much larger than

the observed value in this study.

Figure 6.19 Histograms of RTS high and low state periods from a sample of 8 RTS pixels at

three temperatures
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Figure 6.20 RTS high and low state period activation energies

6.6.4. Annealing

The possible link between the RTS phenomenon and the E-centre, suggested by the comparable

RTS amplitude and E-centre activation energies, was further investigated by an annealing study.

Device 9211-5-3 was subjected to an unbiased anneal at a temperature of 120 oC for a period of

2 hours. The characteristic anneal temperature of the E-centre is ~120 oC. If the mechanism

behind the RTS phenomenon is linked to the E-centre, a significant fraction of the RTS pixels

observed before heating the device should have annealed when investigated afterward.

Characterisation of 69 RTS pixels, of which 6 had >2 distinct amplitude levels, took place both

before and after the anneal. The characterisation involved recording the amplitude of the selected

RTS pixels at 0.25 second intervals for 5 minutes. All the selected RTS pixels were from the

3.6 × 108 protons cm-2 irradiated area of the CCD. The data was collected at 50 oC.
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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 6.4 Post-anneal characteristics of a sample of 69 RTS pixels

Table 6.4 summarises the state of the 69 monitored RTS pixels after the anneal. Of the total

sample, 28 % of the pixels still showed RTS characteristics, while 72 % were completely

annealed. This is comparable to the value of ~80 % obtained by Holland (1990) when annealing

bright pixels at 160 oC for 16 hours. The large fraction of RTS pixels annealed strongly supports

the case for the underlying mechanism behind the phenomenon being linked to the E-centre. It is

also interesting to note that of the 6 RTS pixels with more than 2 distinct amplitude levels, three

annealed completely while 3 only annealed 2 of their amplitude levels. This observation strongly

supports the idea that multi-level RTS is the result of more than one bi-stable defect occurring

within a given pixel, a single RTS defect annealing away reducing the number of observed

amplitude levels by two in each of the observed cases. Figure 6.21 shows the variation in

amplitude over time for six of the monitored pixels both before and after annealing.

Previous work by Bond (1996) observed changes in the amplitude and period of 7 monitored

RTS pixels during a stepped anneal study. The study found that RTS defects are gradually

annealed, the time in the high state amplitude became increasingly long until it eventually

became infinite. In contrast, of the 50 RTS pixels that were annealed in the work carried out for

this thesis, 42 displayed amplitudes very close or below the pre-anneal low state amplitude. Of

the remaining 8 annealed RTS pixels, only 1 was annealed to an amplitude level comparable to

the pre-anneal high state amplitude, the rest annealing to amplitude levels between that of the

pre-anneal high and low amplitudes.

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

flickering period and transition amplitude had decreased slightly, with the exception of 2 pixels
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where the RTS transition amplitude had become much larger than it was before annealing, as

shown in Figure 6.22.

Figure 6.21 The amplitude variation with time of RTS pixels monitored before and after

annealing. The amplitude scale is arbitrary to allow the presentation 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 a large increase in

transition amplitude after annealing

6.7. Discussion

The RTS pixels observed after proton irradiation of CCD47-20 devices display very sharp

amplitude transitions between distinct levels with high time constants and well defined activation

energies. After a 10 MeV equivalent proton dose of ~3 × 108 cm-2, approximately 45 % of the

bright pixels in the irradiated area show signs of dark current fluctuation between two or more

distinct amplitude levels above 5σ of the mean dark current level. The spread of bright pixels and

pixels exhibiting RTS characteristics is uniform throughout the area of irradiation. Of the

observed RTS pixels >90 % were isolated events, indicating the mechanism behind the RTS

phenomenon may physically lie inside the inter-electrode and channel stop high field regions of a

given pixel. Consideration of the physical structure and the extent of the high field regions within

a CCD pixel also support this hypothesis, the ratio of the charge storage volume to the volume of

the high field region in a pixel being comparable to the ratio of the number of traps to the number

of RTS defects observed within a pixel. These ratios are 65 and 60 respectively.

The number of RTS pixels with >2 distinct amplitude levels is lower than the statistically

expected number if >2 levels is the result of two or more 2-level RTS mechanisms residing

within a given pixel. This is due to the thermal noise on the dark current level making it hard for
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the analysis software to detect the distinct amplitude levels. This fact does however support the

idea that multi-level RTS is not due to a separate mechanism to that of 2-level RTS, the most

likely cause being a number of 2-level RTS being present within the same pixel. The observed

partial annealing of multi-level RTS is also in agreement with this hypothesis. RTS pixels

exhibiting 3 distinct amplitude levels and not a multiple of 2 can be explained not only by the

inability of the software to detect other amplitude levels above the noise in the data, but also by

consideration of the magnitude of the high and low state amplitudes of each defect in the pixel.

The observed pixel amplitude at any given time is the superposition of the amplitude of each

defect in the pixel at that moment. If there are two bi-stable defects within a given pixel the

resulting pixel amplitude can show 4 amplitude levels or 3. The observation of 3 levels arises

when the transition amplitude of each of the bi-stable defects is within the measurement

resolution. A similar superposition argument can be used to deduce that for three bi-stable defects

within a given pixel, any number of amplitude levels between 4 and 8 can be observed.

The RTS transition amplitude does not show a strong correlation with the dark current pedestal

amplitude, with transition amplitudes varying over a range of ~1 nA cm-2 for a given pedestal

amplitude at 45 oC. As temperature is increased the dark current increases, the spread in the

observed transition amplitudes becoming larger for higher pedestal amplitudes.

The above observed RTS properties indicate the likely mechanism behind RTS involves discrete

transitions between two states separated by an energy barrier. A number 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 large transition

amplitudes, low activation energies and correlation to bright pixels. The defect responsible

may be located in the inter-electrode or channel stop regions of a pixel where the electric

field is larger due to Poole-Frenkel enhancement. Another suggestion is that charge captured

by a defect may create an electric field around itself which then influences nearby defects.

However, the field created would not reach very far and the resulting number of defects

influenced would not be enough to account for the large transition amplitudes seen. This idea

is also statistically unlikely if there are not many defects present in the silicon lattice.
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• Multiple Defects: The high transition amplitudes may be the result of many bulk defects

contributing charge at the same time. Work has shown that around 50 defects would be

required to act together to generate the amplitudes seen and so this theory is thought to be

unlikely (Kirton et al. 1989).

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

defect, with two or more states separated by an energy barrier, may be responsible for the

RTS phenomenon. The defect must be common as it is widely seen after, and in some cases

before, proton irradiation of a device. There are however, no known defects with the

appropriate activation energy and energy states. Normally the time constants of capture and

emission of charge are thermally independent. This is not true for the observed RTS time

constants, which show a strong temperature dependence. The RTS switching phenomenon

therefore involves a mechanism that is independent of simple electron capture and emission

probabilities.

Figure 6.23 Energy verses defect configuration for a defect with two stable states, A and B

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

charge state: state A being stable for one charge state, and state B being stable for another

E
ne

rg
y
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(Chantre 1989, Watkins 1991). The configuration can be flipped over the potential barrier

from state A to state B by thermal fluctuations. The energy level of each state, along with any

field enhancement, will determine the level of thermally generated conduction band electrons

and therefore the dark current amplitude level. If one state is nearer the mid gap than the

other there will be two clear dark current levels observed after field enhancement. This model

can not explain the multi-level RTS pixels observed, if they are the result of a different

process to 2-level RTS, and also does not account for the second high period time constant

observed in the data. Figure 6.23 illustrates the proposed defect. In one charge state, state A

has the lower energy, while in the other charge state, state B has the lower energy.

• 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. The correlation between RTS

behaviour and dark current spikes indicates that the defect responsible for the dark current

spikes may also be the cause of RTS. The E-centre is a common bulk defect in proton

irradiated silicon and is generated in numbers large enough to explain the large fraction of

pixels exhibiting RTS after irradiation. It has been shown that the E-centre in its neutral

charge state has an extra positive charge on the P-atom, and a corresponding extra electron

orbital (Watkins and Corbett 1964). The defect has a resulting dipole moment, and the field

enhancement factor caused by the defect will depend on its orientation within the applied

electric field (Martin et al. 1981). The E-centre has been observed to reorient its axis, the

vacancy taking the place of any one of the four nearest silicon atoms to the phosphorous

atom, moving through the silicon lattice by thermally overcoming potential barriers (Watkins

and Corbett 1964). Figure 6.24 shows the structure of the silicon lattice containing an

E-centre defect and one possible reorientation. The level of dark current generation is

dependent on the orientation of the defect within the applied electric field. A movement of

the vacancy from a small angle to a large angle relative to the 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 vacancy can reorient itself

from its normal position nearest the phosphorous atom to a new nearest site by moving through

the lattice as shown

For this model to be viable, RTS time constants should be correlated to the kinetics of

reorientation of the defect. The measured activation energies for reorientation are

0.93 ± 0.05 eV, higher than the observed 0.2 ± 0.1 eV observed in the CCD47-20 study

presented. The model also explains the lack of a correlation between RTS amplitude and the

dark current pedestal, and lack of any direct evidence for field enhancement, as the model

assumes the amplitude is dependent on the defect orientation, not the electric field strength.

Electric fields have however been observed to influence the reorientation kinetics of defects,

which may explain the large variation in time constants observed (Kimerling 1979).

The models described above each provide explanations for a number of observed RTS

characteristics, but not all. The reorientation of the E-centre provides the most detailed

description of a mechanism to explain the RTS phenomenon, but does not account for the two

high state time constants observed in the data obtained for this thesis. The work in this chapter
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has shown that the most likely model for RTS involves the E-centre, 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 pixels in proton irradiated CCDs. The

prevalence of the ‘Random Telegraph Signal’ phenomenon and the lack of understanding of the

underlying mechanism was described first, followed by descriptions of the devices used for the

study. The irradiation methodology was then presented followed by an in-depth analysis of the

induced RTS pixel characteristics. The RTS phenomenon was shown to be strongly linked with

the E-centre and most likely physically located within the high field regions of a device. A

number of models for the underlying mechanism have been presented, the most plausible

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

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

This chapter summarises the main conclusions of the three studies carried 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 space applications, two E2V

Technologies CCD65 devices incorporating the L3Vision technology were irradiated with proton

fluences representative of total mission fluences received by spacecraft operating in low Earth

orbit. The main conclusions of the study are given below:

• After irradiation the two devices were shown to operate as expected with the resulting 

increase in dark current and number of bright pixels generated by each irradiation being 

comparable to previous proton irradiation studies on other devices.

• The L3Vision gain register operated normally after proton irradiation.

• Bright pixels generated in the gain register appeared not to be located in the high field 

avalanche regions as they exhibited similar characteristics to the bright pixels generated 

in the image section of the device.

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

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

number of devices to improve on current statistics and deduce if a bright defect generated in the

avalanche region of a pixel in the gain register can cause device failure. A proton irradiation

study of a batch of ~25 CCD65 devices featuring the L3Vision technology is 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 characteristics of CCD22 devices was

investigated to assess the damage contribution of low energy protons to the observed on-orbit

CTE degradation of the EPIC MOS devices of XMM-Newton. The main conclusions of the study

are:
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• Protons with energy of order a few keV cause more damage than that expected by the 

Non-Ionising Energy Loss function as they deposit the majority of their energy within 

the CCD.

• The greatest amount of damage to the buried channel is associated with the highest 

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 the soft proton flux

reaching the EPIC MOS CCDs to a minimum.

The study also resulted in the development of a computational model that can be used to simulate

the CTI expected after irradiation of a CCD with low energy protons. Input to the model involves

specifying a representative CCD structure, in this case a CCD22 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’ phenomenon has been carried out

with a number of new findings being made. The study involved the irradiation of two CCD47-20

devices with protons, and the subsequent development of detailed analysis software to allow the

characterisation of radiation induced RTS pixels. The main findings of the RTS investigation are

as follows:

• Approximately 45 % of bright pixels generated after proton irradiation exhibit RTS 

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 for RTS involves two 

distinct amplitude levels, RTS pixels with >2 amplitude levels being the result of more 

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

• The large amplitude variations associated with RTS pixels indicate the RTS phenomenon

is linked with the high field regions of a CCD pixel. Consideration of the pixel structure,

the charge storage volume and extent of the high field region within a pixel also support

this finding.

• The large number of RTS pixels generated after irradiation and the large amount of RTS 

pixels annealed at 120 oC provides strong evidence that the underlying mechanism 

behind RTS is linked with the E-centre. The RTS amplitude activation energy was found 

to be around mid-band, 0.53 ± 0.13 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 ‘inject’ protons into specific regions

of a CCD pixel allowing direct measurement of the location of bright and RTS defects within the

volume of a pixel and accurate correlation with the high field and charge storage regions (Simon

2003).
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