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1 INTRODUCTION

1.1 Scope

This document is intended as an input into the formal drafting of the ESCC guidelines for displacement
damage testing of 2d-imagers, such as CCDs, CMOS image sensors (CIS, also known as active pixel
sensors, APS, or monolithic active pixel sensors, MAPS), as well as infrared imager arrays. These types of
sensors are also available in 1-D format and this guideline document will also be applicable to them.

These guidelines cover the effects of irradiation conditions, typical test measurements, discussion of
radiation sources, dosimetry and planning issues. The appendices cover technical subjects of relevance to
those undertaking displacement damage testing and include a discussion of the space radiation
environment, modelling activities, an overview of 2d imager technology, the basic mechanisms for
displacement damage and annealing behaviour and the effect of displacement damage on imager
performance.

This document is deliverable D5 under ESA contract 4000101510/11/NL/NR. Device testing was also
undertaken within the framework of this contract, the test report being deliverable D3 [AD-2].

1.2 Applicable Documents

Applicable Documents identified in the following text are identified by AD-n, where “n” indicates the actual
document, from the following list:

AD# Title Document Number Issue Revision Date
1 ESA Statement of Work TEC_QEC/CP/SOW/2009-2 1 Rev 2 05/11/2009
2 Test Report, D3 SSTL# 0193867 1 2 23/10/12
3

1.3 Reference Documents

Documents referenced in the following text, are identified by RD-n, where “n” indicates the actual document,
from the following list: Reference Documents are those over which SSTL has no control, such as Outgassing
Manuals, NASA Handbooks etc.

RD# Title Document Issue Revision Date
Number
1 Total Dose Steady-state Irradiation Test 22900 3/3/2007
Method, ESCC Basic Specification 2290
2 MIL-STD-883G, Test Method Standard for MIL-STD-883G 28/02/2006

Microcircuits, Method 1019.8 lonizing
radiation (total dose) test procedure

3 Single Event Effects Test Method And 25100 1/10/2002
Guidelines, ESCC Basic Specification
25100

4 ASTM  E722-94 (Reapproved 2002),

'Standard  practice for Characterizing

Neutron energy Fluence Spectra in Terms

of an equivalent Mono-energetic Fluence

for Radiation-hardness testing of

Electronics, available from ASTM website

5 NASA NEPP document “Proton test 22/08/2002

guideline development — lessons learned”.

Available from NASA GSFC Radhome

website
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1.4 Acronyms and Abbreviations
The following abbreviations are used within this document:

Description
ADC Analogue to Digital Converter
ADU Analogue to Digital Unit
APS Active Pixel Sensor
DAC Digital to Analogue Converter
DD Displacement Damage
DSNU Dark Signal Non-Uniformity
DUT Device Under Test
E-O Electro-Optical
HIF Heavy lon Facility
LET Linear Energy Transfer
MCT Mercury Cadmium Telluride
MNOS Metal Nitride Oxide Semiconductor
MOS Metal Oxide Semiconductor
MSPS Mega Samples Per Second
PRNU  Photo Response Non-Uniformity
RMS Root Mean Square
ROIC  Read Out Integrated Circuit
RT Room Temperature
SEE Single Event Effect
SEFI Single Event Functional Interrupt
SEL Single Event Latch Up
SEU Single Event Upset
SOW  Statement of Work
TBC To Be Confirmed
TBD To Be Defined
TEC Thermo-Electric Cooler
TID Total lonizing Dose

© SSTL
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2 GENERAL INTRODUCTION

It is highly desirable to have a set of recommended test guidelines to achieve a harmonization of testing
activities and subsequent interpretation of data. Such a situation has existed for some time in the areas of
total ionizing dose testing (e.g. RD1 and RD2) and single event testing (e.g. RD3). However, a similar set of
guidelines has never been produced for displacement damage testing. A “lessons learned” document for
proton testing in general has been produced by NASA (RD5) and a standard (RD4) does exist for neutron
testing, but it is not particularly relevant for space applications.

The reasons for the lack of standardisation in displacement damage testing are varied, for example

e The devices most affected by displacement damage are those that interact with, or emit, optical
radiation (termed ‘photonic’ or ‘optoelectronic’ devices). These can be formed from a wide range of
materials (not only silicon but also materials such as GaAs, InGaAs, HgCdTe and InSb).

e Post-irradiation annealing is often important and the timescales and temperatures involved can be
specific to the device or to the type of defects involved.

e Although there is significant literature on displacement damage effects, it is not as large as that for
TID and SEE, probably because of

o Alesser technological interest

o Difficulties in device testing (often requiring specialised optical equipment and time
consuming measurements)

o The often high cost of devices (and corresponding reduction in the number of devices
tested)

o And it appears more difficult to circumvent displacement damage effects, by design or
technology choices, than TID and SEE, therefore users have learned to live with the
degradation.

However, enough is how known about its effects to attempt to produce a guideline document, even if this
cannot define a rigid procedure for all cases. It is the aim of this present work to provide users, at least, with
an awareness of the issues and the implications of using particular test methods, for example.

The following sections discuss areas that should be considered when planning an irradiation campaign likely
to involve displacement damage effects. They cover the effects of irradiation conditions, including the choice
of particle type and energy, a description of radiation sources, dosimetry and a discussion of planning
issues. Finally, an outline of typical test measurements and test methods is given. The appendices cover
technical subjects of relevance to those undertaking displacement damage testing and include a discussion
of the space radiation environment, modelling activities, an overview of 2d imager technology, the basic
mechanisms for displacement damage and annealing behaviour and the effect of displacement damage on
imager performance.
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3 IRRADIATION CONDITIONS
When planning an irradiation campaign the conditions under which the irradiations are undertaken must be
considered carefully. The main points are discussed in this section.

3.1 Particle Type and Energy

The displacement damage produced by different particles and energies is normally related through the Non-
ionizing Energy Loss (NIEL). NIEL scaling seems to work reasonably well in many situations, as discussed
in Appendix A6.2. However, care must be taken in choosing the irradiating particle and energy to ensure that
the type of bulk defects being generated and the resultant degradation is representative of the mission. For
example, degradation mechanisms that rely on the generation of defect clusters, such as RTS generating
centres, may not be observed if the material is irradiated with high energy electrons, even though the
electrons can cause displacement damage. If NIEL scaling is uncertain, especially for non-silicon devices,
testing at several energies to confirm whether NIEL scaling holds can be useful.

Ideally, for mission evaluation, the devices under test should be irradiated with particles and energies
representative of the operating environment to avoid uncertainties in the NIEL approach. By utilising a
selection of proton beam degraders and sequential irradiations an approximation to the proton environment
for low earth orbits has been simulated [1]. This could be particularly useful for the testing of devices where
NIEL calculation and its application can be uncertain (for example 1I-VI materials). These degraders are
currently only available at the KVI facilities at Groningen and full simulation of the environment is often not a
practical proposition. Therefore the irradiations should be undertaken using the dominant particle type and
energy to minimise the reliance on NIEL scaling. For example, the most common use for space-borne
imagers is in moderate to well-shielded applications in low earth orbit. In these cases the main interest is in
protons with energies of several tens of MeV as the shielded spectrum usually has a peak at around 50 to 60
MeV. Hence a good energy for testing is around 55 MeV. 10 MeV protons are sometimes used for
convenience, because of beam availability or activation issues, for example. However, it should be noted
that if dark signal distributions are important for the mission success, the use of low energy protons may not
provide a good representation of mission performance (Section A6.3.2). Also, care must be taken if proton
irradiations are being used for a combined test of total ionising dose (TID) and displacement damage effects.
At these low energies intracolumnar recombination of the generated electron hole pairs become significant,
leading to a lower degradation due to TID than would be expected if irradiating with Cco® gammas or higher
energy protons.

Choosing an optimum energy for irradiation testing does depend on detailed knowledge of the shielding and
the environment and sometimes issues can be missed. For example, the CCDs on board the Chandra
Observatory experienced significantly higher than expected charge transfer degradation due displacement
damage when passing through the South Atlantic Anomaly. This was traced to low energy protons (~100
keV) scattering through the x-ray optics and depositing their energy within the buried channel of the CCD. In
most conventional applications of imaging arrays these low energy protons would have been prevented from
reaching the device.

Neutrons are sometimes used for space simulation to avoid ionisation effects that occur when irradiating with
charged particles. However, there is relatively little literature on neutron damage of CCDs and other
imagers. One possible problem with neutron irradiation is that the energy spectrum is not normally mono-
energetic and the dosimetry and application of NIEL can be complicated.

When undertaking fundamental studies it is desirable to know the actual energy spectrum of the particles
incident on the device. Using a tuned beam to obtain mono-energetic protons is preferable to using
degraders to obtain the required proton energy. Degraded beams have significant straggle in the beam
energies that can complicate the data analysis. For example, the Proton Irradiation Facility (PIF) at the Paul
Scherrer Institute (PSI) provide 10 MeV protons by utilising a 74.3 MeV beam reduced in energy by using 0.4
mm Aluminium and 7.5 mm Copper degraders. The resultant energy spectrum, calculated using SRIM 2012
[2], is given in Figure 1.
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Figure 1 The calculated proton spectra with a mean energy of 10 MeV degraded from 74 MeV.

For low energy irradiations it is particularly important to understand the effects of any window materials,
considering both the window attached to the device package and the window to any Dewar arrangement. An
illustration of the effects of a borosilcate cover glass on incident proton energies is given in Figure 2. For
alpha and electron irradiation it is likely that any window material should be removed completely during

irradiation. The effect of window materials can be estimated using the SRIM code, for example.
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Figure 2 The proton spectra following transmission of a mono-energetic, 30 MeV, incident proton
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beam though two thicknesses of borosilicate glass.
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3.2 Particle Flux

The proton flux is usually selected to ensure that the time required to reach a specified fluence is within
acceptable practical limits and to minimise beam time, but is not too high so that dosimetry becomes
problematic.

In practice proton irradiations for displacement damage testing are normally performed with fluxes in the
range 10" - 10° p/cm2/s. This, however, is very much higher than the flux experienced in the space
environment. During steady state irradiation primary defects are introduced and reordering occurs
continuously and short and long term thermal annealing occurs. If the rate of steady state irradiation and the
primary defect introduction rate, is much lower than the short term annealing rate for introduced defects, then
the damage produced after a given time will be relatively stable. In this situation, when irradiation is stopped
the slow long term annealing process will be observed. If the rate of irradiation is of the same order as the
annealing rate then the damage observed directly following the irradiation will be dependent on the particle
flux. For room temperature irradiations there does not seem to be any evidence that this high flux usually
used gives spurious results. However, the flux has be shown to affect the kinetics of defect generation [3] in
silicon following 1.3 MeV proton irradiation at room temperature. For most of the radiation induced defects
observed the introduction rate reduced significantly at fluxes very much greater than 10° p/cmZ/s. However,
the introduction rate of a shallow defect, attributed to the vacancy oxygen complex, was flux dependent even
at a flux of 10’ p/cmzls, the lowest flux investigated. This may have implications for the CTI degradation of
CCDs operating cold. However, the effect was less pronounced in the epitaxial material with relatively low
oxygen content [4] usually used in the manufacture of CCDs.

At very high proton fluxes (>1O10 p/cmzls) the temperature of the device under test could be increased
significantly thus affecting the annealing rate.

3.3 Angle of Incidence

Most irradiations are undertaken with the irradiating beam normal to the surface of the device under test.
Modelling work performed in [5] indicated that the mean damage energy loss rate (and thus the NIEL) was
independent of the angle of incidence, but the variance was dependent on the sensitive volume geometry.
A 40% difference in the variance was calculated for an 11 pm by 7 um slab of silicon, 1um thick, depending
on whether the direction of irradiation was normal to the surface or parallel. The difference increased to a
factor 4.4 for a 0.1 um thick slab. This could have implications for the displacement damage induced dark
signal distributions. However, this should not be of importance for most image sensor technologies currently
used in space applications, where the depletion depths are significantly greater than these thicknesses.

3.4 Irradiation Temperature

Most irradiation campaigns are undertaken at room temperature. This appears to be reasonable if the
mission performance is dominated by charge transfer degradation. For example, Hopkinson et al. [6] felt that
irradiating at room temperature gave a good indication (between a factor 2 and 3.5) of the degradation that
would be observed if irradiated cold, under the operating conditions of the GAIA mission. However, as
discussed in Appendix A6.4, the device temperature affects the defect kinetics and the creation of stable
defects following irradiation. It has been shown that annealing of hot pixels can occur in CCDs below room
temperature. This implies that room temperature irradiations do not give a good estimate of on-orbit effects
for cooled imagers, especially if the number of hot pixels is an important mission parameter. This has been
seen in the in-orbit data from the CCDs used in the Hubble Space Telescope and has been particularly well
illustrated by the work on low temperature alpha particle irradiations of silicon CCDs performed by Hopkinson
et al. [7]. As another example, consider HgCdTe detectors with a normal operating temperature below 200K.
The irradiation of these detectors at room temperature underestimates the degradation in dark signal that
would be observed in operation, as a significant proportion of the dark signal will be annealed at
temperatures above 200K, but will not anneal significantly at the operating temperature.

Ideally, therefore, irradiations should be undertaken at or near the expected operating temperature with
measurements performed without changing the temperature or, at least, following typical changes of
temperature expected during the mission. However, it is not always possible to perform irradiations at very
cold temperatures due to logistical difficulties. For example, the activation of any cryostat arrangement by
the irradiating beam will make handling and the transportation of the vacuum system a reasonable time after
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the irradiation problematic. This activation issue is reduced significantly if a low energy proton beam (for
example <10 MeV) is used for the irradiations.

Activation of the cryostat and other components also requires careful consideration of the data acquisition
details to ensure that, for example, enough frames are acquired for rejection of events due to signal
generated from radioactive emission. This is particularly critical for in situ testing in a cryostat for multiple
proton increments. In some cases the induced radioactivity has short lifetimes, and one can wait and take
sequential sets of data. It is application dependent, but activation has to be carefully considered else a
corrupted data set may be the result.

3.5 Bias During Irradiation

The initial defect concentrations produced by displacement damage are usually considered to be
independent of bias applied during irradiation. Therefore displacement damage testing is usually undertaken
unbiased. Unbiased irradiations tend to lead to a reduction in the effects of total ionising dose and therefore
displacement damage effects can be isolated more easily. Comparison between the results obtained for
devices biased and unbiased during irradiation confirmed that the increase in the dark current observed in
InGaAs detectors used on the SPOT 4 satellite due to displacement damage does not depend on the bias
applied [8]. A direct comparison between clocked und unbiased irradiations for silicon CCDs has been
undertaken as part of this current contract [AD2]. No significant difference was observed for dark signal,
DSNU, RTS and CTE degradation. However, for all parameters tested, the rate of room temperature anneal
did depend on whether the device remained clocking or left unbiased. This implies that there will be a
reduced degradation observed for very low dose rate, room temperature irradiations. More work is required
to fully characterise and understand this bias dependent behaviour.

3.6 Beam Uniformity

Beam uniformity information should be available from the irradiation facility. The level of uniformity should be
appropriate for the required testing. If the uniformity is marginal, for example if the device under test is
particularly large in relation to the specified beam diameter, or if several devices are being irradiated at the
same time, the beam should be characterised prior to irradiations being undertaken. There are several ways
in which the uniformity can be determined. For example, radiochromic film or a scanning photodiode can be
employed. Once the beam uniformity has been determined the device under test should be carefully aligned
to the centre of the beam where the uniformity is likely to be optimum.

3.7 Exposure in Air or Vacuum

The choice of whether testing should be undertaken in a vacuum depends on the attenuation of the particle
beam as it passes through air. This, in turn, is dependent on the particle type and energy. For reference,
the projected range for protons and alpha particles in air is given in Figure 3.
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Figure 3 The range of protons and alpha particles in air at sea level

© SSTL




" Doc No: # 0195162
. FINAL TEST GUIDELINE
Sl JFQREY Revision: 01.02 Status: Issued
SATELLITE TECHNOLOGY'LTD Revision Release Date: 16/05/2014
Displacement Damage Guideline Page 15 of 69

4 IRRADIATION SOURCES

Generally, irradiations need to be undertaken at facilities set up to generate the required particles. There are
many irradiation facilities suitable for displacement damage assessment available throughout the world and
a useful compendium of facilities has been drawn up and presented at RADECS 2011 [9]. In this section an
overview of the general types of irradiation facilities are covered. For some studies, irradiation may be
undertaken within the laboratory. Typical sources used for this type of activity are described in section 4.4.

4.1 Proton Sources

Most proton irradiation facilities supply protons through the use of Tandem Van de Graaff generators or
particle accelerators such as cyclotrons or synchrotrons. Linear accelerators are also employed
occasionally. Many are used for medical or industrial purposes and may not always be available for devices
testing. It is certainly advisable to visit the facility prior to a radiation campaign to ensure it meets any
specific requirements for, for example, accessibility.

Most Tandem Van de Graaff based facilities provide protons having an energy up to around 10 MeV.
Examples include the Helios-3 facility of Synergy Health Ltd. (formerly Isotron Ltd.) in the UK and the SNICS
source at CNA in Spain. Some facilities do offer higher energies, such as the SIRAD-INFN facility in Italy
which provides protons up to 30 MeV. Generally the beam sizes tend to be a maximum of a few cm in
diameter although the maximum irradiated area can be sometimes increased through the use of scanning
techniques.

Cyclotrons tend to be employed when higher energies are required. Typically energies of up to a few tens of
MeV are available from these facilities but some offer energies as high as 200 MeV. For example, the
cyclotron at the Université Catholic de Louvain, Belgium, provides protons up to 62 MeV and low energy
beam line at the Paul Scherrer Institut (PSI), Switzerland supplies energies up to 72 MeV. Beam diameters
of 10-20 cm are typical. For very high energies synchrotron facilities are available for irradiation programs,
such as the linear accelerator fed synchrotron at the Brookhaven National Laboratory, USA, which offers
energies up to 2.5 GeV.

If proton energies are required below the maximum available, energy reduction is possible by either tuning
the beam or through the use of degraders. Degraders are material plates, usually aluminum, placed
between the beam and the device under test, the material and thickness being chosen to achieve the
required energy. Although convenient, degraders should be considered with care as, although the mean
energy will be reduced, straggling causes a broadening of the energy spectrum. This may result in a more
complex analysis of the test results (see section 3.1 and Figure 1).

4.2 Neutron Sources

Neutrons for device testing can be provided by radionuclide sources, including neutrons from sources in a
moderator, those produced by nuclear reactions with charged particles from accelerators and neutrons from
research reactors.

The most commonly used spontaneous fission source is the radioactive isotope californium-252. This
produces a spectrum of fission neutrons peaked at 1 MeV and extending out to ~13 MeV (Figure 4). Alpha
reaction sources are also used, such as AmBe or AmLi.
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Figure 4 Spectra of the fission neutrons from Cf252 (after data provided in [10])

Mono-energetic neutrons can be provided by facilities that take advantage of the deuterium-tritium (14.1
MeV) or deuterium-deuterium (2.5 MeV) reaction through an accelerated ion beam hitting a metal hydride
target, for example. The deuterium-tritium reaction provides an isotropic 14.1 MeV neutron source. Such
facilities are available at, for example, the Atomic Weapons Establishment in the UK or the Fraunhofer
Institute, Germany.

High energy neutrons are available from nuclear spallation facilities where a high energy proton beam,
produced by a cyclotron or synchrotron, for example, impacts target material such as Tungsten. The neutron
energy extends from thermal up to the energy of the incident proton beam. For example, the spallation
source at the Svedberg Laboratory at Uppsala University, Sweden provides neutrons up to 180 MeV. The
guasi-monoenergetic neutron (QMN) facility at the same laboratory produces neutrons from accelerated
protons incident onto a Li target. The resultant neutron spectrum is dominated by a high energy peak at an
energy controllable between 17 MeV and 180 MeV.

4.3 Electron Beam Facilities

High energy electron beams can be provided by Van de Graaff generators or various linear accelerators.
Maximum available energies range from a few MeV to a few tens of MeV. Most beam diameters are limited
to a few centimetres but irradiation area can be increased by scanning of the beam. For example, the
electron beam irradiation facility at the Japan Atomic Energy Agency Advanced Radiation Research Institute
offers electrons up to 2 MeV over a scanned area of 5cm x 120cm. Electron beam irradiation can also be
delivered from solid-state accelerators and so provide a DC beam, in contrast to LINACs. This affects the
instantaneous dose rate which can be an issue. For these machines, however, the maximum energy
available is around 5 MeV.

4.4 Laboratory Sources

The use of laboratory sources can be very convenient as they can, for example, be mounted inside the
testing cryostat, enabling irradiation and testing at low temperatures without the need to bring the device up
to room temperature. One of the difficulties in using a laboratory source is in the determination of the
displacement damage dose deposited in the sensitive regions of the device under test due to the range of
irradiating energies and the energy lost in intervening layers. An estimate may be made through
conventional dosimetry methods, such as the measurement of generated currents, if the spectrum of the
radiating particles is known. Particle counting techniques may be employed if the dose rate is very low.

A *°sr source has been used to study the effects of bulk damage on CTE in CCDs [11,12]. This convenient
source produces betas from a *°Sr to *°Y transition and a *°Y to *°Zr transition having a spectrum with an end
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point energy of 2.3 MeV. The energy spectrum [13] is shown in Figure 5. A 20 mCi source mounted at
reasonable distances from the device is sufficient for displacement damage to be observed following
practical irradiation times.
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Figure 5 The differential energy spectrum of the beta particles from a %5y source.

The use of an **Am alpha source to simulate the space environment has been discussed in [14] and used

successfully for low temperature studies in [15]. This is an artificially produced source having a half-life of
462 years. The generated alpha particles are reasonably monoenergetic, having an energy of 5.5 MeV. As
the alphas are highly ionising significant energy will be lost as they pass through the material holding the
source and any window foils, for example. It was estimated in the previous studies that the mean alpha
particle energy incident on the device under test was around 4.6 MeV. A ?*°Po Alpha source has been used
for dark signal studies [16]. This produces alpha particles having an energy of 5.3 MeV, very similar to those
from **Am. It is probably not as practical for general use as its half life is only 138 days.
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5 DOSIMETRY

ASTM Standards exist for the dosimetry of neutron beams for testing electronics for displacement damage
but an equivalent set of standards has not yet been developed for proton beams. However, standard
practice for dosimetry of proton beams has been discussed by McMahan et al. [17] and this may, in future,
be adopted by ASTM. McMahan et al. recommend that the proton fluence should be determined to better
than 5%. The proton beam should be monoenergetic or near monoenergetic (AE/E < 5%) and the energy
should be known to < 2-5% depending on the application. They also recommend that beam flux density
should be uniform to within 5-10% across the size of the device under test (DUT). In practice the dosimetry
may sometimes be to only 10% accuracy. Though not ideal, this should be acceptable for many
applications.

In the following sections a brief overview of dosimetry techniques is given.

5.1 Faraday Cup

A description of the use of the Faraday cup has been given by Cascio and Gottschalk [18]. A Faraday cup
has a shielded, insulated target block thick enough to stop the incident protons. The charge deposited in the
block is measured (e.g. with an electrometer) and is proportional to the number of stopped protons.
Electrostatic and magnetic fields are often used to suppress the current from external secondary electrons or
to prevent secondary electrons generated within the cup from escaping. Faraday cups do not provide
absolute real-time monitoring; they are moved in and out of the beam or are placed in a separate area to
provide measurements only when needed for calibration of other detectors.

5.2 Scintillators

A scintillator is a material which, when irradiated, converts a fraction of the interacting particle energy into
light. The light output is proportional to the ionising energy lost by the incident particle. The generated
photons can be detected by a photomultiplier or avalanche photodiodes, for example. These detectors can
be used for real time monitoring of the flux and various arrangements can be employed.

5.3 Diffused Junction and Surface Barrier Diodes

The current generated in the diode by the incident ions is proportional to the ionising energy deposited. This
can then be related to the ion flux. Semiconductor surface barrier diodes have also been used to measure
fluxes of neutrons. In this case it is the current generated by ionising products of the neutron interaction that
is detected [19].

5.4 Secondary Electron Monitors

If an irradiating beam passes through thin metal films such as aluminised Mylar secondary electrons will be
generated. If the films are connected to a picoammeter the resultant current is proportional to the number of
ions passing through the foil. This simple arrangement can be adapted by appropriately biasing and
segmenting the foils to enable the determination of the beam uniformity and focus.

5.5 Radiochromic Films

Radiochromic films are frequently available for on-demand testing of a beam’s uniformity in a purely
gualitative manner. The film is exposed to a dose known not to saturate the film. The film is then read by any
number of means, but the most popular method is to scan the film with a simple flatbed scanner into a gray
scale (0-255) image, and process it with a commercially available software package.

5.6 ESA SEU Monitor

The ESA SEU monitor [20] was primarily designed as a reference for evaluating beams for single event
upset testing. However, as the SEU cross sections for the detector element are known over a wide range of
ion LETs and neutron and proton energies, the SEU monitor could also be used as a cross check to monitor
the ion fluence for displacement damage studies.
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5.7 2-DImagers

2-d imagers themselves can be used to count the number of incident particles if the particle flux is sufficiently
low. This technique has been used to assess the flux of alpha particles, for example.
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6 |IRRADIATION PLANNING AND PROCEDURES

6.1 Preparation of Test Plan

It is usual to try to standardise test procedures as far as possible. That way, test planning is simpler and
results from different tests can be compared easily. Standard test methods exist for total dose and single
event effects testing and some ASTM guidelines relate to neutron testing [21]. However, standard methods
do not yet exist for displacement damage testing. Therefore a test programme for displacement damage has
to be tailored to individual requirements. It is suggested that the following items be included within the test
plan.

Detalls of the Test Facility

Test particle (electrons, protons, alphas or neutrons)

Test energy, or energies

Fluence intervals

Irradiating particle flux

Irradiation temperature

e  Uniformity requirement

o Number of devices to be tested

o including batch numbers and wafer lots if applicable.
e Bias conditions
o whether a devices is unbiased with all pins connected, DC biased or clocked

e Annealing tests to be performed

¢ Time following irradiation when tests are to be performed

o Parameters to be measured and related test methods

o The parameters to be tested must include the parameters that are important for successful
operation of the mission, including those expected to change following the irradiation. An
important point to note is that the tests will only see what they are looking for. If a parameter
or effect is not known about (or not thought important) and is not tested for then it will not be
seen and will go unnoticed until it occurs during operation. This is a particularly difficult
problem for complex devices that may have unusual failure modes.

As well as ensuring the testing is undertaken as expected, including these items will help reliable cross
referencing between the test results and those available from other campaigns.

If TID testing is to be undertaken at the same time as the displacement damage testing then elements within
RD1 and RD2 should be considered also.

It should be noted that a “design of experiments” approach has been taken to develop a test plan to establish
a predicted end of life performance for phototransistor arrays [22]. This approach may have some benefit in
the evaluation phase of a programme, especially for devices where the inter-relationships between TID and
displacement damage is complicated and not additive, for example in bipolar transistors or optocouplers.
However, for most image sensors it appears that degradation due to TID is independent of the degradation
from displacement damage and a simpler approach is often more appropriate.

6.2 Number of Devices

The recommendation of the number of devices to be tested is one of the more difficult issues with
displacement damage testing as it relates to the expected level of device-to-device and lot-to-lot variations.
To a certain extent, the number will depend on the experience in dealing with the manufacturer and the
quality and type of relevant radiation data provided. Little work has been done in this area since devices are
expensive and usually only small numbers are available.

Whether to undertake a LAT programme for displacement damage effects is ultimately a project decision
based on an assessment of the risks and the project approach to risk mitigation. Many programmes will want
to follow a full LAT approach. However, the issue of device-to-device variability is linked to the nature of the
defects involved in the degradation. For intrinsic defects (due to vacancies and interstitials, or their
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aggregates) there is likely to be little variation since their concentration will be fundamental to the interaction
of the radiation with the semiconductor material. For defects that are associated with dopants (e.g. the
phosphorous-vacancy complex, the S-E centre) there should again be little variability since the dopant levels
should be closely controlled. However defects associated with impurities (e.g. carbon or oxygen) will vary
with impurity concentration, which may vary with wafer lot. Hence it is important to identify the nature of the
dominant defects involved. The most important issue concerns dark current in CCD and CMOS imagers,
where the defect type has not been positively identified. However, the fact that a universal damage constant
appears to describe the dark signal generation in silicon devices points to the fact that the main defect
responsible is likely to be intrinsic in nature. For CTE degradation the situation is not as clear cut. In
operating regimes where the divacancy or the Si-E centre dominates there is likely to be little variation
between devices of the same type and electrical characteristics. However, if the operating conditions are
such that the low levels of “unknown” defects dominate then considerable variation between lots may be
expected. Suggested wafer lot testing requirements for silicon CCDs is given in Table 1. Similar
suggestions for other silicon imagers can be made also. However, insufficient data for IR imagers is
available to make a recommendation not to do lot to lot testing of these devices.

Table 1 Suggested wafer Lot to lot displacement damage testing requirements for silicon CCDs

Parameter Conditions Lot testing Comments
necessary
: Assumes no dark signal from i
Mean Dark Signal Si/SiO, interfaces No Si/SiO; interfaces not depleted
Dark signal distributions | Assumes no dark signal from i
(DSNU) Si/SiO, interfaces No Si/SiO; interfaces not depleted
Assumes no RTS from SiO, i
RTS or Si/SiO, interfaces No Si/SiO; interfaces not depleted
Assuming that the operating
0 conditions are such that the Si-E
CTE T>~-60°C No centre or divacancy dominates
the degradation.
Assuming that the operating
CTE T<~-60°C Yes conditions are such that the Si-E
centre or divacancy does not
dominate the degradation.

When evaluating the performance of large area imagers, a single device can be masked (shielded) during
irradiation so as to produce several fluence regions. This will obviously reduce the number of devices
required for an evaluation programme. For example 10 MeV protons can be masked using 1.5 mm thick
aluminium plates. At higher energies thicker (and/or denser) shields are needed as shown in Figure 6.
Shielding calculations can be conveniently performed using SRIM. Care must be taken when irradiating
with high energy protons as neutrons generated within the shielding material may cause additional
displacement damage dose to be deposited, even if the basic shielding calculations show that shielding is
sufficient.
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60 MeV

10 MeV Protons

Protons

Figure 6 Dark image for a CCD masked to give regions irradiated by 10 and 60 MeV protons. There
is some non-uniformity across the region exposed to 60 MeV protons due to the scattering off the
thick shielding (8 mm steel) required at these high energies.

6.3 Radiation Design Margin

The radiation design margin (RDM) is factor difference between the specification of the radiation
environment for a device and the radiation level at which the performance becomes unacceptable. The
margin policy in a project normally requires a minimum factor that is acceptable to account for uncertainties
in the radiation effects evaluation process, including uncertainties in the definition of the environment and
extrapolation of the tested device performance to operational conditions. The design environment
specification is part of the product requirements, which should include qualification margins. The RDM is
defined as:

where Dy, is the worst case dose (for the devices sampled) resulting in the failure of the performance
parameter, and De, is the specified environmental dose. In the case of displacement damage these doses
should relate to the non-ionising dose.

Reference [23] outlines the elements that contribute to the uncertainties leading to margins and provide
guidance on deriving a particular margin value. Contributions to the margin include

Uncertainty in the knowledge of the actual environment (e.g. uncertainty in the models)
Uncertainty in predicting effects parameters and extrapolating from test data
Uncertainty in the effects of shielding or even the shielding definition at the time of test
Systematic and statistical uncertainties in the testing

Procurement processes (e.g. procurement from a single wafer lot)

Project management decisions

Typical values, depending on the criticality of a parameter, would be an RDM of 2 to 5 but is ultimately a
project management decision. CNES, for example, usually utilise an RDM of 1.2 if the devices being tested
belong to the FM batch and an RDM of 2 otherwise.

6.4 Organisation Aspects

6.4.1 Booking the Irradiation Facility

The method for booking the facility varies from place to place. Advice should be obtained directly from the
facility but booking as far in advance of the intended test date is strongly advised. Consideration should be
taken of any shut down period for maintenance or upgrade.

© SSTL




Doc No: # 0195162
FINAL TEST GUIDELINE

SURREY Revision: 01.02 Status: Issued

SATELLITE TECHNOLOGY LTD Revision Release Date: 16/05/2014

Displacement Damage Guideline Page 23 of 69

6.4.2 Device Mounting

Jigging will be required to present the device to the beam or other radiation source. The mechanical
interfaces will be dependent on the radiation facility from which detailed requirements must be obtained.

For high energy beams, for example a proton beam with energy greater than about 10 MeV, induced
radioactivity must be considered. The half-life of the induced activity depends on the type of material.
Materials composed of low Z elements, such as plexiglass, generally have short half-lives in the order of
minutes, whereas high Z materials, such as Au, will have much longer half-lives, extending into days or even
weeks. The use of steel screws is particularly problematic as the half-life here runs into hundreds of days.
Therefore any mechanical arrangement exposed to the beam, including cryostat arrangements and various
fixtures, should be manufactured from low Z materials to minimise logistical complications.

6.4.3 Protection of Devices and Support Equipment

Irradiation of sensitive equipment by the irradiating beam or the scattered radiation present in the chamber
during testing must be considered, especially if the equipment is located close to the radiation source. Any
equipment required to be in the radiation chamber should be placed as far from the source as possible and
suitably shielded. For proton irradiations shielding against the neutron background may be necessary but is
unlikely to be a major issue.

6.4.4 Remote Monitoring

In proton and neutron facilities personnel cannot be present in the irradiation room whilst devices are being
irradiated. Therefore, devices must be controlled remotely using long cables passing through to a control
room.

6.4.5 Shipping

All goods that are exported temporarily or permanently to a radiation facility across national boundaries must
be cleared through customs. Some facilities provide assistance and advice on the generation or the
appropriate documentation, for example. Complications arise should the shipment contain radioactive
material so irradiated material is usually held at the facility until the induced radioactivity falls to appropriate
levels.

6.5 Radiation Safety

Radiation safety is of utmost importance due to the health risks associated with exposure to the particle
beam during exposure and any additional radioactivity present after irradiation has completed. Some
facilities require a medical be undertaken before access to the facility is granted. In most cases a radiation
badge will be issued to monitor exposure levels.

6.5.1 Safety Interlocks

Safety interlocks are designed to ensure source or beam exposure cannot occur if there are personnel
present.

6.5.2 Device/Materials Activation

A significant source of hazardous radiation originates from the material activated by the primary radiation
source. This radiation has a half-life that depends on the type of material. Elements with a low atomic
number, such as aluminium, tend to have a short half-life in the order of minutes. Therefore any hazard will
reduce rapidly and the device under test can be removed from the facility promptly. Materials having a high
atomic number, such as gold have much longer half-lives, in the order of days. Therefore the devices must
be left at the facility following irradiation until the activation reduces to safe levels. Facility personnel will be
able to monitor the samples and advise when they are safe to be transported. Because of the logistical
difficulties the induced activity presents, the use of high atomic number metals in test fixtures should be
avoided.
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6.5.3 Food and Drink

Food is not allowed in any areas where there is a possibility of radiation contamination from radioactive dust,
for example. Hands should also be washed after being in the radiation chamber.
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7 TEST MEASUREMENTS

This section provides an overview of various test methods that can be applied to the evaluation of
displacement damage to image sensors. A useful guide to various methods and the relation to system
performance can be found in [24].

7.1 Output Calibration

To make many quantitative measurements the signal acquired from the device has to be related to the
number of electrons generated within the array. This calibration is necessary to enable comparison of the
results with those obtained by other institutions and published within the literature. It may be also necessary
to enable the modelling of device and system performance.

7.1.1 Mean Variance

There are several methods to achieve calibration, one of the most universal being the use of the so called
mean variance method (also known as the photon transfer method). This has been covered in [25] and many
practical issues discussed in [26]. In essence the principle is very simple, as follows.

The mean signal out of the device is given by

Sout =KxN+O

where N is the number of electrons generated by the optical illumination, K is the conversion factor and O is
an offset. The noise variance out of the device is given by

2 2 2 2
oout =Ko + o)

where oy is the noise on the generated electrons and o is the readout noise and other noise sources. As
the noise on the generated signal electrons obeys Poisson statistics we have

S O

out —

0',3, =N = K
giving
Ggut = K(Sout _O)+ Glg .

If the output noise variance is measured as a function of output signal a plot of noise variance versus mean
output signal should provide a linear fit with a gradient giving the conversion factor, K. This is a convenient
method for calibrating the device although complications arise if, for example, the device has significantly
nonlinear behaviour [25] or if it is a CCD with poor charge transfer efficiency.

The variance versus mean signal plot can be generated for each output of a CCD by acquiring flat field
images over a range of signal levels and calculating the signal means and variances for each image.
However, this requires very good signal uniformity. Alternatively the mean and variances from individual
pixels can be calculated by taking many images at each illumination level, and calculating the mean and
variance for each pixel. This removes the uniformity requirement but does need the illumination to be stable
whilst frames are captured. This method also enables the responsivity of individual pixels of a CMOS sensor,
or those of a Hybrid sensor, to be measured.

A convenient way to generate a mean variance plot for a CCD is to illuminate the device with a test chart
whilst continuously reading it out. For a full frame device the sequence of transferring a row to the readout
register and reading it out is continuously repeated. A similar sequence is used for a frame transfer device
with the image and store sections clocked together. The resultant image will be smeared in the parallel
transfer direction. Image acquisition commences once a minimum of the number of rows in the device have
been readout following illumination, the image used for analysis being made up of over-scan rows. The
number of over-scan rows should be sufficient to calculate the mean and variance in the signal from each
column. The use of a test chart having a checkerboard pattern, as illustrated in Figure 7, results in an
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image for analysis shown in Figure 8. Any test chart can be used but a checkerboard pattern gives a wide
range of signal levels. For each column the mean signal and variance can be calculated and once plotted the
value of K can be determined. A typical variance versus mean plot using this technique is given in Figure 9.

CCD projected image
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Figure 7 The projected test chart used for mean Figure 8 Image acquired for mean variance
variance calculation for a CCD method using continuous clocking and

exposure to the test chart of Figure 7.
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Figure 9 Variance versus mean signal in a column plot for the calculation of system response

7.1.2 Reset Current

If the user has access to the reset lines of the device an alternative method of calibration is to monitor both
the current flowing down the reset lines and the output signal whilst the device is being operated and
illuminated. If the device is a uniformly illuminated CCD, which is being continuously clocked, the system
response is given by

R(V/electron) = f(Hz) x}%x q(Coulombs)x ¢
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where f is the readout frequency, V is the mean output signal in each pixel, | is the mean current flowing
down the reset line, q is the electronic charge (1.602 x 10™ C) and ¢ the fraction of a line containing signal
to allow for over-scan pixels, for example. For a digitised signal V is replaced by the digital output in ADU
resulting in a system response in terms of ADU/electron).

As the generated signals tend to be small, the measured currents can be affected by various leakage
currents. However, the problem can be eliminated by measuring the change in output signal, AV, and drain
current, Al, for a change in illumination level, and using

AV (Volts)

R(V/electron=f(H
(V/electron) (Z)XAI(Amps)

xg(Coulombs)x ¢ .

7.1.3 X-Ray Method

When x-rays interact with a semiconductor material via the photoelectric effect, electron hole pairs will be
generated. In general it takes an average energy around three times that of the band gap to create one
electron hole pair in a semiconductor [27]. The mean number of electron hole pairs generated per
interacting x-ray is simply

N = Exray

Eeh

where E,qy is the x-ray energy and E., is the mean energy to generate an electron hole pair.

In silicon, at x-ray energies greater than ~1 keV, 3.7 eV is required on average for each electron hole pair at
a temperature of 183K [28]. Thus, if the output signal is measured for a device exposed to x-rays having a
known energy, the system response can be calculated. The x-ray source most often used for device testing
is >°Fe for which the dominant x-rays are from the Mn K, transition having an x-ray energy of 5.899 keV. In
this case, on average, an interacting x-ray will generate 1600 electrons at -90 °C. (For a discussion on the
signal generated by x-rays in silicon and the temperature dependence see [29].) If the x-ray interacts within a
field free region of the device, these signal electrons diffuse to surrounding pixels. However, if the
interaction is within the depletion region all of the signal electrons can be collected within a single pixel. A
typical resultant histogram of the signal generated in a CCD is shown in Figure 10. The position of the peak
corresponds to the mean signal generated by the Mn K, x-rays and therefore this can be used to calibrate
the system.
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Figure 10 *°Fe x-ray spectra obtained at -70 °C, from a CCD having a readout noise of ~25 electrons.

If the device under test has a sealed window, or the x-ray source has to be mounted outside a dewar, use of
*Fe can be problematic as the x-rays can be completely absorbed in the window material. An alternative
practical source yielding higher x-ray energies is 1¢d. The dominant x-ray stems from the Ag K,; transition
providing an x-ray energy of 22.2 keV [30]. This is sufficient for useful transmission through most practical
window materials and, when interacting within silicon, a mean signal of 6000 electrons is generated.

The use of the x-ray technique is most often used for calibrating silicon devices. However, some work has
been published on its possible use in calibrating HgCdTe image sensors [31]. For devices having a cut-off
wavelength of 1.7 um on average around 3.2 eV was found to be required to generate an electron hole pair.

7.2 Dark Signal

The mean dark signal is defined as the rate of generation of signal when the imager is not exposed to
illumination. The usual units employed when quoting dark signal are electrons/pixel/second or nA/cm?. The
conversion between the dark signal units must be done with care and it is important to note what area has
been used in the conversion. For example, is the entire pixel area used or has the un-depleted areas of the
column isolation regions been excluded?

Due to the temperature sensitivity the temperature needs to be stable during the measurement and
measured to an accuracy, preferably, better than +/- 0.5 °C. As the dark signal is dependent exponentially on
temperature, the temperature should be measured as close as possible to the device under test to reduce,
as much as possible, temperature differences between the temperature sensor and the device itself.
Measuring the dark signal as a function of temperature can be a useful diagnostic tool as this will give some
indication as to the origins of the degradation. It can be useful, also, to enable extrapolation to the mission
operating temperature. However, care must be taken with this approach as different dark signal components
may dominate at temperatures much lower than the measured temperature range and extrapolation may
give an underestimate of the dark signal at the mission temperature.

The dark signal will often depend on the biasing applied to the device. This could be due to field
enhancement effects but more often the bias dependence is due to a change in dark signal components. For
example, the dark signal due to displacement damage is proportional to the bias dependent depletion
volume. Also, in CCDs for example, surface components of dark signal can be suppressed due to surface
inversion or accumulation. To measure the degradation expected during a mission, it is necessary to
measure the dark signal under as close to the mission operating conditions as possible and in any case,
when the dark signal is quoted, it is necessary to state the bias conditions under which the measurements
were taken.
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Long integration times may be required if the dark signal is being measured with the device particularly cold.
In this case care must be taken that the results are not corrupted by low levels of light leakage within the
system or even light generated within the image sensor itself. For example, active loads used within a
source follower may emit a low photon flux. This problem can identified if the measured signal has only
limited or no temperature dependence. If the photon source is the device itself it may be reduced or
eliminated by lowering the bias on output amplifier circuitry during integration. However this may not always
be a practical solution.

There are also particular issues when testing infrared imagers at low operating temperatures as it can be
difficult to provide a thermal shield sufficient to remove all surrounding thermal leakage that would be
detected as signal. In some cases double or even triple shielding may be required. Contamination of the
dark signal image can also occur through light generated from components within the ROIC.

7.3 Dark Signal Non-Uniformity (DSNU) and Defective Pixels

7.3.1 Dark Signal Distributions

The dark signal may not be uniform over the device area. This global non-uniformity may be due to how the
device is operated, for example a frame transfer device CCD may show a linear ramp in the dark signal due
to the dark signal collected during the readout of the storage area. A global non-uniformity may also be
indicative of non-uniform irradiation so the dark signal “images” can be useful tool to check the irradiation
process.

On a more microscopic scale the dark signal generation rate will not be constant from pixel to pixel. There
may be charge injection from defective pixels but, more often, the pixel to pixel variation arises from the
statistical distribution of the displacement damage and the creation of generation centres. The definition of a
defective pixel is often mission specific and a pixel is counted as being defective when the dark signal
generation rate is above a certain value. Obtaining a histogram of the dark signal values is useful for
determining whether the defective pixels form part of the expected distribution or whether they lie outside the
distribution significantly.

7.3.2 Random Telegraph Signals

To count the number of pixels demonstrating RTS behaviour many dark signal frames need to be collected
over a period of time. The time period should be chosen such that the RTS pixels having a time constant of
importance to the mission or the measurement can be detected. Care must be taken to ensure that the
device temperature remains constant over the time of the measurement, which could extend over several
days.

Counting the number of RTS pixels can be achieved by simply detecting whether the dark signal within each
pixel changes by more than a certain value, the threshold being chosen to be sufficiently high such that false
detection is minimised. It is often useful to review the image data by eye to ensure that the detected pixels
do, in fact switch between generation rates. A more sophisticated approach to the detection of RTS pixels
has been described by Goiffon et al. [32] which involves the detection of the edge of the transition as shown
in Figure 11. This enables a robust and detailed characterisation of the RTS defects even when the RTS
behaviour is multilevel in nature.
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Figure 11 lllustration of the RTS edge detection technique [32] used on a simple 2-level RTS pixel.

7.4 Charge Transfer Efficiency

There are several basic methods for measuring the charge transfer efficiency (CTE) and variations within
each method.  Each method can result in a different answer as CTE is a complex function of the
temperature, clock timings, signal size, and the distribution of signal within an image (see Appendix A6.3.4).
For example, the CTE measured for large signals with signal present in most pixels in an image, will yield a
much lower figure than from small signal packets in an image of a scene containing mostly empty pixels.
Some methods have been compared by Waczynski et al. [33] for assessing CCDs used in the Hubble Space
Telescope.

If the aim of the CTE measurement is to establish end of life performance then the device should be run
under as close to the expected operating conditions as possible (including clock timings and temperature).
A single CTE figure cannot be used to describe the degradation of even the simplest of practical images.
Therefore a scene, typical of that of the mission, should be imaged by the device and assessed for imaging
performance, for example, centroiding accuracy in the case of star trackers. However, obtaining a figure for
CTE can be useful for detailed investigation into the physics involved in the degradation, for comparing
performance of different technologies and for performing lot acceptance tests for example. The most widely
used test methods are described below. If employed for lot acceptance tests, the method should represent
as close to the expected signal levels and mission image characteristics as possible. However, this will not
always be possible as the structures and light shielding of the device will make some methods impractical.

7.4.1 Periodic Pulse Technique

Some CCDs have dedicated structures to enable the injection of a known amount of charge into the image
section or readout registers. This enables a flexible method for measuring the CTE, known as the periodic
pulse technique, to be employed. The periodic pulse technique has been described by Mohsen and
Tompsett [34] and by Collet [35]. A group of several consecutive signal packets, of equal size, are injected
into the CCD and the output of the device monitored. The CTE can be obtained by measuring the signal
size of the first, A, and last, B, charge packets in the group at the output. Assuming that all the traps causing
a degraded CTE have been filled by the previous charge packets, the size of the last packet gives the size of
the first packet in the group before any transfers have taken place. The charge transfer inefficiency, defined
as the fraction of charge lost when a signal packet is transferred from one pixel to the next, is equal to 1-CTE
and can be calculated from

CTl=1- (A/B)" = (B-A)/(NB) if the CTl is small.
Here N is the total number of pixels through which the charge has had to transfer to get to the output.

This method does rely on the ability to inject signal into the device reliably and with low noise.

7.4.2 X-ray Stacked Line Traces

When an X-ray interacts with the CCD it generates signal electrons, the number being dependent on the
energy deposited. The x-rays from >°Fe, for example, produce a characteristic spectrum, peaked at a signal
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size of 1600 electrons at a temperature of -70°C, the peak originating from the 5.899 keV Mn k, x-rays gsee
Figure 10). A mean signal level of 6070 electrons is generated by the 22.163 keV x-rays from '*°Cd.
Sources providing x-rays with a significantly higher energy are not particularly useful due to the relative
transparency of the active silicon layers and other techniques are generally used where larger signals are to
be investigated.

600
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signal (ADU)

400 504,
350

300 FEERHA:

row

Figure 12 *°Fe stacked line trace measured at -90°C following a 10 MeV proton fluence of 6x10° p/cm?.

Noting the signal lost from the spectral peak as a function of number of transfers, the charge transfer
efficiency in both the parallel and serial transfer directions can be calculated. This is most readily measured
through the use of the stacked line trace. A typical stacked line trace used to calculate the CTI in the parallel
transfer direction is shown in Figure 12. Here the signal from each pixel is plotted as a function of row
number. A linear fit is made to the points within the signal from the main spectral peak. The CTl is calculated
from the gradient of the fit divided by the intercept minus the mean signal in the noise peak. Similarly the
serial CTI can be calculated using the same x-ray image but plotting the signal in each pixel as a function of
row position.

This method is only reliable if a good fit to the spectral peak can be achieved. For very small pixel devices,
or devices with a large active thickness, it may be rare to see the entire signal from a single x-ray interaction
appearing within one pixel. In these cases split events may dominate and the spectra will be ill-defined.
Here event reconstruction may be useful but this complicates the interpretation of the CTE measurement.

Appendix A6.3.4 shows that the CTE is a function of time between charge packets passing through the
same point in an array. Itis clear that the CTE measured by the x-ray technique will be a function of x-ray hit
rate, and thus source activity and integration time. Therefore the X-ray hit density must be specified when
guoting CTE measured using this method.

7.4.3 Extended Pixel Edge Response

The extended pixel edge response (EPER) technique involves uniformly injecting signal into the CCD, ether
electrically, or more usually optically, to produce a uniform image. The image is then read out but extra clock
cycles are applied so as to measure the charge deferred to trailing or over-scan pixels due to the finite CTI,
either in the parallel or serial transfer direction. This method has been described by Janesick et al. [36]. The
CTl is calculated by summing the signal in a defined number of over-scan pixels and dividing this by the
number of transfers and the signal in the illuminated pixels.
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There may be some practical difficulties with this method, for example, the alignment of the light shield
applied to the device, or signal diffusing into the pixels at the edge of the array from the periphery of the
device, may mean that the signal in the final illuminated real pixel to be read out may not be representative
of the flat field exposure. This may affect signal emitted into the over-scan pixels. It is also important to
ensure that that all of the deferred charge is measured to avoid under estimating the actual CTE. This can be
difficult where the emission time constants are long and the small signals emitted may be obscured by noise.
However, if the summation of the differed charge is limited to a defined number of over-scan pixels, X, then it
has been noted that the calculated CTE will be equivalent to the value that would have been obtained from
isolated charge packets with a spacing equivalent to X pixels [37].

An important practical advantage of the EPER technique is that it requires no special equipment, only the
provision of flat field illumination. Therefore it can be employed to monitor the CTE during a mission. It can
also be used to measure the CTE over a wide range of signal levels and CTE values. However care must be
taken to minimise system noise which will dominate the measurement uncertainties at small signals.

7.4.4 First Pixel Edge Response

The first pixel edge response (FPER), sometimes referred to as the first pixel response (FPR), technique is
similar to EPER [38], but the charge missing from the leading edge of a flat field image is measured instead
of charge in the trailing pixels. Usually, measuring the parallel CTE using FPER requires a frame transfer
device with two areas split and independently clocked. For serial CTE measurement the readout register
needs to be spit and independently clocked. To make a parallel CTE measurement using FPER, the CCD is
exposed to a flat field illumination and then the storage region is readout. Then the image region is read out
through the storage region. The first lines read through the empty storage array lose charge to the radiation
induced traps. The total charge lost is measured for a given number of pixel transfers. This, divided by the
number of transfers multiplied by the mean signal level gives the CTI. The difficulty with this method is in
ensuring that the first illuminated pixel read out has been illuminated to the same level as the rest of the
image area. If the storage region has a light shield applied it is likely to cover the first few rows of the image
area and the alignment will be such that the final row will be only partially shielded. This problem can be
alleviated by exposing the image area to flat field illumination before the image and store are both clocked
together for a few cycles. The store is then cleared, leaving a well-defined, uniform signal distribution which
is then read out as before.

The basic FPER technique has been adapted [99] by using electrical injection and flexible clocking schemes
making it more generally applicable.
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APPENDICES

Al OVERVIEW OF THE SPACE RADIATION ENVIRONMENT

A detailed description of the space radiation environment is given in an ECSS document [39] and has been
covered in various short courses provided, for example by Janet Barth [40] and Eamon Daly [41]. Only the
principle points are covered here.

The space radiation environment is complex. The radiation received by the spacecraft is dependent on the
orbit it is in and on the solar activity during the mission. Damaging radiation within the space environment
arises from particles trapped in belts surrounding the Earth or other planets, protons and other heavy nuclei
emitted during solar particle events and galactic cosmic rays.

The radiation belts surrounding the Earth consist principally of electrons up to an energy of a few MeV and
protons of up to several hundred MeV and are trapped in the Earth's magnetic field. The particle motions are
complex and consist of gyration about field lines, a reflection near the Earth's poles, and a drift motion
around Earth. There are at least two belts. The inner belt extends from around 100 km altitude to
approximately 6000 km. Here the population consists of the high energy protons and medium energy
electrons. The outer belt extends out to around 60000 km and consists mainly of the high energy electrons.

For low altitude, low inclination missions the radiation environment is often dominated by the so called South
Atlantic Anomaly (SAA). This is an area of enhanced radiation caused by the offset and tilt of the
geomagnetic axis with respect to the earth's rotation axis.

When considering displacement damage in terrestrial orbits of greatest concern is that of the effect of
protons. However, the displacement damage caused by the high energy electrons in Jovian orbits [42], for
example, can be significant.
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A2 PARTICLE TRANSPORT AND SECONDARY PARTICLE MODELLING

An important activity in the early phases of the development of an instrument is establishing the radiation
environment to which the image sensor is exposed. This is clearly dependent of the orbit and launch details
of the mission together with the shielding configuration. Shielding will tend to reduce the low energy
components of the proton flux. An example of the calculated mission proton fluence for a typical low earth
orbit is shown in Figure 13. This has been calculated using ESA's Space Environment Information System,
SPENVIS [43], a comprehensive online suite of tools. A useful offline freeware tools set, OMERE, has been
released by TRAD [44] and commercial packages are available also (for example [45]).
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Figure 13 Proton fluence through 10mm of aluminium shielding calculated using SPENVIS. 7 year
mission in a sun synchronous orbit at an altitude of 700 km MLTN 11am.

In thick or high Z shields, proton interactions can cause the release of a significant fluence of secondary
particles, both protons and neutrons. Complex Monte Carlo codes originally created by the nuclear and
particle physics community, such as GEANT4, can be used to track the generation and path of these
secondaries. Fortunately a simplified interface to GEANT4, MULASSIS [46], has been developed and is
suitable general use by the radiation community. It can be accessed as part of the SPENVIS suite and
tracks the passage of each incoming particle as it passes through the shielding material. This can have a
user-defined geometry and multiple layers of different materials.

A useful tool available for the calculation of the effect of the interaction of incident protons with the imager is
the Monte Carlo code SRIM [2]. The code tracks the interaction of the incident beam with the target material
and follows the resultant knock-on target atoms and the ionising and non-ionising energy deposited, and is
useful in determining the damage profile through the detector material. In addition to providing details of the
interactions within the device being irradiated it is also a useful tool for the calculation of the effect of beam
degraders or any window material on the transmitted proton spectrum during an irradiation campaign. SRIM
utilises fairly simple models for the estimation of the damage. It does not provide details of the nuclear
elastic and inelastic interactions, so if these details are to be investigated other tools, such as GEANT4,
need to be employed.
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A3 OVERVIEW OF 2D IMAGER TECHNOLOGY

A3.1 Charge Coupled Devices

The main imaging technology of choice for UV, visible and NIR imagers has been the charge coupled device
(CCD), and remains so for many applications. An outline of the technology is given in this section. For
details of the physics and operation of CCDs the reader is referred to the many publications available (for
example [47], and [48]).

In essence the primary structure of a CCD comprises an array of MOS or MNOS type capacitors® on which
signal charge, generated by interacting photons or other ionising particles, is collected. A typical structure is
shown in Figure 14.

incident photons
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Figure 14 The basic structure of an n-channel CCD showing signal charge being collected under the
gates having the high potential.

Following the period of integration the potential between the gate electrodes is changed with a sequence
enabling the generated signal charge to be clocked out of the array. This is known charge transfer, the
principles of which are demonstrated in Figure 15. As the charge has to be clocked through many
electrodes it is essential that the transfer process occurs as efficiently as possible else signal charge may be
left behind, leading to a degradation of the acquired image. The lattice mismatch between the SiO, of the
gate dielectric and the silicon produces a large number of trapping sites which can hinder charge transfer.
Early devices suffered from poor charge transfer as signal charge was transferred at the silicon-SiO,
interface. These devices are known as surface channel CCDs. The introduction of the buried channel CCD
eliminated this problem by moving the charge transfer channel away from the interface and into the bulk
silicon. This was achieved by introducing an n-type implant, the buried channel implant, into a p-type
substrate and ensuring the buried channel is depleted. The resultant potential profile through the silicon, for
typical processing parameters, is shown in Figure 16. Signal charge is collected at the potential minimum
and held away from the interface during the charge transfer process. Thus charge transfer for a buried
channel CCD is significantly better than for a surface channel device. Even so, CCDs manufacturers have to
ensure defects and impurities within the bulk silicon are kept at extremely low levels else they will hinder the
charge transfer process. Displacement damage due to radiation will also generate trapping sites within the
bulk silicon. This degradation mechanism is discussed in Appendix A6.3.4.

! Niche x-ray applications have also employed “pn diode” based CCDs
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Figure 15 The principle of charge transfer in a CCD showing, schematically, the potential well within
the buried channel of the device.
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Figure 16 The potential profile through atypical buried channel CCD biased with 0 Volt and 10 Volt
gate to substrate potential

The most basic CCD format is known as a full frame (FF) array, illustrated in Figure 17. Here, once
integration of signal charge is complete, biases are applied so that all rows are clocked down through the
device in a parallel fashion and one row of signal charge is transferred to the readout register. The readout
register is then clocked so that the entire signal in the row is moved serially out of the device, via the on-chip
charge to voltage conversion circuitry. The sequence of parallel and serial transfer is repeated until all the
integrated signal is readout. The device can then be set to integrate the next image. This architecture is
employed when a shutter arrangement can be used to prevent light from impinging onto the device during
readout, which would otherwise result in a smeared image. When a shutter is not feasible architectures such
as the frame transfer, interline or interline frame transfer formats may be employed. For earth observation
applications an architecture similar to the full frame array may be used and operated in a time delay and
integrate mode. In this case no shutter is required as the parallel clocking is synchronised with the image
being scanned across the device.
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Figure 17 The basic full frame CCD architecture

Figure 17 represents a device having a 3-phase architecture. This means that three electrodes are used to
define a row of pixels and three clocking phases are needed to transfer charge from one row to the next.
Other architectures are available. For example 4-phase devices have the advantage of an increased signal
handling capacity at the expense of increased drive complexity. By utilising a more complicated
manufacturing process 2-phase devices can be produced. These are significantly simpler to clock at the
expense of somewhat lower maximum signal capability.

Once the signal charge has been clocked through the array it has to be converted to a signal potential. The
usual method employs a floating diffusion to create a small capacitance (the output node) onto which the
signal charge is transferred. A typical, single stage output circuit is shown in Figure 18. Before signal charge
is moved to the node its potential is reset by pulsing the gate of the reset FET. Signal electrons are then
clocked onto the node and its potential falls in proportion the charge. The potential is buffered by the on-chip
single or multiple stage source follower based circuitry and then sampled by the off chip electronics. Before
the charge in the following pixel is transferred to the node the node is reset as before and the sequence
continues. Various signal processing techniques can be applied to optimise the noise performance of the
output. For example, correlated double sampling is used to eliminate the noise associated with the resetting
of the node potential.

output output
output FET \ drain
node
readout clocks |
¢10 output reset output
$2 e gate gate reset
$3° T T drain
N s g N\ s s
reset FET

Figure 18 Typical CCD output circuit employing a single stage source-follower

This discussion has focused on n-channel CCDs where electrons are collected and transferred as signal
charge, which is the case in the vast majority of devices available. If the device is manufactured on an n-
type silicon substrate with a p-type buried channel, and the polarity of the applied biases changed, the CCD
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will collect holes as signal charge. These are known as p-channel devices and may have some advantages
when it comes to tolerance to displacement damage. These are discussed in Appendix A6.3.4.

A3.2 CMOS Image Sensors

The term CMOS image sensor (CIS) covers a broad range of imaging devices based on the complimentary-
metal-oxide-semiconductor device technology. Nowadays most CMOS imaging devices are active pixel
sensors (APS) in which each pixel includes photo-detector and an active amplifier or buffer circuitry. These
have also been referred to as monolithic active pixel sensors or MAPS.

The photo-detector element for a CMOS image sensor is either a photodiode or a photogate structure, as
shown in Figure 19. The photodiode structure can be enhanced by adding an additional p+ layer at the
surface to create a pinned photodiode, eliminating the dark signal from the interface and improving the
tolerance to ionising radiation.
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Figure 19 Schematic representations of the photogate and photo diode detector elements

In addition to the photo-detector and any additional circuitry for amplification/buffering within the pixel a
CMOS image sensor comprises scan registers to address the sensor line by line and to address each pixel
in a line. The architecture of a typical CMOS image sensor is given in Figure 20.
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Figure 20 The basic architecture of a typical CMOS image sensor.

There are two basic types of pixel circuitry, one containing three transistors, the other four. These are known
as 3T and 4T pixels respectively. Other, more complicated architectures are available to increase
functionality. For example, a 5T pixel enables a global shuttering operation. Typical 3T and 4T pixels are
illustrated in Figure 21.
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Figure 21 3T (a) and 4T (b) pixel structures. The connection dd is a DC bias, rst, rs and tx are the
reset, row select and transfer clocks respectively.

The 3T pixel illustrated in Figure 21a) operates by first resetting the reverse bias across the photodiode to
the bias applied to dd by pulsing the gate of T1, the reset FET. Signal electrons generated by the incident
photons accumulate on the photodiode, dropping the potential across its capacitance. At the end of this
integration period the pixel is addressed by turning on T3, the bias across the capacitance being buffered by
the source follower, comprising T2 and a load on the column bus. The 4T pixel shown in Figure 21b)
operates in much the same way as a CCD output circuit. Photo-generated electrons are collected onto a
pinned photodiode or photogate during the integration period. At the end of exposure the readout node (i.e.
the gate of T2) is reset to the potential applied to dd. The first sample is taken after this reset operation. The
signal electrons occupying the photodiode/photogate are then transferred to the output node by turning on
T4, the transfer gate. A second sample of the output potential is taken after this transfer and the difference
between the two samples provides the signal level thus eliminating reset noise.

Because direct transfer of charge is limited, degradation of image quality by charge trapping is of little
concern when using with CMOS image sensors in a radiation environment. However, displacement damage
can be relevant. The main degradation caused by displacement damage is in the increase in dark signal and
particularly the generation of pixels having high levels of dark signal (dark signal spikes) or those having
unstable dark signal levels (random telegraph signals). These effects can be exacerbated if high field
regions are present within the pixel structure. These mechanisms are discussed in Appendix A6.3.

A3.3 Hybrid Technology

The CMOS image sensors described in the previous section are manufactured on a single silicon wafer,
diced then packaged. Both the detection and sampling/amplification of the signal is accomplished on the
same silicon die. There can be advantages in separating out these two functions by combining an array of
detector elements with a silicon readout integrated circuit (ROIC) typically using indium bump bonding
techniques. In this hybrid technology the detector elements and ROIC can be optimised separately. This
approach has been used for silicon p-i-n photodiode arrays and is commonly utilised in infrared focal plane
arrays, such as those using HgCdTe or InGaAs as the detector layer, illustrated in Figure 22.

© SSTL




Doc No: # 0195162
FINAL TEST GUIDELINE

SURRGY Revision: 01.02 Status: Issued

SATELLITE TECHNOLOGY LTD Revision Release Date: 16/05/2014

Displacement Damage Guideline Page 41 of 69

IR radiation

Detector arr S

Silicon signal
processor

Figure 22 Hybrid imaging array (after [49])

Signal charge is generated in the detector material and collected on diode elements. This charge is then
sensed by the underlying pixel circuitry where one of several types of amplifier is used for each pixel [50], for
example direct injection, the source follower, the capacitive transimpedance amplifier (CTIA) or the buffered
direct injection (BDI) circuit.

In common with CMOS image sensor technology, the main displacement damage issues observed in hybrid
arrays tend to be the increase in dark signal and the generation of dark signal spikes in the detector layer.
Random telegraph signals are also of concern but, in some cases, especially for IR arrays, the relatively high
levels of dark signal generating defects in the pre-irradiated devices can mask the degradation due to
displacement damage.
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A4 DISPLACEMENT DAMAGE: BASIC MECHANISMS

Particles lose energy by a variety of interactions on passing through material. Those interactions which
result in the excitation of atomic electrons are known as ionisation energy loss mechanisms. The non-
ionising energy loss (NIEL) mechanisms are those in which the energy transferred by the incident particle
results in lattice vibrations (phonon generation) or atomic displacements. The interaction of a charged
particle will result in a significantly higher energy deposition by ionisation than by atomic displacements.
Even so, the displacement damage generated can have a significant impact on the performance of image
sSensors.

Displacements occur when the primary interaction results in the displacement of the recoil atom from its
lattice position. The primary knock-on atom (PKA) leaves a vacancy creating a vacancy interstitial pair
otherwise known as a Frenkel pair. For high energy collisions, the PKA can collide with other lattice atoms,
creating more vacancies and interstitial atoms. Some of these point defects are isolated, but for recoil
energies much higher than the displacement threshold energy, cascading displacements will occur within a
small volume creating a closely spaced group of defects (the so called cluster), especially at the end of the
range of the heavy recaoil.

To a reasonable approximation the PKA can be displaced only if the transferred energy is higher than a
threshold energy, Tq4. In silicon this is in the order of 25 eV and the threshold for the production of clusters is
~5 keV [51]. Considering high energy electron irradiation and employing relativistic kinematics the maximum
energy that can be transferred to a nucleus of mass M by an electron of energy E is given by

T 2!E +2m.c? E

m Mc?

where mq is the electronic rest mass. A 1 MeV electron will transfer a maximum of 155 eV to a silicon atom.
Thus simple Frenkel pair defects can be created but there will be no clusters generated. Co® irradiation
causes damage chiefly through the secondary electrons produced through the Compton interaction. These
Compton electrons have a maximum energy of around 1 MeV and so the primary defects created by co®
irradiation will be of a similar nature as those from direct electron irradiation.

Protons and neutrons have a mass that is around 2000 times greater than the mass of an electron.
Therefore, for energies below about 100 MeV, classical mechanics can be used to calculate the maximum
energy that can be transferred to the target nucleus through elastic scattering. In this case

S, (I

(m+M)2

where m is the mass of the proton or neutron. A 1 MeV proton or neutron will transfer a maximum energy of
133 keV to the PKA which is significantly greater than the threshold required for cluster generation.

As protons and electrons are charged, the scattering is coulombic and can be described by the Rutherford
cross section, modified for relativistic effects where necessary. The total cross section for displacement is in
the order of 5x10%° cm?” for a 5 MeV proton, around 3 orders of magnitude greater than the cross section for
a 5 MeV electron, which implies that the protons are significantly more likely to cause displacements than the
electrons for the energies likely to be encountered in space. For coulombic scattering the mean energy

transferred to the PKA is given by
Tatolm T |,
Tg+Tm Ty

The mean energy transferred to a displaced silicon atom by a 5 MeV proton will be around 250 eV. The
primary interaction of neutrons differs from that of protons and electrons as they are uncharged and can be
described in terms of hard sphere collisions. The total elastic scattering cross section of light elements is in
the order of the geometric cross section of the atomic nucleus = 10** cm?. This value is very much less than
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the cross section for displacement by high energy electrons or protons. Therefore the number of PKAs
generated is relatively small. However, ignoring inelastic interactions, the mean energy given to a displaced
silicon atom is approximately T,/2. For a 5 MeV neutron this gives 340 keV yielding a significantly higher
number of secondary displacements.

Thermal energy enables the radiation induced defects to migrate through the crystal lattice and, eventually,
be annihilated by the recombination of the vacancy interstitial pairs or by the creation of stable defects in
association with other impurities or defects already present.

The created defects can generate discrete levels within the bandgap of the semiconductor material. They
can capture and emit electrons and holes and produces changes in the properties of the semiconductor. An
important point defect generated in phosphorous doped n-type silicon is the phosphorous-vacancy complex,
otherwise known as the Si-E centre. The primary vacancies and interstitials can also team up with
unintentionally added impurities within the material, such as oxygen, to create the Si-A centre or carbon. The
divacancy is a stable configuration of paired vacancies and multiple vacancy complexes are also possible.

The energy levels within the band gap and the capture cross sections are a signature of the defect type.
Unfortunately, due to experimental uncertainties and systematic errors a wide range of values tend to be
presented in the literature. For example, the Si-E centre is reported to have an acceptor level in the range
0.42+0.06 eV below the conduction band edge and the Si-A centre an energy level of 0.17+0.02 eV below
the conduction band. The silicon divacancy is more complicated as it is an amphoteric level meaning that it
has multiple levels within the band gap relating to the differing charge states namely (--/-/0/+). Two acceptor
levels appear in the upper half of the band gap, one in the same range as the Si-E centre associated with the
(--/-) transition on the emission of an electron and one at around 0.23 eV below the conduction band
corresponding to the (-/0) transition. It also introduces a donor level in the lower half of the band gap at
around 0.35 eV above the valence band. A review and detailed measurements on point defects in silicon
has been made in [52].

The nature of the defect complexes produced by neutrons and protons are essentially the same as those
produced by electrons. In the past it had been thought that the stable cluster complexes caused by neutrons
act as extended defects. This has been shown not to be the case [53] and that the displacement damage
effects are most readily explained on the basis of stable defects acting as isolated recombination and
trapping centres. In clusters it is likely that multi-vacancy complexes exist although to date this has not been
confirmed.
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A5 ANNEALING

Compared with the annealing of ionisation effects annealing of displacement damage is very different and
standard annealing tests (such as described in ESCC22900, RD1) are not applicable. There are three main
reasons why one may wish to perform an increased temperature anneal. Looking at the anneal
characteristics may help in the identification of the defects involved in the performance degradation process.
An anneal procedure may be employed to repair the degradation or it may be used as an attempt to
accelerate testing and to try to simulate end of life performance. The last two motivations must be treated
with caution. As now discussed, increasing the temperature will lead to a reordering of the defect population
responsible for parameter degradation. This may increase the degradation observed or may produce a
change in device performance that is not be representative of extended time spent at the operating

temperature. This section describes the annealing process and observations on the effect on device
performance are made within the following sections.

As discussed in Appendix A4, irradiating particles can cause the creation of vacancies, interstitials,
divacancies and possibly clusters. The generation of these primary defects is only the start of the process.
Once these have been generated the damage progression continues. Vacancies in silicon are very mobile
even at temperatures as low as 20K depending on their charge state. Interstitials are just as mobile and
both will migrate through the lattice forming pairs with dopant acceptors or donors or other impurity species

present in the silicon. Vacancies can also combine with each other to form divacancies. Higher order
vacancy complexes are likely to be important within clusters.

If sufficient thermal energy is given to the silicon lattice then the vacancy or interstitial related defect complex
will become mobile and subsequently break up or recombine with other defects, forming a different defect
complex. This process is known as annealing. The type of defect or complex determines the temperature at
which this occurs, and the time scale of the process. The defect kinetics and reactions are dependent on the
concentration of sources and sinks within the material. For example, if the material is p-type silicon with no
phosphorous present, then no phosphorous-vacancy complexes (Si-E centres) will be created. Also the
diffusion limited process of vacancy transport is strongly depended on the concentration of oxygen. A
thorough review of the annealing processes is given in [52] and a schematic representation of vacancy and
vacancy pair annealing in silicon is shown in Figure 23. This shows a selection of defect complexes. It is

likely that other complexes exist as some of the annealing behaviour observed in image sensors cannot be
explained entirely by the data presented here.
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Figure 23 Schematic representation of vacancy and vacancy-defect pair annealing in silicon after [52]
The mobility and breakup of the defects and defect complexes has a couple of implications. Firstly, the

stable defects generated when the irradiations are performed warm may not be those relevant to those
generated during cold irradiations, possibly leading to a false indication of performance degradation during
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the operational environment. This situation is discussed in relation to charge transfer degradation of CCDs
in Appendix A6.3.4. Secondly, if the temperature of an irradiated device is raised and then returned to the
normal operating temperature a degraded device parameter may be improved if that parameter is dependent
on a defect complex that anneals out at the elevated temperature. If the reorientation of the defect

complexes is unfavourable the result may be seen as degradation in the parameter. This is known as
reverse annealing.
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A6 EFFECT OF DISPLACEMENT DAMAGE ON 2-D IMAGER PERFORMANCE

A6.1 General Considerations

A general overview of the effects of displacement damage in silicon devices is given in [54] and a
comprehensive overview of the effect of radiation from a historical perspective, including displacement
damage effects, can be found in [55].

A\ AN

conduction
band

valence
band

7

a) recombination b) generation c) trapping

Figure 24 The main effects of radiation induced levels within the band gap

The energy levels within the band gap of semiconductors, due to radiation induced defect complexes, have
several effects which are illustrated in Figure 24. Figure 24a) shows the process of recombination. Here a
charge carrier is captured at the defect centre and subsequently a carrier of opposite sign is trapped at the
same centre. The rate of recombination depends on the density of the centre, the free carrier concentration,
the electron and hole capture cross sections for the centre and on the position of the level within the band
gap. There are four processes that determine the recombination rate via a single level in the band gap.
Those are, electron capture by the level, electron emission from the level back to the conduction band, hole
capture by the level and the emission of a hole from the level to the valence band. The total rate of
recombination can be calculated using Shockley, Read, Hall (SRH) statistics and is given as

GnOVinN; (np— niz)

R= O'n(n + N eXp((Et -k )/kT))+5p(p+”i eXp((Ei -k )/kT))

where o, and o, are the electron and hole capture cross sections, vy, is the thermal velocity of the charge
carriers (assumed the same for electrons and holes), N, is the trap density, n and p are the electron and hole
densities, n; is the intrinsic carrier density, E; is the intrinsic Fermi level and E; is the energy level of the
centre. This rate reaches a maximum when E; is equal to E; Therefore the most effective traps for
recombination are situated around the centre of the band gap. The mean time a minority carrier spends in
its band before recombining is known as the minority carrier lifetime. Radiation induced recombination
centres cause this lifetime to decrease.

In the depletion region of a device n and p are very much less than the intrinsic carrier concentration and,
setting the electron and hole capture cross sections equal for illustration, the recombination rate becomes

R — —oVinNN;
2cosh((E, —E; )/kT)

In this case the rate of recombination is negative indicating that electron hole pairs are being generated.
This is the process shown in Figure 24b) and can be viewed as the alternate emission of an electron and
hole from the level. Alternately it can be seen as the thermal excitation of a bound electron from the valence
band to the level which is then followed by the excitation of that electron to the conduction band. The rate of
generation is also a maximum for traps near mid gap. Therefore radiation induced levels near mid gap, in

© SSTL




" Doc No: # 0195162
. FINAL TEST GUIDELINE
Sl JFQREY Revision: 01.02 Status: Issued
SATELLITE TECHNOLOGY'LTD Revision Release Date: 16/05/2014
Displacement Damage Guideline Page 47 of 69

the depletion region of a device, contribute most to the dark current. It has been postulated by Watts et al.
[56] that enhancement to the generation rate by over two orders of magnitude can be attributed to intercentre
charge transfer between closely spaced defects, especially in the cluster regions of the damage cascade.
Defects occurring in high field regions of a device can also show enhanced generation rate due to the
Poole—Frenkel effect, or trap assisted tunnelling, for example.

If a charge carrier is captured at a defect centre, and is later emitted back to its band before a recombination
event can take place, the level is generally called a trap. The process of an electron being trapped from the
conduction band is shown in Figure 24c). Traps caused by radiation are the main cause of CTE degradation
in CCDs. A more detailed review of this is given later in this section.

Two further effects can be observed following very high fluence levels but are generally of little importance in
image sensors. Defects deep within the band gap can compensate the intentionally introduced dopant
atoms. For example, the fixed positive charge introduced by a shallow donor level can be compensated by
the negative charge of a deep lying radiation induced acceptor level. The result is a reduction in the
equilibrium majority carrier concentration, with the material appearing more intrinsic as far as the carrier
concentration is concerned. The charged radiation induced defect centres also act as scattering centres
which can be seen in the decrease in the mobility of the charge carriers at very high radiation levels.

A6.2 The Use of NIEL

A6.2.1Scaling and Performance Prediction

The use of the non ionising energy loss (NIEL) is a useful tool for the interpolation and extrapolation of
displacement damage test data taken under a limited set of irradiating particles and energies to the
degradation expected within the operating environment. It has been found that many displacement damage
effects depend, approximately, only on the non-ionising energy deposited within the sensitive volume of the
device and not on the type or initial energy of the particle. A rigorous framework for understanding the NIEL
scaling of generated mean dark signal and the effect of cluster damage, for example, is presented in [57].

However, there are problems with the use NIEL. NIEL scaling suggests that the number of initial
displacements is proportional to the energy of the primary knock-on atom and the nature of the damage does
not change with particle energy. In the cascade regime it is implied that the number of cascades increases
with increasing energy. It also means that the electrical effect is proportional only on the concentration of
defects and not on the inventory of stable defects created. These implications are generally quite
reasonable unless the degraded parameter is dependent on a specific defect type, for example, multi
vacancy complexes, which are not generated by particles producing only point defects, or that interaction
between closely spaced defect types is important. Some of the issues are discussed in the following
sections. Even in the same device type (e.g. a CCD) one may find that one parameter follows NIEL
correlation whereas another does not. Likewise it has been found that sensor properties that depend on the
minority carrier lifetime may well correlate with the Coulombic portion of NIEL and not on the total NIEL. Also,
correlation may work better for properties depending on the generation lifetime. Inguimbert et al. [58] have
developed an a approach using an “effective NIEL” to take into account a more complex defect generation
processzthan that usually assumed when using a simple single threshold assumption to vacancy/interstitial
creation®.

Nevertheless it should be emphasised that NIEL scaling is a reasonable first approximation and it removes
most of the particle and energy dependence in device damage estimation. This is fortunate as, without the
NIEL hypothesis, it would be very difficult to make predictions of device response to a radiation environment.
However, the uncertainty in the NIEL scaling approach must be taken into account when dealing with
mission margins.

To see how the NIEL can be used to estimate degradation, we define a damage factor , Kyamage. If @ device
parameter, P, varies linearly with fluence, ¢, a damage factor is defined such that

P= KdamgeNlEL(E)¢

% A used in the Kichin-Pease approach.

© SSTL




" Doc No: # 0195162
. FINAL TEST GUIDELINE
Sl JFQREY Revision: 01.02 Status: Issued
SATELLITE TECHNOLOGY'LTD Revision Release Date: 16/05/2014
Displacement Damage Guideline Page 48 of 69

where NIEL provides the energy an particle dependence of the degradation to P. To predict the
displacement damage effects throughout a mission experimental damage factors are required. Caution must
be taken here since damage factors may depend on operating conditions and it is necessary to ensure that
the damage factors employed are appropriate for the application and that any annealing effects have been
acknowledged. Once the expected radiation environment has been modelled to give the particle fluence
spectrum d@(E)/dE as a function of energy (E), including effects of shielding, the mission damage can be
calculated from

dglE
Prission = Kdarmge fNIEL(E)g—(E)d E

Here it is assumed that the device parameter scales linearly® with NIEL. If there are doubts then the NIEL
curve may have to be extrapolated from experimental measurements at a range of energies although cost
and programme constraints may prevent this. If there is a range of particle species present within the
environment then the total mission damage will be the sum over the particle population.

10

—4— Scaled NIEL 10 MeV
—¥— Scaled NIEL 3 MeV
—i— Scaled NIEL 2 MeV
1 MeV —@— Scaled NIEL 1 MeV

0.1

vacancies/proton/micron
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distance into silicon (um)

Figure 25 The profile of the damage through silicon calculated using SRIM [2]

When utilising the NIEL concept to estimate the degradation care must be taken to ensure the non ionising
dose deposited within the sensitive volumes of the imager are as expected. Problems may arise if the
device being tested is being irradiated with particles having a range comparable with the dimensions of the
technology. As an example, the output from the SRIM Monte Carlo code is shown in Figure 25. Here the
density of generated vacancies is plotted as a function of depth into silicon for a range of incident proton
energies. Also in the figure is the NIEL scaled to the mean vacancy density produced by the 10 MeV
protons. It is clear that as the proton slows down, towards the end of its track, it becomes more damaging.
In a back illuminated CCD the buried channel lies between 10 and 20 microns from the input surface. This is
at the end of the range of 1 MeV protons resulting in significantly greater displacement damage than
expected by using NIEL alone.

® This assumption is reasonable in the case of protons but may breakdown when considering electron
radiation for example (see section A6.3).
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A6.2.2 Units for NIEL

The NIEL of a particle is usually presented in terms of keVcm?/g or MeVem?/g. Alternatively the NIEL can be
specified in terms of displacement damage cross section, expressed in MeVmb. This is popular within the
high energy physics community. In silicon 100 MeVmb is equivalent to 2.144 keVem?/g.

For a mono-energetic beam, the product of the NIEL and the particle fluence gives the displacement damage
dose which is usually specified in units of keV/g or MeV/g. For irradiation by a range of particle energies the
displacement damage dose is obtained by integrating the energy dependent NIEL over the particle
spectrum. Alternatively a displacement damage equivalent fluence can be defined. This is the fluence of
particles at a particular energy that would give an equivalent displacement damage dose. Often 10 MeV
protons or 1 MeV neutrons are given as the reference particle.

A6.2.3Values of NIEL

The values for the NIEL of various particles in silicon have been published by, for example, Dale et al. [59],
Huhtinen et al. [60], Akkerman et al. [61], Summers et al. [62] with an online compilation by Vasilescu and
Lindstroem [63]. Values are summarised in Figure 26. Various calculations tend to agree within a factor two
which is comparable with the uncertainties involved.

Values for InGaAs have been published by Walters et al. [64] and Fodness et al. have published results for
HgCdTe [65]. Jun et al. have published results for protons in a range of important semiconductor materials
[66] and also for electrons [67].
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Figure 26 Some of the published values of NIEL in silicon

SPENVIS [43] includes several models for the NIEL of protons in Si, GaAs and InP for the calculation of
damage equivalent dose for a user defined mission. The software suite OMERE [44] provides NIEL curves
for protons and electrons for any material having an atomic number less than 84. These NIEL values are
calculated using an internal model, NEMO [68,69]. NIEL values are also calculated for neutron energies
greater than 1 MeV.
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A6.3 Device Degradation

A6.3.1Dark Signal

A radiation environment can cause an increase in thermally generated signal, known as dark signal or dark
current. Both ionising and displacement damage increases dark signal. lonisation damage results in an
increase in the density of generation centres at the semiconductor/dielectric interfaces and thus an increase
in dark signal if these interfaces are depleted. This is often referred to as surface dark signal. In most space
radiation environments this source of dark signal will dominate the degradation in the dark signal observed
unless it is suppressed, for example, by eliminating depleted surfaces from the pixel structure or by flooding
the surface with charge carriers, as in the case of inverted mode operation of CCDs.

If the ionisation induced dark signal is suppressed efficiently, an increase in dark signal caused by the
generation centres introduced by displacement damage will be observed. This is often known as bulk dark
signal. The dark signal per pixel is dependent on the density of generation centres within the bulk material,
the depleted volume associated with each pixel and the temperature. As noted in section A6.1 the most
effective generation centres are those having an energy level close to mid gap. For a mid gap generating
centre the theoretical variation of dark signal with temperature is given by

-E
| oc AT oc~T2exp(—g]

2kT

where n; is the intrinsic carrier density, Eg is the band gap and k is the Boltzmann constant. Note that the pre-
exponential term is T2 compared with a T2 in the case of generation by interface states.

The mean level of bulk dark signal in silicon devices has been found to scale approximately with NIEL [70].
Work performed on CCDs [71], looking at dark signal degradation caused by 10 and 60 MeV, protons
presented the following relationship

As ~107° xV x ¢ x NIEL xT 2 exp(@]

where As is the mean dark signal increase in electrons per pixel per second, V is the depletion volume of the
pixel in pm3, @ is the proton fluence in cm™ and NIEL is the non ionising energy loss measured in kchmzlg.
The temperature dependence was measured over a temperature range of 274K to 298K.

A general expression for the bulk dark signal has also been proposed in [72]. Here a dark current damage
factor was defined as

Kgark =AG/ Dy

where AG is the radiation induced increase in the rate of electron-hole pair generation and Dy is the
displacement damage dose (particle fluence x NIEL). From a literature survey the damage factor was found
to be

Kgak = (1.9 £0.6)x10°carriers'em®/s/(MeV/g)

at 300K and is entirely consistent with the results presented in [71]. This universal damage constant and
linear scaling of the mean dark signal with NIEL was found to hold over a range of irradiating species
providing there was a high probability introducing cluster damage. For electron irradiation having a low
probability of cluster creation the increase in dark signal followed a quadratic dependence on NIEL. This has
been discussed in detail in [57].

The relationships above are very useful for the prediction of the increase in dark signal from silicon devices.
However, work is ongoing in this area and there is some evidence ([73] and [74]) that higher energy protons
are slightly more effective at causing dark signal increase compared with the actual NIEL scaling. Also, to
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use the relationships the volume of depleted silicon within a pixel is needed and this is not always available
from the supplier.

Following room temperature proton irradiation of silicon CCDs a significant reduction of bulk dark signal at
annealing temperatures greater than 100 °C has been observed, for example in [73]. The defect or defect
complexes responsible for the dark signal generation are not likely to be impurity related due to the ability to
apply a universal damage constant [71 and 72] to the dark signal. It is also not likely to be dominated by the
divacancy as this would require temperatures in excess of 300°C to anneal significantly. Watts et al. [56]
have shown that the dark signal from neutron irradiated silicon is dominated by three defect species having
an energy level around that of the divacancy, including possible contribution by the V, complex which has
the anneal behaviour observed.

Room temperature annealing of bulk dark signal in silicon devices does occur as illustrated by Figure 27
presented by Srour [54]. Recent measurements made on CCDs have shown an unexpected bias
dependence to the annealing behaviour [AD-2]. Further work is required to fully characterise and understand
the annealing behaviour.
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Figure 27 The bulk dark signal from a CCD at room temperature following neutron bombardment
[54]. The dark signal is normalised to the dark signal after 1000 hours.

There is only limited data on the increase in dark signal from infrared imagers within the public domain and
no “universal” damage constant has been established to date. Complications arise due to the range of band-
gaps available for a particular material type, depending on the wavelength requirements of the imager.
Some work on InGaAs photodiodes, for example [75] and [76], has shown that the increase in dark current
and a decrease in photocurrent is caused by an increase in deep levels. Bulk dark signal increase was the
main degradation observed in InGaAs detectors used on the SPOT 4 satellite [8]. Within experimental
uncertainty, the mean dark signal was seen to scale with NIEL over the range of proton energies employed
(9.1 MeV to 300 MeV). The damage factor for the devices irradiated at room temperature, and measured at
5°C, was found to be 2.32 x 10®° nA g/MeV/cmz. The temperature dependence was given by

Dark Current Density o exp(wj

kT

This is in reasonable agreement with the temperature dependence expected for a mid gap level (the band
gap noted as ranging from 0.75 eV to 0.79 eV). The devices measured in [8] utilised a CCD type readout
requiring the InGaAs photosite to be reverse biased. However, further work showed that if operating at zero
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bias, significantly improved radiation tolerance, both in the mean dark signal and dark signal spike
generation, can be achieved. Therefore, low degradation can be accomplished, for example, by utilising a
capacitive transimpedance amplifier (CTIA) pixel readout which enables near zero biased operation [77].

Most work has been performed on InGaAs material lattice matched to the InP substrate. However, the NIR
channels of the SCIAMACHY instrument on board ESA’s ENVISAT utilised both lattice matched and
extended wavelength InGaAs detectors. The wavelength extension was achieved by varying the fraction of
Indium and Gallium, creating a lattice mismatch between the detector material and the substrate. In flight
data has been analysed in detail [78]. The number of defective pixels, attributed to an increase in
displacement induced dark signal, increased throughout the mission life. However, this increase was not
observed in the lattice matched devices. Commercial lattice matched and extended wavelength InGaAs
devices have been tested for the ESA EarthCARE mission [79] no displacement damage changes were
observed up to a 60 MeV proton fluence of 1.5 x 10" cm™. However, this may have been due to the effects
of any radiation induced defects being masked by the large numbers of pre-existing defects.

Work on short wavelength HgCdTe detectors (1.7um cut-off) has been reported following evaluation for the
Wide Field Camera 3 of the Hubble Space Telescope [80]. Irradiations were undertaken at a temperature of
150K and measurements were made before the devices were warmed up. In addition to observing the
proton stimulated luminescence from the CdZnTe substrate an increase in proton induced dark signal was
seen. |Initial increase decayed to a stable level a few times the preirradiation value following a 63 MeV
fluence of ~5x10° p/cm?® Some annealing of this dark signal was observed when the devices were warmed
to 190K and complete recovery was achieved by annealing the devices at room temperature.

Proton irradiation of an HgCdTe focal plane array for use in the 8-15 um spectral range has been reported in
[81]. Here devices were irradiated at a temperature of 55K to a fluence of 10x10™ 50 MeV protons per cm”®.
An increase in the median dark signal of ~0.5 mA/cm?® was observed. A subsequent 2 month room
temperature anneal reduced this to close to the preirradiation figure and most of the high dark signal “spikes”
annealed out. A 168 hour anneal at 70°C returned the device to its pre irradiation state.

A6.3.2Dark Signal Non-Uniformity and Defective pixels

Dark signal non-uniformity (DSNU) is the variation in the mean dark signal from one pixel within the imaging
array to the next. A variation naturally occurs due to the statistical spread of deposited energies by the
irradiating particles. The theory of proton interactions in silicon within the microvolume of a pixel forms the
basis for predicting the DSNU in silicon devices. This has been discussed in detail by Dale et al. ([82], [83]
and [84]) with a later modification of the models by Robbins [71]. The shape of the distribution of dark signal
generation rates is dependent on the proton energy and fluence and the depletion volume of the pixel.
Providing field effects are not significant changing the temperature will simply change the mean dark signal
(as noted in the previous section) and the distribution scaled accordingly. Examples of the calculation using
the approach taken in [71] are shown in Figure 28 and Figure 29. At high proton energies (>60 MeV or so0)
Monte Carlo codes are required to account for the correlation of damage between pixels when the recoil
ranges are comparable to the pixel volume [5].

The dark signal distributions cannot always be explained by the interaction kinematics alone. In some
devices the electric fields within a pixel can be sufficiently high that the emission rate from bulk defects can
be enhanced significantly (e.g. [85]). A characteristic of this phenomenon is that the dark current non-
uniformity changes more slowly with temperature. In many cases, there is a clear correlation between the
size of a dark current spike and the decrease in activation energy. It can be difficult to predict the evolution of
the dark signal distributions throughout a mission lifetime, including enhancement effects. One approach,
using experimentally determined distributions obtained for a few proton energies, has been presented by
Gilard et al. [86,87].

CCD pixels having high levels of dark signal (hot pixels or dark signal spikes) following irradiation at -84 °C
have been investigated by Marshall et al. [59]. Hot pixel annealing began at temperatures below -40 °C and
was completed before the temperature reached +20 °C. Low temperature irradiation of a CMOS APS by
alpha particles was seen to increase the number of dark signal spikes of which 90% were annealed following
a few hours at room temperature [15].
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A similar approach to that used for the modelling of dark signal non-uniformity in silicon devices has been
applied to HgCdTe arrays [88]. There was a significant discrepancy between calculated distributions and
those measured. This may be attributable to field enhancement effects.

Relative Frequency

5x10° cm?

1x10%° cm™?

2x10"° ecm?

4x10'° cm?

2 3 4 5

Dark Signal (nA/cm?)

Figure 28 Calculated dark signal distributions for a silicon device following 10 MeV proton irradiation
over a range of fluences. The temperature was 300K and with a depleted pixel volume of

387 um3.
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Figure 29 Calculated dark signal distributions for a silicon device following proton irradiation

showing the effect of proton energy. In all cases the 10 MeV equivalent fluence was 5x10

9

cm? and the mean dark signal increase was 0.3 nA/cm®. The temperature was 300K and
with a depleted pixel volume of 387 pma.

Figure 28 and Figure 29 show smooth distributions as observed at relatively low dark signal levels. At long
integration times some structure in the distributions can be seen and relates to the generation from the

discrete generation centres [16].
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A6.3.3Random Telegraph Signals

Random telegraph signals (RTS) in image sensors refers to two distinct phenomena. Firstly, it could refer to
the switching between discrete current levels within the channel of the MOSFETSs in the readout circuitry.
This is particularly relevant to the small source follower FET in the deep sub-micron technology used in
CMOS active pixel sensors and results from carrier trapping and detrapping from levels within the oxide or
bulk semiconductor. Displacement damage could affect this but to date this damage mechanism appears to
be of minor significance. The second and distinctly different phenomena, is the switching between high and
low dark signal generation rates observed within, or surrounding the depletion volume of the charge
collection regions. Some pixels in an image sensor array may show this behaviour prior to irradiation but
displacement damage can cause a significant increase in number. Typical RTS behaviour following proton
irradiation is shown in Figure 30. RTS generating centres have been shown to be introduced by ionisation
damage also [89]. However, ionisation induced RTS transitions have amplitudes somewhat lower than the
RTS defects generated by displacement damage [90].
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Figure 30 A sample of 3 CCD pixels showing RTS behaviour at 23°C. Similar RTS behaviour is seen
in CMOS image sensors.

Most of the investigation into displacement damage induced RTS phenomena has been undertaken on
silicon devices. Work performed in [74] showed that the characteristics of the radiation induced RTS dark
signal observed in CCDs and APS imagers following proton irradiation was very similar. Over the range of
proton energies tested (1.5 to 60 MeV) the number of RTS pixels scaled with displacement damage dose,
derived from the total NIEL, with both elastic and inelastic interactions possibly contributing [32, 85].

The numbers of RTS pixels detected depends on the method of detection employed, and care must be taken
when comparing results. A detailed study of RTS pixels from CMOS APS devices using a sophisticated
detection technique [32] showed that many of the high dark signal pixels presented RTS behaviour. The
number of RTS pixels is dependent on the number of pixels in the array, Ny, and the volume of depleted
silicon in each pixel, V. The number obtained from data in [32] is

N =47xN_. xV(cm®)xFluencgcm2)x NIEL(MeVcent/g).

pix

Following the proton irradiation of a CCD presented in [74] the fraction of RTS pixels was found to be
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N/N,;, ~8.1x107% x Alcm?) x Fluence(cm?) x NIEL(MeVent/g)

where A is the pixel area. As the device tested was run in inverted mode the depletion depth would have
been around 3 um. Therefore
N/N

oix ~ 27xV(cm®) xFluencglcm ) xNIEL (MeVent/g)

which is in very good agreement with the data of [32] considering the uncertainties involved.

If a pixel shows RTS behaviour it may have 2 levels or multiple discrete levels of dark signal generation.
Significantly higher numbers of multiple level RTS pixels are observed (e.g. [74] and [91]) than would be
expected through the statistical distribution of 2 level defects. The maximum RTS transition in a pixel has
been found to have an exponential distribution [32] given by

ot

Where N is the total number of RTS centres and | is the mean of the largest RTS amplitude in a pixel which,
at 23°C, was found to be (0.19+0.03) fA and not a function of fluence or proton energy. It was suggested
that this represented a universal maximum RTS amplitude but more work is required for confirmation.
However, it is consistent, within experimental uncertainties, with a figure of 0.4 fA at 23°C, extrapolated from
data at -5°C presented by Nuns et al. [91] on proton and neutron irradiated CCDs. In the same work the
temperature dependence for 10 MeV proton irradiated devices was found to follow an exp(-E./kT)
dependence with an E, of 0.44 eV, although other reports give an E, around 0.5 — 0.6 eV (e.g. [92]).
Because of the low activation energy of the process it was assumed in [91] that the RTS generation could be
attributed to high field zones. However, the RTS amplitudes seen in the devices tested in [32] showed no
field dependence over the range of fields investigated. Early work on the STAR250 CMOS sensor,
investigated in [93], showed that most RTS amplitudes were below 0.1 nA/cm? at 27°C, corresponding to a
defect generation rate of 0.6 fA, also consistent with the more recent studies. In this work these RTS events
were on top of a dark signal pedestal that appeared to be affected by field enhancement but the events
themselves were not.

RTS defects generated by room temperature proton irradiation have shown similar annealing behaviour to
the mean dark signal [73]. In [74] it was noted that a two hour, 50°C bake converted many of the multiple
level RTS pixels to 2 level RTS pixels. A detailed annealing study [94] investigating the total number of RTS
pixels showed the annealing behaviour was similar to that of the Si-E centre, but the phosphorous complex
is not the only candidate for the RTS behaviour, especially as RTS phenomena is not limited to silicon
devices.

If an RTS pixel has just two distinct levels of dark signal the time spent in the high or low dark signal states
are randomly distributed but the average times in each state are well defined. It was noted in [74] that a
small fraction of RTS pixels can have either very long or very short time constants and they can vary by up to
four orders of magnitude, from seconds to hours, at room temperature. However, most have a time constant
of a few minutes at room temperature. The time constant for each state of the RTS defect has been found to

have the form [92]
l =R.ex i
T kT

where the R is a constant. Many authors have measured the energy, E, to be around 0.9 eV. A lower
activation energy value has been presented in [85] and this has been attributed tentatively to the fact that the
CMOS device was operated in soft reset mode so lag may have affected the measurements [74].

© SSTL




" Doc No: # 0195162
. FINAL TEST GUIDELINE
Sl JFQREY Revision: 01.02 Status: Issued
SATELLITE TECHNOLOGY'LTD Revision Release Date: 16/05/2014
Displacement Damage Guideline Page 56 of 69

Further work is required to fully characterise the RTS phenomena in silicon devices. For example detailed
understanding of the temperature dependence of the RTS amplitude is lacking, as is the understanding and
characterisation of the distribution of the time constants. However, it is clear that as temperature is lowered
the transition amplitudes reduce and the switching time constants increase to such an extent that, if a silicon
device is operated cold, for example at -50°C, the effect of the RTS defects on mission performance can be
insignificant. However, the generation of RTS defects in MCT and InGaAs imagers, even when operating
cold, can be important.

An increase in the number of RTS pixels in InGaAs detectors has been reported in, for example [8]. Here the
RTS amplitude was found not to correlate with high dark signal pixels, in common with silicon devices. In the
same work the amplitudes were found to have an activation energy around 0.35 eV but an RTS pixel with a
significantly lower activation energy was observed also. However, very little work on the detailed
characteristic of RTS behaviour in infrared technologies has been published within the public domain and
more work is required in this area.

A6.3.4Charge Transfer Efficiency

The charge transfer efficiency (CTE) of a CCD is usually defined as the fraction of the signal remaining
following the transfer of signal from one pixel to the next. Sometimes it is defined as the fraction of charge
remaining on transfer from one phase to the next so care must be taken when interpreting published results.
The CTE is an important parameter for CCDs. For surface channel CCDs” it is dominated by trapping by
Si/SiO, interface states, so these devices are particularly sensitive to total ionising dose deposition. Most
space missions utilise buried channel CCDs where signal charge does not come into contact with interface
states so, not only is the CTE significantly better than surface channel devices, it is not affected by total
ionising dose. However, as charge transfer takes place in the bulk silicon, CTE is degraded by displacement
damage and the generation of discrete trapping centres.

A degraded CTE can have a significant impact on the performance of the instrument. The observed image
degradation due to a loss of CTE is a strong function of the operating conditions of the CCD and the type of
image being observed. The effect of CTE degradation on the performance of star trackers has been
investigated in [95]. However, it is not possible to quote a single figure for the CTE degradation that covers
all operating conditions, image types and CCD structures. Measured CTE figures are only directly relevant
to the device type under test, running under the test operating conditions and with the images used for the
test measurement. Therefore, to estimate the degradation that will be observed in practice it is necessary to
understand the theory behind charge trapping and how the distributed signal within the CCD interacts with
the traps. The theories are covered in detail within the quoted references. However, the main elements are
presented here to illustrate the type of degradation to be expected. It was noted in [96] that it is probably
not possible to predict effects to better than a factor two to three from published data because of variations in
the operating conditions and the measurement techniques used in a given laboratory. For these reasons it
was recommended that, for critical space applications, ground testing, tailored to reflect the in-orbit
conditions as close as possible, be carried out.

As noted in section A6.1 the displacement damage generates traps that trap and emit electrons from the
conduction band in the case of n-channel CCDs, or holes from the valence band in the case of p-channel
CCDs. The trap species of importance is dependent on the operating conditions, and the temporal dynamics
of trapping and emission, which depends on the nature of the trap. The Si-E centre and the deep acceptor
state of the divacancy tend to dominate when operating n-channel CCDs warm. At colder temperatures the
oxygen vacancy complex and the shallower state of the divacancy may become significant, and there are
other, as yet unidentified defect species that can dominate the degradation observed at intermediate
temperatures.

Despite the complication of the interactions with the generated defects, it has been found that the CTE
degradation scales with NIEL, independent of particle type and energy, at least to a first approximation.
However, divacancy production is not significant in electron irradiated devices but is important in proton
irradiated devices. The CTE degradation is linearly dependent on the generated trap density. There is
actually very little information in the literature on the introduction rate of the important defects especially that

* surface channel CCDs have been proposed for use in TDI earth observation missions where full well
capacity is an important requirement.
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of the Si-E centre for phosphorous concentrations typically used for the buried channel of n-channel CCDs.
Therefore, to get suitable inputs for any modelling activity one must rely on measurements made on the
CCDs directly. Unfortunately, the calculation of the density of the radiation induced traps requires a detailed
knowledge of the charge distribution within a pixel and is therefore not straight forward. Using the concept of
‘effective signal density’ together with 1d device modelling, work performed in [11] and [12] on high energy
electron irradiated CCDs estimated the introduction rate of the Si-E centre to be

N; (cm™) = (2.0 + 0.6) x NIEL (keVem®/g) x @ (cm™)

where @ is the particle fluence. The defects produced by proton irradiation are dominated by the
introduction of the Si-E centre but the divacancy is also important. Work published in [37] on 3 MeV proton
irradiated devices, following detailed 2d modelling of the signal distribution, estimated an introduction rate of
the Si-E centre as

N, (cm™) = 2.5 x NIEL (keVem?/g) x @ (cm™)
And for the divacancy
N, (cm™) = 0.4 x NIEL (keVem?/g) x @ (cm™)

In another study on 10 MeV proton irradiated devices [97] the density of a trap that could be attributed to the
Si-E centre was found to have an introduction rate of

N (cm'3) =1.1 x NIEL (kchm'2/g) x® (cm'z).

However, it should be noted that a very rough approximation for the charge density was used in [37] and
thus the errors in the determination of the trap density could be large. A trap that may possibly be attributed
to the divacancy was found to have an introduction rate of about 25% of that of the Si-E centre whilst a trap
that may be the Si-A centre was introduced at about twice the rate of the Si-E centre. It is known that the
introduction rate of the Si-A centre is dependent on the oxygen concentration within the silicon, which will
vary depending on the source and type of silicon wafer. Several authors have reported the presence of a
defect having an energy level around 0.3 eV below the conduction band edge which might be attributable to
a carbon related complex but this is uncertain.

The basic theory of charge trapping has been discussed by many authors and will be covered here to
illustrate the main points of CTE degradation. Since the signal is transferred in the depletion region, the only
important mechanisms in n-channel CCDs are capture of signal electrons from the conduction band and their
subsequent emission back to the conduction band from the trapping centre.

The time constants for the capture (z;) and emission (z.) processes are

Tc = ]/(O_nvth ns)
7o = eXPE /KT )/(0, X VN 1)
Where

signal density

electron capture cross section

mean thermal velocity for electrons

effective density of states in the conduction band
Temperature

Boltzmann’s constant

‘entropy factor’

field enhancement factor

energy level of the trap below the conduction band edge

o
L O T I T I I 1|

MmN X~ -2z

The field enhancement factor was added in [98] to allow for possible increased emission rates in high field
regions of the device. In practice x was found to be very close to unity. The traps are characterised by their
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energy level within the band gap, capture cross section and its degeneracy. These parameters are often
assessed using transient techniques such as deep level transient spectroscopy (DLTS) but can also be
measured using the CCD itself. However, experimental difficulties and uncertainties lead to a range of
published values. This is quite unfortunate as the emission time constant is exponentially dependant on the
energy level and small uncertainty in the determination of the energy level will lead to significant errors in the
emission time constant. For the following illustrations tentative trap parameters following 5x10° 10 MeV
protons/cm2 are presented in Table 2. There will be other low level defects generated that result in relevant
trapping and emission as found in, for example, [99] and parameters for an “unknown” defect having an
energy level 0.31 eV below the conduction band edge is also included.

Table 2 Tentatively assighed defect parameters following 5x10° 10 MeV protons/cm2

Si-E (V-V) (V-V)~ Si-A Unknown
N, (cm™) 1 x10™ 1.5x10™ 1.5x10" 2x10™" 5x10°
E.-E.(eV) 0.46 0.41 0.21 0.17 0.31
onX (cm?) 6x10™"° 5x10™"° 5x107° 1x10™ 3x107°

The emission time constants for traps having the parameters in Table 2 are presented in Figure 31.

Once the radiation induced trap population is known the effects on the CTE degradation can be calculated.
A full and rigorous treatment requires a 3d device simulation of the CCD structure to account for the signal
distribution and a Monte Carlo approach can be taken to track the interaction with the traps. Such a
simulation is being developed [100] but it does require significant computational resource and an intimate
understanding of the pixel architecture which is not always available from the manufacturer. Empirical and
semi empirical models have been developed but a simple analytical approach is given here to illustrate the
main points.

105

Si-E
(V-Vy

Unknown

10 4
10°
107 4
0] (VV)7
10 4
1071 Si-A
102 4

emission time constant (ms)

104

104

105 T T T
100 150 200 250 300

temperature (K)

Figure 31 Approximate values for the emission time constants of the defects mainly responsible for
CTE degradation in n-channel CCDs.

First emission of charge from the traps is considered. When a charge packet is present in a pixel a number
of electrons, s;, will be trapped within the pixel volume. If the charge packet is transferred from this pixels,
and no other charge packet follows, then s; decreases such that
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ds; st
dt Te
ie.

St =Sto exp(-t/ze)

If another charge packet, the same size as the first, is transferred to the pixel, the number of electrons
trapped and lost from this charge packet will now be

Siost = Sto(1—exp(-tg/7e))

where t, is the time between charge packets passing through the same pixel. Thus, if the time between
charge packets is very much less than the emission time constant of the trap, the traps would not have
emitted the charge captured from the previous charge packet and therefore do not contribute to the reduction
in the apparent CTE. This is illustrated in Figure 32 which shows the effect of the Si-E centre having
parameters shown in Table 2. The plot can be thought of as a normalised charge transfer inefficiency (CTI)
where the CTl is defined as 1 - CTE. As the time between bursts of signal decreases, less time is available
for the traps to emit their charge. Therefore the low temperature side of the peak shifts towards higher
temperatures where the emission time constant is reduced. In x-ray spectroscopic applications, for example,
the data is very sparse and ty can be quite long. Therefore, to minimise the CTE degradation and thus
optimise the spectroscopic resolution, the CCD must be cooled so the traps remain filled for long periods of
time. It is not unusual, in these situations, to run the CCD at temperatures around 180K. Work performed in
[101] studied the effect of x-ray hit rate, and thus effectively t,, for the XMM mission.

1

0.9 -
0.8 -
0.7 -
0.6 -
€ o5
@
0.4 -
—1t0=0.001s
037 —10=0.004s
0.2 to=0.03 s
to=0.2s
0.1 -
—to=1s
O T T T T T
160 180 200 220 240 260

Temperature (K)

Figure 32 Calculated s)os/Sto fOr various times between charge packets.

If the emission time constant is very much shorter than the clock period then the electrons, if trapped, can be
re-emitted back into the signal, thus reducing the CTI. To illustrate this effect it is necessary to consider
when charge can be re-emitted back into the signal. This will be dependent on the clock timings employed.
One possible clock sequence for a 3-phase device is shown in Figure 33.
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T, T, T, T, T, T, Te
Phase 1
Phase 2
Phase 3
«—— Image clock period, T ———»

Figure 33 A typical clock sequence for a 3-phase CCD.

The resultant transfer of charge from one pixel to the next is shown in Figure 34. During the first period
charge is being integrated under Phase 1. When charge transfer commences the signal is shared between
Phase 1 and Phase 2. The reduction of signal under Phase 1 exposes depleted silicon previously occupied
by signal charge. Thus trapped charge in this region will start to emit. However, for simplicity, this will be
ignored in the following analysis. During period 3 the signal charge is wholly confined under Phase 2. A
fraction of the charge that has been trapped under Phase 1 will now re-emit back into the signal during time
Ts — T,. On commencement of the next transfer the signal charge will be shared between Phase 2 and
Phase 3. Roughly half the charge that was trapped under Phase 1 and emitted in time period T, — T3 will
rejoin the signal charge packet. This charge capture and emission continues as the charge is transferred to
the next pixel. The total signal rejoining the main packet after being trapped under Phase 1 is

Sjoinzs;o 2 —ex _@ —ex _H
2 Te Te

Therefore the total signal lost on passing through Phase 1 is simply

to )] s T, -T T,-T
Stotalqﬂ = Sjost ~ Sjoin =St [1_ eXP(— T—O]] - %O [2 - GX{— %} - exp(— %j} .
e e e

Similar expressions can be obtained for passing through Phase 2 and Phase 3. The results must be
summed to get Sy, the total charge lost from the charge packet on moving from one pixel to the next.
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Figure 34 The return of trapped signal to the charge packet

The signal is distributed within the pixel and the signal density is not uniform. However, to illustrate the effect
of trap capture and emission we can look at a small volume of the charge packet such that

5Sto = Ntévs

Where 6V is the volume occupied by the trapped signal ds,,. Figure 35 shows the result of the calculation of
SBoral OV Utilising the clock timings of Table 3, which are typical of the parallel clocks for time delay and

integrate (TDI) operation.

Table 3 The clock timings (in ps) used to generate Figure 35.

T2-T1 T3-T2

T4-T3

T5-T4

T6-T5 T

5 5

5

5

5 1000
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Figure 35 The effect of the different trap species on the CTI of an n-channel CCD. The clock timings
employed in the calculations are given in Table 3. A t, of 1 second is used here for illustration.

We need to look at the trapping process itself to complete the picture of signal loss. If charge is transferred
to a gate having empty bulk traps, the traps will fill so that, after a time tg, the density of filled traps will be

el )

where N, is the trap density. Therefore, if the time the signal spends under a gate is comparable to or less
than the capture time constant incomplete trapping will be observed.

To calculate the total amount of trapped signal the distribution of signal within the pixel needs to be
considered as the capture time constant is dependent on the signal density. The calculation would be
straight forward if the signal electrons are confined to a well-defined volume, throughout which the signal
density, and thus the probability of capture is constant. This is not the case and the density varies throughout
the volume of the charge packet as illustrated in Figure 36.

An “effective” signal density can, however, be defined. This is a strong function of signal size, increasing
with increasing number of electrons in the signal. Thus the CTI can be considerably higher for small signals
than observed with larger signals. For example, the effective signal density for the readout register of an
EEV CCDOL1 (register pixel size = 22 pm x 88 pm) was measured to be 3 10™ cm™ for a signal size of 500
electrons, increasing to about 2.5 10™* ¢cm™ for a signal size of 70,000 electrons [11, 12].

By confining the signal to smaller volumes the effective signal density increases. This has the effect of
reducing the number of traps with which the charge packet can interact. This is the principle behind the use
of a supplementary buried channel (notch) which can be effective in reducing the CTE degradation for small
signals. However, increasing the effective signal density reduces the capture time constant which may
adversely affect the CTI, dependent on the clocking frequencies used.
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Figure 36 Calculated 2d signal distributions for signal under a 5 um gate of a typical CCD having a 15
pKm square pixel

Background signal can improve the CTI due to the filling of traps and the increase in signal density of the
charge packet. When estimating the CTI with a background signal it is necessary to look at the charge
distribution in detail and a full 3d device simulation is required for a rigorous analysis.

At operation around room temperature displacement damage induced charge transfer inefficiency as been
observed (for example [11] and [73]) and to reduce by annealing at temperatures around 150°C and it is
likely that the breakup of the Si-E centre (phosphorous-vacancy complex) is responsible.

A CCD, manufactured on high resistivity silicon, irradiated with 120-keV protons while at a temperature of -
100 °C has shown a significant increase (reverse annealing) in CTI following warm up to +30°C and cool
back down to -100 °C [102]. However, this CTI annealing behaviour has not been observed in the proton and
alpha particle irradiated devices tested by Hopkinson et al. ([6] and [7]). Under these temperatures and
operating conditions it is likely that the CTI degradation observed in these cases is impurity related, by, for
example, the introduction of defects involving carbon. As impurity densities are likely so vary from
manufacturer to manufacturer, and even wafer to wafer, the damage observed and the annealing behaviour
it likely to show variability when a device is operated cold.

The previous discussions have been based around the degradation of n-channel CCDs. P-channel devices
may offer improved radiation tolerance under certain conditions due to the significantly lower density of
phosphorous and thus lower introduction rate of the Si-E centre and have been studied in, for example [103]
and [104]. Work performed in [104] has indicated that, although the CTE in the pre irradiated devices tested
was worse than in n-channel devices the rate of degradation was lower, providing an improved end of life
performance.

A6.4 Responsivity Degradation

Total ionising dose deposition can cause responsivity changes due to threshold shifts of FETs used in the
output amplifiers of silicon devices or ROICs, thus causing a change in the amplifier gain. Conversely, for
typical displacement damage doses experienced in the space environment, displacement damage should
not cause a significant change in the gain of these amplifiers. However, the responsivity of LWIR HgCdTe
imagers has been found to degrade with proton fluence [105]. This degradation was attributed to the
reduction in lateral diffusion length following displacement damage. The effect this has on the response of
the image depends on the design of the diode structure and the reliance on lateral diffusion for charge
collection.  This behaviour has been seen also in Type Il superlattice infrared detectors [106] and also
silicon pn diode structures [107].
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