Open Research Online
The Open University’s repository of research publications
and other research outputs

Developing the active trap model for charge-coupled
device charge transfer optimization in large-scale space
missions
Journal Item
How to cite:
Buggey, Thomas; Soman, Matthew; Hall, David; Bush, Nathan; Parsons, Steve; Hetherington, Oliver and
Holland, Andrew (2022). Developing the active trap model for charge-coupled device charge transfer optimization in
large-scale space missions. Journal of Astronomical Telescopes, Instruments, and Systems, 8(2)

For guidance on citations see FAQs.

c 2022 SPIE

Version: Version of Record
Link(s) to article on publisher’s website:
http://dx.doi.org/doi:10.1117/1.JATIS.8.2.028003

Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright
owners. For more information on Open Research Online’s data policy on reuse of materials please consult the policies
page.

oro.open.ac.uk

Developing the active trap model for charge-coupled
device charge transfer optimization
in large-scale space missions
Thomas W. Buggey ,a,* Matthew R. Soman ,a,b David J. Hall,a
Nathan Bush,a† Steven Parsons ,a Oliver Hetherington,a
and Andrew D. Hollanda
a

The Open University, School of Physical Sciences, Milton Keynes, United Kingdom
b
ESTEC, ESA, Noordwijk, The Netherlands

Abstract. Charge-coupled devices (CCDs) have been the detector of choice for large-scale
space missions for many years. Although dominant in this field, the charge transfer performance
of the technology degrades over time due to the radiation-harsh space environment. Charge
transfer performance can be optimized; however, it is often time consuming and expensive due
to the many operating modes of the CCD, especially considering the ever-increasing needs of
detector performance. A technique that uses measurements of the trap landscape present in a
CCD to predict changes in charge transfer inefficiency as a function of different experimental
variables is presented and developed. Using this technique, it is possible to focus experimental
lab testing on key device parameters, potentially saving many months of laboratory effort. Due
to the generality of the method, it can be used to optimize the charge transfer performance of
any CCD and, as such, has many uses across a wide range of fields and space missions. Future
CCD variants that will be used in potential space missions (EMCCD and p-channel CCDs) can
use this technique to provide feedback of the key device performance to the wider mission consortium before devices are available for experimental testing. © 2022 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JATIS.8.2.028003]
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1 Introduction
For many years, charge-coupled devices (CCDs) have been the detector of choice for large space
missions due to their excellent energy resolution, noise performance, and longevity in-orbit.1–4
Although the technology has been dominant for many decades, the charge transfer performance
of the device is degraded by the harsh radiation environment present in space.5 To mitigate significant charge transfer losses, CCDs can be optimized to minimize charge transfer inefficiency
(CTI), maximizing the energy resolution and hence maximizing the lifetime of the devices. Full
charge transfer optimization preflight requires CCDs to be exposed to similar radiation conditions as seen in space, and they are often irradiated at high-energy particle facilities, mimicking
the total predicted dose received. Device performance is then assessed preirradiation and postirradiation and necessary lab-based optimization activities can begin.
The laboratory optimization approach is often highly time consuming, however, with a wide
parameter space to be probed. This is exacerbated by the additional operating modes that are
often used; these include charge injection, frame-transfer mode, and multilevel clocking, which
are included to push CCD charge transfer performance to the edge of what is possible. The exact
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benefit of each CCD operation mode is often only clear after extensive device testing has been
carried out. There is a gap for an analytical approach to focus on laboratory testing and ultimately
save a significant amount of time during device characterization.
To develop such a method, however, requires precise knowledge of the CTI-causing defects,
which until recent years, has been challenging. One recent characterization test that was developed is trap pumping, which allows the level of radiation damage within a CCD to be quantified
to high precision.6,7 In particular, the technique allows for the characterization of displacement
damage effects within the CCD, which must be fully understood to maximize charge transfer
optimization activities. Recent advances in knowledge of the distribution of defects through the
trap pumping technique have led to key results that can be used to optimize CCDs fully.6,8–11
Figure 1 shows the emission time constant distribution of both intrinsic and radiation-induced
defects in an irradiated CCD204, which was attained through the trap pumping technique as an
example (black histogram). It is this distribution of defects that affects CCD charge transfer
performance and has the potential to heavily degrade performance.
However, due to the way the CCD is operated, not all of the defects present within the defect
landscape in Fig. 1 will contribute to charge transfer losses. To calculate which specific defects
affect charge transfer performance, a minimum and maximum threshold must be defined, with
the defects between these limits causing CTI. If, for a specific set of operating parameters, the
thresholds can be clearly defined, then the charge transfer performance of the device can be
estimated without measuring CTI directly.
Previous work utilized this optimization method, known as the active trap model (ATM),
as part of the Nancy Grace Roman Space Telescope to optimize charge transfer performance
of an electron-multiplying CCD201.12 More specifically, a model was developed to optimize
a single phase of readout for one operating mode (full-frame readout) at a range of temperatures.
However, CCD-based space missions are wide-ranging, operating using different CCDs from
different manufacturers (and hence different trap landscapes), at different clocking speeds, and
at different temperatures. Alternative readout modes such as a frame-transfer mode, as opposed
to the more simplistic full-frame readout mode, are also widely used, often in addition to charge
injection and multilevel-clocking. Utilizing the ATM to optimize such a device would be very

Fig. 1 Trap landscape from an RT irradiated CCD204, generated at 153 K. A range defined by
a minimum and maximum threshold is shown in red. Any defects located within this range will
contribute to CTI. Note that this trap landscape is from a CCD204; it was used because it was
the only “complete” landscape available at the time. The four main traps relevant to N-channel
CCD charge transfer performance are labeled, namely the oxygen vacancy (Si-A), double negative state of the divacancy (VV–), unknown, and phosphorous vacancy (Si-E).
J. Astron. Telesc. Instrum. Syst.
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beneficial; however, much development is needed as the model needs to be fully physical and
able to simulate the highly varied readout modes. This necessitates the development of the model
seen in this paper.
This paper will describe the methodology behind the ATM, outlining each step of the technique and associated theory. After a description of the model, comparisons between the model
output and experimental CTI results will be made to show that the input trap landscape to the
model is key to ensuring a good fit between the model and experimental data. This paper will
form the foundation of a following paper in which the ATM is adapted significantly to predict
CTI performance of a future x-ray CCD mission for which a lack of hardware necessitates the
use of the ATM to inform high-level engineering decisions with respect to detector performance.

2 Active Trap Model Methodology
The ATM has several steps to correctly calculate the estimated number of effective traps (traps
that contribute to CTI, between the minimum and maximum threshold in Fig. 1) for a given
device operating mode. The method utilizes trap landscapes attained previously, trap capture
and emission dynamics as well as Shockley–Read–Hall (SRH) theory13,14 (to calculate the probability that a filled trap will emit its captured electron in each timeframe). Figure 2 shows a
flowchart representing the stages of the ATM. Section 2.1 below explains the methodology
behind each step in Fig. 2, with accompanying assumptions.

2.1 High-Level Model Overview
For the purposes of this paper, the ATM will explicitly be used only to predict changes in CTI
and, as such, must be tailored specifically.
Stage 1: Due to the temperature dependence of trap emission time constants, and hence CTI, the
trap landscape used for the model must be generated at the detector temperature to be modeled. This is performed by scaling the emission time constants of a measured trap landscape.

Fig. 2 Flowchart showing the steps of the ATM to estimate the number of effective traps that will
degrade CTI in a specific device and readout mode. P empty and P emission are the probability of a
trap being empty and the probability of emission between two distinct timings, respectively.
J. Astron. Telesc. Instrum. Syst.
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For best results, the trap landscape generated is ideally from the same device in which CTI is
measured (for additional discussion refer to Sec. 6).
Stage 2: It is assumed that there are equal numbers of traps in each pixel in the device, so only
trap dynamics from a single pixel are modeled. From that single pixel, trap positions across
all four electrodes (or phases) are modeled, with traps located under each half electrode
treated separately (subphase locations). The importance of subphase locations will be clear
from Sec. 2.4.
Stage 3: For trap locations under each half electrode, the upper and lower thresholds for effective traps are calculated. The upper threshold is based upon the density of x-rays in the
device (Sec. 2.5). The lower threshold is different depending on where the trap is located
within the pixel (a further explanation is provided in Sec. 2.4) and hence the different emission dynamics during the transfers through the parallel and serial regions of the CCD.
Stage 4: Once the upper and lower thresholds are calculated for each trap location, an additional
scaling factor that looks at the probability of empty traps must be taken into consideration.
As a trap that is already filled cannot capture any additional electrons, clearly the initial trap
occupancy is important. When CTI measurements are made, many frames are taken over a
period of time, and the trap occupancy states change, which will affect CTI and hence alter
the fit between CTI and the ATM (Secs. 2.6 and 2.7).
Stages 5 and 6: To calculate the effective number of traps for a given half electrode location, the
trap landscape is multiplied by the minimum and maximum threshold input into SRH to
provide a probability curve. The distribution is further scaled by the probability that a trap of
a given emission time constant will be empty. The full trap landscape and associated scaling
curves are presented in Sec. 2.7. The scaled trap landscape distribution is summed to give
the total number of effective traps contributing to CTI for a single half-phase location.
Stage 7: The process is repeated for all half-phase locations (eight in this case for a pixel with
four electrodes), and the total number of effective traps is summed across all pixel locations
within a single pixel.
Stage 8: Steps one to seven are repeated as needed for different operational modes and variables
such as clocking speed (parallel or serial), temperatures, or operating modes (full-frame
operation mode of frame transfer mode, for example).
The remainder of Sec. 2 will explain in additional detail the ATM process, including figures
for clarity where appropriate.

2.2 Generating Initial Trap Landscapes
To correctly estimate the effective number of traps, the most representative initial trap landscape
must be used with respect to both irradiation conditions and fluence along with the operating
temperature. Using either a room-temperature (RT) or cryogenically irradiated landscape ensures
that the correct distribution of traps is present when comparing the number of effective traps to a
CTI value. The correct operating temperature also ensures that the emission time constants are
located at the correct position within the trap landscape. Figure 3 shows the same RT landscape
generated at three different temperatures. As the temperature increases, the entire landscape
shifts to a faster emission time constant, while still retaining the same distribution.

2.3 Calculating the Minimum Time Threshold for Effective Traps
The minimum time threshold defines the trap with the quickest emission time constant that can
contribute to CTI and hence be counted as an effective trap. Any traps with a quicker emission
time constant than the minimum time threshold will emit back into the source charge packet and
will not contribute to CTI. In terms of device performance, the minimum time threshold value
originates from the timings within the device in question, namely the parallel and serial clocking
speeds.
Previous work calculated the minimum time for traps within each electrode of a single-pixel
separately but assumed that the trap position within the electrode was inconsequential.9
Figure 4(a) shows this whole-electrode approach outlined specifically for the parallel region
of a four-phase CCD. Charge is moved sequentially from phase one to four, with a typically
J. Astron. Telesc. Instrum. Syst.
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Fig. 3 Generated trap landscapes for a CCD204 at three temperatures. The peak location of the
four main radiation-induced traps changes with temperature according to SRH theory.

Fig. 4 Trap emission dynamics for a four-phase CCD using the whole-electrode or subelectrode
modeling approach. Note that the dashed and solid lines represent emission back into the source
and nonsource charge packet, respectively. Also note that for the whole-electrode modeling, the
defect is assumed to be in the center of the electrode.

longer pause while in stage one as the serial register is read out. The total time for each stage of
the transfer process is indicated by the time y-axis. Using this diagram, it is possible to calculate
the minimum time that a filled trap must wait before emission into a nonsource charge packet can
occur and be classified as an effective trap that contributes to CTI.
Defects present under phase one fill during stage one of the transfer process (filled circle).
Once charge capture occurs, emission can occur and potentially contribute to CTI. As the charge
moves to phase two, any emission that occurs will mean that the captured electron rejoins the
source charge packet as the source charge packet is still the closest charge packet. When the
charge packet moves to electrode three, the whole-electrode approach now faces a complication
as both the succeeding and source charge packets are equidistant from the filled trap. This means
that it is not clear whether the time taken for stage three (timage ) should be included when calculating the minimum time threshold.

2.4 Subelectrode Modeling
This issue can be ameliorated by instead considering defects within each half electrode, as seen
in Fig. 4(b). Analyzing the emission of defects under phase one once again, defects under the
left-hand side (LHS) of electrode one emit into the nonsource packet, and thus the time taken
J. Astron. Telesc. Instrum. Syst.
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Table 1 Minimum time thresholds calculated for both the whole-electrode and subelectrode modeling. Note that the timings for the whole-electrode modeling are identical for both trap positions
within the electrode as the electrode is not subdivided into halves.
Trap position
within electrode

Whole-electrode model
t minimum

Subelectrode model
t minimum

1

Left

t serial þ t image or t serial 2t image

t serial þ t image

1

Right

t serial þ t image or t serial þ 2t image

t serial þ 2t image

2

Left

2t image or 3image

2t image

2

Right

2t image or 3t image

3t image

3

Left

2t image or 3t image

2t image

3

Right

2t image or 3t image

2t image þ t serial

4

Left

3t image or 3t image þ t serial

t image þ t serial

4

Right

3t image or 3t image þ t serial

t serial þ 2t image

Electrode

for this stage of transfer is not included in the minimum time threshold. On the other hand,
defects on the right-hand side (RHS) of electrode one are closer to the source charge packet,
and thus when emission occurs, emission does not contribute to CTI. This means that the time
taken for stage three is included in the minimum time threshold.
By repeating the procedure for each half electrode, it is possible to precisely calculate the
minimum time threshold. Table 1 summarizes the minimum time thresholds calculated for trap
positions in both the whole-electrode and subelectrode models. Due to the uncertainty of the trap
emission dynamics within the whole-electrode model, the whole-electrode model cannot precisely predict the minimum time threshold (and hence cannot estimate the effective number
of traps accurately). Adding the subelectrode resolution to the model allows for a more precise
calculation of the minimum time thresholds.
The main issue with using the approximate whole-electrode model is the difference between
timage and tserial timings, with approximate values shown in Fig. 5. The time to read out the serial
register (tserial ) is significantly longer than the parallel timing (timage ) in most use cases of CCDs,
meaning that the window for the effective number of traps is significantly reduced (see effective
trap windows in Fig. 5). Any electrode position when tserial is included in the minimum time
threshold will greatly affect the number of effective traps estimated by the ATM. This means that
the subelectrode model must be used to accurately calculate the minimum time thresholds as
the whole-electrode model miscalculates the contribution from the image and serial timings,
respectively.

2.5 Calculating the Upper Threshold Time for Effective Traps
Once the minimum threshold is calculated, the next stage of the ATM is to calculate the maximum threshold. This boundary defines the slowest trap that will be counted as an effective trap
and contribute to CTI. Any defects that have an emission time constant slower than the upper
threshold will not be counted as an effective trap. Physically, this value is defined by the presence
of an additional charge, either in the form of x-rays often used to measure CTI or supplemental
charge injection (often used to reduce CTI). The density of x-rays or the number of lines of
charge injection has a direct effect on the location of the upper threshold.
As this external charge is moved through the device, it passes over defects, filling them as it
moves. If a defect is filled, it cannot capture additional charge and is thus effectively suppressed
with respect to degrading CTI. If a higher x-ray density is present, this means that x-rays pass
over defects more frequently, lowering the time between x-rays. As a result, the maximum
threshold is lowered, and traps with faster emission time constants are now suppressed.
J. Astron. Telesc. Instrum. Syst.
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Fig. 5 Trap landscape showing the maximum threshold along with two minimum thresholds,
namely the parallel and serial timing. Note that when the time to read out the serial register is
included in the calculation for the minimum timing, the effective trap window used to calculate
the effective number of traps is significantly smaller. As the time to readout the serial register
is normally much longer than the time for a parallel row shift, this provides a longer time for
traps to emit their captured charge back into the initial charge packet and not be counted as
an effective trap.

2.6 Probability of Empty Traps
For a trap to contribute to CTI, it must capture a charge from a charge packet and then emit this
charge back into the non-source charge packet. This means that the trap must first be empty,
or charge capture cannot occur, and the trap cannot contribute to CTI. For a fully physical
and representative model, this means that the proportion of traps that are empty/full must be
calculated.
To be able to calculate the proportion of traps that are empty (and can contribute to CTI), both
the readout speed and integration time used in the x-ray CTI data must be considered. When
x-ray CTI data are collected, many frames are often taken to ensure that an x-ray spectrum can be
seen above the detector noise. This means that, between frames, traps emit their captured charge
and are thus empty to capture charge for the next x-ray CTI frame. By considering the probability
of a trap being empty, this extra physics is correctly included in the model.

2.7 Calculating the Probability of Emission and Empty Probabilities
Once the minimum and maximum threshold times are calculated for different locations within
each pixel, the probability that a trap will emit within these two timings is calculated via SRH
theory with Eq. (1), starting with the general form for emission between times t1 and t2

Probability of emission ¼ exp

EQ-TARGET;temp:intralink-;e001;116;173

−t1
τe




− exp


−t2
:
τe

(1)

Substituting t1 ¼ tmin and t2 ¼ tmax leads to the expression for the probability that traps of emission time constant τe will emit between the times of tmin and tmax [Eq. (2)]


−tmin
Probability of emission ¼ exp
τe

EQ-TARGET;temp:intralink-;e002;116;104
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Fig. 6 Raw trap landscape from an irradiated CCD204 in black. The effective trap landscape is
shown in blue; it is attained by scaling the raw trap landscape with the two red probability functions.

Similarly, the probability of a trap emptying between frames is given as


−trþint
Probability of empty traps ¼ 1 − exp
;
τe

(3)

EQ-TARGET;temp:intralink-;e003;116;462

where trþint is the time to readout a single frame plus the integration time and t1 is set to zero.
Once calculated, the probability of emission and the probability of empty traps can be used in
combination with the trap landscape to calculate the total number of effective traps. A graphical
representation of the trap landscape and associated probability functions are shown in Fig. 6.
The black distribution in Fig. 6 represents the total defects measured in an irradiated
CCD204, and the left y-axis shows the total trap counts per pixel. The probability of emission
and probability of empty traps are represented by the red dashed and solid lines, respectively, and
are associated with the right y-axis. A factor of one represents a 100% probability of emission
and 100% probability of a trap being empty. Alternatively, a factor of 0 represents a 0% chance of
emission and a filled trap.
To calculate the effective number of traps (blue distribution), the raw trap landscape (black
distribution) is multiplied by both the probability of emission and probability of empty traps. In
the example of Fig. 6, it is clear that the timings used within the ATM affect different parts of the
landscape in regard to the number of effective traps. For example, the effective trap contributions
from the Si-E are suppressed due to the maximum threshold timing lowering the probability of
emission of the majority of the Si-E. This is shown explicitly by the difference in peak height
of the Si-E for the raw and effective traps landscape, respectively. For the area containing the
divacancy and unknown defect, the timings used within the device mean that 100% of the defects
between ∼1 × 10−4 s and 1-s emit and contribute to the effective number of traps, once again
explicitly shown by the identical height of both the raw and effective trap landscape in this
region.

3 Device Description and Experimental Equipment
With the methodology and rationale behind the ATM described in detail, attention now turns to
the devices used for data collection and the associated experimental hardware. The device used
to collect x-ray CTI data was an RT irradiated CCD280. The device was used as part of an
irradiation campaign for the Soft x-ray Imager onboard the SMILE mission,15 which is a joint
venture between the European Space Agency (ESA) and the Chinese Academy of Sciences
J. Astron. Telesc. Instrum. Syst.
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Cryogenic gas
supply lines

51-way feed
through

Temperature
sensor connection

CCD flexible
connector

Clamp for fixing
to cold bench

Copper cold
bench

CCD280

Cold bench
stand-off legs

Fig. 7 Vacuum chamber flange with mounted CCD280 and associated mechanical and electrical
connections.

Table 2 Device properties for the CCD280.16
Specification

Value

Silicon thickness

16 μm
18 μm × 18 μm

Pixel size
Image area size

1552 columns × 1500 rows

Image area size

∼24 mm × 24 mm
0.4 e− ∕pixel∕s

Dark signal (203 K)

900 ke−

Full well capacity

2.2 μV∕e−

Output amplifier responsivity

(CAS). Figure 7 shows the CCD280 in situ, mounted on the inside of a vacuum flange, with the
key components highlighted for clarity.
The CCD280 (key device properties are shown in Table 2) used was irradiated at the STERIS
facility (at RT) in Harwell, United Kingdom, to an end-of-life 10-MeV nonionizing energy loss
equivalent dose of 3.43 × 109 p∕cm2 . Once irradiated, a full characterization sweep was carried
out, including measurements of CTI at a range of temperatures. CTI was measured using an Fe55
x-ray source. The range of CTI data collected allows the number of effective traps as predicted by
the ATM to be compared with relative increases in CTI.

4 Generating a Representative Trap Landscape through the Trap
Pumping Technique
As mentioned in Sec. 2.1, one key input to the ATM is a representative trap landscape. To attain
such a landscape, the trap pumping technique is used. This section will outline each stage of the
technique and how the accurate distribution of emission time constants is attained.

4.1 Trap Pumping Technique
The trap pumping technique relies upon the rapid, sequential movement of charge through a
designated area of the device. A known number of electrons are added to a selected number
of rows in the device, often via the charge injection method (LED illumination is an alternative
method). Once added, different trap pumping schemes are used to probe different areas of each
pixel. Figure 8 shows the 1–2–3–2–1 trap pumping scheme, with charge initially stored under
J. Astron. Telesc. Instrum. Syst.
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Fig. 8 Defect capture and emission dynamics for a single trap pumping cycle as part of the 1–2–3–
2–1 trap pumping scheme. Note that dashed and solid black arrows represent emission into the
source and non-source charge packet, respectively.

Φ1. Defects under this phase initially capture electrons, as seen by the filled red circles. After a
time tph , the charge is moved to Φ2 and the captured charge is now free to emit. The released
electron joins the closest charge packet, which is still the source charge packet, so there is no net
movement of charge (indicated by the dashed arrows). Whether the defect is in the LHS or RHS
of Φ1 is irrelevant; both defect locations are still closest to the source charge packet, and hence
there is still no net movement of charge. The pumping sequence continues, with charge now
moved into Φ3. Defects under Φ1 can still be filled by captured electrons (depending on their
emission time constant) and will still emit into the closest charge packet. For the case of defects
on the RHS of Φ1, the closest charge packet is still the source charge packet, so once again no net
movement of charge is seen. However, defects located in the LHS of Φ1 are now closest to the
charge packet in the adjacent pixel, with emitted electrons now joining this nonsource charge
packet (indicated by the solid black line in Fig. 7). Overall, this means that an electron has been
moved, or “pumped,” from the pixel enclosed by the blue dashed line, into an adjacent pixel,
from a single pump cycle.
When the trap pumping schemes are implemented, utilizing up to 10,000 pump cycles, distinct patterns of signal are seen within each trap pumped image, shown in Fig. 9(a). Each probed

Fig. 9 Charge dipoles that are visible after a background signal subtraction (a). Note that the
orientation of the dipoles is not consistent, suggesting that some defects are located in different
sub-phase locations within each pixel. (b) Changing pixel signal as a function of row number
across a single image column, with the upper and lower limit for dipole selection shown.
J. Astron. Telesc. Instrum. Syst.
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Fig. 10 Characteristic dipole intensity curve (blue crosses) with the fitted function overlaid (red
line). Once fitted, defects are down selected, with fits of R < 0.9 rejected.

trap is revealed by two adjacent pixels (in the row direction) showing a contrast of high and low
signals, named charge dipoles. By analyzing each column in each image [Fig. 9(b)] it is possible
to locate each trap and proceed with the next stage of analysis.
For each trap, the signal of the charge dipole is plotted as a function of the parallel pumping
delay (tph ) and shows a characteristic smooth curve as seen in Fig. 10.
By fitting the equation relevant [Eq. (4)] to the specific trap pumping scheme used, both the
emission time constant as well as the probability of capture can be attained.6
 



−tph
−2tph
I ¼ NPp ¼ NPc exp
− exp
;
τe
τe

(4)

EQ-TARGET;temp:intralink-;e004;116;397

where N is equal to the number of pumping cycles (often 10,000), Pp is the probability of a
pump occurring, and Pc is the probability of capture. Once traps across the whole parameter
space are fitted and down-selected, the emission time constants are binned into a histogram,
representing the spread of emission time constants within the parameter space probed.

5 Preliminary Results
The first iteration of the ATM compared the number of effective traps with the CTI measured in
an RT irradiated CCD280. CTI was measured using the Fe55 method, illuminating the sensor
with x-rays, and calculating the charge loss for a known x-ray energy (5.89 keV) as a function of
the row number. The initial input trap landscape used was that of an RT irradiated CCD204, as
this trap landscape was inherited by the author and was complete, meaning that it showed all four
of the main radiation-induced traps relevant to N-channel CCDs (Fig. 1). It was assumed that the
trap landscape between devices would not vary considerably, and that using a CCD204 landscape as input to the ATM would be valid and provide accurate results. The input parameters to
the ATM are shown in Table 3.
Using the parameters in Table 3 as input to the ATM, the relative change in CTI and number
of effective traps as a function of temperature can be compared, as shown in Fig. 11. Although
the number of effective traps can be estimated from the ATM along with the change in traps as a
function of temperature, the absolute CTI value caused by these traps is unknown. To calculate
the absolute value of CTI, knowledge of the charge capture dynamics in the appropriate signal
volume must be simulated. This could be accomplished with computationally intensive software
packages such as Silvaco TCAD and has been performed previously for CCDs,17 but it is not
J. Astron. Telesc. Instrum. Syst.
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Table 3 Input parameters to the ATM. Most values originate from inherent values from the device
(pixels read per row, for example) or from experimental parameters used when collecting x-ray
CTI data (x-ray density per native pixel, for example).
Parameter

Value

Image line transfer time (s)

58 × 10−6

Serial clocking speed (kHz)

50

Operating temperature (K)

143 to 188

Input trap landscape (Room temperature or cryogenic)

Room temperature (CCD204)

Pixels read per row

1500

Integration time (s)

300

X-ray density (per native pixel)

1/110

Fig. 11 Comparison between CCD280 x-ray CTI measurements (RT irradiation) and the number
of effective traps predicted by the ATM. Note that the trap landscape used an input to the ATM
here is from a CCD204.

necessary, or included, in the ATM. As such, the ATM is used for relative changes in effective
traps, and the results must be normalized to a specific temperature. Figure 11 shows the result
normalized to both 143 K (left) and 188 K (right).
The ATM correctly predicts the general trend of increasing CTI as a function of temperature.
However, at certain temperature ranges, the model under/over predicts the increase/decrease
in the effective number of traps. For example, between 143 and ∼160 K, the number of effective traps is overestimated for both normalization temperatures, albeit of slightly different magnitudes. Conversely, at high temperatures between ∼175 and 188 K, the number of traps is
underestimated, with a higher underestimate seen in the 143 K normalized figure. In the midtemperature range (∼160 to ∼175 K), the rate of change of effective traps plateaus, whereas the
CTI continues to rise.
The reasons for the discrepancy between the ATM results and the experimental results most
likely results from inputs to the ATM and not unreliable experimental results. The trends seen in
the x-ray CTI data are consistent with previous results (of RT irradiations), along with the absolute value of CTI being reasonable. This means that incorrect input values used in the ATM
(in particular, the trap landscape) are most likely causing the discrepancy seen in Fig. 11.
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5.1 Contributions from Individual Defects
The strength of the ATM is that it can determine precisely which traps are contributing to the
number of effective traps and where exactly they are found in the trap landscape. Figure 12
shows the effective trap landscape for five temperatures across the range presented in Fig. 11.
As the temperature increases, the entire landscape is shifted toward quicker emission time
constants, consistent with the fundamental relationship of SRH theory. Due to the shifting landscape, however, different trap species are influenced by the probability of emission curves
(shown previously in Fig. 6), meaning that the total contributions from each species change
at each temperature. This is seen qualitatively by the simultaneous decrease of the divacancy
peak and the increase of both the unknown and Si-E trap as a function of increasing temperature.
For a more rigorous and quantitative analysis, the effective trap contributions of each of the
main peaks can be compared with the total number of effective traps at each temperature. This
will provide the percentage of the total number of effective traps that are contributed by each
peak, allowing for additional insight into the shape of the curve shown in Fig. 11. To be able to
do this, however, limits must be imposed to define the main peak of each defect, with the limits
shown in red, blue, and green representing the peak limits of the divacancy, unknown, and Si-E
traps, respectively (Fig. 13).
Figure 14 shows the percentage of total effective traps for the three main traps in the parameter space: the divacancy, unknown, and Si-E. Traps falling into the “other” category are those
that do not fall within the main peaks, most notably the area between the divacancy and unknown
as well as between the unknown and Si-E.
The general trends in Fig. 14 show a steady shift from the unknown defect and “other”
defects being the main source of effective traps at lower temperatures to the Si-E being the dominant source of effective traps at high temperatures. Although the divacancy is considered one of
the main defects in the parameter space for irradiated N-channel CCDs, due to the abundance
of unknown and then Si-E defects, it contributes only a minority of effective traps, even at low
temperatures.
The percentage change in contributions from different species of defects can be used to
explain the trends seen in the ATM result in Fig. 11 and hence infer reasons for potential
differences between the experimental CTI data and ATM output. The over-estimation of defects
in the model solution between 143 and ∼160 K is from the abundance of unknown defects being
the dominant sources of effective traps. The plateau between ∼160 and ∼170 K is due to the
Si-E traps still not contributing a significant amount to the total number of effective traps, in

Fig. 12 Effective trap landscapes for five temperatures, showing which parts of the trap landscape
dominate the total number of effective traps. The double negative state of the divacancy, unknown,
and Si-E are highlighted for clarity.
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Fig. 13 Identical landscapes to those in Fig. 12 but with added limits defining the peaks of the
divacancy, unknown, and Si-E defects. The limits imposed were added manually and do not represent any pertinent physical boundary with the defect behavior or distribution. It is only used to
illustrate which specific peaks dominate the number of effective traps predicted by the ATM.

Fig. 14 Stacked bar chart showing the percentage contributions from the main defects in the
parameter space.

combination with the divacancy and unknown defect decreasing in contribution to the total number of effective traps due to the probability of emission curves.

6 Improving the Model Fit
The ATM results in Fig. 11 are representative of the main defects within the parameter space,
namely the divacancy and unknown traps at lower temperatures, and mainly the Si-E at higher
temperatures (Fig. 14). The relative concentration of the main defects will clearly have an impact
on the shape of the curve in the ATM and hence the extent to which the CTI data matches the
ATM prediction. If the relative concentrations of the three main defects can be measured in the
CCD280, this can then be used as input to the ATM to improve the fit between the ATM output
and the experimental CTI data. As a result, the following section will outline the experimental
procedure that was used to collect the relevant trap pumping data in a CCD280.
J. Astron. Telesc. Instrum. Syst.

028003-14

Apr–Jun 2022

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Astronomical-Telescopes,-Instruments,-and-Systems on 03 Jun 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

•

Vol. 8(2)

Buggey et al.: Developing the active trap model for charge-coupled device charge transfer optimization. . .

As part of the CCD280 postirradiation characterization, a trap pumping experimental plan
was designed to target the main defects of interest, namely the double negative state of the divacancy and the unknown defect. Figure 15 shows the four main, radiation-induced defects that can
affect N-channel CCD charge transfer performance,9 with the emission time constants ranges
that were probed shown as black vertical lines.
The range of parameters probed (both emission time constant and temperature) was dictated
by both limitations with the experimental equipment and the time available as part of the
CCD280 postirradiation characterization plan. The range of emission time constants that were
probed was dictated by the quickest parallel clocking speed possible in the parallel direction
(1 × 10−5 s), defining a lower limit, with the upper limit (1 × 10−2 s) dictated by the time available for trap pumping overall. The highest temperature that was probed (193 K) was the maximum achievable by the heater straps on the copper cold bench (see experimental equipment in
Fig. 7), and the coldest temperature that was probed (163 K) was chosen because temperatures
below this offered a small amount of additional information when compared with the additional
time required for data collection. Figure 16 shows four trap landscapes generated from the collected data.
To generate as complete a CCD280 landscape as possible, the landscapes containing the
divacancy and unknown (Fig. 16) can be combined to form an overall landscape, with this landscape used as input to the ATM. To combine the trap landscapes, the known literature values for
the energy level and cross-section of both the divacancy and unknown defect can be used,9,18 in
combination with SRH, to shift the emission time constant of both landscapes. Figure 17(a)
shows the original trap pumping data with the combined and temperature corrected data beneath.
It is assumed that the large peaks in Fig. 16 correspond to the divacancy and the unknown defect
as the peak height locations of these defects match with Fig. 15. In particular, the peak of the
unknown defect is only visible at 193 K in Fig. 16, at the very edge of the parameter space
probed (although a small number of unknown traps are fitted by the analysis algorithm in the
lower temperatures also), and this aligns with the defect being just within pumping limits
in Fig. 15.
Figure 17(b) shows the distribution of emission time constants for both temperaturecorrected landscapes, with the peak of the divacancy and unknown defect aligning with the
known literature values12 (energy level and cross-section). At 193 K, the theoretical emission
time constant of the divacancy is ∼2 × 10−4 s (using E ¼ 0.225 eV and a cross-section of 5 ×
10−16 cm2 ), which is within error (compared with the data in Fig. 17) when considering

Fig. 15 Trap diagram showing the four most abundant radiation-induced defects relevant to Nchannel charge transfer performance. Overlaid are the seven planned trap pumping sweeps,
focusing on the double negative state of the divacancy, the unknown defect, and the emission
time constant range between these two defects.
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Fig. 16 Trap landscapes directly measured in the CCD280 postirradiation. Only four temperatures
are included for clarity. Note that the y -axis unit is traps per quarter pixel as this data was acquired
using only a single trap pumping mode, which probes a single electrode in a four-phase CCD.

Fig. 17 Original trap pumping data (a) along with the temperature extrapolated landscape below.
The black and blue dashed lines represent the known peak emission time constants of the divacancy and unknown, respectively. Note that the y -axis is different between both plots to show the
emission time constant overlap of the two trap landscapes.

differences in energy levels and cross-sections in the literature in combination with small potential temperature variations in the temperature of the device during data acquisition. At 163 K, the
theoretical emission time constant of the unknown is ∼1.6 × 10−2 s (using E ¼ 0.345 eV and a
cross-section of 5 × 10−16 cm2 ), which is also within error of the data shown in Fig. 17. When
comparing the landscapes, however, there is some overlap between the two distributions
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because, although different temperatures were used to probe both the divacancy and unknown
(163 and 193 K, respectively), some overlap in emission time constant is still present.
Utilizing the known literature values of the divacancy and unknown defects to temperaturecorrect the landscape does work [as seen in Fig. 17(b)]; however, this does not necessarily mean
that the remainder of the trap landscape is situated at the correct emission time constant. The
reason for this discrepancy is the use of log-spaced bins, which are necessary given the wide
range of emission time constants that were probed. As you move away from the corrected peak
values, the inaccuracy increases and the two landscapes do not align as expected. This is also due
in part to using SRH theory to scale emission time constants for defects with different energy
levels and cross-sections (those not within the main peaks).
To ameliorate the issue, the average of number of traps located between the emission time
constant values of 7.5 × 10−3 s and 6.3 × 10−2 s for both the divacancy and unknown can be
used to create a complete landscape. Although this is not a completely physically correct landscape, the distribution of defects between these two points is relatively flat and not dominated
by a known abundant defect (such as the divacancy, unknown, or Si-E). Furthermore, Fig. 14
showed that the trends seen in the ATM output are dictated by the most abundant species in the
landscape, namely the unknown and the Si-E. With these peaks now situated at the correct emission time constants, the remainder of the emission time constants not located within these peaks
are less important and will not significantly affect the trend predicted by the ATM.

6.1 Final Landscape
Although a representative trap landscape has been constructed from experimental values, the
emission time constants that were probed did not include the Si-E defect, and hence this abundant defect is not present. The defect is well studied, however, with a known cross-section and
energy level.12 As a result, the defect can be added artificially to the landscape via the use of SRH
to calculate the emission time constants of the Si-E, with the shape of the peak being estimated
by a Gaussian function. Although the position and shape of the Si-E peak can be added accurately, the defect density is less known. Figure 18 shows the trap landscape in Fig. 17(b) with the
Si-E peak added with varying peak heights.

Fig. 18 CCD280 trap landscape with a Gaussian shaped Si-E peak added based upon known
literature energy level and cross-section values.12 Gaussians with differing peak heights are
shown here; these will subsequently be used as input to the ATM.
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Although the Si-E defect has well-known energy and cross-section values, the defect abundance (peak height) is less understood. As such, a variety of peak heights are included in Fig. 18
and will be used as input to the ATM to examine the change in model trends with varying the
defect density. Figure 18 shows the output of the ATM, with the CCD204 results of Fig. 11 once
again included as a reference.
Overall, the CCD280 trap landscape, attained via the trap pumping technique and knowledge
of the Si-E defect parameters, shows a significantly better fit to the experimental CCD280 data
when compared with the CCD204 landscape. At low temperatures (160 to 165 K and below), the
ATM utilizing the constructed CCD280 landscape shows an excellent fit to the CTI data. At these
temperatures, as shown previously, the rate of increase of effective traps as a function of temperature is overestimated. Using a landscape that is representative of the experimental device
(CCD280) leads to a much-improved trend match when comparing the CCD280 and
CCD204. The very slight overestimation of the number of effective traps using the CCD280
data between ∼150 and 155 K could be attributed to the averaging approximation seen above.
At temperatures above 175 K, the number of effective defects varies significantly as a function of Si-E peak height. This is expected because, at this temperature, the dominant defect
should be the Si-E, and thus using peak height values such as 0.0016 to 0.0047 per quarter
pixel (which are likely underestimates) will naturally underestimate the number of effective traps
predicted by the ATM. According to the ATM, the estimated peak height of the Si-E is somewhere between 0.008 and 0.009 per quarter pixel (which best matches the data), as the rate of
increase of effective traps as a function temperature is comparable to CTI at these Si-E peak
heights.
Between the temperatures of 165 to 175 K, however, the number of effective traps predicted
by the model is still slightly underestimated when compared with CTI, mainly due to one factor.
Figure 18 showed the CCD280 landscape, which was comprised of trap pumping data, combined
with theoretical Si-E defect parameters added to the landscape. Between the maximum value of
emission time constant that was probed experimentally (∼20 s) and the edge of the theoretical
Si-E peak that was added, no defects are included in the model. Physically, this is most likely
incorrect as the CCD204 data (and other similar data sets) show a small number of defects in this
parameter space, which was unable to be probed experimentally. As a result, the ATM naturally
underestimates the number of effective defects in this part of the parameter space, leading to the
small discrepancy seen in Fig. 19.

Fig. 19 Comparison between the effective number of traps predicted by the ATM and the experimental CTI data. Note that the data for the CCD204 ATM are identical to that shown in Fig. 11
and are only shown again for comparison.
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Furthermore, the Si-E peak, as seen in the CCD204 trap landscape, is not entirely Gaussian
and has a slight tail weighted toward faster emission time constants. It is not clear whether the tail
of defects is related to the Si-E or another defect species. Adding the Si-E as a Gaussian does not
include this small number of defects and is another small underestimate of defects within this
area of the trap landscape.
Fortunately, the trap landscape of the CCD204, shown in Fig. 6, shows the defect density of
the Si-E, which can be used to compare defect densities. Directly comparing landscapes is
difficult, however, as many differences arising from device manufacturing and trap pumping
parameters can skew the number of defects shown in both landscapes. To avoid these problems,
relative contributions of defects in individual landscapes can be compared with each other, that
is, comparing the peak density of the double negative state of the divacancy (a stable defect at
RT) with the peak density of the Si-E, in other silicon CCDs irradiated at RT can provide a good
indication that the physically correct trap densities are used. When comparing the relative peak
height of the divacancy with the Si-E in an RT irradiated CCD204 (Fig. 6), an approximate ratio
of 3 is found (Si-E peak ¼ 1.1 × 10−3 traps per pixel, divacancy peak ¼ 0.35 × 10−3 traps
per pixel). When compared with the generated CCD280 landscape, the ratio is ∼3 (Si-E peak ¼
0.008∕0.009 traps per quarter pixel, divacancy = 0.0026 traps per quarter pixel). This provides
additional evidence that the density of Si-E that was added to the CCD280 trap landscape is
reasonable and aligns with that found in previous devices.

7 Conclusions and Future Work
The ATM was described and explained, with modifications added (subelectrode modeling) to
more accurately predict CCD charge transfer performance. Experimental data were acquired
from an RT irradiated CCD280, namely x-ray CTI, and trap pumping data at a range of temperatures. Using the trap pumping data and subsequent analysis, a representative trap landscape was
created; it included the addition of the Si-E defect at a range of densities, using accepted literature values.
The ATM was then used to predict charge transfer performance of a CCD280, with the results
explicitly compared with measured x-ray CTI. The ATM accurately predicts charge transfer performance of a CCD280 at lower temperatures (140 to 180 K), with accuracy slightly decreasing
at temperatures above 180 K. Potential reasons for the decreasing accuracy as a function of
temperature were given in Sec. 6, which can be ameliorated by additional trap pumping data
of the Si-E, as well as calculating energy levels and cross-sections of each trap, and then generating emission time constants of the entire landscape.
With the basic physics of the updated ATM now validated versus experimental data, the
model can be used to explore the performance of more sophisticated device clocking modes.
More specifically, the charge transfer performance of a frame-transfer CCD with 6 × 6 on-chip
binning (SMILE CCD370) and charge injection, as well as the potential benefit of multilevel
clocking will follow in a future paper.
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