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ABSTRACT

We have developed X-ray CCD sensors for the Astro-E2 X-ray Imaging Spectrometer. Here we describe the
performance benefits obtained from two innovations implemented in the CCD detectors developed for this in-
strument. First, we discuss the improved radiation tolerance afforded by a novel charge-injection structure.
Second, we demonstrate for the first time the potential of a previously-developed chemisorption charging back-
side treatment process to produce back-illuminated X-ray sensors with excellent soft X-ray spectral resolution as
well as improved quantum efficiency. We describe the changes in X-ray event detection algorithms required to ob-
tain this improved performance, and briefly compare the performance of XIS sensors to that of back-illuminated
detectors currently operating on-orbit.
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1. INTRODUCTION

Photon-counting X-ray CCDs have become conventional detectors for X-ray astronomy over the past decade,
having been included on every major mission launched since 1993, including ASCA, Chandra and XMM. These
detectors offer Fano-noise limited performance over a broad spectral band, as well as good quantum efficiency
over most of the energy range available to conventional X-ray optics. Although cryogenic detectors will soon
provide much higher spectral resolving power than is possible with silicon ionziation detectors like CCDs, there
is as yet no alternative detector technology that offers large area (10’s of cm2), large format (megapixel) imaging
with comparable spectral resolution.

CCDs have a number of well-known limitations, however. They are notoriously sensitive to radiation damage
in the charged particle environments encountered on-orbit. Displacement damage, mainly from protons in the
energy range 0.1-100 MeV, seriously degrades charge transfer efficiency and spectral resolution. Although judi-
cious radiation shielding can limit the rate of degradation, in most orbits radiation damage remains a significant
consideration for missions with expected lifetimes of 5 years or more. A second limitation of CCDs is that until
recently, back-illuminated detectors with the highest quantum efficiency in the 0.2 - 2 kev band have exhibited
inferior spectral resolution, compared with otherwise comparable front-illuminated devices.

As members of the team preparing the joint Japanese/US X-ray astronomy mission Astro-E2, set for launch
early in 2005, we have developed enhanced X-ray CCD sensors with improved radiation tolerance and better
response in the soft (E < 2 keV) band. We describe these enhancements here. The improved radiation tolerance
stems from the addition of a precision charge injection capability. We demonstrate how this capbility can be
used both to mitigate the effects of radiation induced traps, and to measure their effect precisely. Both of these
capabilities result in improved spectral resolution in the presence of radiation damage. The improved response at
low energies is obtained from our application of an existing chemisorption charging process1 in the fabrication of
back-illuminated X-ray sensors. Devices produced with this process exhibit not the excellent quantum efficiency
expected of a back-illumianted detector, but also, for the first time, spectral resolution fully comparable to that
available from a front-illuminated CCD.
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The structure of the paper is as follows. We briefly describe the CCD detectors developed for the XIS in
section 2. Further details on performance may be found in a companion paper in this volume.2 In section 3
we discuss the use of charge injection to improve spectral resolution in the presence of radiation damage. A
detailed account of the design and performance of the charge injection structure itself is presented in another
companion paper.3 Finally, in section 4 we present selected results of our spectral resolution and quantum
efficiency measurements on devices produced using the chemisorption charging back-illumination process, and
compare their performance to other back-illuminated X-ray CCD detectors currently in use.

2. THE ASTRO-E2 X-RAY IMAGING SPECTROMETER
Astro-E2, set to become Japan’s fifth X-ray astronomy satellite when it is launched early in 2005,4 is collaborative
effort of ISAS/JAXA and NASA, the space agencies of Japan and the United States, respectively. The satellite
carries five high-througput, conical foil, co-aligned, soft X-ray (0.2-15 keV) telescopes and a (non-imaging)
hard (10-400 keV) X-ray detector. One of the soft X-ray telescopes is equipped with cryogenic microcalorimter
instrument, the Xray Spectrometer (XRS;5), while the other four telescopes are served by the four CCD sensors
of the X-ray Imaging Spectrometer (XIS). A complete description of the XIS is provided in Reference 6.

The XRS will provide unprecendented spectral resolving power at 6 keV (E/δE ∼ 1000).7 It will also greatly
expand our capability to obtain high-resolution X-ray spectra of spatially resolved objects such as supernovae
and clusters of galaxies. For these reasons, and because of its limited lifetime, the XRS will be the primary focal
plane instrument on Astro-E2 until its cryogen is exhausted. The XRS lifetime may be as long as three years.4

The XIS, on the other hand, will provide spectrally resolved imaging throughout the Astro-E2 mission, which
could in principal extend for 4 or 5 years beyond the end of the XRS lifetime. It is therefore especially important
that the XIS be as radiation tolerant as possible.

The XIS has been built by a collaboration between ISAS/JAXA, the Universities of Kyoto and Osaka, and
the Massachusetts Institute of Technology. The digital electronics and onboard processing software, as well
as the various door and vent mechanisms associated with instrument, have been provided by the Japanese
team members. The CCD detectors, thermoelectric cooling system, and analog processing and thermal control
electronics have been supplied by MIT.

The XIS CCDs (MIT Lincoln Laboratory model CCID41) are derived from the CCID17 detectors8 flown
on Chandra’s Advanced CCD Imaging Spectrometer. Some characteristics of the CCID41 are listed in Table 1.
Each of the four XIS sensors contains a single CCID41 detector which is cooled during operation by a three-stage
Peltier cooler. Two of the sensors contain front-illuminated detectors, and the other two contain back-illuminated
detectors. The principal advances of the CCID41 detectors on Astro-E2, compared with Chandra’s CCID17
detectors are i) the presence of a charge injection structure and ii) the use of a chemisorption charging process
in fabrication of the back-illuminated detectors.

Table 1. Some characteristics of the MIT Lincoln Laboratory CCID41 CCDs used in the Astro-E2 XIS

Format 1026 rows × 1024 pixels/row (imaging area)
Architecture 3-phase, frame-transfer, four parallel output nodes
Illumination Geometry 2 front-illuminated (FI) & 2 back-illuminated (BI)
Pixel Size 24 × 24µm
Readout noise < 2.5e− RMS at 41 kpix s−1

Depletion Depth FI: 60 − 65µm; (BI): 40 − 45µm
Operating Temperature -90C via peltier cooler

3. CHARGE INJECTION TO MITIGATE RADIATION DAMAGE
3.1. Motivation
In principle, a precision charge injection capability can mitigate the effects of in-flight radiation damage in two
ways. First, a sufficient quantity of charge injected periodically during the array readout process will tend to fill
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radiation-induced traps, and in so doing reduce the effects of these traps on the device’s charge transfer efficiency.
The effectiveness of this technique depends on the relationship between the trap emission time constants and
the readout rate. For example, if charge is injected every 100 row transfer periods during the readout process,
then traps with emission time constants much longer than 100 row transfer periods (100 row transfer periods is
about 2.4 ms in the case of the XIS) will tend to be occupied most of the time. Signal charge packets (produced
by X-rays) will then be less likely to be trapped, and the charge injection will have the effect of reducing the
device’s charge transfer inefficiency (CTI) and improving its spectral resolution. For maximum effectiveness, the
injected charge packets must occupy at least as large a volume in the CCD transfer channel as is occupied by
the signal packets. The monotonic relationship between charge packet amplitude and volume then implies that
to be effective, the amplitude of the injected charge must be at least as large as that of the signal packets (X-ray
events) of interest.

A second means by which a charge injection capability can reduce the effects of radiation damage is via
the accurate determination of the radiation-induced charge transfer losses as a function of signal packet size
and location on the device. In this case of the radiation-damaged CCDs on Chandra’s ACIS experiment, for
example, this information is routinely used to improve the spectral resolution by as much as 30% at 5.9 keV.9

An important requirement for this purpose is that the CTI be accurately measured as a function of signal packet
size. This dictates, in turn, that the quantity of injected charge be uniform across the array, adjustable over the
full range of signal packets expected (typically 50-3000 electrons) and reproducible with a precision comparable
to that of monochromatic X-ray signal packets (typically 10 e−, RMS, imposed by the Fano limit.)

3.2. Implementation of charge injection
Figure 1 provides an overview of the charge injection structure. A brief summary of its operating principle is
provided in the caption of Figure 1. A more detailed description of the charge injection structure and its electrical
performance are presented elsewhere in these Proceedings.3 Here we note that the structure allows for injection
of charge packets in nearly arbitrary spatial patterns. The amplitude of injected charge can be commanded from
levels below 50 e− per packet up to at least the saturation limit of the analog signal chain at about 4000 e−; the
equivalent X-ray energies range from below 300 eV to nearly 15 keV. The precision of the injection varies with
amplitude from about 5 to about 15 e−, RMS, and is always less than the Fano noise associated with an X-ray
event of the same amplitude.

3.3. Improving charge transfer efficiency with charge injection
As noted above, the charge injection structure can be used to reduce the effects of radiation damage by periodic
injection of “sacrificial charge” during the readout process. An example of how this might be done is illustrated
in Figure 2. In this case, we have injected charge into each pixel of every 54th row during the readout process.
The rows containing the injected charge are visible as red horizontal lines in the image at the top of Figure 2. The
amplitude of the injected charge (per pixel) is chosen to be slightly greater than the charge packet size associated
with the X-rays of interest. For this demonstration, the incident 5.9 keV X-rays produce signal packets of about
1600 e− per photon, and the injected rows contain about 2000 e− per pixel.

A portion of the test device was irradiated (with the detector at room temperature) by 40 MeV protons, to
a total fluence of 2.0× 109 cm−2. A dose of this magnitude is expected after about two years in Astro-E2’s orbit
(a 600 km altitude, circular orbit at 31 degrees inclination.) We measured the spectral resolution at 5.9 keV
before and after irradiation. The post-irradiation measurements were made both with and without the injected
charge. As shown in the lower panel of Figure 2, the charge injection provides a susbtantial improvement in
spectral resolution: the full-width at half-maximum (FWHM) of the detector response to 5.9 keV photons is
reduced from 210 eV to 144 eV; the latter is within 10% of the resolution of an undamaged device.

Since the injected rows are generally not useful for X-ray detection, this particular scheme obscures approxi-
mately 2% of the detector area. The required frequency of charge injection depends on the de-trapping times of
the radiation-induced traps. For CCDs irradiated with 40 MeV protons, we have found that periods as long as
108 rows (2.6 ms) provide performance equivalent to that shown in Figure 2. Given conventional event detection
and background rejection schemes, in which a three-by-three pixel array is examined for each X-ray event, the
108-row charge injection scheme effectively decreases the sensitive area of the detector by slightly less than 3%.
For most applications, this loss is a worthwhile given the ∼ 30% improvement in spectral resolution.
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Figure 1. Left: The charge injection structure of the MIT LL CCID41 consists of an input diode, input gate and an
input shift register installed adjacent to the topmost row of the imaging area. This structure can inject charge packets of
precisely controlled size in arbitrary linear patterns during the array readout process. Right: A “fill and spill” technique
is used to inject charge from the input diode to the input register. The timing of the input diode (ID) signal determines
which input register pixels are filled. The input gate (IG) signal is clocked synchronously with the first gate of the
input register (S3). The potential difference between IG and S3, which determines the quantity of injected charge, is
commandable and precisely controlled. See Ref 3 for additional details.

3.4. Measuring charge transfer efficiency with charge injection

As noted above, it has been shown that sufficiently accurate knowledge of charge effciency, as a function both
of signal amplitude and position on the detector, can be used to recover some of the spectral resolution lost to
radiation damage.9 The charge loss during transfer depends on signal amplitude because the number of traps
encountered by a charge packet during readout depends on the volume occupied by the charge packet. This
volume, in turn depends on the charge packet size. Elsewhere in these Proceedings, we have shown how charge
injection can be used to accurately measure the relationship between charge packet size and charge loss, and
thus to infer the amplitude-volume relationship.3

Here we demonstrate the importance of measurement of charge transfer efficiency in each column of an
irradiated detector. We show that column-to-column variations in the charge transfer efficiency can be quite
large, and that these variations can be measured and corrected for with remarkable accuracy and efficiency using
charge injection.

For illustrative purposes, we again consider the performance of the radiation-damaged device discussed in
the previous section, as determined using 5.9 keV X-rays. The charge transfer inefficiency in the imaging array
can be measured by comparing the pulse-heights (signal amplitudes) of X-rays detected at the top (high row-
number) and bottom (low row-number) regions of the device. If a sufficient number of X-rays is detected in
each region, the ratio of the modes of the respective pulse height distributions provides a measure of the charge
transfer efficiency through the imaging array. This ratio can in fact be determined for each column of the device,
provided sufficient quantity of data (several million X-ray events) is obtained. We plot this fractional charge
transfer ratio determined using X-rays, as a function of column number as the red curve in the top panel of
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Figure 2. Top: Laboratory image obtained from a proton-irradiated XIS CCD (MIT Lincoln model CCID41) with
charge (about 2000 e− per pixel) injected into every 54th row. Charge packets produced by X-rays (pixel-sized white
spots) and cosmic ray muons (larger circular features) are evident. Bottom: Improvement in spectral resolution produced
by charge injection. Pre-irradiation (black), post-irradiation without charge injection (red) and post-irradiation with
charge injection (green) X-ray pulseheight spectra, obtained with an 55Fe X-ray source, are shown. Both the centroid and
the width of the response function are degraded by the radiation, and improved by charge injection. In particular, charge
injection returns the width of the spectral response function to within 10% of its pre-irradiation value.
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Figure 3. Only a quarter of the device columns, in which the radiation damage was fairly uniform, is shown.
Note the relatively large column-to-column fluctuations in the fractional charge transfer.

Using a technique described in detail in Reference 3, we have also measured the charge transfer efficiency in
this device using charge injection. In this technique, each column is injected with (nominally) a fixed quantity
of charge. If a single row is injected in this way, column-to-column variations in the charge transfer appear as
column-to-column fluctuations charge detected in the injected row. To determine the “pre-transfer” reference
amplitude of the injected charge (i.e., the amplitude that would have been measured if the charge transfer
efficiency had been perfect), we injected a number (8-12) of consecutive rows, and used the amplitude of the
final injected row as the reference level. In this configuration the preceding rows essentially fill all of the traps
in the charge transfer channel and thus allow the desired reference level to be determined. See Reference 3 for
details and an experimental justification of this method.

This technique permits measurement of charge transfer efficiency in each column. These measurements are
shown as the black curve in the top panel of Figure 3. Close inspection of this Figure reveals that the column-to-
column fluctuations in charge transfer produce correlated fluctuations in the measurements made with the X-ray
and charge injection techniques. The correlation is shown more clearly in the bottom panel of the Figure. Note
that two (of 256) columns of this portion of the array have defects which produce anomalous charge transfer;
these columns are not shown in the bottom panel.

If one fits a linear relationship between the charge transfer fraction measured with X-rays, fX and that
measured using charge injection, fCI ,one finds fX = 1.28 × fCI − 0.28. This relationship can be used estimate
a correction to the amplitude of the X-ray data: fX,cor = fX/(1.28 × fCI − 0.28). The corrected X-ray charge
transfer fraction is shown as the green curve in the top panel of Figure 3. Note that the mean value of the corrected
charge transfer fraction is unity, as expected, but also that the amplitude of column-to-column fluctuations in
charge transfer efficiency has been dramatically reduced.

This correction for column-to-column fluctuations in charge transfer can make a significant improvement in
spectral resolution. This is illustrated in Figure 4, which shows histograms of the raw and corrected X-ray charge
transfer measurements shown in Figure 3. The raw measurements show a broad distribution (red histogram),
with a full-width at half maximum (FWHM) equivalent to 160 eV, and a tail in the direction of low charge
transfer fraction. Thus, even if one corrected for the column-averaged charge transfer efficiency, one could not
expect spectral resolution (for a source illuminating the entire quadrant) better than FWHM=160 eV or so. This
is considerably worse than the 130 eV FWHM that would be obtained with an undamaged detector. On the
other hand, the corrected data show a much narrower distribution, with FWHM = 65 eV. Indeed, the residual
column-to-column fluctuations at this level are small compared to the theoretical limit for spectral resolution
(130 eV), and so would be expected to make a relatively small ( ∼ 10%) contribution to the resolution of the
damaged device.

A limitation of the charge injection measurements of charge transfer efficiency is that they provide only the
integrated charge transfer efficiency over an entire column, and cannot measure variation within a column, as
one might do with a sufficient quantity of data from an X-ray calibration source. It is also worth emphasizing,
however, that the charge injection measurements require only a small fraction of the time needed for X-ray
characterization of column-to-column variations, and that the charge loss can be measured at arbitrary energies.
It is thus clear that, at the very least, charge injection is a very valuable complement to X-ray characterization
of charge transfer efficiency.

4. BACK-ILLUMINATED DETECTOR PERFORMANCE

Back-illuminated (BI) CCD detectors provide superior quantum efficiency at all wavelengths because they
present thinner deadlayers than front-illuminated (FI) detectors. In the X-ray band, however, until recently,
back-illuminated sensors have been unable to provide the near-theoretical spectral resolution offered by front-
illuminated detectors, presumably because of poor charge collection near the back (illuminated) surface.

We have characterized the X-ray performance of back-illuminated detectors in which the back surface has
been treated with the chemisorption charging process developed by Dr. Michael Lesser and colleagues at the
University of Arizona.1, 10 Our results are summarized in Figure 5, which compares the response of the FI and BI

116     Proc. of SPIE Vol. 5501



Figure 3. Top: Fractional charge transfer vs. column, measured using X-rays (red curve) and charge injection (black
curve). The green curve shows X-ray amplitude after correction using the charge-injection measurement of charge loss.
Bottom: Correlation between X-ray and charge injection measurements of charge transfer shown in the top panel. The
correlation is used to correct the X-ray data for column-to-column variations in charge transfer efficiency. The fluctuations
in the green curve in the top panel are considerably smaller than those in the red curve.
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Figure 4. Histograms of the charge transfer measurement obtained using X-rays and shown in Figure 3. The raw measure-
ments (red histogram) have a relatively broad distribution, and the column-to-column variations would, if uncorrected,
significantly degrade spectral resolution. The charge-injection-derived correction yields a much narrower distribution
(green histogram.) Thus, after correction, column-to-column variations have a much smaller effect on spectral resolution.

detectors to the same X-ray source. Note that, while the BI device provides better quantum efficiency, by factors
from a few to a few dozen at energies below 0.6 keV, it provides spectral resolution which is quite comparable
to that of a front-illuminated device.

Here we present representative X-ray performance results for these detectors. More detailed characterization
data is available in Reference 2. A description of the chemisorption charging treatment process is provided in
References 1 and 10.

4.1. Quantum Efficiency

Quantum efficiency measurements for a representative XIS BI device are shown in Figure 6. The solid line shows
a simple model of the quantum efficiency measurements, while the dashed line shows the best-fit model quantum
efficiency for a front-illuminated device. The BI device has significantly better quantum efficiency than the FI
device at energies below 2 keV. The best fit model of the BI device includes a deadlayer of silicon approximately
50 nm thick. Since the only components added in the chemisorption charging surface treatment1 are thin layers
of hafnium oxide (nominally 5 nm thick) and silicon dioxide (nominally 3 nm thick), the model’s 50 nm silicon
deadlayer may represent a zone incomplete charge near the back surface.

Figure 6 also shows that the FI device has superior quantum efficiency at X-ray energies above ∼ 4 keV.
This is a consequence of thinning the BI device to 45 µm before the chemisorption charging treatment. The FI
devices have depletion region thicknesses in the 60 − 65µm range, so they provide better high-energy detection
efficiency.

4.2. Spectral resolution and event processing

The measured spectral resolution of a representative back-illuminated XIS device is compared, as a function of
energy, with that of a front-illuminated XIS device in Figure 7. Each detector has four output amplifiers, and
results are shown separately for each amplifier.
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Figure 5. Response of back-illuminated (BI; red) and front-illuminated (FI; black) XIS sensors to characteristic X-rays
from a boric oxide target. The BI device provides the expected large increases in quantum efficiency at carbon K (277
eV) and oxygen K (525 eV), and also exhibits excellent spectral resolution, comparable to that of the FI device, in this
spectral band. Note that the BI device also detects boron-K emission, and so has measurable response at energies as low
at 180 eV.

We have found that we obtain the best spectral resolution from the BI devices if a data processing parameter
commonly called the “split event threshold” is lowered significantly from the value that provides optimum FI
detector performance. The charge packet produced by a single X-ray photon may be collected in two or more
detector pixels, especially in the case of low-energy X-rays detected in a back-illuminated device, for which charge
may diffuse significantly during the transit from the interaction site to the buried channel. In this case, one must
sum signal in two or more pixels to determine the true energy of the incident X-ray. The split threshold specifies
the smallest charge packet that will be included when summing adjacent pixel values to determine the X-ray
event energy. For the BI devices, we find that a split threshold of 7 electrons yields good performance, while for
the front-illuminated detectors a split threshold of 13 electrons is typical. We believe that this result probably
indicates that the charge deposited by low-energy X-rays in the BI CCD diffuses into several pixels, so that an
accurate energy measurement requires summation of a larger number of smaller charge packets than is needed
for the FI devices. It follows that good performance with BI CCD requires especially low readout noise. With
the XIS analog electronics we have been able to achieve readout nosie as low as 1.5 electrons, RMS.

4.3. An Astrophysical Example

To illustrate the astrophysical value of the BI detectors, we have simulated the repsonse of both BI and FI XIS
sensors to the supernova remnant E0102-72.3. Results are shown in the upper panel of Figure 8. For this purpose
we have used a spectral model derived from Chandra High-energy Transmission Grating measurements,11 and
response functions that include the X-ray Telescope effective area and thermal shield as well as the optical
blocking filter in the XIS. The simulated spectra in Figure 8 each are for a single XIS sensor; the full instrument
complement includes two BI and two FI sensors. Note that the BI sensor has sufficient spectral resolution to
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Figure 6. Measured X-ray quantum efficiency (red points) and best-fit model (solid curve) for an XIS back-illuminated
CCD. The dotted line shows the best-fit model quantum efficiency for a front-illuminated device. The BI device has
significantly better quantum efficiency at E < 2 keV. The BI device is thinner than the FI device, however, so the latter
has better quantum efficiency for E > 4 keV.

Figure 7. Measured X-ray spectral resolution (full-width at half maximum, FWHM) as a function of energy for BI
(red points ) and FI (green points ) XIS CCDs. The resolution measured from each of four output amplifiers is shown.
Different thresholds were used in processing the event data from the two devices; see text.
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resolve all of the lines (from helium- and hydrogen-like oxgyen and neon) that are resolved in the FI spectrum.
The BI sensor, however, also delivers nearly three times the counting rate.

To emphasize the importance of the improved resolution of the XIS BI sensors, we show simulated spectra
of this source obtained by the BI CCDs on Chandra (ACIS-S) and XMM-Newton (EPIC-PN) in the middle and
bottom panels of Figure 8. The XIS BI sensors provide significantly better spectral resolution. Note that the
two XIS BI sensors together provide a total count rate quite comparable to that of the XMM-Newton EPIC-PN.
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Figure 8. Simulated spectra of the supernova remnant E0102-72.3. Top: XIS, for a single BI (red) and single FI (green)
sensor. The flight XIS will contain two of each sensor type. Middle: Chandra ACIS-S. Bottom: XMM-Newton EPIC-PN.
Note the factor of two larger vertical scale for the EPIC-PN spectrum.
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