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X-ray CCD response functions, front to back
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Abstract

For some applications, particularly in X-ray astronomy, one requires accurate knowledge of the charge-coupled device
(CCD) spectral redistribution function, with errors of order 1%. We describe some recent advances in response function
measurement and modeling. In particular, we show that it is now possible to isolate and separately measure the response
contributions of many of the component volumes that comprise the CCD. We describe how we have deployed this
capability to determine X-ray photon response functions for front-illuminated detectors, and indicate how these
measurements can improve understanding of the response function of the back-illuminated CCD. ( 1999 Elsevier
Science B.V. All rights reserved.

1. Introduction

The next generation of X-ray Observatories,
including NASA's Advanced X-ray Astrophysics
Facility (AXAF) [1], ESA's X-ray Multi-Mirror
Mission (XMM) [2], and ISAS's Astro-E [3] will
soon inaugurate a new era in X-ray astronomy.
Each of these missions includes multiple CCD X-
ray detectors [4}6]. Each provides a major advance
in observational capability, and each represents
a substantial investment by the sponsoring agency.
In order to make best use of these expensive new
capabilities, each program has placed a high prior-
ity on accurate science instrument calibration.

Accurate modeling of the CCD spectral redis-
tribution function is an essential part of this calib-
ration process. The work we report here was
conducted as part of the calibration of the AXAF
CCD Imaging Spectrometer (ACIS). We have
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found that, in order to obtain response knowledge
su$ciently accurate for AXAF (that is, with errors
no greater than a few percent), we must distinguish
and separately characterize a variety of physical
processes occurring at di!erent places within the
detector. To do this, we have found it necessary to
make measurements at spectral and spatial resolu-
tion far exceeding those of the detector.

In this paper we present two examples of such
measurements. We show how high-spectral-resolu-
tion measurements allow us to identify and model
the contribution of photoelectric interactions in the
detector dead layer to the redistribution function.
Our discussion of this subject here is a modest
extension of work we reported elsewhere [7]. Sim-
ilarly, we use the mesh technique [8,9] to observe
the variation of the response function with position
within one pixel, and in so doing to identify the
contribution of the CCD channel stops to the re-
sponse function. Following brief sections de"ning
the response function and describing relevant as-
pects of detector structure, we consider these two
types of response function measurement in turn.
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Fig. 1. X-ray CCD spectral redistribution function at 5.9 keV.

2. The response function de5ned

The instrumental response function R(C,E) re-
lates the incident X-ray spectral #ux density S(E) (in
units, for example, of erg s~1 cm~2 keV~1) to the
observed pulse-height spectrum N(C) (in units of
counts s~1 channel~1) according to

N(C)"P
=

0

R(C, E)S (E) dE.

As de"ned here R(C,E) has units of area, and
A(E),+

C
R(C,E) is the e!ective area of the instru-

ment at energy E. In this paper we focus exclusively
on the spectral redistribution characteristics of the
X-ray CCD, rather than on its e!ective area. Thus,
for our purposes, the terms `response functiona and
`spectral redistribution functiona are synonymous.

The shape of the response function R(C,E) at
E"5.9 keV is illustrated in Fig. 1. This pulse-
height spectrum was produced by an ACIS front-
illuminated CCD (an MIT Lincoln Laboratory
CCID17; [10]) with the aid of a radioactive 55Fe
X-ray source. The photopeaks due to the Ka, Kb,
and L-complex lines of the daughter manganese are
marked in the "gure, as are the well-known silicon
K-escape and #uorescence features.

Our interest here, however is in the other features
of the response function, especially the low-energy
tail which extends from the main photopeak to the
low-energy limit. To illustrate the magnitude of the
`o!-photopeaka features in the response function,
we plot in Fig. 2 the proportion of such events (as
predicted by a model to be discussed below) as
a function of incident energy. The overall ampli-
tude of the response function tail exceeds a few
percent at energies below &4 keV, and varies
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Fig. 2. Amplitude of the `o!-photopeaka features in the response function.

dramatically with energy at the absorption edges of
silicon and oxygen. Thus, the low-energy tail is
signi"cant if one requires low-energy response
knowledge accuracy better than 5}10%. Thus, for
the AXAF mission, in particular, it is essential to
understand the low-energy tail.

3. CCD structure

Some characteristics of the MIT Lincoln Labor-
atory CCID17 are illustrated in Fig. 3. This three-
phase, framestore CCD is being used in both the
AXAF CCD Imaging Spectrometer and the Astro-
E X-ray Imaging Spectrometer (XIS). The imaging
array contains 1024]1026 pixels, each 24 lm
square. The device is equipped with four output
nodes; readout noise is typically 2}3 electrons
RMS, with each output node operating at 105 pixel
s~1. Two orthogonal schematic cross-sections
through an imaging pixel are shown in the "gure.
The cross-section labeled `A-Aa illustrates the gate
structure, comprised of polysilicon gates separated

by silicon dioxide insulating layers and an ox-
ide/nitride sandwich, which overlies the photo-
sensitive volume. The other cross-section (`B-Ba in
the "gure) illustrates the channel stops which separ-
ate adjacent columns of the device.

The simplest models of X-ray CCD response
treat the gate structure and the channel stops as
dead layers which are insensitive to incident
X-radiation. In the following sections we show that
a proper accounting of photo-absorption processes
in the gate structure and the channel stops is essen-
tial for an accurate physical model of the response
function. We study these processes empirically by
means of high spectral- and spatial-resolution
measurements.

4. Low-energy peaks and the low-energy tail

The physics of the low-energy tail in the X-ray
CCD response function was discussed by Prigozhin
et al. [7]. We refer the reader to that work for
details.
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Fig. 3. Cross-sections through the MIT Lincoln Laboratory CCD17 detector.

A measured CCD response function at 1700 eV is
illustrated in Fig. 4. The spectrum is dominated by
the main photopeak at approximately channel 850,
but a signi"cant low-energy peak is also evident.
The incident X-ray energy is too low to excite
K transitions in silicon, so neither K-escape nor
K-#uorescence lines can be responsible for the
low-energy peak. This low-energy peak occurs at
more than 10 times the RMS noise above baseline,
and is not observed in the absence of X-ray illu-
mination, so it cannot be a noise peak. Moreover,
as is shown by Prigozhin et al. [7], the centroid of
the low-energy peak is roughly proportional to that
of the incident X-rays, with the constant of propor-
tionality approximately 1

14
.

The origin of this peak is revealed by the depend-
ence of its amplitude on energy. Fig. 5 shows this

dependence near the silicon K-edge. The triangular
data points represent the measured low-energy
peak amplitude as a fraction of the amplitude of the
main photopeak. The two curves show the expected
ratio if the low-energy peak originates in polysili-
con or in silicon dioxide, respectively. The chemical
dependence of the energy of the silicon K-edge,
measured for this CCD gate structure by Prigozhin
et al. [11], causes the silicon K-edge energies in
these two materials to di!er by 6 eV. This di!erence
in the edge energy is clear in the two curves shown
in the "gure. Thus, these data are consistent with
the interpretation that the low-energy peak is pro-
duced by interactions in the oxide. The data appear
to be inconsistent with the alternative interpreta-
tion that the low-energy peak arises from interac-
tions in the polysilicon.
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Fig. 4. X-ray CCD response function at 1700 eV. The main photopeak is at channel 850. At this energy, the low-energy peak cannot be
due to K-escape or #uorescence. Neither is the low-energy peak due to noise. We argue that it arises from photoelectric absorption in the
CCD gate insulator.

Further evidence that the low-energy peak orig-
inates in the oxide layer is given in Fig. 6, which is
similar to Fig. 5 except that it shows the variation
of the low-energy peak amplitude with incident
energy near the oxygen K-edge.

A very simple picture of the origin of the low-
energy peak, originally presented in Ref. [7], is as
follows. Photoelectric absorption of an X-ray
photon anywhere in the detector, be it a dead layer
or the photosensitive volume, is followed by pri-
mary and secondary ionization processes which
produce an electron cloud near the absorption site.
The volume occupied by this charge cloud has
some energy-dependent characteristic radius
r
#
which we take to be the same everywhere in the

detector. The quantity of charge produced by
a photon of a particular energy is assumed to de-
pend on the material in which the ionization oc-
curs. This latter assumption is natural since the

mean electron}hole-pair creation energy e has dif-
ferent values in the di!erent materials comprising
the CCD gate structure.

In this picture, summarized in Fig. 7, photons
interacting within the so-called photosensitive vol-
ume (the depleted silicon) a distance at least r

#
from

the surface of the depletion region produce the
primary photopeak. On the other hand, photons
interacting in the oxide, again at least r

#
from the

interface with the silicon, produce the low-energy
peak. Since the ratio of primary to low-energy peak
energies is measured to be approximately m" 1

14
[7], which di!ers substantially from the ratio
e
S*
/e

S*O2
"3.7

18
[12], we also assume that electrons

liberated in the oxide are collected in the depleted
silicon with e$ciency g satisfying

g"m]
e
S*O2

e
S*
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Fig. 5. Low-energy peak amplitude, as a fraction of the main photopeak amplitude, as a function of incident energy near the silicon
K-edge (triangular points), and expected amplitude for origin in silicon (dot}dashed line) and silicon dioxide (dashed line) `dead layersa,
respectively. For each curve the dead-layer is assumed to be 700 As thick. The data suggest that the low-energy peak is produced in the
silicon dioxide dead-layer.

where m is the measured slope of the linear relation-
ship giving the low-energy peak centroid as a
function of the photopeak centroid, as discussed
in Ref. [7].

This model also explains the remainder of the
low-energy tail as the product of interactions oc-
curring within r

#
of the oxide/silicon interface. De-

pending on the fraction of the charge cloud
produced in each of the two materials, one may
obtain any event amplitude between the primary
photopeak and the low-energy peak.

Finally, we assume that interactions within r
#
of

the `topa of the oxide produce events with ampli-
tudes less than that of the low-energy peak, since
the collection e$ciency from layers above the oxide is
taken to be zero. This assumption is reasonable in
view of the electrostatic potential energy distribution
in the buried channel CCD, as shown in Fig. 8.

We have adjusted the parameter r
#
as a function

of energy to provide the best "t to the low-energy

tail. The agreement between the model (with silicon
K-escape peak and #uorescent peaks added) and
the data is shown for four energies in Fig. 9. The
model clearly predicts the global shape and ampli-
tude of the tail and low-energy peak spectrum quite
well. The best-"tting cloud radius is shown in
Fig. 10. As noted in Ref. [7], the best-"t radii
inferred from these "ts are nearly an order of mag-
nitude smaller than those inferred from studies of
silicon detectors with either Schottky barrier
[13,14] or implanted entrance windows [15]. The
partitioning of charge between the oxide and the
silicon evidently depends on the distance traversed
by the primary and secondary electrons early in the
relaxation process, while their energy remains
above the potential barrier height at the ox-
ide/silicon interface (see Fig. 8). The electron mean
free path at these energies is expected to be much
smaller than the "nal, thermalized charge cloud size
[13,14].
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Fig. 6. Low-energy peak amplitude, as a fraction of the main photopeak amplitude, as a function of incident energy near the oxygen
K-edge (triangular points), and expected amplitude for origin in the silicon dioxide `dead layera (line). The data demonstrate that the
low-energy peak is produced in the silicon dioxide dead-layer.

5. The response function of the channel stops

The so-called mesh technique introduced by
Tsunemi and co-workers [7] has been developed to
study a number of characteristics of CCD structure
[9,16,17]. To date, this technique has been applied
to determine the variation of detection e$ciency on
scales smaller than one pixel and to investigate the
size and shape of the photoionized charge cloud.
Here we apply the mesh technique to study the
spatial variation of the response function, and dis-
cuss in particular the contribution of the CCD
channel stops to the response function.

Our implementation of the mesh technique is
described in detail elsewhere [9], so we provide
only a very brief summary here. The basic concept
is illustrated in Fig. 11. A metal "lm (the `mesha)

containing a regular grid of small perforations is
placed immediately above the detector. The de-
tector is illuminated, through the mesh, with a spa-
tially uniform X-ray beam. If the pitch of the mesh
grid di!ers from the detector pixel spacing, or (as is
always the case in practice) the mesh axes are not
perfectly aligned with the detector axes, the detec-
ted intensity is a MoireH pattern which can be recon-
structed to produce a map of the X-ray response on
sub-pixel spatial scales. The spatial resolution of
this map is determined by the collimation of the
X-ray beam, the mesh-to-detector distance, the
X-ray wavelength, and the size of the mesh perfor-
ations. The results reported here were obtained
with a mesh perforation size of 1.4 lm, with an
e!ective resolution of about 3.0 lm, so our maps
provide about 64 independent resolution elements
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Fig. 7. Schematic illustration of the model of the low-energy peak and tail.

Fig. 8. Conduction band edge energy in a buried channel CCD.
The "eld in the oxide aids collection of charge photoionized
there in the buried channel.

within the area of one pixel. The right panel of Fig. 11
contains a false-color map of the detection e$cien-
cy of the average pixel at 525 eV. In this "gure the
e$ciency map has been replicated nine times, in
a 3]3 array, for clarity. The projected e$ciency
along each axis is also shown on a linear scale. The
horizontal features in the map clearly show the
e$ciency modulation caused by overlapping gate

edges and the di!erent thicknesses of the gates (see
Fig. 3.) The vertical features are produced by the
channel stops.

An important (if unsurprising) result which has
been observed in more than one mesh experiment
[9,16] is that the spatial distribution of charge
produced by an X-ray photon is a reliable indicator
of the location at which the interaction took place.
Thus, for example, events in which the charge is
shared between two horizontally adjacent pixels
(sometimes called `horizontally splita events) uni-
formly occur, for these CCDs, near the boundary
separating the two pixels in which the event is
detected. (For some CCD designs, this need not be
the case; see Ref. [17], for example.) The left-hand
side of Fig. 12 illustrates this relationship between
event shape and event location at one X-ray energy
(525 eV). Note that the both `vertically splita and
`horizontally splita events occur exclusively at the
corresponding pixel boundaries. Thus, if we con-
sider only horizontally split events, and then fur-
ther restrict our attention to low energies, at which
the events occur within a short distance of the
surface of the device, then we can study the in#u-
ence of the channel stops on the response function.
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Fig. 9. Comparison of measured and modeled tail pulse-height spectra at four energies. At each energy the data are shown as
a histogram with error bars, the model as a smooth curve.

Fig. 10. Best-"t cloud radius as a function of energy.

The right-hand side of Fig. 12 shows that the
channel stops have a profound in#uence on the re-
sponse function. Note in particular that the horizon-
tally split events exhibit a pronounced low-energy

tail which dominates the photopeak (observed
by Prigozhin et al. [18]); the shape of the re-
sponse function of the vertically split events is quite
di!erent.

A natural explanation for the low-energy tail in
the horizontally split event response function is
that surface recombination reduces charge collec-
tion e$ciency in the channel stops. The channel
stops are undepleted and thus contain no strong
"eld to prevent photoionized charge from di!us-
ing to the surface; as is shown in Fig. 8, the
situation is quite di!erent in the buried channel,

c
Fig. 12. Sub-pixel response maps and associated spectral re-
sponse functions for events with di!ering spatial distributions.
The top panel pertains to 1-, 2- and 3-pixel events conventional-
ly used in astronomy. The other three panels illustrate 1-pixel,
vertically split 2-pixel and horizontally split 2-pixel events, re-
spectively.
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Fig. 11. Left: Mesh measurement concept. Right: Resulting detection e$ciency map of the average pixel, replicated in a 3]3 array for clarity.
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Fig. 13. The top panel plots the single-pixel response function at 525 eV and distinguishes the shoulder (blue) from the photopeak (red)
regions. The lower panels show the spatial distribution of single-pixel shoulder events (left) and photopeak events (right) determined
from a mesh experiment. Shoulder events mostly originate in the channel stops, while the photopeak events originate in the center of the
pixel.

where there is a strong "eld forcing electrons away
from the surface. A quantitative model of the chan-
nel stop response function is presented elsewhere
[18].

We do wish to point out here, however, that the
capability we have demonstrated to isolate events
in the channel stops for detailed study is impor-
tant for at least two reasons. First, although the
proportion of horizontally split events is quite low
(less than 5%) at these energies, a signi"cant num-
ber of single-pixel events evidently occur in the
channel stops (see Fig. 12). These events are largely
responsible for the fact that the response function
for the single-pixel events exhibits a much more
extended tail than does that of the vertically split

events. Fig. 13 compares the spatial distributions of
events in the photopeak and tail (labelled `shoul-
derain the "gure) of the single-event response
function. The "gure shows that most events in the
single-pixel event tail originate in the channels
stops.

We expect the number channel-stop-generated
tail events to exceed the number of oxide-generated
tail events (discussed in Section 4 above) at this energy
because the channel stop thickness (&0.4 lm)
is at once comparable to the photoelectric absorp-
tion length (0.49 lm) and much larger than the
cloud size (&0.01 lm). At higher energies the ox-
ide-generated tail can dominate that produced in
the channel stops.
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Fig. 14. Response functions for front- and back-illuminated MIT Lincoln Laboratory CCID17 detectors at 525 eV.

Fig. 13 shows that a small fraction of the single-
event tail arises from events at the pixel boundaries
orthogonal to the channel stops; these show up as

faint horizontal features in the left-hand panel of
the "gure. These events are actually vertically split
events which are classifed as single events because the
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amount of charge in the adjacent pixel is very small;
their amplitudes are thus very close to the photopeak.

The capability to isolate channel stop events is
important for another reason as well. The physical
conditions in the channel stops of the front-illumin-
ated device are in some important respects similar
to those in the back-illuminated ACIS devices,
since the latter feature a shallow p` implant and
a thin oxide layer at the surface. Fig. 14 shows that
the response function of the back-illuminated
device is much broader than that of the front-illu-
minated device. To be sure, the relatively broad
response function of the back-illuminated device is
the product of several factors, including its relative-
ly high charge transfer ine$ciency (of order 10~5),
which is relatively di$cult to correct for in this
frame-transfer device. We can conclude from our
isolation of the channel stop contribution to
the front-illuminated device response function,
however, that surface recombination must play an
important role in the response function of the
back-illuminated device. The signi"cance of
surface recombination for the response function of
pn-junction detectors is discussed in detail by Har-
tmann et al. [19]. We believe that continuing study
of the details of the front-illuminated response func-
tion will improve our understanding of back-illu-
minated detectors as well.

6. Summary

We have shown that accurate knowledge of the
CCD response function requires understanding of
physical processes that occur outside the bound-
aries of what is conventionally taken to be the
CCD's photosensitive volume. We have shown how
measurements at high spectral and spatial resolu-
tion can be used to characterize the contributions
of the oxide layer and the channel stops to the
response function. We have indicated how such
measurements of the front-illuminated device re-
sponse function can elucidate processes which are
important in the response function of the back-
illuminated device.
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