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CCDs$in$a$nutshell$

•  CCD$=$Charge)coupled$device$
–  An$array$of$linked$(“coupled”)$capacitors$
–  Photons$interact$in$a$semiconductor$substrate$(usually$
silicon)$and$are$converted$into$electron)hole$pairs$

–  Applied$electric$field$used$to$collect$charge$carriers$
(usually$electrons)$and$store$them$in$pixels$

–  Pixels$are$“coupled”$and$can$transfer$their$stored$charge$
to$neighboring$pixels$

–  Stored$charge$is$transferred$to$a$readout$amplifier$

–  At$readout$amplifier,$charge$is$sensed$and$digiDzed$

$
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10 keV. Photons with energies below a few hundred eV will interact close
to the surface and may be incompletely detected or may be absorbed in
any structures on the surface and not detected at all. Photons with high
energies are likely to pass through the active region without interacting
at all.
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Fig. 3.1. The attenuation length or mean absorption depth of an X-ray photon
in silicon as a function of the photon energy and wavelength. The horizontal
dotted lines indicate typical active regions in an X-ray CCD which correspond
to an energy range of about a few hundred eV to 10 keV. The best X-ray
sensitivity will be in this range.

The photoelectric interaction of an X-ray generates electron-hole pairs.
On average, the number of liberated electrons is linearly related to the
energy of the incident X-ray:

Ne = EX/w (3.1)

where Ne is the number of electrons, EX is the energy of the X-ray
photon and w is the ionization energy required to create an electron-
hole pair. For silicon at typical X-ray CCD operating temperatures,
w is roughly 3.7 eV per electron, so a single X-ray will generate tens
to thousands of electrons. Once created, this charge cloud will di�use

Photoelectric$AbsorpDon$in$Silicon$
Mean$absorpDon$depth$

Depth$of$acDve$

region$in$typical$

X)ray$CCD$

Best X-ray sensitivity!



Photoelectric$AbsorpDon$

•  Photoelectric$interacDon$of$X)ray$with$Si$atoms$

generates$electron)hole$pairs.$

•  On$average:$$Ne#=#Ex#/w#
–  Ne$=$number$of$electrons$

–  Ex$=$energy$of$X)ray$photon$
–  w$=$ionizaDon$energy$to$create$electron)hole$pair$
–  w$~$3.7$eV/e)$for$Si$(temperature$dependent)$

•  X)ray$creates$a$charge$cloud$which$can$diffuse$and$
recombine$or$dri]$under$influence$of$an$applied$

electric$field$



Charge$CollecDon:$Doping$

•  ConducDvity$sensiDve$to$

presence$of$impurity$atoms$

•  Doping:$replace$small$number$of$
silicon$atoms$by$impuriDes$

•  n)type,$excess$e)$$

–  Five$valence$e)$(P,$As)$
•  p)type,$excess$holes$

–  Three$valence$e)$(B,$Al)$
•  Overall$material$uncharged$

•  Layering$differently$doped$
materials,$encourages$electric$

current$in$one$direcDon$

depending$on$applied$voltage$

polarity$



Charge$CollecDon$

•  Basic$element$in$CCD$is$a$capacitor$

– Metal)oxide)semiconductor$(MOS),$or$p(n$juncDon$
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radiation hardness and improved high-energy quantum e⇥ciency, may
lead to more n-type devices in the future.)

Depletion Region
Po

te
nt

ia
l

n−type Si

G
at

e

p−type Si

Distance

In
su

la
to

r

Fig. 3.2. A schematic of the electrostatic potential distribution in a buried
channel CCD (not to scale). X-rays that interact in the depletion region
create electrons that are collected in the potential well.

As stated previously, the physical structures in a CCD based on a p-n
junction are di�erent but the general principles are the same. From an
observer’s viewpoint, the most important di�erence is that the material
is fully-depleted. A fully-depleted p-n CCD can have a much thicker
active region than a standard MOS CCD, yielding superior high-energy
detection e⇥ciency. Additionally, they can be back-illuminated with-
out any thinning, yielding better low-energy detection e⇥ciency (back-
illumination is further discussed in Section 3.3.3). Conversely, rejecting
charged particle events can be less e⇥cient for a fully-depleted CCD, as
discussed in Section 3.2.5.
X-rays that interact in the depletion region create free electrons that

are collected in the potential well under the metal gates. The most
common type of CCD is a three-phase CCD with three gates defining
one dimension of each pixel (see Figure 3.3). The gates run the length
of the CCD. The central gate is set to a positive voltage, while at least
one of the neighboring gates is set to a lower voltage. The potential well
under the central gate is deeper than its neighbors, so the electrons will

ElectrostaDc$PotenDal$Well$
Buried)channel$CCD$

(50$–$75$μm)$

X)rays$

Charge$Transfer$Into$Page$



$Pixel$Structure$

Polysilicon$gates$

Insulator$layers$

Channel$stop$



Charge$Transfer$

•  Charge$collected$under$a$gate$
•  Adjoining$gates$are$“coupled”,$

charge$is$transferred$$

•  Repeat$to$conDnue$transferring$
charge$

•  Three)phase$CCD:$three$gates$
define$one$pixel$dimension$



CCD$Readout$Sequence$

Image Section!

Store Section!

Output Amplifiers (4)!

I to II: Image to!
store section (parallel)!

II to III: 1 row of !
 store to output register.!

Output Registers (2)!

III+: Sense each pixel!
in output register!

Frame$transfer$CCD$



CCD$Focal$Planes$

•  Typical$X)ray$CCD$is$at$most$a$few$cm$square$

•  Depending$on$plate$scale$of$opDcs,$single$CCD$
may$be$insufficient$for$desired$FOV$

•  MulDple$CCDs$can$be$Dled$for$larger$focal$
planes$

•  MulD)CCD$focal$planes$
– Chandra$ACIS,$XMM$EPIC$&$RGS,$MAXI$SSC$

•  Single$CCD$focal$planes$
– Swi]$XRT,$Suzaku$XIS$



Chandra$ACIS!

The$Advanced$CCD$Imaging$Spectrometer$(ACIS)$contains$10$planar,$1024$x$1024$pixel$CCDs;$four$

arranged$in$a$2$x$2$array$(ACIS)I)$used$for$imaging,$and$six$arranged$in$a$1$x$6$array$(ACIS)S)$used$

either$for$imaging$or$as$a$graDng$readout.$Each$CCD$is$~25$mm$on$a$side.$$The$CCDs$are$Dlted$to$

best$approximate$the$telescope$focal$surface$(ACIS)I)$or$the$Rowland$Circle$of$the$graDngs$(ACIS)S).$



XMM(Newton$EPIC)MOS$

One$of$the$three$focal$planes$in$the$European$Photon$Imaging$Camera$(EPIC).$$The$seven$
MOS$CCDs$are$600$x$600$pixels$each,$arranged$with$one$in$the$center$of$the$field$of$view$

and$the$other$six$surrounding$it.$$The$CCDs$are$offset$from$one$another$to$beler$match$
the$curvature$of$the$focal$plane.$



CCD$OperaDon$

•  X)ray$CCDs$operated$in$photon)counDng$mode$

•  Spectroscopy$requires$≤$1$photon$interacDon$per$pixel$per$
frameDme$

•  Minimum$frame$Dme$limited$by$readout$rate$
–  Tradeoff$between$increasing$readout$rate$and$noise$

•  For$ACIS,$100$kHz$readout$(10$μs/pix)$⇒$3.2$s$frameDme$

•  Frame$Dme$can$be$reduced$by$reading$out$subarrays$or$by$
conDnuous$parallel$clocking$(1D$imaging)$

1.5 s! 0.8 s! 0.4 s! (CXC Proposer�s Observatory Guide)!



Event$Processing$

•  CCD$output$rate$(~10$Mbits/s/CCD)$exceeds$telemetry$
resources$

–  Short$frame$Dme,$low$source$count$rates$⇒$most$pixels$are$empty$

–  Raw$CCD$frames$processed$on)board$to$find$candidate$X)ray$events$

•  Event$selecDon:$
–  CCD$bias$level$determined$and$removed$

–  Pixel$pulse$height$must$be$greater$than$threshold$value$

–  Pixel$is$a$local$maximum$(3$x$3$pixels$on$ACIS)$

•  For$each$event,$record$posiDon,$Dme$and$pulse$heights$of$

event$island$(3$x$3$pixels$for$ACIS)$

•  Events$are$assigned$a$grade$which$characterizes$the$
morphology$of$the$pulse$heights$in$the$event$island.$



Grading$events$

•  Event$grade$can$be$used$to$

discriminate$between$X)ray$and$

cosmic$ray$events$

•  X)ray$events$split$into$simpler/
smaller$shapes$(single,$singly)split)$

•  Cosmic$ray$events$are$more$

complex$

•  Onboard$grade$filtering$can$further$

reduce$telemetry$

•  Grade$filtering$can$improve$spectral$

resoluDon$)$split$events$are$noisier$

than$singles$Grade 7 - everything else!

ASCA$Grade$Codes$



X)ray/ParDcle$DiscriminaDon$

Blobs/streaks$)$charged$parDcles.$$$Small$dots$)$X)ray$events.$
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layers is the product of the transmission through each dead layer,

T = �ie
�µiti (3.2)

where µi and ti are the linear absorption coe⇥cient and the thickness
of dead layer i. The absorption in the depleted region is then

A = 1� e�µSid (3.3)

where µSi is the absorption coe⇥cient for silicon and d is the thickness
of the depletion region. The resulting quantum e⇥ciency is the product
of the transmission and the absorption

QE = (1� e�µSid) �ie
�µiti (3.4)

Figure 3.7 shows the transmission and absorption curves for a typical
CCD, along with the resulting quantum e⇥ciency. Quantum e⇥ciency
at low energies is dependent on the thickness of the dead layers, while
at high energies it is dependent on the depletion depth.

Fig. 3.7. The quantum e�ciency of a CCD (solid line) is the product of the
transmission probability through various dead layers (dashed line) and prob-
ability of absorption in the depletion region (dotted line).

As is obvious from their frequent use in ground-based astronomy,
CCDs are highly sensitive to optical photons. In an X-ray detector,

CCD$Quantum$Efficiency$

Transmission$

through$deadlayers$
(channel$stops,$gates,$

oxide$layers)$

T#=#Πi#e(µi#ti#

AbsorpDon$in$

depleted$region$

A#=#1#(#e(µSi#d#

QE$=$(1$)$e(µSi#d)$$Πi$e(µi#ti#µ$=$linear$absorpDon$coefficient$
t$=$thickness$of$deadlayer$
d$=$depleDon$depth$



OpDcal$Blocking$Filters$

• $CCDs$also$sensiDve$to$opDcal$photons$
• $Cause$noise$and$pulse$height$calibraDon$issues$
• $Filter$materials$usually$plasDc$and$aluminum$

Imager$Filter:$$
Al/Polyimide/Al:$120/200/40$nm$

Spectrometer$Filter:$
Al/Polyimide/Al:$100/200/300$nm$



Filter$Transmission$

Bare$CCD$

CCD+filter$

At$low$energies$(<$0.5$keV),$$>$50%$reducDon$in$efficiency$

CCDs 55

optical light is a source of noise and causes pulse height calibration is-
sues. For this reason, X-ray CCDs usually have an optical blocking
filter. These are constructed of thin layers of aluminum and plastic a
few hundred nanometers thick. The optical blocking filter also absorbs
low-energy X-rays and acts as an additional dead layer. Figure 3.8 shows
the detection e�ciency of a bare CCD and the detection e�ciency after
including absorption by an optical blocking filter. At low energies below
500 eV, the filter reduces e�ciency by more than 50%.

Fig. 3.8. The detection e�ciency of a bare CCD (solid line) and the detec-
tion e�ciency after including the loss from transmission through the optical
blocking filter (dashed line).

3.3.2 Energy scale and spectral resolution

As stated earlier, the interaction of a single X-ray photon with a silicon
atom produces free electrons. The average number of electrons is a linear
function of energy with w in Equation 3.1 roughly equal to 3.7 eV per
electron. After the electrons are transfered to the readout amplifier,
sensed, and digitized, the resulting value is called the pulse height (for
historical reasons) in units of ADU (analog-to-digital unit) or DN (data
number). The pulse height is a linear function of Ne, the number of



CCD$X)ray$Spectroscopy:$The$Basic$Idea$

•  Photoelectric$interacDon$of$a$single$X)ray$photon$with$a$Si$
atom$produces$free$electrons:$

$

$

•  Spectral$resoluDon$depends$on$CCD$readout$noise$and$physics$
of$secondary$ionizaDon:$

$

•  CCD$characterisDcs$that$maximize$spectral$resoluDon:$

–  Good$charge$collecDon$and$transfer$efficiencies$at$very$low$signal$levels$

–  Low$readout$and$dark)current$noise$(low$operaDng$temperature)$

–  High$readout$rate$(requires$tradeoff$vs.$noise)$

! 

Ne = EX w  (w " 3.7 eV/e#)
$ e

2 = F % Ne (F " 0.12; not a Poisson process)

! 

FWHM (eV) = 2.35 " w " # e
2 +# read

2
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electrons, and therefore also a linear function of the input X-ray energy.
For X-ray events with charge split over multiple pixels, the event pulse
height is summed over the relevant pixels. The scaling between energy
and pulse height is the instrument gain.
The variance on the charge liberated is smaller than Poisson since the

production of each free electron is not independent. The variance is

�2
e = F �Ne (3.5)

where F is the Fano factor introduced in Section 2.2.3 and is roughly
0.12 for silicon. The spectral resolution of the detector then depends on
the readout noise and the physics of secondary ionization:

FWHM(eV ) = 2.35w
�
�2
e + �2

read (3.6)

The w term converts the resolution from electrons to eV. To achieve the
best spectral resolution, a CCD needs to have good charge collection
and transfer e⇥ciencies at low signal levels combined with low readout
noise. It also requires a high readout rate so that all pixels have at most
one event per frame time. Figure 3.9 shows the spectral resolution as a
function of energy for a noise-free detector and at di�erent noise levels.
Modern X-ray CCDs typically have readout noise less than 5 electrons.
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Fig. 3.9. The theoretical spectral resolution of an X-ray CCD for RMS readout
noise of 6 e�, 4 e� and for a noise-free detector. Modern X-ray CCDs typically
have readout noise less than 5 e�.

ASCA$SIS$(1993):$4$e)$RMS$

Chandra$ACIS$(1999):$2$e)$RMS$

Spectral$ResoluDon$



Spectral$RedistribuDon$FuncDon$$

•  X)ray$source$has$three$spectral$lines:$Mn)Kα$(5.9$keV),$Mn)Kβ$(6.4$keV),$Mn)L$(0.67$keV)$

•  Instrument$produces$Si)K$fluorescence$and$escape$peaks,$low)energy$features$

•  Off$nominal$features$~2%$of$total$
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In addition to the primary photopeak, the instrument response pro-
duces a number of other spectral features that can be seen in Figure 3.10.
In the figure, the X-ray source produces several spectral lines of man-
ganese: the K� and K⇥ lines and an unresolved complex of L-lines.
The remaining structures are due to the instrument. Two of these
features, the escape and fluorescence peaks, were introduced in Sec-
tion 2.2.4. Every incident photon with an energy above the silicon K-
edge (1.84 keV) has a small probability of producing a Si-K fluorescence
photon (1.74 keV). The remaining energy from the original X-ray event
goes into a charge cloud with energy EX � ESiK�. The Si-K� line in
the instrument spectrum is due to fluorescence photons that travelled far
enough from the original interaction site to be independently detected.
The Si K-escape peak, at EX�ESiK�, is due to the electron clouds that
remain after the fluorescence photons “escape”. The other features, such
as the shoulder of the main photopeak and the low-energy continuum,
are due to incomplete charge collection for events that interact in the
gate and insulator structure or the channel stops.

Primary Photopeaks

Mn Kα

Mn Kβ

Si K-escape Peaks
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Si Fluorescence Peak

Low-energy Continuum
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Fig. 3.10. An example spectrum demonstrating the principal components of
the CCD spectral response. The source spectrum has lines of Mn-L (0.7 keV),
Mn-K� (5.9 keV) and Mn-K⇥ (6.4 keV). The Si-K fluorescence and escape
peaks and the low-energy features are due to the instrument. Source: Science
Instrument Calibration Report for the AXAF CCD Imaging Spectrometer
(ACIS).



Low)energy$DetecDon$Efficiency$

•  Many$astrophysically$interesDng$problems$

require$good$low)energy$(<$1$keV)$efficiency$

(pulsars,$ISM$absorpDon,$SNR,$…)$

•  Low$energy$X)rays$are$lost$to$absorpDon$in$gate$
structures$and$filter$

•  SoluDons:$
–  Thinned$gates,$open$gates$(XMM$EPIC)MOS,$Swi]$XRT)$

–  Back)illuminaDon$(Chandra$ACIS,$XMM$EPIC)PN,$

Suzaku$XIS)$



Back)illuminated$CCDs$

•  Front)illuminated$CCD,$reversed$and$thinned$

•  Gate$structures$and$channel$stops$are$not$dead$layers$

•  Thinner$dead$layers$⇒$higher$low)E$QE$

•  Thinner$acDve$region$⇒$lower$high)E$QE$
–  Not$always$true,$XMM$EPIC)pn$has$excellent$high)E$QE$

•  Increased$noise,$charge$transfer$inefficiency$⇒$higher$FWHM$

–  Technology$is$maturing,$Suzaku$XIS$BI$quite$good$FWHM$

BI CCD!

FI CCD!



Front)illuminated$CCD$ Back)illuminated$CCD$

•  ParDcle$events$produce$large$blooms$on$FI$CCD,$not$on$fully)
depleted$BI$CCD$

•  Background$rejecDon$efficiency$much$higher$for$FI$CCD$
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Photon$Pileup$

•  If$two$or$more$photons$interact$within$a$few$pixels$of$
each$other$before$the$image$is$readout,$the$event$finding$

algorithm$may$regard$them$as$a$single$event$

–  Higher$inferred$energy$
–  ReducDon$of$total$detected$events$$
–  Spectral$hardening$of$conDnuum$sources$

–  DistorDon$of$point$spread$funcDon$
•  CorrecDng$data$for$pile)up$is$possible$but$complicated$

•  Best$to$set$up$observaDon$to$minimize$pileup$

•  Related$affect$is$readout$streak$
–  Out)of)Dme$events,$photons$interact$while$image$is$transferred$$



Photon$Pileup$

Energy$
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Bright!

Brightest!

Brighter!

MonochromaDc$Source$ Thermal$Spectrum$

Readout$Streak$
(From$Chandra$Proposer’s$Observatory$Guide)$

PSF$DistorDon$



Charge$Transfer$Inefficiency$
•  During$transfer,$X)ray$events$lose$

charge$to$charge$trapping$sites$$

•  Leads$to:$
–  PosiDon$dependent$gain$$

–  Spectral$resoluDon$degradaDon$

–  PosiDon$dependent$QE$

•  Caused$by$radiaDon$damage$or$
manufacturing$defects$$

•  Depends$on:$
–  Density$of$charge$trapping$sites$

–  Charge$trap$capture$and$re)emission$
properDes$(temperature)$

–  Occupancy$of$charge$traps$(parDcle$
background)$

•  MiDgaDon$techniques$
–  Lower$temperature$

–  Move$target$closer$to$readout$

–  Controlled$charge$injecDon$(Suzaku$XIS)$

–  Specialized$so]ware$tools$

!Transfer$DirecDon$



ContaminaDon$

•  For$best$performance$(reduced$
dark$current$and$CTI),$CCDs$
must$be$operated$cold$()60°C$
to$)120°C)$

•  Coldest$surface,$danger$of$
accumulaDng$contaminaDon$

•  ContaminaDon$acts$as$an$
addiDonal$absorbing$layer$

•  Can$be$important$at$low$
energies$(<$1$keV)$

•  Important$for$Chandra$ACIS,$
XMM$RGS,$Suzaku$XIS,$others?$



Background$

•  Cosmic$X)ray$background$(unresolved$AGN)$

•  Diffuse$GalacDc$emission$

•  Heliospheric$$&$geocoronal$emission$

•  ParDcle$background$

–  Spectrum$and$variability$depend$on$orbit$

–  Low)earth$orbit,$lower$bkg$rates,$stable$long)term,$orbital$variability$

–  High$orbit$(XMM$&$Chandra),$higher$bkg$rates,$solar$cycle$dependent$

•  Background$can$be$reduced$by$filtering$event$grades,$removing$

flaring$Dmes,$using$specialized$modes$

•  Otherwise,$background$can$be$modeled$or$esDmated$and$

subtracted$



ParDcle$Background$Spectrum$

•  ACIS$in$stowed$posiDon,$no$sky$photons,$standard$grade$filter$

•  Fluorescent$lines$from$spacecra]$materials$plus$conDnuum$

•  Grade$filter$less$effecDve$for$back)illuminated$CCDs,$higher$
background$rates$

Back)illuminated$CCDs$

Front)illuminated$CCD$

(From$Chandra$Proposer’s$Observatory$Guide)$



Background$Flaring$

•  Short)lived$increases$in$
background$rate$

•  Usually$low$energy,$affects$
BI$more$than$FI$

•  Some$correlaDon$with$

solar$flares$and$

geomagneDc$condiDons$

•  Believed$to$be$~100$keV$
protons$

•  Not$seen$in$low$earth$orbit$
(Markevitch,$CXC$CalibraDon)$

BI$CCD$

FI$CCD$



Pixel$Defects$

•  RadiaDon$damage$or$manufacturing$defects$can$cause$pixels$to$
have$anomalously$high$dark$current$

•  Can$regularly$exceed$event$threshold$and$cause$spurious$
events$

•  Extreme$cases$may$be$removed$onboard,$otherwise$filtered$in$
data$analysis$

•  Hot$pixels$strongly$correlated$with$temperature$
–  More$important$for$ASCA$()60C)$and$Suzaku$()90C)$than$Chandra/

XMM$()120C)$

•  Unstable$defects$cause$flickering$pixels$(primarily$ASCA)$
–  Lower$frequency,$more$difficult$to$detect$and$remove$

•  Related$problem$–$micrometeoroid(!)$damage$
–  Hot$or$dead$pixels,$pin)holes$in$opDcal$blocking$filter$

•  Related$problem$#2$–$cosmic$ray$a]erglows$
–  Bright$cosmic$ray,$pixels$conDnue$to$emit$charge$minutes$later$
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Future$X)ray$Imaging$Detectors$

•  X)ray$CCDs$in$operaDon$on$five$observatories$(Chandra,$
XMM)Newton,$Swi],$Suzaku,$MAXI)$

•  Microcalorimeter$detectors$provide$10)20x$improvement$
in$spectral$resoluDon$but$not$megapixel$imaging$or$good$
low$energy$QE$(at$least$not$yet)$

•  Megapixel$imaging$detectors$will$be$required$for$future$
graDng$spectrometers,$and$probably$also$for$wide)field$
imaging$

•  Technologies$being$explored$to$provide$improvements$
–  Beler$low)energy$response$
–  Beler$radiaDon$tolerance$
–  Beler$Dme$resoluDon/faster$readout$rates$



Future$X)ray$Imaging$Detectors:$$

Faster$is$Beler$

•  Current$CCDs$have$readout$Dmes$of$order$secs/frame.$

•  Faster$readout$(msec$or$less)$offers$many$advantages:$

*$$$Reduced$photon$pileup$

*  Less$dark$current$per$readout,$so$can$operate$at$higher$temperature$

*  Less$opDcal$contaminaDon$per$readout,$so$thinner$opDcal$blocking$

filters$(beler$low)energy$efficiency)$

*  Possibly$beler$background$rejecDon$through$temporal$

anDcoincidence:$$$

(99.9%$rejecDon$for$ROSAT$gas$counter$$vs$$99%$for$CXO/XMM$CCDs)$

•  Highly$parallel$readout$(e.g.,$acDve$pixel$sensors)$may$yield$

orders$of$magnitude$increase$in$frame$readout$rate$&$

integrated$signal$processing$



Want$to$know$more?$

•  Observatory$web$pages$&$analysis$guides$o]en$review$
detector$basics$and$highlight$mission)specific$issues$

and$tools$

–  e.g.$Chandra$Proposers’$Observatory$Guide$
•  Many$textbooks$cover$CCD$physics,$including:$

–  Janesick,$2001.$Scien9fic#Charge(Coupled#Devices#
–  Lutz,$2007.$Semiconductor#Radia9on#Detectors:#Device#
Physics#

–  Sze,$2002.$Semiconductor#Devices:#Physics#and#Technology#

•  Ask$me!$$cgrant@space.mit.edu$


