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ImagingImaging DetectorsDetectors

a a reviewreview of of detectordetector technology technology forfor spacespace
researchresearch

Udo SchühleUdo Schühle

IMPRS IMPRS lecturelecture on 7. on 7. DecemberDecember 20062006
withwith contributionscontributions fromfrom previousprevious lectureslectures of I. of I. PardowitzPardowitz and A. and A. GandorferGandorfer

OutlineOutline

►► digital digital camerascameras: : generalgeneral remarksremarks,  ,  terminologyterminology
►► sensorsensor arraysarrays: : materialsmaterials
►► generalgeneral performanceperformance characteristicscharacteristics
►► CCDsCCDs vsvs CMOSCMOS--APS APS sensorssensors
►► UV UV detectorsdetectors forfor solar solar observationsobservations

hybrid hybrid sensorssensors withwith widewide bandgapbandgap materialsmaterials
microchannelmicrochannel plateplate detectorsdetectors
►►analog analog readread--outout MCP MCP detectorsdetectors
►► IntensifiedIntensified APS APS detectorsdetectors
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GALILEI:  Ich habe das unvorstellbare Glück gehabt, 
ein neues Instrument in die Hand zu bekommen, 
mit dem man ein Zipfelchen des Universums etwas, 
nicht viel, näher besehen kann. Benutzen Sie es.
...
GALILEI: Mensch, reg dich auf! Was du siehst, hat 
noch keiner gesehen.

(B. Brecht „Leben des Galilei“)

Images and Images and realityreality
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To transmit images from space, images are „digitized“

Actually, what is a digital image?
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TerminologyTerminology

digital camera
camera or detector ?

„detector“  or
„focal plane unit“ or
„focal plane array“ (FPA)

sensor board & FEE board

sensorlens

housing

semiconductor array sensors

On-chip amplifier
at end of the serial 
register

To form a digital image, the charge collected by each pixel is associated with a pixel address 
by which it can be identified: px(x,y,value)

Image Area

array of pixels
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remark

Note that the pixel size of a sensor array is of the order of 10 to 20 um squared.

If you design an optical system (a telescope), the image scale must be such that
the resolution element corresponds with the pixel size
and the field of view corresponds with the array size.

The parameter to adjust is the Focal Length.

PhotodetectorPhotodetector materialsmaterials

NIRNIR--FIRFIR17001700--12500125000,70,7--0,10,1HgCdHgCd

IRIR570057000,170,17InSnInSn

NIRNIR340034000,360,36InAsInAs

NIRNIR17001700--260026000,730,73--0,470,47InGaAsInGaAs

NIRNIR180018000,660,66GeGe

VisibleVisible8758751,421,42GaAsGaAs

VisibleVisible110011001,121,12SiSi

bandbandλλ [nm][nm]EEgapgap(eV(eV))MaterialMaterial
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OtherOther detectordetector materialsmaterials

PtSiPtSi (3(3--5 um)5 um)
HgCdTeHgCdTe (3(3--5 5 oror 88--10 um)10 um)
CdZnTeCdZnTe
GaNGaN (360 nm)(360 nm)
AlGaNAlGaN (360 to 260 nm)(360 to 260 nm)
C (C (diamonddiamond) (220 nm)) (220 nm)

infrared
materials

ultraviolet
materials

Performance Parameters(1)Performance Parameters(1)

SpectralSpectral rangerange
QE = QE = quantumquantum efficiencyefficiency
Noise (dark noise, readNoise (dark noise, read--out noise, photon noise)out noise, photon noise)
Dynamic range (full well capacity Dynamic range (full well capacity –– dark signal)dark signal)
CCE = Charge CCE = Charge CollectionCollection EfficiencyEfficiency
CTE = CTE = Charge Transfer Efficiency Charge Transfer Efficiency 
Dark current / dark signal (need cold T ?)Dark current / dark signal (need cold T ?)
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Performance Parameters (2)Performance Parameters (2)

Array Array sizesize ((pixelpixel sizesize and # of and # of pixelspixels))
Frame rate (speed, determines image cadence)Frame rate (speed, determines image cadence)
Radiation hardnessRadiation hardness
Power requirementsPower requirements
TechnologyTechnology
Price Price 

QE = QE = quantumquantum efficiencyefficiency
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typestypes of of sensorsensor arraysarrays

SiSi--basedbased sensorssensors::
chargecharge coupledcoupled devicesdevices ((CCDsCCDs, Si , Si sensorssensors))
CMOS CMOS sensorssensors

expandingexpanding thethe sensitivitysensitivity rangerange to to thethe UV UV 
backsidebackside illuminationillumination
deepdeep depletiondepletion

choicechoice of of materialsmaterials
sensorsensor architecturearchitecture
Hybrid Hybrid detectorsdetectors

CCDs

diode arrays

CMOS active pixel arrays (APS)

Thick Front-side Illuminated CCD

These are cheap to produce using conventional wafer fabrication techniques. 

They have a low Quantum Efficiency due to the reflection and absorption of light in the 
surface electrodes. Very poor blue response. The electrode structure prevents the use of 
an Anti-reflective coating that would otherwise boost performance.

n-type silicon

p-type silicon

Silicon dioxide insulating layer
Polysilicon electrodes
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Thinned Back-side Illuminated CCD

The silicon is chemically etched and polished down to a thickness of about 15microns. Light enters 
from the rear and so the electrodes do not obstruct the photons. The QE can approach 100% .

These are very expensive to produce since the thinning is a non-standard process that reduces the 
chip yield. These thinned CCDs become transparent to near infra-red light and the red response is 
poor. Response can be boosted by the application of an anti-reflective coating on the thinned 
rear-side. These coatings do not work so well for thick CCDs due to the surface bumps created 
by the surface electrodes.

Almost all Astronomical CCDs are Thinned and Backside Illuminated.

n-type silicon

p-type silicon

Silicon dioxide insulating layer
Polysilicon electrodes
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Anti-reflective (AR) coating

15μm

CCD CCD versusversus CMOS CMOS sensorssensors
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genericgeneric architecturearchitecture of a CMOS of a CMOS sensorsensor

flexibility of read-out scheme (pixels can be adressed individually)
no shutter is needed

find more info about CCDs and APS in the lectures of Gandorfer and Pardowitz at the IMPRS web site!

UV UV detectorsdetectors forfor solar solar observationsobservations

Emission spectra of the Sun in the VUVTRACE-image of the Sun in the EUV

at these wavelengths no window materials exist
open detectors are needed
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TheThe questquest forfor higherhigher resolutionresolution and and radiationradiation
hardnesshardness

0.5 Arcsec
~ 350 km at Sun

SolarSolar spectral spectral irradianceirradiance ((andand variabilityvariability))

5.5 magnitudes!
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ScienceScience--grade CMOS APS development at grade CMOS APS development at 
RAL and E2VRAL and E2V

4k x 3k Pixel Sensor Development for ESA’s Solar Orbiter
5 μm pixel size.
12 bit dynamic range. 
4-transistor CDS pixel for low noise.
0.25 μm CMOS process.
EUV sensitivity by back-thinning or front-etch.

Architecture

Sensor mounted on an invar 
block and wire-bonded to a PCB

Bond-wire protection-
cover fitted

8-inch Wafer 0.25 μm CMOS 

4kx3k pixel sensor die

Pixel Circuit

CAD Simulation

CAD Layout

scintillatorscintillator coating on CMOScoating on CMOS--APSAPS
((downconversiondownconversion from EUV to visible)from EUV to visible)

• need cooling to reduce dark signal
• need filters to suppress visible
• thin film filters for EUV (0.1 μm thick)
are fragile and reduce signal
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DrawbacksDrawbacks of of currentcurrent SiSi--basedbased sensorssensors

the EUV-teleskope
EIT on SOHO:

back-thinned CCD sensor

• need filters to suppress visible
• need cooling.
• complicates thermal design
• results in contamination trap
==> Efficiency very unstable .

Measured QE for silicon device (open diamonds, data taken at -70 0C; 
filled diamonds, data taken at room temperature in a diode mode). 
Dotted curve, maximum theoretical QE for 100% CCE; solid curve, 
best-fit semiempirical model using all data.

TheThe problemproblem of of siliconsilicon in in thethe VUVVUV

EUV VUV UV VIS

TheThe efficiencyefficiency of of siliconsilicon
at 121nm (at 121nm (thethe hydrogenhydrogen
LymanLyman--AlphaAlpha lineline) ) wavelengthwavelength
isis minimal.minimal.
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PhotocathodePhotocathode materialsmaterials
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GaAs

CdTe InN

CdSe

CdS

ZnSeGaP

6H-SiC GaN

ZnS

Al Ga Nx 1-x

AlNC

Energy (eV)

Wavelength (nm)

CsI Kbr

FUV             VUV

charge creation and photoconduction
photoemission in vacuum

band gap energy of materials:

photosensitive photosensitive substratesubstrate
+ + 

siliconsilicon readread--outout circuitcircuit
= = 

hybrid hybrid sensorsensor

hybrid hybrid sensorssensors

substrate: 
array of photosensitive material,
e.g., HgCdTe or AlGaN

readout circuit array, ROIC: 
silicon based integrated circuit (CMOS array) 
with individually adressable pixels

to be mated by „flip-chip technique“
via indium bump contacts

50μm

Al
Au

SiO

Indium

Sensor substrate

UBM
SiN detector

AuUBM

UBM
SiO

SiN

Indium

CMOS ROIC
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hybrid hybrid designdesign withwith widewide band band gapgap materialmaterial

Al
Au

SiO

Indium

Sensor substrate

UBM
SiN detector

AuUBM

UBM
SiO

SiN

Indium

CMOS ROIC

e. g. e. g. GaNGaN MSMMSM--PhotoconductorPhotoconductor

Sensor substrate: Diamond or AlGaN

ROIC: silicon based CMOS structure

Can be selcted to 
be solar blind

Highly efficient in 
the VUV and EUV

AlAlxxGaGa11‐‐xxN N PhotodetectorPhotodetector typestypes
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WBGS detectors

Wide band gap detectors - two different substrate materials: AlGaN and Diamond

Diamond 
devices

AlGaN test devices

MSM GaN device

Schottky GaN device

MSM and PIN diodes

soon flying on PROBA2-LYRA

• Only single pixel devices. 
• Large arrays to be developed

SolarSolar‐‐blindnessblindness ofof presentpresent WBGS WBGS 
detectorsdetectors
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less filters are needed to suppress the visible-NIR continuum
negligible dark signal at room temperature
no cooling required
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imagingimaging arraysarrays of WBGSof WBGS

buildbuild a a micromicro--arrayarray of of photoconductorsphotoconductors

EUV efficiency of EUV efficiency of GaNGaN SchottkySchottky devicedevice

• Absolute responsivity
measured at the electron
storage ring BESSY II

• Compared to a 
calibrated PtSi reference
diode

All detectors have poor sensitivity between 50 nm and 150 nm!
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FocalFocal plane plane arrayarray forfor spacespace instrumentationinstrumentation

MultichannelMultichannel plateplate (MCP) (MCP) detectorsdetectors
((photoemissionphotoemission detectorsdetectors, , photonphoton countingcounting detectorsdetectors))

each MCP operates at 
a gain of ~100 electrons
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visible blindness

photocathodesphotocathodes on on MCPsMCPs

alkali halide photocathodes increase the quantum efficiency
in selected wavelength ranges:
CsI, CsCl, LiF, KCl, KBr, RbI, etc.

response curve of SUMER

photocathodesphotocathodes on on MCPsMCPs

SUMER KBr photocathode
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ReadoutReadout schemesschemes of of microchannelmicrochannel plateplate
detectorsdetectors

Cross delay line anode + time to digital converter Cross strip anode + charge ratio centroiding

Anode Anode designdesign optionsoptions

WedgeWedge and and stripstrip anodeanode
Cross Cross DelayDelay lineline anodeanode
Cross Cross stripstrip anodeanode
CCD CCD sensorsensor
CMOS APS CMOS APS sensorsensor
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ExampleExample: : flatfieldflatfield of SUMER XDL of SUMER XDL detectordetector

►► DistortionDistortion
►► ADC ADC nonlinearitynonlinearity
►► Multifiber Multifiber bundlesbundles (hexagonal)(hexagonal)
►► Moire Moire patternpattern ((fromfrom 3 3 MCPsMCPs))
►► DeadDead porespores

KBr photocathode bare MCPbare MCPatten. atten.

FlatfieldFlatfield patternpattern & & resolutionresolution

• Pore structure limiting the resolution
• Multifiber bundle boundaries
• Moire pattern by superposition of MCPs
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InstabilityInstability of of channelchannel plateplate detectorsdetectors

e. g. CDS spectrograph on SOHO:

The gain of channel plates
reduces constantly during usage.

InstabilityInstability of of channelchannel plateplate detectorsdetectors
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voltage increase to compensate
the gain evolution

of the SUMER detectors
using stack of three MCPs
(106 electrons per pulse)

this is now understood
and can be avoided using
only one MCP (at low gain)

and CCD sensor
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IntensifiedIntensified CCDCCD

MCP MCP coupledcoupled to CCD via to CCD via lenslens oror fiberfiber--opticoptic tapertaper

MicrochannelMicrochannel plateplate intensifiersintensifiers

MCP based intensifiers

Phosphor screen anode

Phosphor screen anode on fiber optic coupler
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window

MCP 
intensifier

Al-filter + 
Phosphor 
screen

Fiber optic 
coupler

APS
FEE

HV supply

APS sensor array on PCB

Solar-blind intensified APS detector

KBr coating
Photocathode

HV power supply

= MCP intensifier coupled with a CMOS active pixel sensor

uv-hν

e-

MCP stack
fiber optic blocks

APS sensor board

FEE board

IntensifiedIntensified APSAPS
STAR 1000

visible CMOS-APS sensor

anode (phosphor screen)
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detector unit assembly and vibration test

perfomance test with Lyman-α lamp
and extreme UV lamp

note: this is a „open“ MCP detector (without window)
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test images with Lyman-α lamp

pinhole mask imagequasi flat image at 121.6 nm

test images with extreme UV lamp

grid mask image at 58.4 nmgrid mask image at 123.6 nm
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Fe XII 19.5 nm
(SOHO/EIT)

He II 30.4 nm
(SOHO/EIT)

The Sun on 24 September 1996

Fe IX/X 17.2 nm
(SOHO/EIT)

H I Lyman-ε
(SOHO/SUMER)


