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Direct Detection in Semiconductors
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Semiconductor Detectors
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Bertolini & Coche, eds., Semiconductor Detectors (North-Holland, Amsterdam, 1968).  pg 132.

Semiconductor Detectors
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Semiconductor Detectors
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Si(Li) & Ge(Li) Drifted Detectors

Bertolini & Coche, eds., Semiconductor Detectors (North-Holland, Amsterdam, 1968).  
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Silicon Drift Detectors
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Lechner et al., Nucl Instr Meth Phys Res A 377 (1996) 346

Silicon Drift Detectors
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Function of Silicon Drift Detector     (3)
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Function of Silicon Drift Detector     (5 )
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Silicon Drift Detectors
Silicon drift chambers can, in principle be made in a wide variety of 
shapes by placing smaller elements side-by-side. They have a promising 
future.
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Current Imaging X-ray 
Detectors are “Simple”

Field is dominated by single snap-shot cameras with no built-in

complex functionality.

a) Film

b) Image Plates

c) CCDs, either directly or phosphor-coupled, dominate SR

Drawbacks: 

• Have to stop experiment after each image.

• Data function processing is done off-line.
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Integrated Circuit technology now 
make “Intelligent” Detectors Feasible

An intelligent Pixel Array 
Detectors (PAD) has 
sophisticated data processing 
functions built into each pixel of 
the detector.
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Basic Pixel Array Detector (PAD)

Diode Detection Layer
• Fully depleted, high resistivity
• Direct x-ray conversion in Si

Connecting Bumps
• Solder, 1 per pixel

CMOS Layer
• Signal processing
• Signal storage & output

X-rays

Gives enormous flexibility!
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Diode Layer
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Diode Structure
(Single Pixel Connection) ‏

xx--raysrays

Direct conversion of xDirect conversion of x--rays to charge carriers rays to charge carriers 
in silicon. Approx. 1 charge carrier pair/ 3.64 in silicon. Approx. 1 charge carrier pair/ 3.64 eVeV, or , or 
2200 electrons/ absorbed 8 2200 electrons/ absorbed 8 keVkeV xx--ray.ray.
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Diode Efficiency

Photon Energy (Photon Energy (keVkeV)) ‏‏
55 1010 1515 2020
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PADs come in two varieties

Photon counting PADs (Europe).
• Front ends count each x-ray individually. (PILATUS, 

Medipix)
• Serious drawback for high-speed imaging: Count-rate 

limited by electronics to ~106 -107 x-rays/pix/sec. SLS 
PILATUS

Integrating PADs (Cornell).
• Use an integrating front-end to avoid the count-rate 

bottleneck.
• Capable of handling enormous count-rate.
• The “intelligence” is determined by the CMOS electronics.
• Existing variants include LCLS, ADSC

• Proposed variants include:
• Submicrosecond successive framing imager
• PAD with time autocorrelator assigned to each pixel
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Pixel-Level Counting vs. Integration
CountingCounting

IntegratingIntegrating
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Pixel-Level Counting vs. Integration

• Signal also spatial function.

Pixel 'border'Pixel 'border'

Random xRandom x--ray 'hits'ray 'hits'

Charge sharing between Charge sharing between 
pixels affects pixel levelpixels affects pixel level
response to xresponse to x--rays.rays.
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Pixel-Level Counting vs. Integration
CountingCounting

IntegratingIntegrating

No charge sharingNo charge sharing
With charge sharingWith charge sharing
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Pixel-Level Counting vs. Integration
CountingCounting

IntegratingIntegrating

No charge sharingNo charge sharing
With charge sharingWith charge sharing

Total signal out of detector array proportional to total energyTotal signal out of detector array proportional to total energy
of absorbed xof absorbed x--rays.rays.

Complex compensation algorithms to account forComplex compensation algorithms to account for
pilepile--up and charge sharing.up and charge sharing.
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Example 1: High Speed Imaging

Requirements: Rapid Framing Imager
In pix storage for 8 frames
Selectable integration time (μs to seconds)
Dead time < few μs 
Well-depth > 104 x-rays/pixel/frame (for 1% statistics)

Count rate >1010 x-rays/pixel/s             Analog integration needed

Standard CMOS fabrication service
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Application Examples

• High-flux radiography

• Liquid jets

• Shock waves

• Crack propagation

• Protein structure determination w/out crystals

• Phase transitions in alloys, polymers & Liq. Crystals

• Materials failure due to fatigue

• Cavitation

• Enzyme activation & function

• Etc.
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CB
Vb

RE
OutputOutput StageStage

InputInput StageStage+60V

DiodeDiode

IR

2 pf2 pf SE
Storage StageStorage Stage

C1 C2 C3 C4 C5 C6 C7 C8

C1 C1 -- C8: 130 C8: 130 fFfF

Rapid framing (SE, IR closed)Rapid framing (SE, IR closed)
1. select storage cap C11. select storage cap C1
2. Open IR switch (Frame integration begins)2. Open IR switch (Frame integration begins)
3. Deselect Storage cap (Integration ends)3. Deselect Storage cap (Integration ends)
4. Close IR4. Close IR

repeat with C2 repeat with C2 …… C8C8

Pixel Read (open SE, close RE) Pixel Read (open SE, close RE) 
Connect storage caps in sequence with outputConnect storage caps in sequence with output
Pixels and caps both independently addressablePixels and caps both independently addressable

Cornell Prototype Integrating PAD

Rossi et al, J. Synchr Rad, 6 (1999) 1096.
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High speed radiography
Supersonic spray from diesel fuel injector

X-ray beam
• CHESS Beamline D-1
• 6 keV (1% bandpass)
• 2.5 mm x 13.5 mm (step sample to           

tile large area)
• 108 - 109 x-rays/pix/s
• 5.13 μs integration (2x ring period)

Diesel Fuel Injection System
• Cerium added for x-ray contrast
• 1350 PSI gas driven
• 1.1 ms pulse
• 1 ATM SF6 in chamber

Collaboration: Jin Wang (APS) & S.M. 
Gruner (Cornell)

See: McPhee, Tate, Powell, Yue, Renzi, Ercan, 
Narayanan, Fontes, Walther, Schaller, 
Gruner & Wang
Science 295 (2002) 1261-1263.

PADPAD

XX--raysrays

NozzleNozzle

SpraySpray

ChamberChamber

CHESSCHESS

SynchronizationSynchronization
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High speed radiography
Supersonic spray from diesel fuel injector
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Diesel fuel injector spray

• 1.3 ms time sequence (composite of 34 sample positions)
• 5.13 μs exposure time    (2.56 μs between frames)
• 168 frames in time (21 groups of 8 frames) Average 20x for S/N
• Sequence comprised of 5 x 104 images

Injector nozzle

Beam size
(2.5 mm x 13.5 mm)

A. A. MacPheeMacPhee, , et al,et al, Science (2002). Science (2002). 295295, 1261, 1261--1263.1263.
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Diesel fuel injector spray

A. A. MacPheeMacPhee, , et al,et al, Science (2002). Science (2002). 295295, 1261, 1261--1263.1263.

• 1.3 ms time sequence (composite of 34 sample positions)
• 5.13 μs exposure time    (2.56 μs between frames)
• 168 frames in time (21 groups of 8 frames) Average 20x for S/N
• Sequence comprised of 5 x 104 images
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X-ray beam
• CHESS Beamline D-1
• 6 keV (1% bandpass)
• 2.5 mm x 13.5 mm
• (step sample to tile large area)
• 109 x-rays/pix/s
• 5.13 μs integration (2x ring period)

Fuel injection system
• Cerium added for x-ray contrast
• 1000 PSI gas driven
• 1 ms pulse
• 1 ATM Nitrogen

Collaboration: Jin Wang (APS) & S.M. 
Gruner (Cornell)

See: Cai, Powell, Yue, Narayanan, Wang, Tate, 
Renzi, Ercan, Fontes & Gruner 
Appl. Phys. Lett. 83 (2003) 1671.
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Example 2: LCLC Coherent Imaging Experiment
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Tiled PAD.Tiled PAD.
120 Hz frame.120 Hz frame.

Example 2: LCLC Coherent Imaging Experiment
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Tiled PAD.Tiled PAD.
120 Hz frame.120 Hz frame.

Diffuse ScatteringDiffuse Scattering
Variable envelopeVariable envelope

Example 2: LCLC Coherent Imaging Experiment
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Requirements

> 90% at 8 keVDQE

500x500 pixelsDetector Area

100-200μmPixel size

>3 for single 8 keV photonSignal/Noise

120HzReadout Frame rate

103Well-depth/pixel

4-8 keVEnergy Range

Minimum RequirementParameter

> 90% at 8 keVDQE

500x500 pixelsDetector Area

100-200μmPixel size

>3 for single 8 keV photonSignal/Noise

120HzReadout Frame rate

103Well-depth/pixel

4-8 keVEnergy Range

Minimum RequirementParameter
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Requirements

> 90% at 8 keVDQE

500x500 pixelsDetector Area

100-200μmPixel size

>3 for single 8 keV photonSignal/Noise

120HzReadout Frame rate

103Well-depth/pixel

4-8 keVEnergy Range

Minimum RequirementParameter

> 90% at 8 keVDQE

500x500 pixelsDetector Area

100-200μmPixel size

>3 for single 8 keV photonSignal/Noise

120HzReadout Frame rate

103Well-depth/pixel

4-8 keVEnergy Range

Minimum RequirementParameter

> 2500 8 > 2500 8 keVkeV xx--rays/pixels/image rays/pixels/image 

110 x 110 microns110 x 110 microns
1516 x 1516 pixels1516 x 1516 pixels
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Detector

194194

185185

pixelspixels

pixelspixels
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Detector
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Pixel-Level Schematic
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Pixel-Level Schematic
Controlled by 1Controlled by 1--bit bit 

programmable pixel memoryprogrammable pixel memory

490 490 fFfF

75 75 fFfF
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Pixel-Level Schematic
Controlled by 1Controlled by 1--bit bit 

programmable pixel memoryprogrammable pixel memory

490 490 fFfF

75 75 fFfF
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Pixel-Level Schematic
Controlled by 1Controlled by 1--bit bit 

programmable pixel memoryprogrammable pixel memory

490 490 fFfF

75 75 fFfF
High Gain ~ 4.7 mV/xHigh Gain ~ 4.7 mV/x--rayray

Low Gain ~ 0.6 mV/xLow Gain ~ 0.6 mV/x--rayray
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Pixel Level Layout
(2 pixels mirrored) ‏
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Example Radiograph of a Dollar Bill
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Pinhole Mask Measured on a section of the PAD

Pinhole Pinhole 
overlaps overlaps 
pixel pixel 
boundariesboundaries

Pinhole Pinhole 
‘‘centeredcentered’’ on on 
pixelpixel
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Single Photon Detection
(pinhole illuminated)‏

27 Photons27 Photons

Integration time Integration time 
for CXI for CXI 
experimentexperiment
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Pinhole Array
Spatial Resolution

Mapped with many 25 micron pinholesMapped with many 25 micron pinholes

Density plot showingDensity plot showing
uniformity of pixel responseuniformity of pixel response

Cross SectionCross Section
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Knife Edge / Line Spread

100 ms Integration Time100 ms Integration TimeRemember Remember –– Pixel width 110 micronsPixel width 110 microns
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Radiation Dosing of Bumped Module
(75 MRad @ 8 keV) ‏

125 V bias125 V bias

•• No apparent effect on No apparent effect on 
CMOS.CMOS.

•• Increased leakage   Increased leakage   
currents in diode.currents in diode.

••Single xSingle x--ray in 10 us ray in 10 us 
~35000 ~35000 fAfA/pix /pix (or 10 times (or 10 times 
scale shown).scale shown).

•• Leakage not a Leakage not a 
significant noise source.significant noise source.
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Performance of ASIC
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So, what how will this thing 
look?
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Note:  Data Acquisition System 
is not really covered here...

but it is NOT trivial
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Example 3: Mixed Mode PAD
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Mixed Mode PAD has Enormous Span
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Example 3: Mixed Mode PAD
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Example 3: Mixed Mode PAD
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Example 3: Mixed Mode PAD
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Example 3: Mixed Mode PAD
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Spatial Distortion
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Spatial Distortion
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Single Photon Sensitivity
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Protein Crystallography
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Protein Crystallography
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Protein Crystallography
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Cornell PAD Group

• Actively working on PAD projects at Cornell:  
– Marianne Hromalik
– Lucas Koerner
– Mark Tate
– Kate Green
– Darol Chamberlain
– Sol Gruner 

• Recent Past: 
– Dan Schuette


