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Emerging Imaging NeedsEmerging Imaging Needs

• ultra-fast, time-correlated, molecular
processes in physics and the life-sciences

• quantitative bio-chemistry and molecular
biology

• New class of problems addressed by
precision imaging techniques



Precision ImagingPrecision Imaging

•• Quantum sensitivity Quantum sensitivity single photon resolutionsingle photon resolution
•• Picosecond Picosecond timing accuracytiming accuracy
•• Over 100,000 Over 100,000 frames per secondframes per second
•• Over 5 decades of Over 5 decades of dynamic rangedynamic range

All of the above:All of the above: in massive pixel arrays! in massive pixel arrays!



ApplicationsApplications

•• VisionVision
–– NightvisionNightvision
–– 3D vision, 3D vision, HCIsHCIs
–– Security, automotiveSecurity, automotive

•• EngineeringEngineering
–– Fluid-dynamicsFluid-dynamics
–– EnergyEnergy
–– BioimagingBioimaging

•• Medical / ResearchMedical / Research
–– Molecular imagingMolecular imaging
–– Functional Functional neuro-scanningneuro-scanning
–– Microscopy, spectroscopyMicroscopy, spectroscopy



Human-Computer InterfacesHuman-Computer Interfaces



3D Vision: Biometrics & Gaming3D Vision: Biometrics & Gaming

© A3Vision



[Fritz 2000]

Fluid-dynamicsFluid-dynamics

[Ancey/Charbon 2006]



Combustion Engine DynamicsCombustion Engine Dynamics

[Eisenberg 2005][Eisenberg 2005]



Functional Functional Neuro-scanningNeuro-scanning

[Grinvald et al., 2001]



Molecular ImagingMolecular Imaging
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FCS with CMOS SPAD

•• Fluorescence Correlation Spectroscopy (FCS)Fluorescence Correlation Spectroscopy (FCS)

[Gösch, et al., 2003]



In VivoIn Vivo  BioimagingBioimaging

•• Salivary glands of Drosophila larvae with giantSalivary glands of Drosophila larvae with giant
chromosomeschromosomes

•• Two-photon Two-photon fluoerscence fluoerscence lifetime imaging (FLIM) enableslifetime imaging (FLIM) enables
avoiding to break nuclei for avoiding to break nuclei for ““2D spreading2D spreading””

[Jie Yao, Nature 2006]



OutlineOutline

•• Single Photon DetectionSingle Photon Detection
•• Single Photon ImagersSingle Photon Imagers
•• Some ApplicationsSome Applications
•• Next Generation SystemsNext Generation Systems
•• ConclusionsConclusions



Single Photon DetectionSingle Photon Detection



Silicon Avalanche PhotodiodesSilicon Avalanche Photodiodes

•• ReviewReview::
Photon to electron - Secondary electron - MultiplicationPhoton to electron - Secondary electron - Multiplication
Multiplication in depletion region by Multiplication in depletion region by impact ionizationimpact ionization
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Silicon Avalanche PhotodiodesSilicon Avalanche Photodiodes

High variability of gain 
From bias
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Operating in Geiger ModeOperating in Geiger Mode

•• In avalanche mode:In avalanche mode:
<G> <G> ≅≅ 1000 1000

•• In Geiger mode:In Geiger mode:
<G> <G> → ∞
 avalanche must be stoppedavalanche must be stopped

V

V

-IA

Conventional AvalancheGeiger

optical
gain
<G>

Vbd

1
Ve + Vbd

n

 p+
V

IA



Quenching the AvalancheQuenching the Avalanche
Passive quenching:

—One photon  one cycle (dead time definition)
—Thermally generated carriers    dark countsdark counts

Operation cycle:

t

VVbdbd

VVopop
’’

V

V photon
arrival

avalanche
quenching

SPAD
recharge

VVopop
’’

RRqq

VIIAA

tdead0

DEAD TIME



DIGITAL DOMAINDIGITAL DOMAIN

SPAD Implementation in CMOSSPAD Implementation in CMOS

RRQQ
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[Cova et al. , Rochas et al., etc.]
Other quenching techniques exist: e.g. active FB
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Fabrication IssuesFabrication Issues

p substratep substrate
n-welln-well

p+p+ p-p-

Electric Field Electric Field ξξ

Original idea proposed in the 1960s by Haitz and others

Multiplication regionMultiplication region

•• p- guard ring for electric field reduction in edgesp- guard ring for electric field reduction in edges
•• Prevention of premature edge dischargePrevention of premature edge discharge
•• Creation of zone with constant electric fieldCreation of zone with constant electric field



SEM MicrographSEM Micrograph

[Niclass and Charbon, ISSCC05]

Logic GatesLogic Gates

Guard RingGuard Ring

AnodeAnode



SPAD Salient ParametersSPAD Salient Parameters

•• Dark countsDark counts
–– Spurious pulses unrelated to photonsSpurious pulses unrelated to photons

•• Photon detection probabilityPhoton detection probability (PDP) (PDP)
–– Probability of a photon triggering an avalancheProbability of a photon triggering an avalanche

•• Timing resolutionTiming resolution
–– Uncertainty Uncertainty betwbetw. photon arrival and pulse generation. photon arrival and pulse generation

•• Cross-talkCross-talk
–– Optical & electrical cross-pixel interferenceOptical & electrical cross-pixel interference

•• AfterpulsingAfterpulsing
–– Spurious pulses related to photonsSpurious pulses related to photons

•• Dead timeDead time



Dark CountsDark Counts
Traps capture Traps capture photocharges photocharges and release them randomlyand release them randomly

→→  avalanche is triggered avalanche is triggered →→ spurious pulses spurious pulses

Mechanisms:
• Tunneling generation
• Trap-assisted thermal generation
• Trap/tunneling assisted generation



Photon Detection ProbabilityPhoton Detection Probability
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Time ResolutionTime Resolution



[Niclass, Charbon [Niclass, Charbon et alet al., JSSC 2005]., JSSC 2005]

p-sub

n-well

p+
Multiplication region

Potential barrier

CrosstalkCrosstalk
•• Electrical cross-talk reduced by potential barrierElectrical cross-talk reduced by potential barrier
•• Optical cross-talk alleviated by reduced number of carriers inOptical cross-talk alleviated by reduced number of carriers in

avalancheavalanche



Effects of MiniaturizationEffects of Miniaturization

•• Single photon counting can be performedSingle photon counting can be performed
on a small surfaceon a small surface

•• Reduced parasitic capacitanceReduced parasitic capacitance
–– Reduced Reduced dead timedead time
–– Smaller photoemission due to avalanche, thusSmaller photoemission due to avalanche, thus

reduced probability of secondary avalanchesreduced probability of secondary avalanches
–– Reduced probability of Reduced probability of afterpulsesafterpulses  andand

opticaloptical  cross-talkcross-talk



Technology MigrationTechnology Migration

0.8µm CMOS

0.35µm CMOS (shallower multiplication region)
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Single Photon ImagersSingle Photon Imagers



Challenges of Large ArraysChallenges of Large Arrays

SPADs are digital, dynamical devices, 
they must be treated as such in 

  designing the sensor architecture



ArchitecturesArchitectures

•• Complexity in pixelComplexity in pixel
–– Fast (full parallelism)Fast (full parallelism)
–– Large pixels, small arraysLarge pixels, small arrays
–– In general, low post-layout flexibilityIn general, low post-layout flexibility

•• Complexity in readoutComplexity in readout
–– Small pixels, large arraysSmall pixels, large arrays
–– Slower processingSlower processing
–– More post-layout flexibilityMore post-layout flexibility

Architectures depend on implementationArchitectures depend on implementation



Readout MechanismsReadout Mechanisms

•• Random access (sequential) readoutRandom access (sequential) readout
–– Column parallelColumn parallel
–– Pixel basedPixel based

•• Event-driven readoutEvent-driven readout
•• Pipelined readoutPipelined readout



Random Access ReadoutRandom Access Readout
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Pixel based readout (no parallelism) Column parallel readout (lmtd parallelism)



First First MassiveMassive SPAD Pixel Array SPAD Pixel Array

[Niclass, Charbon, ISSCC 05][Niclass, Charbon, ISSCC 05]



Event-Driven ReadoutEvent-Driven Readout

•• PrinciplePrinciple
–– Column becomes a timing preserving busColumn becomes a timing preserving bus
–– A pixel hit by a photon transmits its IDA pixel hit by a photon transmits its ID
–– Timing pulse travels through the bus and is measuredTiming pulse travels through the bus and is measured

outside arrayoutside array

ID ID



VDD & VOP BUS I/O INTERFACESI/O INTERFACES

CMOS 64x48 Pixel ArrayCMOS 64x48 Pixel Array

6mm6mm

[Niclass, Sergio, Charbon, Esscirc 06][Niclass, Sergio, Charbon, Esscirc 06]



Digital Pixel Digital Pixel vsvs. Digital Readout. Digital Readout

Custom 
pixels 

VHDL 
Auto-routed



Pipelined ReadoutPipelined Readout

•• PrinciplePrinciple
–– Column becomes a timing preserving busColumn becomes a timing preserving bus
–– A pixel hit by a photon transmits the pulse in TDMAA pixel hit by a photon transmits the pulse in TDMA
–– Timing pulse travels through the bus and is measured outsideTiming pulse travels through the bus and is measured outside

arrayarray



128x2 SPAD array

8 stage segment

Intensity evaluation (1x128 segment)

TOA evaluation (16 x 8 segments)

CMOS 128x2 Pixel ArrayCMOS 128x2 Pixel Array

Circular 
SPAD

Quenching
& Gating 

Fabrication:
0.35µm CMOS technology
4.1 x 1.1mm2

25 µm

[Sergio, Niclass, Charbon, ISSCC 07][Sergio, Niclass, Charbon, ISSCC 07]



Dark Count Rate (DCR)Dark Count Rate (DCR)



DCR DistributionDCR Distribution



Some ApplicationsSome Applications

⇒⇒  3D Vision3D Vision
⇒⇒ LLL/Ultrafast cameras LLL/Ultrafast cameras
⇒⇒ Room/T chemiluminescence detection Room/T chemiluminescence detection
⇒⇒ Multi-photon fluorescence Multi-photon fluorescence
⇒⇒  In situIn situ single-photon counting single-photon counting



3D Vision: Time-of-Flight3D Vision: Time-of-Flight

pulsed
light source

TOF 
measurement

3D image 
reconstruction d

d = (c/2) TOFd = (c/2) TOF

optical
sensor

target



Depth Map ExampleDepth Map Example

[Niclass and Charbon, ISSCC 2005][Niclass and Charbon, ISSCC 2005]

•• Lateral resolution:Lateral resolution:
–– 64x64 pixels64x64 pixels

•• Depth resolution:Depth resolution:
–– 1.3mm (1.3mm (wcwc))

•• Range:Range:
–– 3.75m3.75m

Example: face recognition
© A3vision



High SpeedHigh Speed

FeaturesFeatures
–– No measurable thermal noise (Poisson noiseNo measurable thermal noise (Poisson noise

dominates)dominates)
–– No measurable cross-talk, blooming, smearingNo measurable cross-talk, blooming, smearing

4µs 10µs 25µs 100µs 1ms

[Niclass, Rochas, Besse, Popovic, and Charbon, Transducers 2005][Niclass, Rochas, Besse, Popovic, and Charbon, Transducers 2005]



Chemiluminescence Chemiluminescence ReactorReactor

[Gersbach, Maruyama, Sawada, Charbon, µTAS’06]



[Nagasawa et al., Transducers 2005]

Calcium Signaling / Patch ClampCalcium Signaling / Patch Clamp

•• Monitor ion channels in sensory cortexMonitor ion channels in sensory cortex
•• Stimulation via patch clampStimulation via patch clamp



Confocal Confocal FLIM Optical SetupFLIM Optical Setup

Dichroic
Beam Splitter

Mode-locked
Ti:Sapphire

Laser 
(740~920nm)

TDC

Detector

Filter 
(λ=488nm)

Attenuator

Fluorescent sample
On x/y table Histogram processing



Integrated Two-Photon FLIMIntegrated Two-Photon FLIM

[Gersbach, Charbon, et al., CLEO-Europe, 2007]

Fluorophore:
Oregon Green Bapta-1

Ca2+ Concentration

•• X Wavelength: 800nmX Wavelength: 800nm
•• Response: 400~430nmResponse: 400~430nm
•• Rep. Rate: 80MHzRep. Rate: 80MHz
•• Output Freq.: 19kHzOutput Freq.: 19kHz
•• AvgAvg. power output: 0.5W. power output: 0.5W
•• EffEff. . AvgAvg. power: 35mW. power: 35mW



New ResultsNew Results

•• Thanks to an IRF FWHM of 79ps, weThanks to an IRF FWHM of 79ps, we
observed a triple-exponential fit for OGB-1observed a triple-exponential fit for OGB-1
as predicted by as predicted by WilmsWilms

•• Increased dynamic range of CaIncreased dynamic range of Ca2+2+

SignalingSignaling



Ca2+ concentration [nmol]
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New Results (Cont.)New Results (Cont.)
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* [Agronskaia 2004]
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Next Generation SystemsNext Generation Systems



EPFL Single Photon SensorEPFL Single Photon Sensor  
FamilyFamily

32x32

2005

2006

2005

2004

112x4

64x48

128x2

World’s largest CMOS 
single photon sensor



EPFL Imaging RoadmapEPFL Imaging Roadmap

2003 2004 20062005

1 kpixel

32 pixel

10 kpixel

100 kpixel

1 Mpixel

128x128

2007

0.8 CMOS
0.35 CMOS

130nm CMOS

128x2
64x48

112x4



 

Deep Submicron DetectorsDeep Submicron Detectors

3µm CMOS 130nm

[Niclass, Gersbach, Henderson, Grant, and Charbon, JSTQE’07]



ConclusionsConclusions

•• Picosecond Picosecond time resolution (1~100ps)time resolution (1~100ps)
•• High number of pixels (64x64 ~ 1Mpixels)High number of pixels (64x64 ~ 1Mpixels)
•• High frame rates (1Mfps in continuousHigh frame rates (1Mfps in continuous

mode)mode)
•• High intensity saturation levels (10xHigh intensity saturation levels (10x

improvement)improvement)
•• High sensitivity (single photon)High sensitivity (single photon)
•• Low powerLow power



The AQUA GroupThe AQUA Group
The The AQUA GroupAQUA Group was started in June 2003. It is funded by the Swiss was started in June 2003. It is funded by the Swiss
National Science Foundation, the European Commission, and theNational Science Foundation, the European Commission, and the
European Space Agency.European Space Agency.



http://aqua.epfl.ch/http://aqua.epfl.ch/


