
256x256	3D	Image	Reconstruction	
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!

SPADs	Are	Now	in	Products	

©	2019	Edoardo	Charbon	 100	

+72	brands	

•  A	SPAD	component	in	ever	smartphone	by	2018	
•  A	SPAD	component	in	every	car	by	2020	



Perspectives	for	2020	
•  Sub-65nm	CMOS	
•  Large,	scalable	designs	(Lego™	approach)	
•  Backside	illumination	(BSI)	3D	IC	
•  New	Materials	(InP,	GaAs,	Ge,	polymers)	
•  Small	pixels,	low	noise,	µlenses	
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Sammak,	Aminian,	Charbon,		
Nanver,	IEDM11	

Tosi	et	al,	2012	

CTRL

PLL

Individual FOM 
improved by 10·log10 (M)

Overall constant FOM

Sun,	Ishihara,	Charbon,	IISW,	2017	
Ximenes,	Padmanabhan,	
Charbon,	IISW,	2017	



The	Simplest	Detector	
•  23	pixels,	independently	accessible	
•  An	FPGA	connected	to	it	with	programmable	

counters	and	TDCs	
•  Easy	to	synchronize	
•  Easy	to	use	
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I.M.	Antolovic	et	al.,	Optics	Express,	2018	



Conclusions	



Take-home	Messages	

•  SPAD	image	sensor	peculiarities	and	architectures	

•  Modularity	is	an	important	ingredient	to	large	
photonic	systems	and	even	the	technology	of	a	
cellphone	camera	will	do	

•  One	can	actually	make	a	product	(and	money)	out	of	
SPAD	image	sensors	

©	2019	Edoardo	Charbon	 104	



Acknowledgements	

105	©	2019	Edoardo	Charbon	

Swiss	National	Science	Foundation	
European	Space	Agency	
FP6	and	FP7	
NCCR-MICS	
NWO-STW	



http://aqua.epfl.ch	

©	2017	Edoardo	Charbon	



Selected	Literature	



Peer-Reviewed	Journal	and	Proceedings	Articles	
•  A.	Rochas	et	al.,	“Single	photon	detector	fabricated	in	a	complementary	metal–oxide–semiconductor	high-voltage	

technology”,	IEEE	Rev.	Sci.	Instr.,	74(7),	pp.	3263-70,	2003	
•  C.	Niclass,	A.	Rochas,	P.A.	Besse,	E.	Charbon,	“Toward	a	3-D	Camera	Based	on	Single	Photon	Avalanche	Diodes”,	IEEE	Journal	

of	Selected	Topics	in	Quantum	Electronics,	10(4),	pp.	796-802,	Jul./Aug.	2004	
•  C.	Niclass,	A.	Rochas,	P.A.	Besse,	and	E.	Charbon,	“Design	and	Characterization	of	a	CMOS	3-D	Image	Sensor	based	on	Single	

Photon	Avalanche	Diodes”,	IEEE	Journal	of	Solid-State	Circuits,	40(9),	pp.	1847-1854,	Sep.	2005	
•  H.	Finkelstein	et	al.,	STI-bounded	Single-Photon	Avalanche	Diode	in	a	Deep-Submicrometer	CMOS	Technology,	IEEE	Electron	

Device	Letters,	2006	
•  C.	Niclass,	M.	Gersbach,	R.K.	Henderson,	L.	Grant,	E.	Charbon,	“A	Single	Photon	Avalanche	Diode	Implemented	in	130nm	

CMOS	Technology”,	IEEE	Journal	of	Selected	Topics	in	Quantum	Electronics,	13(4),	pp.	863-869,	July/Aug.	2007	
•  L.	Pancheri	et	al.,	“Low-noise	CMOS	Single-Photon	Avalanche	Diodes	with	32ns	Dead	Time”,	ESSDERC,	2007	
•  C.	Niclass,	C.	Favi,	T.	Kluter,	M.	Gersbach,	and	E.	Charbon,	“A	128x128	Single-Photon	Image	Sensor	with		Column-Level	10-bit	

Time-to-Digital	Converter	Array”,	IEEE	Journal	of	Solid-State	Circuits,	43(12),	pp.	2977-2989,	Dec.	2008	
•  E.	Charbon,	“Towards	Large	Scale	CMOS	Single-Photon	Detector	Arrays	for	Lab-on-Chip	Applications”,	J.	Phys.	D:	Applied	

Physics,	Vol.	41,	N.	9,	May	2008	
•  M.	Gersbach,	D.	L.	Boiko,	C.	Niclass,	C.	Petersen,	E.	Charbon,	“Fast	Fluorescence	Dynamics	in	Nonratiometric	Calcium	

Indicators”,	Optics	Letters,	34(3),	pp.	362-364,	Feb.	2009	
•  C.	Niclass,	C.	Favi,	T.	Kluter,	F.	Monnier,	and	E.	Charbon,	“Single-Photon	Synchronous	Detection”,	IEEE	Journal	of	Solid-State	

Circuits,	44(7),	pp.	1977-1989,	July	2009	
•  D.L.	Boiko,	N.	Gunther,	B.	N.	Benedict,	E.	Charbon,	“On	the	Application	of	a	Monolithic	Array	for	Detecting	Intensity-

Correlated	Photons	Emitted	by	Different	Source	Types”,	Optics	Express,	17(17),	pp.	15087-15103,	Aug.	2009	
•  L.	Pancheri	and	D.	Stoppa,	“A	SPAD-based	Pixel	Linear	Array	for	High-Speed	Time-Gated	Fluorescence	Lifetime	Imaging”,	

IEEE	European	Solid-State	Circuits	Conference	(ESSCIRC),	Sep.	2009	
•  M.	A.	Karami,	L.	Carrara,	Y.	Maruyama,	M.W.	Fishburn,	and	E.	Charbon,	“RTS	Noise	Characterization	in	Single	Photon	

Avalanche	Diodes”,	Electron	Device	Letters,	31(7),	pp.	692-694,	Jan.	2010	
•  E.	Charbon	and	S.	Donati,	“SPAD	Sensors	Come	of	Age”,	Optics	&	Photonics	News	(OPN),	21,	pp.	35-41,	Feb.	2010	

©	2019	Edoardo	Charbon	 108	



©	2019	Edoardo	Charbon	 109	

•  D.-U.	Li,	J.	Arlt,	J.	Richardson,	R.	Walker,	A.	Buts,	D.	Stoppa,	E.	Charbon,	R.,	Henderson,	“Real-time	Fluorescence	Lifetime	
Imaging	System	with	a	32x32	0.13um	CMOS	Low	Dark-count	Single-photon	Avalanche	Diode	Array”,	Optics	Express,	18(10),	
pp.	10257-10269,	May	2010	

•  M.	A.	Karami,	M.	Gersbach,	H.J.	Yoon,	and	E.	Charbon,	“A	New	Single-photon	Avalanche	Diode	in	90nm	Standard	CMOS	
Technology”,	Optics	Express,	18(21),	Oct.	2010	

•  M.	W.	Fishburn	and	E.	Charbon,	“System	Tradeoffs	in	Gamma-Ray	Detection	Utilizing	SPAD	Arrays	and	Scintillators”,	Trans.	
Nuc.	Sci.,	57(5),	pp.	2549-2557,	Oct.	2010	

•  G.	Giraud,	H.	Schulze,	D.-U.	Li,	T.T.	Bachmann,	J.	Crain,	D.	Tyndall,	J.	Richardson,	R.	Walker,	D.	Stoppa,	E.	Charbon,	R.,	
Henderson,	J.	Arlt,	“Fluorescence	Lifetime	Biosensing	with	DNA	Microarrays	and	a	CMOS-SPAD	Imager”,	Biomedical	Optics	
Express,	1(5),	pp.	1302-1308,	Dec.	2010	

•  R.J.	Walker,	J.A.	Richardson,	R.K.	Henderson,	“A	128×96	Pixel	Event-Driven	Phase-Domain	∆Σ-	Based	Fully	Digital	3D	Camera	
in	0.13μm	CMOS	Imaging	Technology”,	IEEE	ISSCC,	Feb.		2011		

•  E.	Charbon,	“Evolving	CMOS	Technology	for	High-Performance	Single-Photon	Detection”,	Optics	&	Photonics	News	(OPN),	
22,	May	2011	

•  M.	Fishburn,	Y.	Maruyama,	E.	Charbon,	“Reduction	of	Fixed-Position	Noise	in	Position-Sensitive,	Single-Photon	Avalanche	
Diodes”,	IEEE	Trans.	Electron	Devices,	54(8),	pp.	2354-2361,	Aug.	2011	

•  D.	D.-U.	Li,	J.	Arlt,	D.	Tyndall,	R.	Walker,	J.	Richardson,	D.	Stoppa,	E.	Charbon,	R.K.	Henderson,	“Video-Rate	Fluorescence	
Lifetime	Imaging	Camera	with	CMOS	Single-Photon	Avalanche	Diode	Arrays	and	High-Speed	Imaging	Algorithm”,	Journal	of	
Biomedical	Optics,	16(9),	096012,	Sep.	2011	

•  J.	Blacksberg,	Y.	Maruyama,	E.	Charbon,	G.	Rossman,	“Fast	Single-Photon	Avalanche	Diode	Arrays	for	Laser	Raman	
Spectroscopy”,	Optics	Letters,	36(18),	pp.	3672-3674,	Sep.	2011	

•  S.	Mandai	and	E.	Charbon,	“A	Wide	Spectral	Range	Single-Photon	Avalanche	Diode	Fabricated	in	an	Advanced	180nm	CMOS	
Technology”,	Optics	Express,	20(3),	pp.	5849-57,	Mar.	2012		

•  M.	Gersbach,	Y.	Maruyama,	M.W.	Fishburn,	D.	Stoppa,	J.	Richardson,	R.	Walker,	R.	Henderson,	E.	Charbon,	“A	Time-
resolved,	Low-noise	Single-Photon	Image	Sensor	Fabricated	in	Deep-submicron	CMOS	Technology”,	IEEE	Journal	of	Solid-
State	Circuits,	47(6),	pp.	1394-1407,	June	2012	

•  S.	Mandai	and	E.	Charbon,	“A	128-Channel,	8.9ps	LSB	Column-Parallel	Two-Stage	TDC	Based	on	Time	Difference	
Amplification	for	Time-Resolved	Imaging”,	IEEE	Trans.	Nuc.	Sci.,	59(5),	pp.	2463-2470,	Oct.	2012	



©	2019	Edoardo	Charbon	 110	

•  R.J.	Walker,	E.A.G.	Webster,	J.	Li,	N.	Massari,and	R.K.	Henderson,	"High	Fill	Factor	Digital	Silicon	Photomultiplier	Structures	
in	130nm	CMOS	Imaging	Technology”,	IEEE	Nuclear	Science	Symposium	and	Medical	Imaging	Conference	(NSS/MIC),	Oct.	
2012	

•  E.A.G.	Webster,	L.A.	Grant	and	R.K.	Henderson,	"A	High-Performance	Single-Photon	Avalanche	Diode	in	130-nm	CMOS	
Imaging	Technology”,	IEEE	Electron	Device	Letters,	33(11),	pp.	1589-1591,	Nov.	2012	

•  D.	Tyndall,	B.R.	Rae,	D.	Li,	J.	Arlt,	A.	Johnston,	J.A.	Richardson,	R.K.	Henderson,“A	High-Throughput	Time-Resolved	Mini-
Silicon	Photomultiplier	With	Embedded	Fluorescence	Lifetime	Estimation	in	0.13	µm	CMOS“,	IEEE	Trans.	Biomedical	Circuits	
and	Systems,	6(6),	pp.	562-70,	Dec.	2012	

•  L.H.	Braga,	L.	Gasparini,	L.	Grant,	R.K.	Henderson,	N.	Massari,	M.	Perenzoni,	D.	Stoppa,	R.	Walker,	“A	8×16	pixel,	92k	SPADs	
Time-Resolved	Sensor	with	on-pixel	64ps	12b	TDC	and	100Msamples/s	Real-time	Energy	Histogramming	in	0.13μm	CIS	
Technology	for	PET/MRI	Applications”,	IEEE	International	Solid-State	Circuits	Conference	(ISSCC),	Feb.	2013	

•  Y.	Maruyama,	J.	Blacksberg,	and	E.	Charbon,	“A	1024×8	700ps	Time-Gated	SPAD	Line	Sensor	for	Laser	Raman	Spectroscopy	
and	LIBS	in	Space	and	Rover-Based	Planetary	Exploration”,	IEEE	International	Solid-State	Circuits	Conference	(ISSCC),	Feb.	
2013	

•  R.K.	Henderson,	E.A.G.	Webster	and	L.A.	Grant,	"A	Dual-Junction	Single-Photon	Avalanche	Diode	in	130-nm	
CMOS	Technology”,	IEEE	Electron	Device	Letters,	34(3),	pp.	429-431	,	Mar.	2013	

•  S.	Mandai	and	E.	Charbon,	“A	3.3-to-25V	all-digital	charge	pump	based	system	with	temperature	and	load	compensation	for	
avalanche	photodiode	cameras	with	fixed	sensitivity”,	Journal	of	Instrumentation	(JINST),	8(3),	Apr.	2013	

•  M.W.	Fishburn,	H.	Menninga,	and	E.	Charbon,	“A	19.6	ps,	FPGA-Based	TDC	with	Multiple	Channels	for	Open	Source	
Applications”,	IEEE	Trans.	Nuc.	Sci.,	60(3),	pp.	2203-2208,	June	2013	

•  E.	Charbon	et	al.,	“SPADnet:	A	fully-Digital,	Networked	Approach	to	MRI	Compatible	PET	Systems	Based	on	Deep-Submicron	
CMOS”,	IEEE	Nuclear	Science	Symposium	and	Medical	Imaging	Conference,	Oct.	2013	

•  J.M.	Pavia,	M.	Wolf,	E.	Charbon,	“Measurement	and	Modeling	of	Microlenses	Fabricated	on	SPAD	Arrays	for	Fill	Factor	
Recovery”,	Optics	Express,	22(4),	Feb.	2014	

•  S.	Mandai	E.Venialgo,	and	E.	Charbon,	“Timing	Optimization	Utilizing	Order	Statistics	and	Multichannel	Digital	SiPMs,	Optics	
Lett.,	39(3),	pp.	552-554,	Feb.	2014	



111	

Theses	
•  C.	Niclass,	“Single-Photon	Image	Sensors	in	CMOS:	Picosecond	Resolution	for	Three-

Dimensional	Imaging”,	Ph.D.	Thesis,	Lausanne,	2009	
•  M.	Gersbach,	“Single-Photon	Detector	Arrays	for	Time-resolved	Fluorescence	Imaging”,	

Ph.D.	Thesis,	Lausanne,	2009	
•  C.	Favi,	“Single-photon	Techniques	for	Standard	CMOS	Digital	ICs”,	Ph.D.	Thesis,	

Lausanne,	2010	
•  J.	Richardson,	“Time	Resolved	Single	Photon	Imaging	in	Nanometer	Scale	CMOS	

Technology”,	Ph.D.	Thesis,	Edinburgh,	2010		
•  M.	A.	Karami,	“Deep-submicron	Quantum	Sensing	and	Information	Transmission”,	Ph.D.	

Thesis,	Delft,	2011		
•  M.	W.	Fishburn,	“Fundamentals	of	CMOS	Single-Photon	Avalanche	Diodes”,	Ph.D.	Thesis,	

Delft,	2012	
•  R.J.	Walker	(R.K.	Henderson),	“A	Fully	Digital,	Phase-Domain	ΣΔ	3D	Range	Image	Sensor	

in	130nm	CMOS	Imaging	Technology”,	Ph.D.	Thesis,	Edinburgh,	2012	
•  E.A.G.	Webster	(R.K.	Henderson),	“Single-Photon	Avalanche	Diode	Theory,	Simulation,	

and	High	Performance	CMOS	Integration”,	Ph.D.	Thesis,	Edinburgh,	2013	
•  D.	Tyndall	(R.K.	Henderson),	“A	CMOS	Sensor	for	High	Throughput	Fluorescence	Lifetime	

Sensing	using	Time	Correlated	Single	Photon	Counting”,	Ph.D.	Thesis,	Edinburgh,	2013	
•  S.	Mandai,	“Multichannel	Digital	SiPMs	for	TOF	PET	Systems”,	Ph.D.	Thesis,	Delft,	2014	
	
Edited	Books	
•  E.	Charbon,	“Highly	Sensitive	Arrays	of	Nano-sized	Single-Photon	Avalanche	Diodes	for	

Industrial	and	Bio	Imaging”	in	Nano-net,	4th	International	ICST	Conference	(Lecture	
Notes	of	the	Institute	for	Computer	Sciences,	Social	Informatics	and	
Telecommunications	Engineering),	Ed.	A.	Schmid	et	al.,	pp.	161-168,	Oct.	2009		

•  E.	Charbon	and	Y.	Maruyama,	“Nano-metric	Single-photon	Detector	for	Biochemical	
Chips”,	in	Nano-Bio-Sensing,	Ed.	S.	Carrara,	2010	

•  E.	Charbon,	L.	Carrara,	C.	Niclass,	N.	Scheidegger,	H.	Shea,	“Radiation-Tolerant	CMOS	
Single-Photon	Imagers	for	Multi-Radiation	Detection”,	in	Radiation	Effects	in	
Semiconductors:	Devices,	Circuits,	and	Systems,	Ed.	K.	Iniewski,	2010	

•  E.	Charbon	and	M.W.	Fishburn,	“Monolithic	Single-Photon	Avalanche	Diodes:	SPADs”,	in	
Single-Photon	Imaging,	Ed.	P.	Seitz	and	A.	Theuwissen,	pp.	123-156,	Sep.	2011	

P.	Seitz	&	A.	Theuwissen	Eds.,	“Single-
Photon	Imaging”,	Springer	2011.	

©	2019	Edoardo	Charbon	



BACKUP	



SPADs	Under	Heavy	Irradiation	
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Back	to	our	Laser	Photon	Bunch	Problem	
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fk:n(t): k-th	order	statistics	 
f(t):	probability	density	function	
F(t):	cumulative	density	function	

Assumptions:	
•  Each	photon	is	stat.	independent	
•  The	pulse	has	a	Gaussian	p.d.f.	

Mandai,	Charbon,		
Optics	Letters	39(3),	552-554	(2014)	

Photon	distribution	in	a	laser	bunch	follows	order-statistics	


