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Areas	  of	  Applica=on	  

3	  

3D	  Vision	  

Near	  Infrared	  	  
Imaging	  
(NIRI)	  

Fluorescence	  Life4me	  Imaging	  
Microscopy	  (FLIM)	  and	  super-‐resolu4on	  
microscopy	  (STED,	  STORM,	  GSDIM,	  

PALM,	  etc.)	  

Time-‐of-‐Flight	  	  
Positron	  Emission	  Tomography	  

(TOF	  PET)	  

Image credit: NASA/JPL-Caltech/LANL/J.-L. Lacour, CEA !

High-‐energy	  physics	  
experiments	  

Time-‐resolved	  Raman	  	  
Spectroscopy	  

Electronics	  	  for	  
Quantum	  Compu4ng	  



Also:	  Quantum	  security,	  quantum	  
informa=on	  technology,	  etc.	  

4	  



Photon	  Coun=ng	  	  
&	  	  

Single-‐Photon	  Detec=on	  



•  One	  can	  achieve	  a	  
virtually	  infinite	  gain	  
biasing	  above	  
breakdown…	  

Thus	  gain	  variability	  is	  
meaningless	   V 

V 

-IA 

Conventional  Avalanche Geiger 
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gain 
<G> 

Vbd 
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Ve + Vbd 

Geiger-‐Mode	  APD	  (GAPD)	  or	  SPAD	  
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Third	  Step:	  Understanding	  &	  Modeling	  

•  Seeding	  

•  Build-‐up	  

•  Spreading	  

•  Quenching	  
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Essentials:  
•  Diffusion equation 
•  Convection-diffusion equation 

(Fishburn, Charbon, 2011) 



Build-‐up,	  Propaga=on,	  Quenching	  Model	  

8 

Distance	  from	  seed	  

Fishburn,	  Charbon,	  Trans.	  El.	  Dev.	  2011	  
Dead	  4me	  
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Passive	  Quenching,	  Passive	  Recharge	  
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Passive	  quenching:	   Opera4on	  cycle:	  

t	  

Vbd 

Vop
’	  

V	  

V	   photon	  
arrival	  

avalanche	  
quenching	  

SPAD	  
recharge	  

Vop
’
	  

Rq	  

V	  IA	  

Dead	  4me	  

DEAD	  TIME	  



Ac=ve	  Recharge:	  AUerpulsing	  

•  Since	  a^erpulsing	  is	  a	  func4on	  of	  the	  relaxa4on	  4me	  le^	  
a^er	  an	  avalanche,	  it	  can	  be	  controlled	  by	  extending	  the	  
dead	  4me.	  
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Ac=ve	  Recharge:	  Detec=on	  Satura=on	  
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fMAX ≅
1

tDEAD

     for active quenching

fMAX ≅
1/ e

tDEAD

     for passive quenching

Eisele	  et	  al.,	  IISW
	  2011	  



CMOS	  Interface	  

•  The	  SPAD	  becomes	  like	  any	  other	  digital	  device	  but	  it	  
is	  triggered	  by	  a	  photon!	  

•  With	  two	  more	  switches	  one	  can	  gate	  sensi4vity	  
12 
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OK…	  
We	  have	  built	  an	  interface	  between	  

photons	  and	  digital	  electronics	  

What	  do	  we	  do	  now?	  



All-‐Digital	  Imagers	  based	  on	  Single-‐Photon	  
Detec=on	  (2004-‐15)	  
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M
iniaturiza4on	  

Com
plexity	  



The	  First	  Deep-‐submicron	  CMOS	  SPAD	  
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Niclass	  et	  al.,	  Sel.	  Topics	  in	  Quantum	  Electronics,	  2007	  

p-‐well	  guard	  ring	  
p+	  anode	  

Mul4plica4on	  
region	  

STI	  

Poly	  gate	  



Today’s	  Industrial	  SPADs	  
(STMicroelectronics)	  
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Henderson	  et	  al.,	  2009	  

Drawing:	  D.	  Stoppa	  

Deep	  retrograde	  n-‐well	  	  



Characterizing	  SPADs	  

•  Dead	  ,me	  	  	  
•  Dark	  counts	  
•  Photon	  detec=on	  probability	  (PDP)	  
•  Timing	  resolu=on	  
•  A.erpulsing	  	  

…	  and	  in	  SPAD	  imagers	  
•  Cross-‐talk	  
•  PDP	  Uniformity	  
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Sensi=vity:	  Photon	  Detec=on	  Efficiency	  
(PDE)	  
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Excess	  Bias	  

C.	  Veerappan	  and	  E.	  Charbon,	  JSTQE	  2014	  



Dark	  Counts:	  Dark	  Count	  Rate	  

•  State-‐of-‐the-‐art	  SPADs	  in	  dedicated	  technology:	  	  
	   	  0.04~1Hz/µm2	  

•  State-‐of-‐the-‐art	  CMOS	  SPADs:	  
	   	  0.1~10Hz/µm2	  

19 

1 15x15 50x50 

1Hz 
250Hz 

3kHz vs. 60Hz 
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Temperature	  Dependence	  of	  DCR	  
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T 

Log(DCR) 

Trap-‐assisted	  
dominates	  

Band-‐to-‐band	  	  
Tunneling	  dominates	  



PDE	  vs.	  DCR	  
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Tosi	  et	  al.,	  2009	  



DCR	  by	  Popula=on	  

22	  
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PDE	  vs.	  DCR	  in	  Applica=ons	  
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Veerappan 180nm 

C.	  Veerappan	  and	  E.	  Charbon,	  JSTQ
E	  2014	  

Random	  Number	  
Generators	  

LIDARs	  

Nuclear	  	  
Medicine	  

Molecular	  
Imaging	  



Timing	  Resolu=on	  vs.	  Thickness	  

FWHM	  =	  93ps	  

Red	  Enhanced	  SPAD	  
§  50µm	  diameter	  
§  20V	  overvoltage	  
§  780nm	  wavelength	  
§  Unfocused	  light	  
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Diffusion	  Tail	  



Diffusion	  Tail	  vs.	  #	  Photons	  
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Fishburn,	  Ph.D.	  Thesis,	  Del^,	  2012	  



1st	  Take-‐Home	  Message:	  
	  

SPAD	  imaging	  is	  now	  an	  established	  
technology,	  supported	  by	  CMOS	  

single-‐photon	  detec=on	  
	  



Single-‐Photon	  Imagers	  



First,	  the	  Pixel	  

Another	  Tradeoff:	  	  
Func4onality	  vs.	  Fill	  Factor	  
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TDC	  

QUENCHING	  
CIRCUIT	  

COUNTING	  

GATING	  
CIRCUIT	  



Then,	  the	  Architecture	  

•  Single-‐pixel	  	  
	  

•  1D	  array	  

•  2D	  array	  
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1D	  Array	  

•  No	  sharing	  of	  resources	  
•  High	  fill	  factor	  
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The	  LinoSPAD	  Project	  
•  Only	  SPAD	  integrated,	  fully	  parallel	  TDC	  array	  
•  TDCs	  can	  use	  the	  best	  technology	  (e.g.	  28nm)	  
•  Medium	  fill	  factor	  (43%)	  
•  Resolu4on	  on-‐demand	  (e.g.	  9ps)	  
•  Readout	  on-‐demand	  	  
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LinoSPAD-‐256	  
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Uses	  and	  Performance	  of	  LinoSPAD	  

•  Single-‐photon	  scanning	  
•  Time-‐of-‐flight	  imaging	  
•  Fluorescence	  Correla4on	  Spectroscopy	  (FCS)	  	  
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2D	  Array	  
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Fully	  parallel	   Column-‐Parallel	   3D	  Integra4on	  



	  	  	  The	  Megaframe	  Project	  

Veerappan, Richardson, Walker, Li, Fishburn, Maruyama, Stoppa, 
Borghetti, Gersbach, Henderson, Charbon, ISSCC2011 35	  



	  	  	  The	  Megaframe-‐128	  Chip	  

12.3mm 

11.0mm 
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Pixel with  
Counter & 
TDC 

Microlens 



	  	  	  The	  Megaframe-‐128	  Chip	  
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TDC	  Core:	  the	  Ring	  Oscillator	  
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Overall	  Pixel	  Schema=c	  

39 

Gersbach,	  Charbon,	  et	  al.,	  ISSCC	  2011	  
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Mode	  1:	  Photon	  Coun=ng	  
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Mode	  2:	  Time	  stamping	  
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TDC	  Resolu=on	  Spread	  (Non-‐Determinis=c)	  

C.	  Veerappan	  et	  al.,	  ESSDERC,	  2011	  



Jiier	  Uniformity	  
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Uses	  for	  Megaframe	  

•  Fluorescence	  Life4me	  Imaging	  Microscopy	  (FLIM)	  
•  Förster	  Resonance	  Energy	  Transfer	  (FRET)	  
•  Super	  resolu4on	  imaging	  
•  Time-‐of-‐flight	  imaging	  
•  Quantum	  Random	  Number	  Generators	  (QRNG)	  
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Bisaccate Pine pollen 



Megaframe	  Legacy	  
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Silicon	  Photomul=pliers	  



SiPM	  Architectures	  

•  Analog	  SiPMs	  
•  Digital	  SiPMs	  
•  Mul4-‐channel	  digital	  
SiPMs	  (MD-‐SiPMs)	  
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Positron	  Emission	  Tomography	  (PET)	  

48	  

Cancerous  
Ganglion 
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PET	  Principle	  

49	  

Source: D. Schaart 
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Scin=lla=ons	  Also	  Follow	  Order-‐Sta=s=cs	  
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Source:	  SciSiLia	  project	  Large-‐surface	  
sensor	  

Photons	  	  
hit	  at	  mul4ple	  	  
angles	  

Reflec4on	  
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3D	  Reconstruc=on	  in	  PET	  

Cancerous  
Ganglion 

Source: Sun 

Single-‐photon	  	  
detector	  

Scin4llator	  
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Time-‐of-‐flight	  PET	  

Line	  of	  response	  
sinogram	  weigh4ng	  

Time	  of	  flight	  
sinogram	  weigh4ng	  
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The	  Advantages	  of	  TOF	  PET	  

ToF 

No 
ToF 

53	  

Source:	  G.	  Nemeth	  
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EndoTOFPET	  US	  Concept	  

•  Endoscopic	  probe:	  
-‐	  design	  of	  mechanics	  /	  
cooling	  -‐	  system	  integra4on	  
test	  	  

•  External	  plate:	  
–  MPPC	  characteriza4on	  
–  MPPC	  +	  crystals	  

characteriza4on	  	  

–  design	  of	  mechanics	  /	  
cooling	  	  

–  system	  integra4on	  test	  	  
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The	  EndoTOFPET	  
US	  Probe	  MD-‐
SiPM	  
•  9x18	  mul4-‐channel	  
digital	  SiPMs	  

•  432	  TDCs	  (50ps)	  
•  High	  voltage	  
generator	  (PVT-‐B	  
controlled)	  

•  57%	  FF	  
•  <50ps	  LSB	  
•  179ps	  SPTR	  
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The	  EndoTOFPET	  US	  Chip	  
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Pixel	  Architecture	  
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Noisy	  SPAD	  suppression	  

Energy	  Es4ma4on	  

Photon	  TOA	  



MD-‐SiPM	  Arch:	  Column-‐Parallel	  
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Column-‐Parallel	  Pixel-‐TDCs	  

59	  
S.	  Mandai	  and	  E.	  Charbon,	  IEEE	  Nuc.	  Sci	  Symp.	  (NSS)	  2012	  

from	  Pixels	  



Time-‐to-‐Digital	  Converter	  (TDC)	  
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Integral/Differen=al	  Non-‐Linearity	  
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Single-‐Photon	  Timing	  Resolu=on	  
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179ps 

233ps 



3x3x10mm3	  LYSO	  
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Later	  wrapped	  in	  Teflon	  



Energy	  Spectrum	  
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Photons	  in	  a	  Scin=lla=on	  are	  not	  i.i.d.	  
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Cramer-‐Rao	  Limit	  in	  Scin=llators	  
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Robustness	  to	  Noise	  
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Laser	  Photon	  Bunch	  Analysis	  
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fk:n (t) = n n−1
k −1

"

#
$

%

&
' f (t)F(t)k−1(1−F(t))n−k

fk:n(t): k-‐th	  order	  sta4s4cs	   
f(t):	  probability	  density	  func4on	  
F(t):	  cumula4ve	  density	  func4on	  

Assump4ons:	  
•  Each	  photon	  is	  stat.	  independent	  
•  The	  pulse	  has	  a	  Gaussian	  p.d.f.	  

Mandai,	  Charbon,	  	  
Op4cs	  Leters	  39(3),	  552-‐554	  (2014)	  

Photon	  distribu4on	  in	  a	  laser	  bunch	  follows	  order-‐sta4s4cs	  



Laser	  Photon	  Bunch	  Analysis	  
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Robustness	  to	  B-‐Fields	  

Time	  resolu4on	  in	  9.4T	  
Delta	  FWHM	  <	  10ps:	  
Test	  condi4ons:	  

–  External	  laser	  source	  
–  Internal	  TDC	  
–  Integrated	  TDC	  
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2nd	  Take-‐Home	  Message:	  
	  

	  Order-‐sta=s=cs	  with	  single-‐photon	  
=mestamping	  can	  improve	  

fundamental	  understanding	  at	  
quantum	  level	  

	  
	  
	  



The	  SPADnet	  Concept	  

Photonic	  Module,	  comprising:	  
•  Scin4llator	  (LYSO)	  
•  Sensor	  (d-‐SiPM)	  
•  Network	  (Gbps)	  

72	  

Digital,	  scalable,	  networked	  Photonic	  Module	  

COMMUNICATION 
DETECTOR 

NETWORK 
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Braga	  et	  al.,	  ISSCC,	  2013	  

SPADnet	  Sensor	  
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SPADnet	  Sensor	  Chip	  
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SPADnet	  Sensor	  Chip	  
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STMicroelectronics	  CMOS	  130nm	  
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3rd	  Take-‐Home	  Message:	  
	  

	  CMOS	  ensures	  scalability	  and	  thus	  
mul=plies	  applica=ons	  with	  
unprecedented	  accuracy	  	  



S.	  Burri	  et	  al.	  OpHcs	  Express,	  2014	  

SwissSPAD:	  Towards	  1Megapixel	  SPAD	  
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•  Ground	  State	  Deple4on	  Imaging	  Microscopy	  (GSDIM)	  
requires	  ultra-‐fast	  single-‐photon	  imagers	  

•  Compact,	  solid-‐state	  cameras	  are	  sought	  a^er	  
SwissSPAD	  



SwissSPAD	  

•  Microlenses	  (CF:	  6.5	  @	  F/8)	  
•  4ns	  ga4ng	  (138ps	  FWHM)	  
•  156kfps	  frame	  rate	  
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Photon	  Sta=s=cs	  
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Pr(counts = k) =
λ ke−λ

k!
⇒ Pr(counts ≥1) =1− e−λ

Pr(Δt) = e−αt

I.M.	  Antolovic	  et	  al.,	  Trans.	  Electron	  Dev.,	  2015	  



Photon	  Sta=s=cs	  (2)	  
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Fluorescence	  Correla=on	  Spectroscopy	  (FCS)	  

•  Use	  of	  selec4ve	  plane	  illumina4on	  microscopy	  
(SPIM)	  

•  Frame	  rate:	  156kfps	  
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Fluorescence	  Correla=on	  Spectroscopy	  (FCS)	  
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Super-‐Resolu=on	  Microscopy:	  GSDIM	  
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Summary,	  Current	  &	  Future	  
Challenges	  



3D	  Integra=on:	  Flip-‐Chip	  
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3D	  Integra=on:	  CMOS	  
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Important	  Trends	  

•  Sub-‐65nm	  CMOS	  
•  SOI	  
•  p-‐i-‐n	  structures	  
•  New	  Materials	  (incl.	  polymers)	  
•  Electrical	  microlenses	  
•  Low	  temperatures	  
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Sammak,	  Aminian,	  Charbon,	  	  
Nanver,	  IEDM11	  

!
Sun,	  Ishihara,	  Charbon,	  	  

JSTQE,	  2014	  

Sammak,	  Aminian,	  Charbon,	  
Nanver	  ECS14	  
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!

SPAD	  Technology	  Inside	  
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Take-‐Home	  Messages	  

•  SPAD	  imaging	  is	  now	  an	  established	  technology,	  
supported	  by	  CMOS	  single-‐photon	  detec4on	  

•  Order-‐sta4s4cs	  with	  single-‐photon	  4mestamping	  can	  
improve	  fundamental	  understanding	  at	  quantum	  
level	  

•  CMOS	  ensures	  scalability	  and	  thus	  mul4plies	  
applica4ons	  with	  unprecedented	  accuracy	  	  
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