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Caeleste 
 

Custom image sensors for high performance application 

 

NPK Fotonica 
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Caeleste background 
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Caeleste founded in 2006 with the following mission: 

 
“Design beyond state of the art image sensors” 

Caeleste background 
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If it exists as COTS, please buy it as COTS 
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If it exists as COTS, please buy it as COTS 

 
That said…. 

 

 

often in scientific and high end imaging, such high 

performance sensors are not available and must be 

tailored to the application. 

Caeleste background 
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“Design beyond state of the art image sensors” 

 

 

Team of 17 people(aug.13) 

 

Designing, testing and  

producing custom 

Image sensors 

Est. Revenue : 2.3M 

 

 

 

Caeleste background 
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“Design beyond state of the art image sensors” 

 

 

 

 

 

Caeleste background 
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Caeleste background 

• Proprietary know-how (7 patent pending or granted) 
– Time-gating and time-of-flight (TOF) CMOS pixels 

– Pipelined synchronous shutter pixels with CDS 

– Analog domain photon counting X-ray pixels 

– Color-X-ray and X-ray sharpening 

– High photon rate counting pixels 

– Ultra low noise (sub 0.5 e-RMS) CMOS pixels 

– CMOS TDI 

– Very high linear dynamic range (+100dB) 

 

• Unpatented know-how 
– Smart (analog + digital) pixel design 

– Very high speed imagers  

– low power, lowest noise, Radiation tolerance and hardness 
• High total dose tolerance 

• Unique Single Event –hard design 

– Very complex pixels and sensor architectures 
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 As user / Camera designer, what do we want ? 

 

– I want a good image quality 

– I want an imager with a perfect pixel 

– I want an imager that is simple to integrate 

 

… and can you make it cheap ?... And quickly ?  

      … Please ? 

 

introduction 
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– The perfect pixel  

– Custom high sensitivity designs 

– Low(est) noise pixels & HDR 

 

Outline 



30 September 2013 16 
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– Low(est) noise pixels & HDR 

 

Outline 
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The perfect pixel has ideal specifications 

 

 

The perfect pixel 
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The perfect pixel has ideal specifications: 

• 100% FillFactor 
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The perfect pixel has ideal specifications: 

• 100% FillFactor 

• Flat spectral response 

• 0 e- noise 

• As small as possible 
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The perfect pixel has ideal specifications: 

• 100% FillFactor 

• Flat spectral response 

• 0 e- noise 

• As small as possible 

• 100% Yield 

 

 

The perfect pixel 
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Well… 
“you can't always get what you want…” 

 

 

 

 

The perfect pixel 
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• 100% FillFactor 

• Flat spectral response 

• 0 e- noise 

• As small as possible 

• Easy to manufacture 

 

 
It is a matter of trade-off, optimization… 

And that’s what custom design is really 

about. 

The perfect pixel 
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– The perfect pixel  

– Custom high sensitivity designs 

– Low(est) noise pixels & HDR 

 

Outline 
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There are several ways to increase sensor sensitivity: 

 

• Microlenses/backside thinning 

 

• Avalanche 

 

• High energy photons 

 

High sensitivity 
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• Microlenses/backside thinning 

 

• Avalanche 

 

• High energy photons 
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backside thinning 

 

 

High sensitivity 

light

e- h+

Al mirror

High resistivity P-type

N-type photodiode

Backside contact

light

e- h+

Al mirror

High resistivity P-type

N-type photodiode

Backside contact



30 September 2013 29 

backside thinning 

high resistivity epi backthinned to approximately 10μm 

 

 

High sensitivity 



30 September 2013 30 

Microlenses/backside thinning 

 
• Proprietary 8T CMOS pixel 

• Pixel size: 10 µm and up  

• Array size: 1024 x256, with stitching 

• Frame rate: 250 Hz 

• Stitched design: any array size can be built 

• Versatile shutter 

– Rolling 

– Snapshot 

– Pipelined synchronous 

– random access 

• Programmable full well / sensitivity (10.000 e-and 200.000 e-) 

• QE 95% visible range by backside illumination 

 

High sensitivity 
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backside thinning 

 

 

High sensitivity 
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Back side thinning: 

• Pro:  

– very good QE values 

 

• Cons: 

– Expensive 

– Not available widely 

– Impact on integration cost 

– Color array alignment is more difficult 

 

 

 

High sensitivity 
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What about front side thinning then ? 

Caeleste is developing currently front side thinned sensor 

at some foundries. 

• Pro:  

– Much cheaper (closer to FSI wafer cost) 

– Good UV enhancement 

– Easier integration 

• Cons: 

– Not as good as BSI in red or green 

– Incompatible with microlenses for small pixel pitches 

 

 

 

 

 

High sensitivity 
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How to go further in sensitivity improvement ? 

 

 

The ideal case would be to count every incoming photon. 

 

 

 

 

 

High sensitivity 
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There are several ways to increase sensor sensitivity: 

 

• Microlenses/backside thinning 

 

• Avalanche diode or SPAD 

 

• High energy photons 

 

High sensitivity 
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Some SPAD background. 

 

 

 

 

 

High sensitivity 
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High sensitivity 

• SPADS or “Geiger-Mode” APD 
– APD designed to operate beyond breakdown voltage 

 

 

 

 

 

 

• In this case 
– it is a silicon detector for visible light 

– breakdown voltage is about 28 V 
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High sensitivity 

• SPAD operation:  
– RESET: 

– APD is brought to higher than breakdown bias voltage 

 

 

 

 

 

 
– Electric field is high  

– initial electron is required to initiate the avalanche breakdown 
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High sensitivity 

• SPAD operation: Sensing 

– An electron is generated in the depletion region due to 

photoelectric effect (or dark current) 

 

 

 

 

 

 

 

– The avalanche starts, the APD is going into breakdown 
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High sensitivity 

• SPAD operation: Sensing (2) 
– The bias voltage drops rapidly due to resistive load of 

external circuit 

 

 

 

 

 

 

 

 

– That voltage drop is sensed by the ROIC sense 
amplifier 
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High sensitivity 

• SPAD operation: Active Quenching 
– After breakdown one must “quench” the diode 

 

 

 

 

 

 

 

 

– The quenching operation makes sure that no residual 
free charge is present, thus allows the next reset to 
happen 
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High sensitivity 



30 September 2013 43 

High sensitivity 

-25V 

Sense 

amplifier 

+5V 0V 

30V 

reset quench 

25V 

Vbreakdown=28V 

sequencer 

quench 

reset 

APD node 

Photon hits 

E-/h+ generated 

+30V 

+25V 
time 

APD “armed” 
Avalanche breakdown 
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Where to use SPAD ? 
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Where to use SPAD ? 

• Spad are very useful in low light application: 

 

– Fluoroscopy 

– Ranging / time of flight camera 

– Low flux high energy (e-beam) 

 

 

 

 

High sensitivity 
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SPAD example: a high end time of flight camera 

 

 

 

 

High sensitivity 



30 September 2013 47 

SPAD example: a high end time of flight camera 
• Pixel pitch: 100um 

• 479T per pixel 

• 15bits counter in-pixel 

 

• Geiger mode, up to 20MHz count frequency 

 

• Ranging mode, 100MHz timer/counter 

 

• Ranging time accuracy: 150ps 

• Analog interpolation for ranging 

 

• Power dissipation 100~150 mW on 128x1 

 

 

 

 

 

 

High sensitivity 
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SPAD example: a high end time of flight camera 

• Mixed mode pixel 

• 100x100um  

• 479 MOSFETs 

 

 

 

 

 

High sensitivity 
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SPAD example: a high end time of flight camera 

• Mixed mode pixel 

• 100x100um  

• 479 MOSFETs 
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Analog 

Front-end 



30 September 2013 50 

SPAD example: a high end time of flight camera 

• Mixed mode pixel 

• 100x100um  

• 479 MOSFETs 
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Digital 
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SPAD example: a high end time of flight camera 

• Mixed mode pixel 

• 100x100um  

• 479 MOSFETs 

 

 

 

 

 

High sensitivity 

Analog 

Front-end 

Digital 

Readout 
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SPAD example: a high end time of flight camera 

Digital counting is nice… 

 

• However... Digital counter only is insufficient for ranging 

 

• 100MHz count rate means 10ns discretization thus a 1.5m 

accuracy 

 

• For better accuracy, an analog interpolator is used. 

 

• As the APD fires, an analog voltage is interpolated between two 

clocks in the pixel memory element. 

 

 

 

 

 

High sensitivity 
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SPAD example: a high end time of flight camera 

 

140ps accuracy is the target… does this make sense, really ? 

 

• Circuit sensitivity is 

 90ps /K 

 

 Temperature stabilisation 

     or calibration is  

     mandatory 

 

 

 

 

 

High sensitivity 
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SPAD example: a high end time of flight camera 

 

 

 

 

High sensitivity 

128x2 pixel ROIC (read-out IC) 

1 pixel ROIC (read-out IC) 

Test structures 

13mm 
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SPAD example: a high end time of flight camera 

 

 

 

 

High sensitivity 
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SPAD example: a high end time of flight camera 

 

 

 

 

High sensitivity 

    

   Response of a 50μm APD 

Dark condition   illuminated condition 
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High sensitivity 

• ROIC TAC circuit testing @50ns delay 
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High sensitivity 

• ROIC TAC circuit testing @51ns delay 
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High sensitivity 

• ROIC TAC circuit testing @52ns delay 



30 September 2013 60 

 

 

 

 

High sensitivity 

• ROIC TAC circuit testing @53ns delay 



30 September 2013 61 

 

 

 

 

High sensitivity 

• ROIC TAC circuit testing @54ns delay 
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High sensitivity 

• ROIC TAC circuit testing @55ns delay 
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High sensitivity 

• ROIC TAC circuit testing @56ns delay 
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High sensitivity 

• ROIC TAC circuit testing @57ns delay 
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High sensitivity 

• ROIC TAC circuit testing @58ns delay 
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High sensitivity 

• ROIC TAC circuit testing @59ns delay 
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High sensitivity 

• ROIC TAC circuit testing @60ns delay 
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High sensitivity 

• Digitally converted interpolated output 
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SPAD as telemetry device 

 

Pro: 

–  it works 

–  silicon, visible ligth spad arrays exist 

 

Cons: 

– SPAD arrays come in awkward shapes (25x25 or 1x128) 

– 2D hybridization is expensive... 

 

 

 

 

 

 

 

High sensitivity 
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SPAD as telemetry device 

 

Pro: 

–  it works 

–  silicon, visible ligth spad arrays exist 

 

Cons: 

– SPAD arrays come in awkward shapes (25x25 or 1x128) 

– 2D hybridization is expensive... 

 

So... What about making SPAD inside CMOS ? 

 

 

 

 

 

 

High sensitivity 
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SPAD in CMOS 

• monolithic in standard CMOS 

• Standard 0.18µm CMOS 

• pixel pitch 12…30µ 

• Compact fully mixed mode pixel,  

• analog domain counting 

• Performance optimizations 

• For best QE 

• For lowest dark current (dark counts) 

• For low afterpulsing (high count rate) 

 

• In 2 phases: exploration program / product develpment 

 

 

 

 

 

 

High sensitivity 
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SPAD in CMOS 

 

 

 

 

 

 

High sensitivity 

-+

P- epitaxial layer

DNW

PW NW

N+

PW

STI P+

P++ bulk wafer

N
w

gu
ar

d
_t

o
_P

W
ci

rc
u

it

OD.C.1
>0.12um

Pixel 
circuit

9

NW_guard_width

Guard overhead

NW_PW_spacing

DNW_over_PW

PW_P_overlap

poly

P+,N+ Self-aligned to poly

poly poly

Metal 1 ring

Metal 2ring

Metal 3ring

-+

P- epitaxial layer

PW

NW

N+STI
P+

P++ bulk wafer

OD.C.1
>0.12um

STI_width

STI

Pixel 
circuit

C
O

.E
.1

 0
.2

2
u

m

C
O

.W
.1

 0
.1

u
m

C
O

.W
.1

 0
.1

u
m

5

Guard overhead

STI P+

STI_shared

--
spad1 spad2Nwguard_to_PWcircuit

NPS

NPS_from_STI

Metal 1 ring

Metal 2ring

Metal 3ring

Metal 1 ring

Metal 2ring

Metal 3ring

Metal 1 ring

Metal 2ring

Metal 3ring

-+

P- epitaxial layer

DNW

PW
NW

N+

PW

STI

P++ bulk wafer

NWguard_width

OD.C.1
>0.12um

PW_NWguard_space

PW_Width

Guard overhead

Pixel 
circuit

1

NWPW_spadNW_space

P+

DNW_over_PW

N
w

gu
ar

d
_t

o
_P

W
ci

rc
u

it

Metal 1 ring

Metal 2ring

Metal 3ring

+0

P- epitaxial layer

DNW

NW

N+

PW

P++ bulk wafer

OD.C.1
>0.12um

Pixel 
circuit

STI
P+ STI N+

-

PW

PW_overlaps_P

C
O

.E
.1

 0
.2

2
u

m

C
O

.W
.1

 0
.1

u
m

C
O

.W
.1

 0
.1

u
m

7

NW_PW_spacing

STI_between_N_and_P

Guard overhead

STI

NWguard_width

DNW_overlaps_STI

Nwguard_to_PWcircuit

Metal 1 ring

Metal 2ring

Metal 3ring



30 September 2013 73 

SPAD in CMOS 

 

 

 

 

 

 

High sensitivity 

Specification Value 

Technology CMOS 0.18um, with triple well option 

Array size 32x32 pixels 

Pixel size (pitch) 30µm 

SPAD concepts 5 implant layer concepts 
7 guarding concepts 
2 polarities (cathode biased, anode biased) 

SPAD active size 3 small size, 45° beveled 
up to 13µm 

Frame rate DC-100 Hz 

Power 
consumption 

<1µW per pixel  
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SPAD in CMOS 

 

 

 

 

 

 

High sensitivity 
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SPAD in CMOS 

 

 

 

 

 

 

High sensitivity 
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SPAD in CMOS: measurements 

 
• DCR 10cps to 100cps depending on type and dimensions 

 

• QE 35% for shallow SPAD at 450nm 

• QE 50% for deep SPAD at 700nm 

 

• Time gating <25 ps for monolithic SPADs, electronics limited. 

• Time gating <100ps for hybrid spads, interconnect C limited. 

 

 

 

 

 

 

 

 

High sensitivity 
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SPAD in CMOS: measurements 

 

 

 

 

 

 

 

High sensitivity 
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SPAD in CMOS 

Pro: 

– Well...It is in CMOS! 

– it works (also) 

– It is affordable 

– It can be ported to major processes 

– It is flexible, can be adapted to large arrays 

 

Cons: 

– Still dark count rate is higher than standalone 

– Power routing must be carefully layout 

 

High sensitivity 
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SPAD is really the best detector one can find in very low 

flux application. 

 

Yet it is difficult to use. It always requires high bias 

voltage and does not tolerate blooming very well. 

High sensitivity 
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SPAD is really the best detector one can find in very low 

flux application. 

 

Yet it is difficult to use. It always requires high bias 

voltage and does not tolerate blooming very well. 

 

 

But in some application where incoming photons have 

sufficient energy, one may not need SPAD after all… 

High sensitivity 
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There are several ways to increase sensor sensitivity: 

 

• Microlenses/backside thinning 

 

• Avalanche diode or SPAD 

 

• High energy photons 

 

High sensitivity 
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Photon counting: a low cost approach for Xray detection 

 

High sensitivity 
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• Why do we need Xray photon counting anyway ? 
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Photon counting: a low cost approach for Xray detection 
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– To lower patient dose in medical market! 
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Photon counting: a low cost approach for Xray detection 

 

• Why do we need Xray photon counting anyway ? 

 

– To lower patient dose in medical market! 

– Marketwise, to overcome the TFT plate sales price drop by 

providing new features 

 

High sensitivity 
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Photon counting: a low cost approach for Xray detection 

 

• Why do we need Xray photon counting anyway ? 

 

– To lower patient dose in medical market! 

– Marketwise, to overcome the TFT plate sales price drop by 

providing new features 

– To ease integration  

 

High sensitivity 
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Photon counting: a low cost approach for Xray detection 

 

• Why do we need Xray photon counting anyway ? 

 

– To lower patient dose in medical market! 

– Marketwise, to overcome the TFT plate sales price drop by 

providing new features 

– To ease integration  

– And finally… to create true color Xray images! 

 

High sensitivity 
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Ok… but why do we need true color Xray anyway ? 

 

High sensitivity 
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High sensitivity 

•  X-ray 

spectral 

absorption 

depends partly 

on the atomic 

composition of 

material. 
•  O=water 

•  C=fat 

•  O&C=proteins, 

cancer, DNA... 
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High sensitivity 

H C N O Na Mg P S Cl K Ca Fe

Blood

Breast

Water

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

Blood

Bone

Breast

Muscle

Water

Fat



30 September 2013 91 

Ok… but why do we need true color Xray anyway ? 

 

High sensitivity 

the tumor is degenerated because 

the blood supply, though increased, 

still insufficient to maintain the 

whole cancer mass alive. 

blue arrows: normal 

fat tissue(“lobules”) 

In collaboration with 
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Ok… but why do we need true color Xray anyway ? 

 

High sensitivity 

Primary 

pathology

report

Conventional 

X-ray 
(pathologically 

confirmed)

‘Color’X-ray
(pathologically

confirmed)

p-value  

colorX vs
primary

Multifocal 6/35 (17%) 8/35 12/35 (35%) 0,001*

Extensive 

disease

(> 4 cm2)

7/35 (20%) 10/35 15/35 (43%) 0,04

In collaboration with 

C.Bourgain & al: ”A new technique for enhanced radiological-pathological 

correlation in breast cancer: multi-energy color X-ray”, RSNA 2011 
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Photon counting: a low cost approach for Xray detection 

 

• Today CMOS photon counting Xray detectors do exist: 
 

E.g. the Medipix project 

 

High sensitivity 
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High sensitivity 

• Generic photon counting imager concept 
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High sensitivity 

• Generic photon counting imager concept 
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High sensitivity 

VBIAS 

Si charge  

sensitive amplifier 
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-… 
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-… 

 

ROIC ROIC 



30 September 2013 97 

High sensitivity 

Detection and conversion materials 
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Photon counting: a low cost approach for Xray detection 

 

 

High sensitivity 

 

 

• Inherent manufacturing challenges 
 

– Hybridization is complex and expensive 

– Direct detectors comes in small form factors 

– Direct detectors substrate are expensive 

– High density electronic is a yield challenge 

– High density electronic is a power challenge 
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High sensitivity 

• Caeleste chose to develop a photon counting chip with 

the following constraints 
 

– Use off the shelf scintillation material 

– No foundry technology tweaking 

– As low as possible transistor count 

 

… and color Xray. 
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High sensitivity 
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High sensitivity 
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High sensitivity 

• Basic circuitry 
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High sensitivity 

• Basic circuitry 

 
 

 

 

 

 

B&W: 27T 

 

Color: 45T 
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High sensitivity 

• Pixel layout 
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High sensitivity 

• Tests under Xray illumination 
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High sensitivity 

• Tests under Xray illumination 

– Tested with two scintillators: 

 

– GdOS 

 

– CSI   

 

 

– Tested under: 

• 70KVP, 1 mA, 63 cm distance from the source 

• Direct comparator output is observed 
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High sensitivity 
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High sensitivity 
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High sensitivity 

• A white papier summarizing Caeleste developpment is 

available on our web site. 

 

 

 

 

 

 

 www.caeleste.be 

 

http://www.caeleste.be/
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– The perfect pixel  

– Custom high sensitivity designs 

– Low(est) noise pixels & HDR 

 

Outline 
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Low noise 

• What can be done in terms of low noise ? 
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Low noise 

• What can be done in terms of low noise ? 

 

– Of course, with photon counting, the noise is 

already quantum limited. 

 

– But it comes with a price of dynamic. It only 

works in low flux application, such as medical, 

ranging application or space. 
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Low noise 

• Lowering the noise and preserving dynamic 
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Low noise 

• Lowering the noise and preserving dynamic 

– Increasing CVF in standard integration sensor: the NGSD sensor 

 

 

 

OFF 

ON 
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Low noise 

• Lowering the noise and preserving dynamic 

– Increasing CVF in standard integration sensor: the NGSD sensor 
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Low noise 

• Lowering the noise and preserving dynamic 

– Increasing CVF in standard integration sensor: the NGSD sensor 
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Low noise 

• Lowering the noise and preserving dynamic 

– Increasing CVF in standard integration sensor: the NGSD sensor 

 

– Around 160 uV/e- 

 

– Up to 200 uV/e- under test 
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Low noise 

• One can use this technic and expect an improvement 

around 1 e- RMS noise 

 

• One can however go a step further. 
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Low noise 

• Sub electron noise in visible light integration sensor 

 

 

30 September 2013 

• 4T pinned photodiode with special 

topology 

• Large conversion gain >1000µV/e 

• 0.5 noise electronsRMS 

 

(Patent pending) 
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Low noise 

• Sub electron noise in visible light integration sensor 

 

 

30 September 2013 

• How does it work? 

 

• Noise sources in CMOS image sensors: 

 

 
Noise Countermeasure for one acquisition 

Shot noise Unbeatable, already present in the signal. 

Thermal noise Averaging 

KTC CDS 

RTS 1/F noise Technology countermeasure 

Some CDS effect… but that’s it. 
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Low noise 

• Sub electron noise in visible light integration sensor 
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• How does it work? 

 

• Noise sources in CMOS image sensors: 

 

 
Noise Countermeasure for one acquisition 

Shot noise Unbeatable, already present in the signal. 

Thermal noise Averaging 

KTC CDS 

RTS 1/F noise Technology countermeasure 

Some CDS effect… but that’s it. 
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Low noise 

• Sub electron noise in visible light integration sensor 
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• Averaging does not help to reduce 1/f noise 

 

Gain of avg function  

Normalized for 

1/50 images @60Hz 
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Low noise 

• Sub electron noise in visible light integration sensor 
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• To reduce contribution of 1/f noise, one needs to decorelate 

samples by: 
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Low noise 

Column out 

transfer 

reset 

select 

Vpix~ 

well 
Well 

pMOSFET in inversion 

pMOSFET in accumulation 

4V 

 

0V 

• Sub electron noise in visible light integration sensor 
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Low noise 

• Sub electron noise in visible light integration sensor 
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Low noise 

• Sub electron noise in visible light integration sensor 

 

Pro: 

– Noise is indeed reduced 

– A step closer to visible photon counting in standard CMOS 

– Does not need high voltage 

 

Con: 

– Uses a PMOS in the pixel  eats up a part of the photons 

– Frame rate is reduced due to cycling 
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HDR 

• But of course, ideally… one wants: 

– Low noise 

AND 

– High dynamic range 

 

 

• One way to solve this is to make HDR pixels  
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HDR 

• HDR solutions exist… yet, their non-linearity makes 

them unpopular in the scientific community. 

 

• Caeleste proposes several mechanism for HDR 
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HDR 
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A “pushback method” / Caeleste patent 

• CDS 

• Sync shutter  

• Pro: extreme High linear DR.>> 1E7 

• Weak: CDS and SS not simultanously over 
full range 
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TG ++                   - -                             - - 

TG - -                   - -                              - - 
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HDR 
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B “barrier method” / Caeleste patent 

• 2 linear ranges 

• Sync shutter and CDS always combined 

• Pro: HDR+CDS+SS in very compact pixel 

• “Weak”: HDR limited to ~100000:1 
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– The perfect pixel  

– Custom high sensitivity designs 

– Low(est) noise pixels & HDR 

 

Outline 
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Although the ultimate pixel does not exist yet, 

 

We show here that some of its specifications are 

achievable via custom designs. 

 

 

 

 

Conclusion 
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Thank you ! 

 

 

 

 

 

 

 

 
 

 

    visit www.caeleste.be  

http://www.caeleste.be/

