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Caeleste founded in 2006 with the following mission:

“Design beyond state of the art image sensors”
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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.



“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
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"— Classic visible light image sensors

|

Visible Photon counting SPAD / APD imagers
Classic X-ray imaging

X-Photon counting and color X-ray imaging =
Infrared ROICs / UV /y

Electrons, protons, HE particles '

Monolithic

Hybrid image sensors readout circuits
Backside thinning / Backside illumination
Design for very high Single Event & Total dose radiation tolerance
TOF, time gating, distance ranging

Low noise and high dynamic range




* 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-g,,s) 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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Introduction

As user / Camera designer, what do we want ?

— | want a good image quality
— | want an imager with a perfect pixel
— | want an imager that is simple to integrate

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



Outline

— The perfect pixel
— Custom high sensitivity designs
— Low(est) noise pixels & HDR



Outline

— The perfect pixel
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The perfect pixel

The perfect pixel has ideal specifications:
* 100% FillFactor

* Flat spectral response
* 0 e-noise
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The perfect pixel

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

The perfect pixel has ideal specifications:
* 100% FillFactor

* Flat spectral response
* 0 e-noise

 As small as possible

* 100% Yield
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The perfect pixel

Well...

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

 100% FillFactor
 Flat spectral response
« 0Oe-noise

« As small as possible

« Easy to manufacture

PR
m§ms: S
N S
e

It is a matter of trade-off, optimization...
And that’s what custom design is really
about.
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Outline

— Custom high sensitivity designs



High sensitivity Caeleste

There are several ways to increase sensor sensitivity:
 Microlenses/backside thinning
« Avalanche

 High energy photons



High sensitivity Caeleste

 Microlenses/backside thinning




High sensitivity

backside thinning

Al mirror

|

J L N-type photodiode J

High resistivity P-type

Backside contact
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backside thinning
high resistivity epi backthinned to approximately 10um

\\

29

30 September 2013
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Microlenses/backside thinning

*  Proprietary 8T CMOS pixel
* Pixel size: 10 um 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
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backside thinning
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High sensitivity

Back side thinning:
* Pro:
— very good QE values

 Cons:
— EXxpensive
— Not available widely
— Impact on integration cost
— Color array alignment is more difficult



High sensitivity Caeleste

What about front side thinning then ?

Caeleste is developing currently front side thinned sensor
at some foundries.

e Pro:

— Much cheaper (closer to FSI wafer cost)
— Good UV enhancement
— Easier integration
 Cons:
— Not as good as BSl in red or green
— Incompatible with microlenses for small pixel pitches



High sensitivity Caeleste

How to go further in sensitivity improvement ?

The ideal case would be to count every incoming photon.
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There are several ways to increase sensor sensitivity:

« Avalanche diode or SPAD



High sensitivity Caeleste

Some SPAD background.
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« SPADS or “Geiger-Mode” APD
— APD designed to operate beyond breakdown voltage

)

Current

 In this case

— It is a silicon detector for visible light
— breakdown voltage is about 28 V
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« SPAD operation:
— RESET:

— APD is brought to higher than breakdown bias voltage

Current

— Electric field is high
— Initial electron is required to initiate the avalanche breakdown
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« SPAD operation: Sensing

— An electron is generated in the depletion region due to
photoelectric effect (or dark current)

s

Current

— The avalanche starts, the APD is going into breakdown



High sensitivity Caeleste

« SPAD operation: Sensing (2)

— The bias voltage drops rapidly due to resistive load of
external circuit

)

Current

— That voltage drop is sensed by the ROIC sense

amplifier
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« SPAD operation: Active Quenching
— After breakdown one must “quench” the diode

|

Current

— The quenching operation makes sure that no residual

free charge is present, thus allows the next reset to
happen
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Quench Breokdown

Current

Reverse Bias N) Time
Vopd

Reset
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sequencer
guench
+5V oV
1 Sense

amplifier

p regiset
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Where to use SPAD ?




High sensitivity Caeleste

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 Caeleste

SPAD example: a high end time of flight camera
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SPAD example: a high end tlme of flight camera

CECHCC e O

Pixel pitch: 100um " e
479T per pixel {0 e T R e S e T s ]
15bits counter in-pixel

Ranging time accuracy: 150ps
Analog interpolation for ranging

Power dissipation 100~150 mW on 128x1
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SPAD example: a high end time of flight camera

 Mixed mode pixel i
 100x100um
« 479 MOSFETSs
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SPAD example: a high end time of flight camera

 Mixed mode pixel i
 100x100um
« 479 MOSFETSs

N
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SPAD example: a high end time of flig%ht camera
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SPAD example: a high end time of flight camera

 Mixed mode pixel i
 100x100um
« 479 MOSFETSs




High sensitivity Caeleste

SPAD example: a high end time of flight camera
Digital counting is nice...

However... Digital counter only is insufficient for ranging

e 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.
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SPAD example: a high end time of flight camera

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

x1=1.23u x2=1.23u dx=8.05n

- Circuit sensitivity is 3 | | =
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E | 4.25m
253
i . (4] ]
=>» Temperature stabilisation = BT
or calibration is § |
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Time (us)
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SPAD example: a high end time of flight camera

1 pixel ROIC (read-out IC)
Test structures l
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SPAD example: a high end time of flight camera
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SPAD example: a high end time of flight camera

Response of a 50um APD

Dark condition IHluminated condition

Utilities &nalyze  Utilities  Help

Help

Measure  Analyze File Control Sety

Measure

p_comparator

p_reset

p_quench

bd_apd

Y max (1)
4.32 ¥

4.32 v
4.32 ¥
4.32 Y

Y

Y min()

Current < 0.0 Y 3 1
Mean ? 0.0 V 73 1.
Hin 2 0.0 ¥ : 1
Max 2 0.0 V g

Y max ()

¥ min (1)
MY A5 Y

J4 Y
3y
74 Y
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p_reset

p_quench

bd_apd
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 ROIC TAC circuit testing @50ns delay

Fie Control Setup Measure Analyze  Utilites

Halp 5:35 PM File y Setp  Measue  dnalyze  Utiites  Hep

54.0 kpts

' olem
Measurements BEFPHREH

Y ninlfl)
Cuvrent -1.350 V
Mean ~1.3414 ¥
Hin ~1.404 V
Hsx ~1.208 N

30 September 2013
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 ROIC TAC circuit testing @51ns delay

Fie Control Setup Measure Analyze Utilites Help Control Setp Measwre  Analyze
fAcqu oh L2 stopped.
2.00 ESals  64.0 kpis

Utiites  Hep 6:02 PM

¥l
Cuvrent -1.063 ¥
Mean -1.0813 ¥
Hin ~1.16%8 ¥
Hex =1.022

30 September 2013
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« ROIC TAC circuit testing @52ns delay

Fie Control Setup Measure Analyze Utilites Help 633 PM File Control Setp Measwe Analyze Utilites Hep 6:03 PM
fAcqu oh L2 stopped. = N
2.00 ESals  64.0 kpis

1

Measurements BEFHREH
Y ninlfl)
Current =971 n¥
Mean -958.7 nV
Hin ~1,034 ¥
Hsx  ~096 nV

30 September 2013
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 ROIC TAC circuit testing @53ns delay

Fie Control Setp Measure Analyze Utilites Help

Fie ¥ Setp  Measue  Analyze  IMtilites  Hep
54.0 kpts

Current
Mean -813.9 nV
Hin ~862 n¥
Hsx =273 nV

30 September 2013
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« ROIC TAC circuit testing @54ns delay

Fie Control Setup Measure Analyze Utilites Help 5 i Control Setp Measwe Analyze Utilites  Hep
fAcqu oh L2 stopped.
2.00 ESals  64.0 kpis

1

Measurements BEFHREH
Y ninlf1)
Current -719 n¥
Mean -732.4 nV
Hin =783 nV
Hsx <696 nV

30 September 2013
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 ROIC TAC circuit testing @55ns delay

Fie Control Setp Measure Analyze Utilites Help

7 ¥ 4nalyze  \Milites  Hep
54.0 kpts = i - als 6

1

Measuremerts

Current
Mean
Hin
Hax

30 September 2013
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 ROIC TAC circuit testing @56ns delay

Fie Control Setp Measure Analyze Utilites Help

: i ¥ Setp  Measue  Analyze  IMtilites  Hep
54.0 kpts

Current
Mean
Hin
Hax

30 September 2013
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 ROIC TAC circuit testing @57ns delay

Fie Control Setp Measure Analyze Utilites Help

: i ¥ Setp  Measue  Analyze  IMtilites  Hep
54.0 kpts

6:05 PM

Current
Mean
Hin
Hsx =408 nV

30 September 2013
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 ROIC TAC circuit testing @58ns delay

Fie Control Setup Measure Analyze Utilites Help 6:40 PM i Control Setp Measwe Analyze Utilites  Hep 6:07 PM
~ fAcqu oh L2 stopped. = N
2.00 ESals  64.0 kpis

1

Measurements BEFIREH
Y ninlf1)
Current -602 n¥
Mean -590.4 nV
Hin <667 n¥
Hax =522 mV

30 September 2013
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 ROIC TAC circuit testing @59ns delay

Fie Control Setp Measure Analyze Utilites Help

: i ¥ Setp  Measue  Analyze  Utilites
54.0 kpts

Hep

Current
Mean -Ssn 2 nV
Hin =653 n¥
Hsx =512 mV

30 September 2013




High sensitivity

 ROIC TAC circuit testing @60ns delay

Fie Control Setp Measure Analyze Utilites Help

: i ¥ Setp  Measue  Analyze  IMtilites  Hep
54.0 kpts

Current
Mean
Hin
Hax

30 September 2013
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» Digitally converted interpolated output

1400

— Standard deviation
measured 14 LSBgys 1200
average o

— Corresponds to
accuracy of 14 x
11ps/Isb = 154psg s

800

600

A to D Converter Output

400

—#10
— Mean

200

=»2cm distance resolution
Over 5000 m dynamic 0

4500 50.00 5500 60.00 65.00 70.00 75.00

Reference Timing Delay
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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...
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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

SPAD in CMOS

« monolithic in standard CMOS

« Standard 0.18um CMOS

» pixel pitch 12...30p

» 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
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SPAD in CMOS
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SPAD in CMOS
Specification Value

Technology CMOS 0.18um, with triple well option
Array size 32x32 pixels

Pixel size (pitch) 30um

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 13um
Frame rate DC-100 Hz
Power <1uW per pixel

consumption
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SPAD in CMOS
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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.
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SPAD in CMOS: measurements
- AB.1m A11x15y1? GateWidlh 2EIns BlasVollage 23 27, OverBlas 2 70

Occurances

N HH IR TR
10° 10° 10* 10°

Dark Count Rate (events/sec)
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SPAD in CMOS

Pro:

— Well...ltis in CMOS!

— It works (also)

— Itis 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



caeleste

High sensitivity

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.
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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...
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There are several ways to increase sensor sensitivity:

 High energy photons
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Photon counting: alow cost approach for Xray detection
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Photon counting: alow 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!
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Ok... but why do we need true color Xray anyway ?
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X-ray
spectral
absorption
depends partly

v on the atomic
—0p@ composition of
—c () material.
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High sensitivity

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

blue arrows: normal
fat tissue(“lobules”)

e

the tumor is degenerated becauseN\_+
the blood supply, though increased, N
still insufficient to maintain the
whole cancer mass alive.

Universitair
Ziekenhuis
Brussel
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Ok... but why do we need true color Xray anyway ?

Primary Conventional | ‘Color’X-ray
pathology X-ray (pathologically
(pathologically confirmed)
report confirmed)
Multifocal 6/35 (17%) |8/35 12/35 (35%)
Extensive 7/35 (20%) | 10/35 15/35 (43%)
Inc (>4 cm?)

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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High sensitivity

Photon counting: alow cost approach for Xray detection

« Today CMOS photon counting Xray detectors do exist:
Hybrid Pixel Detector
E.g. the Medipix project

sensor chip (e.g. silicon)

high resistivity n-type silicon

p-type
silicon layer

aluminium layer

flipchip  NUN SN W oy
bonding with
solder bumps

electronics chip single pixel

read-out cell
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« Generic photon counting imager concept
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High sensitivity

« Generic photon counting imager concept
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X photon:vBIAS X phqton

= ‘indirect’=

L ) . Scintillator
Direct . -Csl
=semiconductor " _Bi4Ge3012
-Si n | . -ZnSe
| Visible photons
ase _(fluoresl?:ence) 'GdZ_OZS
-InP Excited electron Excited electron 'NaB|W208
-CdTe Electrion-hole cloud Electron-hole cloud -CdwO4
-CdZnTe -
) Charge collection ...
y electyic field

‘E Si photodfode
+> Electron-hole pairs

Si charge Si charge

sensitive amilifier H
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Detection and conversion materials

100000 collected charge per X-phota
/ 70...100kVp
10000 = | Gives roughly
All direct o ——CdTe
T detectors | 35...50 peak keV
= have nearly ~ o
O 2 e S
S 100g |.53Me ’ ;;
> “"' ' —GaAs Direct Si:
S —Csl ~10000 e-
© BGO
Typical 100 Z — ZnSe — ,
Sd:lntlllators  Gd202S Indirect GdSO
pulse | *ifeal ~800 e- very optimistic
shaper 50%QE Si LaBr3 yop
noise floor o dibdes NaBiW208 (no loss, max QE)
) 10 X-photon energy 100 kev] 1000 100...500 e- practical

\ J
Typical range Medical X-ray
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Photon counting: alow cost approach for Xray detection
* 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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« 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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From X-ray source From X-ray source
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« Basic circuitry

Comparators
counter2
il N
Pulse shaper rdreroncad To detector
(band filter + output
Chargepreamp el
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« Basic circuitry

Comparators
counter2 B&W: 27T
1 N
Pulse shaper | ~---» To detector | Color: 45T
(band filter + output
Chargepreamp el
pack /\ counter1 | || MUX
Light / | AN —
flasl\\ | reference
Zx Analog Voltage Binary
pulse train pulse train Analog
Photo diode or o Sigiy JJ _,_l"_rl_ counter
direct detector _ﬂ_[ || |||| L staircases
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« Tests under Xray illumination
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« Tests under Xray illumination
— Tested with two scintillators:

— GdOS

— CSli

— Tested under:
e 70KVP, 1 mA, 63 cm distance from the source
» Direct comparator output is observed
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LOW Veference High Vieterence Combined image

average 55 frames
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% Single Pixel Time Trace| 5 Single Pixel Time Histogram|
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High sensitivity

A white papier summarizing Caeleste developpment is
available on our web site.

www.caeleste.be

Photon counting and color X-ray imaging in standard CIS

technology
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Outline

— Low(est) noise pixels & HDR



. ow noise

« What can be done in terms of low noise ?




. ow 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.



. ow noise

 Lowering the noise and preserving dynamic




. ow noise

 Lowering the noise and preserving dynamic
— Increasing CVF in standard integration sensor: the NGSD sensor

Light From
Telescope

Adaptive Distorted
Mirror Wavefront

Control Corrected
System Wavefront

High-resolution
Wavefront Camera
Sensor




. ow noise

 Lowering the noise and preserving dynamic
— Increasing CVF in standard integration sensor: the NGSD sensor
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outputs outputs outputs outputs
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 Lowering the noise and preserving dynamic
— Increasing CVF in standard integration sensor: the NGSD sensor

Geometrical Electro-optical

* Pixel size: 24um « Full well charge 4000 e-

» Pixel Array: 1760 x 1760  Read noise: ~2.5 e 5
(4x4cm) « QE 95% visible range

* Frame rate: 700(...1000) fps backside illuminated

 Pixel rate: 40 MHz/channel
« 88 LVDS channels
* 4T pinned photo diode pixel

« 40x1760 10bit ramp/column
ADCs




. ow 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

30 September 2013 117



. ow noise

 One can use this technic and expect an improvement
around 1 e- RMS noise

 One can however go a step further.




. ow noise

« Sub electron noise in visible light integration sensor

« 4T pinned photodiode with special

topology
« Large conversion gain >1000uV/e

* 0.5 noise electronsgys

(Patent pending)




. ow noise

Sub electron noise in visible light integration sensor

e 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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« Sub electron noise in visible light integration sensor

e 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
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. ow noise

« Sub electron noise in visible light integration sensor

 Averaging does not help to reduce 1/f noise

1]

Gain of avg function
Normalized for
1/50 images @60Hz
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« Sub electron noise in visible light integration sensor

e To reduce contribution of 1/f noise, one needs to decorelate
samples by: e ey () 4 e —> (5

Filled oxide state + hole < empty oxide trap empty oxide state + hole < filled oxide trap

G (poly) G (poly)

,\- J I , f"\ - ,.. -
|
-
J
p- I l

i 'r

The \lh+ e e’

Hole current is modulated by accumulation
trapped charge
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« Sub electron noise in visible light integration sensor

transfer Vpix~
i PMOSFET in inversion

N PMOSFET in accumulation
\ZS selecT—”:

golumn out
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« Sub electron noise in visible light integration sensor
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. ow 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



 But of course, ideally... one wants:

— Low noise
AND
— High dynamic range

 One way to solve this is to make HDR pixels



« HDR solutions exist... yet, their non-linearity makes
them unpopular in the scientific community.

« Caeleste proposes several mechanism for HDR




A “pushback method” / Caeleste patent “t A
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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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Outline

— The perfect pixel
— Custom high sensitivity designs
— Low(est) noise pixels & HDR



Conclusion

Although the ultimate pixel does not exist yet,

We show here that some of its specifications are
achievable via custom designs.




Thank you !

visit www.caeleste.be
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