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s Introduction to CMOS Pixel Sensors (CPS)

s Radiation Effects on CMOS Pixel Sensors

s CPS State of the Art: STAR-PXL detector

s Next generation of High Precision Vertexing & Tracking systems using CPS
s Current trends to improve radiation tolerance of CPS

4  Summary
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Introduction to
CMOS Pixel Sensors (CPS)
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CMOS Technology

[

s CMOS = Complementary Metal-Oxide-Semiconductor
s CPS exploit the fabrication processes used in industry
for mass production of IC
* Micro-processors, micro-controller, RAM, ...
* Cell phones, lap tops, cars, ...

s CMOS fabrication mode
* Micro-circuit lithography on a substrate sliced from a Si crystal ingot
« Process through reticules (e.g. 21x33 or 25x32 mm?) organized in wafers

atique 5, June 16th 2016 3



CPS: Development motivation

ILC ™ Quadrature of the
ST e Vertex Detector
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s CPS triggered by the need of very granular
and low material budget sensors

Spatial resolution

s CPS applications exhibit milder running
conditions than at pp/LHC

» Relaxed readout (r.0.) speed & rad. tolerance
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s CPS triggered by the need of very granular
and low material budget sensors

Spatial resolution

s CPS applications exhibit milder running
conditions than at pp/LHC

* Relaxed readout (r.0.) speed & rad. tolerance

Radiation hardness
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Readout speed
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s Application domain widens continuously (existing/foreseen/potential)
» Heavy-ion collisions = STAR-PXL, ALICE-ITS, CBM-MVD, NAG61...
« e'e collisions = BES-III, ILC, Belle Il (BEAST II)
* Non-collider experiments = FIRST, NA63, Mu3e, ...

« High-precision beam-telescopes = EUDET-BT (DESY, CERN, ...) & BTF-BT (Frascati)
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CPS: Main features

CMOS Sensor = Sensﬂldl." @mFEE in same die

(monolithic) —_—A P ~
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CPS: Main features

CMOS Sensor = Sensﬂldl." QWFEE in same die

s Working principle monolithic —_— A
9p P , ; ( ) NWELL rAPMOS NMOS
 Secondary charges generated in epi-layer Spacing DIODE Spacing TRANSISTOR, TRANSISTOR
Pl <

> Q ~ 80 e-h/um = signal O(1000e")

» Charges transport driven by 3 potentials
> P-well/N-well/P++ (GND/few volts/GND)

« Epi not fully depleted: ddep~ (p, %V, ) (@s1/2)
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= transport is mix of thermal diffusion & drift -~
Particle hit / P substrate
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CPS: Main features

| CMOS Sensor = Sensﬂldl." @mFEE in same die

a2 Working principle (monolithic) ~ _A__ A ~

« Secondary charges generated in epi-layer
- Q ~ 80 e-h/um = signal O(1000e") T -nj_’]
Collection]: :
diode + % %

» Charges transport driven by 3 potentials
> P-well/N-well/P++ (GND/few volts/GND) Depletion™. )
region™. s

« Epi not fully depleted: ddep~ (p, %V, ) (@s1/2)

] [} Je=
1 [] . . ey
“..-.'; p~ epitaxial layer

= transport is mix of thermal diffusion & drift -~
Particle hit / P substrate

s  Prominent features
 FEE integrated on sensor substrate — downstream electronics & syst. integration

« High granularity = excellent spatial resolution (few um)

e Thin epi-layer = usual thinning down to 50 um total thickness

« T __ operation = simple cooling, further material budget reduction
« Standard fabrication process = low cost & easy prototyping, many vendors, ...
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CPS: Main features

\CMOS Senéof ;'véé‘nsor GBIWFEE in same die

s Working principle monolithic )
9p P - il ( ) NWELL fAPMOS NMOS
- Secondary charges generated in epi-layer Spacipg DIODE Spacing  TRANSISTOR, TRANSISTOR

> Q ~ 80 e-h/um = signal O(1000e")

» Charges transport driven by 3 potentials
> P-well/N-well/P++ (GND/few volts/GND)

« Epi not fully depleted: ddep~ (p, %V, ) (@s1/2)

5 (€3]
nwell
Collection]: © °

diode i 1
Depletion™. .
region.

] [} Je=
1 [] . . ey
“..-.'; p~ epitaxial layer

= transport is mix of thermal diffusion & drift -~
Particle hit / P substrate

s  Prominent features
 FEE integrated on sensor substrate — downstream electronics & syst. integration

« High granularity = excellent spatial resolution (few um)

e Thin epi-layer = usual thinning down to 50 um total thickness

« T __ operation = simple cooling, further material budget reduction
« Standard fabrication process = low cost & easy prototyping, many vendors, ...

s CPS technology developments
« Mainly driven by commercial applications = Not fully optimized for particle detection

» RA&D largely consists in exploiting as much as accessible industrial processes
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CPS: Optimization Process

- A S e

s Sensor performance are evaluated in terms of
* Noise & Dark hit rate )

« Charge Collection & Signal/Noise < Detection efficiency (sdet) Depend on
> construction

Radiation tolerance parameters

o Cluster multiplicity (CM) < Spatial resolution (Gsp)
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CPS: Optimization Process

s Sensor performance are evaluated in terms of
* Noise & Dark hit rate )

« Charge Collection & Signal/Noise <> Detection efficiency (g Depend on

> construction

Radiation tolerance parameters

o Cluster multiplicity (CM) < Spatial resolution (Gsp)

s E.g.: Role of epitaxial layer
. Q thickness & doping profile

signal’

- €, &NIEL tolerance: depletion depth vs thickness

« CM& G pixel pitch / thickness, depletion depth, ...

—
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CPS: Optimization Process

T Forvrs AL e

s Sensor performance are evaluated in terms of
* Noise & Dark hit rate )

« Charge Collection & Signal/Noise < Detection efficiency (sdet) Depend on

> construction

Radiation tolerance parameters

o Cluster multiplicity (CM) < Spatial resolution (Gsp)

Application-specific multiparametric trade-off to be found,
based on exploratory prototypes rather than on simulations
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Radiation Effects on
CMOS Pixel Sensors
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What is radiation Hardness?

LT g e R

IR o

s Degradation of sensor properties with radiation is a steady process
» Decide if sensor is still functional depends on application requirements
« E.g., intracking applications € _ and dark rate are most important properties

- Radiation degrades Q_  and increases noise = Q__ /Noise is figure-of-merits

Radiation damage

s Damage due to non-ionizing E-loss
(NIEL)

« Atomic displacement caused by massive
particles (p,n,n)

» Affects mainly sensitive volume

T W W W

T T T T
T—F—¥O
T T

Y

s Damage due to ionizing E-loss

Prop. E-loss/mass (1 rad = 0.01 J/KQ)

Trap of ionization induced holes at
Si-SiO, interface

Affects both detector and electronics

L mOn aCn SO

b b
s e

n il
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Radiation effects on Epitaxial layer: Bulk Damage

o

KERMA = Kinetic Energy Released in Matter

" 2 2
KERMA(MeV') = D(MeVib)x ¢(—~) x (57) x (L2

# NIEL hypothesis: bulk damage proportional to an” b

. . . 104 T T T T T T T
total KE imparted to displaced Si atoms ol
- 3 neutrons rotons
s Conventional to use 1 MeV n° as benchmark ¢} 2| ’W/\i
. ) = i g X protons
« Convert any particle flux ®  to equivalent flux E 10 o8 W_ P . 1
e U el o A T e
® of 1 MeV n° producing same NIEL 1 | "
eq & 10 0100 18 108 10t L !
@107 . 8
=~ - \x_\_\_\- neuuons‘\ —_—
s Radiation damage due to NIEL 1““% \'\"‘m\
« Charged donors/acceptors -like defects Mo TOI0Y 107107 107 107 107 107 107107 107 10° 167 10°
particle energy [MeV]
- Increase (decrease) N _=N_-—N (p )
a
= reduced d dop”™ (P, xUY, )
« Shallow defects trap and detrap e- and holes conduction band — I\ ‘
- Degrade charge collection efficiency 000000 N / electrons / midgap
. Mid-gap defects effectively reduce E charged defects  shallow defects defects
9 000000 A\ holes \
- Increase leakage current = Thermal noise | . /N A\

« All these effects prop. to d)eq
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Radiation effects on FE & RO electronics: lonization Damage

[

s Radiation damage due to ionizing radiation
« SiO, no structure = insensitive to atom displacement

. lonizing radiation produces e-h in SiO,

* Holes drift to interface and are trapped

s Transistor V _variation = oxide charges increase

s Increased | _ (S - D, between devices)

- trapped charges in oxide decrease V_of MOS

structure, and p-substrate can be inverted even
without E-field

; Threshold
s These effects are strongly dependent on : voltage shift

oxide thickness (t_)

=17 nm) >

- Negligible for 0.35 um (t =7 nm) and 0.18 um
(t =3 nm) CMOS processes

« Significant for 0.7 um techno (t

oX
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Single Event Effects (SEE)

e Sensitive

s SEE
» E-deposition by single particle in precise instant in time

* Only charge in sensitive volume (SV) contributes to SEE, e.g.
in appropriate circuit node in relevant amount of time

» Density of e-h in SV determines if SEE takes place

p- silicon

s Single Event Upset (SEU)
» Particle produces e-h collected by junction part of circuit where logic level is stored (0 or 1)
* Can induce “flip” of the stored logic level = “upset” of “soft error”
« Consequences: data corruption and misconfiguration
» Solution: periodic circuit reset

(> VDD

s Single Event Latch-up (SEL) passivation

GND| oxide rlﬂwj VDD o,
« Sudden short circuit between power-supply rails of = AR B o
components that trigger thyristor-like structure

« SEL can be triggered by ionizing particle

« Consequences: damage bond wires, melting due
to localized overheat

« Solution: power down circuit

Q2

p substrate

GND
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CPS Radiation Tolerance

s  Technology rad. tolerance still evolving: CMOS industry parameter evolution
s Expected to tolerate high TID: Doses (>> 10MRad), @ < 0°C & short t

s Concern is Non-ionizing radiation: Relies on thick & depleted sensitive volume

s Influence of pixel pitch

* High density collection diodes (= small pitch) = improves non-ionizing radiation tolerance

(smaller travel distance)

s Influence of epitaxial layer
« €.9.:400 cm & Vdep ~0O(1V)

« Trend: > 1kQxxm & Vdep>> 1V
« Tolerance to > 10""® neq/cm2

not excluded
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CPS @ PICSEL - IPHC: A long term R&D | 1. i

# Main objective: ILC, with staged performances
« CPS applied to other applications with intermediated requirements

ng
unt %
EUDET 2006/2010 STAR 2013 ;.
Solenoidal tracker @ RIHC 9

A —

Beam Telescope

=

Tracking of charged particles
- Subatomic physics
- Hadron-therapy

Imaging ALICE 2018 ibo
ILC > 2025 - B-rays detection, low-E electrons A Large lon Collider Experiment
International Linear Collider - X-rays detection ] | \9‘»
- Dosimetry %

- Hybrid-photo detector
- Bio-inspired vision

SOLEIL 2017
CMOS for X-ray detection
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CPS State-of-the-Art: STAR-PXL detector

ULTIMATE
| (MIMOSA-28)

ULTIMATE Sensor (MIMOSA-28)
 Rolling shutterr.o. (t <200 us)

. TOp = 30 — 35 °C, Power < 150 mW/cm?
.« £,299.9%0 >35um&f <107
« Validation up to 150 kRad @ 3><1O12neq/cm2

FFFFFF VSRS STAR-PXL (360M pixels)
— el ¢ 2layers @r=2.8,8cm
. 40 ladders (10 sensors/ladder) (0.37% X))

STAR-PXL @ RHIC
1% CPS @ a collider experiment!

STAR Detector
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Counts (per 10 MeV/c?)

STAR-PXL @ RHIC
1% CPS @ a collider experiment!

STAR Detector

CPS State-of-the-Art: STAR-PXL detector

unmate | ULTIMATE Sensor (MIMOSA-28)

 Rolling shutter r.o. (t <200 us)

. Top = 30 — 35 °C, Power < 150 mW/cm?

¢« £,2999%0 235um&f < 10°

« Validation up to 150 kRad @ 3><1012neq/cm2

STAR-PXL (360M pixels)
e 2layers@r=2.8,8cm
. 40 ladders (10 sensors/ladder) (0.37% X))

Several Physics-runs

200 Courtesy of the STAR Preliminary ‘ ° 1% /2" run in 2014 & 2015
- STAR collaboration AutAu |55 = 200 GeV _ q
6605, RHIC Run 2014 e Currently in 3" run (Jan. 2016)
500+ } . Gip(pT) matching requirements
400 W Gt _ | ~40 um @ 750 MeV/c for K*
‘D',.I'IIII'IIII"I"I.IGI.‘i.bﬂ‘-l-lll--nn------‘. >
300 4, ' ;
500 g 1 Observation of D° production
E With HFT Cuts E I . .
b Wt oo 5:;*" i‘;ﬂmzas Events « STAR: peak significance = 18
17 175 18 1% 19 195 2 208 2 +B = . .
5 | | | » ALICE: peak significance = 5
1.7 1.75 1.8 .85 1.9 1.95 2 2.05 21

Invariant mass, m,_(GeV/c?) ucteurs, June 16th 2016 13



CPS: Improving Speed & Radiation Tolerance

How to improve r.o. speed and rad. toléranée while o
preserving c., (3-5 um) and material budget (< 0.1% X )? Qé?:&eb
&
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P
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L

>
"Vaﬁpnq [ELID)E
0 g LIZIEIN
N
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CPS: Improving Speed & Radiation Tolerance

How to improve r.o. speed and rad. tolerance while o Quadrature of the
preserving c., (3-5 um) and material budget (< 0.1% X )? Qé?:&eb Vertex Detector
F
&

Spatial resolution

Radiation hardness

ol

EUDET/STAR-PXL
2010/2014

2018/2020 )
>
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CPS: Improving Speed & Radiation Tolerance

How to improve r.o. speed and rad. tolerance while

Aces Quadrature of the

preserving c., (3-5 um) and material budget (< 0.1% X )? Qé?::;b Vertex Detector
F
&

Spatial resolution

We are currently here!

t ~O(10) us

Radiation hardness

ol

EUDET/STAR-PXL
2010/2014

2018/2020 )
>
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CPS: Improving Speed & Radiation Tolerance

»

nner Barrel
Outer Barrel

14



s Upgraded ITS entirely based on CPS

Present detector: 2xHPD/2xDrift-Si/2xSi-strips
» Future detector: 7-layers with CPS (25k chips)

= 1°' large tracker (~ 10 m?) using CPS

Forthcoming Device: ALICE-ITS upgrade

ALICE

Requirements for ITS inner & outer layers (comparison with STAR-PXL chip)

Osp s Dose Fluency Top Power Active area
STARPXL | <4pum  <200pus 150 kRad 3-1012 negq/cm? 30-35°C 160 mW/cm? 0.15 m?
ITS-in <spum  <30pus 27MRad 1710 n.em®  30°C < 300mWiem?  0.17 m2
ITS-out S1opm  <30pus 100 kRad 1:1012 nglem? 30°C <100 mWiem?  ~ 10 m?

= 0.35 pm CMOS process (STAR-PXL) marginally suited to this r.o. speed & rad. hardness

4 Transition to new CMOS process for improving readout speed and radiation hardness

= Tower-Jazz 0.18 um CIS

Alejandro Pérez Pérez, Journée Thématique du réseau R&D semi-conducteurs, June 16th 2016 15



CMOS Process Transition: STAR-PXL — ALICE-ITS

Twin well process: 0.6-0.35 um

SOl o R (i
R
P-EPI /' "L e
"4

Use of PMOS in pixel array not allowed
= parasitic g-collection of additional N-well

Limits choice of readout architecture strategy
Already demonstrated excellent performances

> STAR-PXL: Mi-28 (AMS 0.35 um process)
=& >99.5%, o, < 4um

Alejandro Pérez Pérez, Journée Thématique du réseau R&JP semi-conducteur

Quadrupole well process (deep P-well): 0.18 um

* N-well of PMOS transistors shielded by deep P-well
= both types of transistors can be used

*  Widen choice of readout architecture strategies

> New ALICE-ITS: 2 sensors R&D in || using
Towerdazz CIS 0.18 um process (quadru. well)

> Synchronous Readout R&D:
proven architecture = safety
> Asynchronous Readout R&D: challenging




ALICE-ITS: advantages of the new technology

[

a2 New fabrication process (TowerJazz CIS 0.18 um)
» Expected improvement of ration tolerance
» Expected to allow for fast enough r.o.
 Larger reticule: ~ 25 x 32 mm?

STAR-PXL ALICE-ITS added-value

0.35 um 0.18 um speed, TID, power
4 ML 6 ML speed. power
twin-well quadruple-well speed, power

EPI 14/20 pomm EPI 18/40 pum SNR

EPI z 04 k2 - em EPl ~1-8Kk(2 - ecm SNR, NITD

s Drawback of smaller feature size
» 1.8 V operative voltage (instead of 3.3 V)

= reduced dynamics in signal processing circuit & epi-layer depletion voltage
* Increase risk of Random Telegraph Signal (RTS) noise
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ALICE-ITS: Two Architectures for the pixel chip

MISTRAL-O —

Pixel pitch: 36x64 um? e s R ER D 1
Time resolution: ~20us™ M W W W W W W W
W. 80 mW/Cm e .___- - .! . . . 3 pre uter Barrel
Max hit rate: ~0.8 MHz/cm* :‘_’ ::' Z—‘:‘:'Jl "_Jl : L:_:
Dimension: 15 x30 mm? *:__ E Fi - f| ::_ —
Insensitive area: 1.5x30 mm| o= R T |
Goal: early available and reliable solution
« Conservative design based on STAR-PXL e s
» Big pixel = low power & high speed O, (00, [0 Oy, 100, |
«  Moderate rad. hardness & 6_ ~10 um = OK | 4’ : L -lL' ’: 7_' - )
. ] L0 QO D0 © extern:Irtrigger
Goal: high performance, accept risks ool ool ool o

) o T——T——f

Buffering and ce |

 Aggressive design

e In-pixel discrimination Pixel pitch: 28x28 um?
« Data-driven r.o. (priority encoder) | Time resolution: <5 -10 us
W: 39 mW/cm?
* Both chips have same physical & electrical interfaces Max hit rate: ~ 3 MHz/cm?
 Base-line solution: ALPIDE for all ITS layers Dimension: 15 x30 mm?

Ins glve area: 1.1x30 mm? a0

.,.,\1£
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CPS: Improving Speed & Radiation Tolerance

| Next Forthcoming Device: CBM MVD

Ring Time-of-flight detector
imaging
Cherenkov
Dipole magnet detector
HADES: Mito
PP, PHA Vertex Transition
A+A (low mult.) DetecisT i & radiation

Silicon Tracking System

in Europe GmbH

MRCRTTER -

N \ h Projectile
8 ! | spectator
detector

~ Muon detector




Next Forthcoming Device: CMB Micro-Vertex Detector

Ring

Silicon Tracking System Imaging

Dipole magnet

Micro

p+p, ptA vV
ertex
A+A (low mult.
{ ) Detector

HADES:

Sensor properties FSBB
Active surface (mm?) 9.2x13.7
# pixels (cols x rows) 416 x 416

(173K)
Pixel pitch (um) 22 x 33
Integration time (us) 40
Data rate (Mbps) 2 x 320
NIEL (10" neq/cmz) >1
TID (MRad) > 1.6
(°C) +30

opetatlon

Cherenkov
detector

" Muon detector

Time-of-ilight detector

Projectile
spectator

detector ¢ Operation @ negative Temp & vacuum

oo

Micro Vertex Detector (MVD)
 Layout

> 4 stations of (partial double-sided)
pixels sensors

 Factor 10 improvement in rad. tolerance
 Vacuum compatible

ALPIDE MIMOSIS-100 (prelim)
13.9 x 30 ~10 x 30
512 x 1024 (524K) 1500 x 300 (450K)
28 x 28 22 %33
5-10 == 2.5 — 10 (likely 5)
1x 1200 =i > 6 x 320
217 — 3(9 (*) per year of operation
227 —_— 3 (% = 8 weeks
+30 - -20 In Vacuum
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[ o T e T

2 Motivations

HEP: Faster signal = better tolerance to NIEL
« X-Ray detection

> Thicker sensitive volume (Beer-Lambert law)
- Uniformity of ¢ across active area
> Spectroscopy

s Alternatives for depletion improvements

« Substrate reverse bias ~BiasS e Sensing
E.g. ALPIDE on P-wells

diode
Pwell
— -
So— Depletion
region

Larger reverse substrate bias

Sensing diode front bias: AC coupling with FEE

Diode
Bias

Pre-Amp

S

Collecting .
diode zE AC coupling

Collecting
diode

Alejandro P
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Improving sensitive layer depletion
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2 SYNchrotron Active Plxel Sensors

« High granularity/counting-rate CPS for soft X-ray (0.1 - 5keV) detection

= 10* — 10° photons/pixel/s

s PIPPER-1 prototype (Tower-Jazz 0.18 um CIS)
* 56 x 8 square pixels (25 um pitch)
» epi-layer =18 — 30 um (> 1 kQ xcm) & CZ =50 um (~ 700 Q xcm)
- TN=16+1e ENC @ 10°C

SYNAPS prolect partnershlp W|th SOULEIL

SYNCH ROTRON

« Metal-Insulator-Metal (MIM) capa for AC-coupling to Pre-Amp, VBias =0-15V
Response to *°Fe source. VBias =12 V, T=10°C Response to °Sr source vs VBias’ T =-60°C
& i :‘ P 600 {utp 18ADC
R 250 ®_=10"n/cm?
3 1 | | | | | . eq
S 120 [ ‘ e 500 1
i ; ; ; ]69 5'450
00 1 2 400-
H I R N 3504 —— 11V $/N=26 21694 Hits
80 [ | | | =300 ——6V S/N=19 21196 Hits
N ! i —— 1V SIN=14 17495 Hits
60 Y S o € 2501
: | i o) 3200
401 150
i 5 504 o
OWWNWW.MUWhL L R S5 o
0 200 400 600 800 1000 1200 0 50 100 150 200 250 300

single pixel charge (ADCu)
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SYNAPS project partnershlp with SOLEIL

SYNCHROTRON

oo

IV characteristics of the diode - PIPPER2

¥ PIPPERZprototype(Tower-JazzO18umCIS) N

10
« 128 x 8 square pixels (25 um pitch) 1 ®— Room Temperature
« Collection system: 1 diode 3, 5 um &, 4 diodes 4 um & 101 —e—15°C
* epi-layer =18 um (> 1 kQ xcm) & CZ =50 um (~700 Q xcm) §10*2
-« TN=10-15e ENC @ 15°C o
. . 104
« Fringe capa for AC-coupling to Pre-Amp, VBias upto45V o5
1076“““||||“““|‘|I‘:““
_ 0 10 20 30 40 50
Response to *°Fe sourcevs V__, T=15°C — 2V aode (V)
ias - 3v
2000 — s 4V
o= 5V
59keV |- . SV
5 == 8V
1500 — = e 190\<I
§2) & e 1MV
5 (i L DY
Q S
© 1000 — e sy
500 |
0 |

40 60 80
Single pixel charge (ADCu)
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Summary and outlook

L e R R S e e e T

CPS development triggered by applications needing high precision and low
material budget (relaxing t and radiation hardness). Many applications

» High precision beam-telescopes: multi-GeV — sub-GeV beams (CERN, DESY, LNF)
» Vertex detectors for flavour tagging (STAR-PXL, FIRST)
» Pixelated Tracker for low momentum tracks (ALICE)

Constant CMOS technology developments enlarge the toolbox to improve
radiation hardness (and r.o. speed) of CPS

» Smaller feature size = improved tolerance to ionizing radiation (TID >> 10MRad)
- Epi-layer (thickness & p__ ) = improved tolerance to non-ionizing radiation (main concern)

Outlook
« Fully depleted sensitive volume (p_, > 1 k>cm) with relatively low V___(up to 45 V)

» Collection diode AC-coupled to in-pixel Pre-amplifier
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Main components of signal processing chain

[ PRERSn S LEELEE LA s ons S O RO = L L e oo

Filter ADC Zero suppression Data Transmission p—=
= Steering, Slow Control, Bias DAC

s Typical readout (r.o.) components
 AMP: in-pixel low noise pre-amplifier
 Filter: in-pixel filter

« ADC (1-bit = discriminator): may be implemented at end-of-column (usual) or in-pixel
« Zero suppression (SUZE): only hit pixel info is retained and transferred

> Implemented at sensor periphery (usual) or inside pixel array
« Data transmission: O(Gbps) link implemented at sensor periphery

4 r.o. alternatives
* Rolling shutter (synchronous): || column r.o. reading N-lines at the time (usually N = 1-2)
> Simpler design (t > 20 us)

« Data-driven (asynchronous): only hit pixels are output upon request
> Better r.o. speed but much more complex design (t 2 1 us)
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CPS: Optimization Process
¥ Senéor performance ére eval.uated in.terms 6f |
* Noise & Dark hit rate )

« Charge Collection & Signal/Noise < Detection efficiency (sdet) Depend on
> construction

Radiation tolerance parameters

o Cluster multiplicity (CM) < Spatial resolution (Gsp)

Spaciny Diameter  Spacin
’ (—%x_)(i} o

s E.g.: Sensing node vs FEE
« Sensing node should be
- Small: Ve = Qigna/C: Noise ~C, G ~1/C A8 =

signal signal re-Amp

> But no too small: Qsignal ~ CCE (important against NIEL tolerance)

* Pre-amp connected to sensing node
> High enough Gpre

-Amp

> Input transistor with minimal noise d'?lzse
> Close to sensing node (minimize line C) |
Sensj,ing
node

diode

PreetArcay 1

Out
otumnQut)
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Example of CPS performance: G,

W [ T——=— Wmo=a SAnaiog (1201
c | —=—— Mimosa 18 Analog (12bits)
§ 12| . mmomicmmony | .
s o __is multiparametric function L[| T M iy (ioi taprscessed)
sp E 101 Mimosa 19 binary (1bi repracessed). ,\‘L
] ] Py I e Mimoss SUARH bitary (1o o ] . \A
 Pixel pitch § | et
« Epi-layer: thickness & doping profile ﬁ oL 5 2 o
: . . @ . & o s
« Sensing node: geometry & electrical properties * & ° - \»\,‘o\‘\
. . . ' - Wy
« Sensing node pattern: density, staggering ik <°
- Signal-encoding: Nb of bits E . o .
2 e
C . " (ana\og)
_IIII|IIII|IIII|IIII|IIIIPIIII|IIII|IIII|
59015 20 25 30 35 40 &
s Significantly better 6_ than cd‘9‘5p=> charge sharing pitch (microns)

4 Pixel pitch: linear relation with o, G, Vs signal-encoding (pitch = 20 um)

Nb of bits 12 3-4 1
s Signal-encoding resolution: significantly improves O, | Data measured  reprocessed  measured
Osp S15um S2um < 3.5um
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Radiation effects on Epitaxial layer: Bulk Damage (2/3)

s Reduction of depleted volume s Increase of leakage current (I )
« Reduction of epi-layer p __(prop 1/Neff) « Thermal noise increase
« Reduction of dd ~(p X Ub' )? « Strong temperature dependence
ep su ias
« Deteriorate charge collection | eaic PYOP- €XP(-E /2KT)
* Improvement by cooling down
= VD ~4x10"" A/cm
3 -1 eq
~— 5000 710 10 T T T T
C . F ¢ n-fype FZ - 7to 25 KQcm -
E. ] — o[ § witypeFZ-7KQem i
< 1000 102 " — 107} & ntypeFz-4KQem 3
S 5008 =600V 3 = - E 0 ntype FZ-3KQem
T - ; O 5 103l p-type EPI - 2 and 4 KQem
v 10 e =7
: I 104l v n-type FZ - 780 Qem
; [ ] > ] 0 ntype FZ-410 Qem
. 10 1 "= = : n-type FZ - 130 Qem
oy SE n-type J ”p.’[}?pe” ] ) a 10-5: n-type FZ- 110 Qem |
= I i | Z : . o o n-type CZ - 140 Qcm
D 1 | o ||J » ””IM“?DTITWM*I?&I[?W' 10_1 — 10_6: 80 min 60 (: * p—typeEPI—B&[]E&:m
10t 100 10t 100 108 10" 10" 10" ) 10" 10
12 -2 - PhD) Thesis
®,, [10” cm™ ] Q. [om™] v
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Radiation effects on Epitaxial layer: Bulk Damage (3/3)

[

s Deterioration of charge collection efficiency by trapping

s Trapping characterized by effective trapping time (t_

Inverse trapping time 1/t [ns™]

0.1

0
0

ﬁe,h) for e and holes

MM Dyt O Krevel, PAD thasts 2004, Lt Dortmsmd]

1 1
f exp| ——-t|| where | — ¢
Q,,(t)=0,, P P( T ]‘ Teffe " Ndeffects (I) eq
05F 24(3131;1’(: pr{;tnn ul'rad:lannn |
04+ e data for electrons o
o data for holes %
0.3} Z -

particle fluence

210" 410" 610" 810
- O

10]5

cq o]
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MIMOSA-26 sensor: Established architecture

s Main characteristics

e 0.35 um process with high-p epi-layer (2 1kQ.cm)

» Rolling shutter r.o. with in-pixel CDS & amplification
End-of-column discriminator (1-bit) followed by SUZE
1152x576 pixels of 18.4 um pitch (active area: 21.2x10.6 mm?)

- Gsp~3—3.5um

sl — 7 MIMOSA-26
Jaast Al BF 5 AW, o I T Sy ¢ )

|

e i) & LT T O
= . ‘~-v;'x_|| Sy P PO, )

...... y

i - 6
IO " A 9N
I >

t =115 us (~ 10" frames/s = Rate > 1MHz/cm?)
- T, =30-35°C, Power ~ 250 mW/cm?

s EUDET Beam Telescope
« Sensors thinned down to 50 um total thickness
 Few um pointing resolution
« Adapted to medium/low energy e" beams

« Several copies around the world
CERN-PS/SPS (3), DESY (2), Bonn (1), SLAC (1)

s Other MIMOSA-26 applications: VD demonstrators, NA63, NA61, FIRST, dosimetry, ...

Alejandro Pérez Pérez, Journée Thématique du réseau R&D semi-conducteurs, June 16th 2016 44



d ILC vertex detector triggered R&D on
ultra-light double-sided ladder time stamp { Mini-vector

« Alignment & tracking improvement
» 1-support/2-layers (material budget)

Lu§ -
T 4
| + .
08—
DE:— +
Cel. Automaton
r (mini-vectors)
o4 4
ozl STD tracking
[ _ 4+
oll T I ST BT B |
10°2 107 1 10 pthe\?Z
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MIMOSA-26 sensor: Integratlon in UItra-nght devices

ILC vertex detector trlggered R&D on

ultra-light double-sided ladder

Alignment & tracking improvement

1-support/2-layers (material budget) 2HURLI Korso
foam

to servicing board——

[ ]
B

L _
12 cm

PLUME collaboration (Bristol, DESY, IPHC)
2x6 MIMOSA-26 (50 um) on 2mm SiC foam
PLUME 01 prototype in 2012 (0.6% X )

~ Validated on beam @ CERN
PLUME 02 (0.35/0.42% X ) in production '
SN\ phi =

r=5cm

a4

a4

PLUME 02 most recent application
BEAST-Il @ SuperKEKDb (data taking 2017)

2 PLUME 02 ladders equipping IP region
Characterize beam related backgrounds
> Use mini-vectors = rate & properties
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s Beam Telescope for hadron-therapy (e.g. GSI)
s Beam Telescope @ Frascati BTF (0.05% X /plane)

» Adapted to 450 MeV/c electrons
» Becoming part of BTF equipment

s AIDA (EU-FP7)
« Single Arm Large AREA Telescope (SALAT)
« SALAT plane: 4 MIMOSA-28 glued to stretched Mylar foil
« <<0.1% X /plane

— del _am S
420m

s Prototype for an inner tracker
» Reference requirement: BESIII upgrade
« 3 detection layers
* 120 sensors thinned down to 50 um
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® STEPS VALIDATED IN 2012 :

= Several in-pixel amplifier variants lead to
satisfactory SNR & det. eff. (20 <20 ,u.mz)
incl. after 1 MRad & 1013n, 4/em? at 30°C

e CALL FOR IMPROVEMENT :

Pixel oubput:
(before CDS)

CD5: 52- 51

Fixel aulpul aller COS
{ 2100 DM)

= required optimising T geometries

[ X T
' —

Results pres. at VCI-2013 (J. Baudot)

Pixel circuitry noise :

A AR

tail due few noisy pixels
— attributed to RTS noise

[ * - .
W R e

et

=

2

4

a 8 10 12 14
Frame (x100)

[ SignaliNoise ratio for P25 | Noise for P25
30.06 5 |
L - R ©),12 . MAE10"I6C Mear=25 5 RUS=T 11 Overnow=5
C I:I REF@30C - MPY=28 3310 56 i
0.051 i
[ - 300kRad+3x10 "@20C - MPY=22.04:0.32 l].._ . 1HRE+10" G200 Maare2 451 RNS=T.£3 Overtiow=3
04— i - 300kRad+3x10 @30C - MPY=23.02:0.33 B
L D.Dﬂ_ REFESIC Mearm21 2 ANS=5.35 Dverlow=1
0.03— ek .
: : REF@SC Mear20.57 ANS=5.31 Overiow=)
0.02F o.0a-
001 0.02
A & 6 8 10 12 G50 20 3 40 50 60 70 80 9 10
SignaliNoise Electrons
SignalHisto 1 SignalAeio_{ SignalHiste 330 SignalHisto_i0
g = s 00 Eriies T
wir L F Mean 1| 0= Mean 447
anb TR i RS Uy I RS %3
F 0= i RS [ gind 1%
i - Constant 1977128 || gal Constant 2515447
1ID|:— i Mean  A0BE:1EG L Mean  40.02:0.43
, r 80 Sigma fa2:1m Sigma 9154+ 0141
l e i
| - s
[ 10 i
| 1 :II m;_ ﬂll:—
M Ul [
VAN WY S mE i
mE -
l:III|III|III|III [ FETL YETE IR T T n-||||||||| ol bl Y I P
LTI A0 50 A N N N & B
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[

Forthcoming Device: ALICE-ITS upgrade

oo

s ALICE Inner Tracking System (ITS) foreseen to be replace during LS2/LHC
» Higher luminosity & improved charm tagging

s  Expected improvement in pointing resolution and tracking efficiency

Impact parameter resolution

— 400 i
% r -‘,_ ALICE
—_— 350 L . meng=ms Cyrrent ITS, Z (Pb-Pb data, 2011) |
g E Wb ] e Upgraded ITS, 7
=1 - % —e— Current ITS, re (Pb-Pb data, 20711) |
_3 300 r i’.‘ Upgraded ITS, rg
B o50f |
vl - r L
o E e
£ 200} :
= r \ =
(=] N E
D L]
o 150+ ~am
L % Ll P
100 f-t -
E RG] e
50 ; . 5 N‘_‘“‘m
o e o e -
0 - 1 T B o e e o 25 SRR Rl
107 1 10
P (GeV/c)

Tracking

Efficiency (%)

=L
(=)
o

ALICE
Current ITS
Upgraded ITS
. IB: X#¥,=0.3%, OB: X.-")(D= 0.89%

I

|

BEEal A R N O I

107 1 10
P, (GeV/c)
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Asynchronous r.0. architecture: ALPIDE

T i = = Forvrs AL e

42 Concept similar to hybrid pixel r.o. architecture
4 Continuously power active in each pixel

 FEE: single stage amplifier (G ~ 100) + shaping (peaking ~ 5 us) / current comparator
4 Storage element for hit information (3 in-pixel memories = multi-event)

a4 Data driven r.o.: only zero-suppressed data transferred to periphery = Priority Encoder

pALPIDE-3 pixel 29.24 pm

Collection electorde §
VRESET RESET -
R ;
ENABLE B

& pulsing capacitor

Priority
Encoder

26.8 ym

50

* J3 J3 J4 I3 . y W
Alejandro Pérez Pérez, Journée Thématique du rése: = L=



Rolling Shutter r.0. architecture: MISTRAL-O

- A x = x A S e

s Power vs speed in rolling shutter r.o.
* Power: only the selected rows (N =1,2,3 ...) to be readout
» Speed: N rows of pixels are readout in ||
> Integration-time (tim) = (Row r.o. time) x (# Rows) /N

s Why large pixels (36 x 64 um?)?

 Lower # of rows & columns for same sensitive area

= improved speed & reduced power

« Pixel staggered layout = improve sensing node uniformity [ eoescoomen |

« BUT degraded o, (~10 um) & rad. tolerance

> OK for relaxed requirements of ALICE-ITS outer layers

s Design addressing

Window of 4x5 pixels

* Large pixels = sensing node + Pre-Amp optimization v
« Rolling shutter r.0. addressing 2 neighbour rows ggml : T
« 2D sparsification: 4x5 pixels windows R“"Mf D E=e

(evolution from 1D sparsification on MIMOSA-28) .,H,;/'f
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s Full Scale Building Block (FSBB) sensor p— . DL

s Large-pixel prototype (MIMOSA-22THRDb)

MISTRAL-O: prototypes tested on heam

oo

Full 2-row r.0. chain & 2D sparsification t =40 ps

Sensitive area (~1 cm?) = final building bock
Similar Nb of pixels (~170k) to final chip
Epi-layer: high-p 18 um thick

416 rows
A

BUT: small pixels (22x32.5 um?) & sparsification circuitry
is oversized (power!)

Goal: validation of r.o0. architecture in new CMQOS process

Tested in 2015: DESY (5 GeV e7) & CERN (120 GeV 7")

416 columns

Mi22-THRB6: 36x62.51m?

Two slightly different large pixels

> 36x62.5 um?* & 39x50.8 um?
Pads over pixel (3ML used for in-pixel circuitry)

ampl:pcmos
diode:14.8 pm?
Footprint:15 pm?
cap: fringe no via

Epi-layer: high-p 18 um thick

BUT: only < 10 mm?, 4k pixels & no sparsification ::;:Lp;zlz;
Goal: validation of large pixel design Footprint:16 pm’
cap: mos(nwell)

Tested @ Frascati BTF (450 MeV e7) in 2015

Alejandro Pérez Pérez, Journée Thématique du réseau R&D semi-conducteurs, June [6th 2016
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FSBB BT @ CERN-SPS (Oct. 2015)

s Experimental set-up
« 3 pairs of FSBB planes on T4/H6 (120 GeV/c &)
« Particle flux: trigger rate ~4, 25 & 100 kHz/cm?
e T =30°C

coolant

a Goals: validation of full r.o. chain
« Measuree o, & dark rate (R )

* Rad. Tolerance relevant to ALICE-ITS inner layers
* Impact of operation parameters on performances
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s Experimental set-up
« 3 pairs of FSBB planes on T4/H6 (120 GeV/c &)

« Particle flux: trigger rate ~4, 25 & 100 kHz/cm?
e T =30°C

coolant

s Goals: validation of full r.o. chain
« Measuree_, o, & dark rate (R )

* Rad. Tolerance relevant to ALICE-ITS inner layers
* Impact of operation parameters on performances

<100
s Measured performances %995
» Excellent performances for all sensors <
. e, >99%,R__<10°for Thr/iNoise < 12 & %
& moderate pixel masking (107°) 98.5
- O < S um 98
« Validation for doses relevant to ITS-in 97.5
1.6 MRad @ 1.0x10" neq/cm2
97

FSBB BT @ CERN-SPS (Oct. 2015)

v b e b b by By

6 7 8

9

10 11 12

13 14

) , , ; ; , ) . Threshold / noise = TN
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MIMOSA-22THRb BT @ Frascati BTF (May 2015)

s Experimental set-up
« Telescope: 2xMi28 (csSIO ~3.5 um) & 4xMi18 (csSID ~1-2 um) sensors thinned to 50 um

« Trigger: beam injection (few ns) = synchronisation

s Goals: validation of large pixel design

« Measuree_, o, & dark rate (R__)

* Rad. Tolerance relevant to ALICE-ITS outer layers
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MIMOSA-22THRb BT @ Frascati BTF (May 2015)

e T e R z = T RIS -

s Experimental set-up

« Telescope: 2xMi28 (osp ~3.5 um) & 4xMi18 (cssp ~1-2 um) sensors thinned to 50 um

« Trigger: beam injection (few ns) = synchronisation S s
(=] b s
2| E| 23 &
= . = =
s Goals: validation of large pixel design
« Measuree ,c &darkrate (R ) - b L
det” sp dark 1.6 144 382 163 1.8 38756
* Rad. Tolerance relevant to ALICE-ITS outer layers Distances (mm):
= T T T | I | I T T 15 —_— 1 "E
S 100[ e = S510 ¢
o T efﬂmeM; 14 e 4022
s Measured performances 2 ool 13 § Jq0° X
: I Eln- 3
« Excellent detection performances Wl T Darkg, 12 5 12: £
98| e et £ = =
- €, >99% &c_ <10 um (as expected) g e, f 10° £
. . P 97l : B o "##:_——: (10 107 :‘E
« Validation for doses relevant to ITS-out Frap ti 10° o
12 2 - Spatial resolution 100 8
150 kRad @ 1.5x10“ n_/cm s | WS
eq - - 10~==
B : 8 10 11<
BF 5 6 7 8 9 10 1 12 13/ 107

Threshold / noise = TN
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m Final Sensor: MISTRAL-0

FHITCS W4 NTEATED MR “EM0M8 M 1 ECTRON M3,

s Combination of 4 FSBB-M0 with MIMOSA-22THRb7 pixels

- 30 mm >

s Main characteristics
« 832 columns of 208 (160k) pixels (36 x 65 um?)
* In-pixel Pre-Amp & clamping (fringe capa)
» End-of-column signal discriminator
» Discriminator's output 2D sparsification (SUZE)
» Pixel masking circuitry
» Fully programmable control circuitry
« Pads over pixel array

1.5 mm

s Typical performances (based on FSBB-M0 & MIMOSA-22THRD tests)
o t ~20us; o, ~ 10 um; Power consumption < 80 mW/cm?

r.o.

« Rad. Hardness > 150 kRad ® 1.5x10" neq/cm2 @T=>30°C
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MIMOSA-22THRDO6/7: characteristics

42 Design features
* 64x64 pixel array (staggered): 56 columns ended with discri. and 8 with analog output
* Readout = 5us (100MHz clock)
» Epitaxial layer: HR18

Mi22-THRB6: 36x62.5um? Mi22-T|;IRB7: 39x50.8um?

T
' Reference | &

Elmp|:pcmos ampl:ncmos ! --.’-'-r'. _—
diode:14.8 pm? d:15 07 algm

: : NCMOEAMP LIFTRR
Footprint:15 um? imp: 15 Cal
cap; fringe no via cap: MIM :-..-....1.-1:..:.-;;4.?;__
ampl:pcmos ampl:ncmos
diode:7.4 um? |dm;51 16

[l 2 2 .
Footprint:16 pm g e g cap: fringe : :
cap: mos(nwell) B Cam 0H f —— | i m——

Mgl L] U8 TR ) 2 E " Ik 1 HEHE
e b e IR BB NN AN NS E AR AARRNEH

4 Purpose of the chip
« Validate pads over pixels
« Validate in-pixel circuitry concentrated on = 3ML = modified clamping capacitor
« Validate large pixel performances w.r.t. TDR requirements on layers 3 — 6
= MISTRAL-O
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Main FSBB-MO0 detection performances (2/2)

s Study of rad. tolerance @ T > 30 °C: loads relevant to ALICE-ITS inner layers

Load: 1.6 MRad @& 1013neq/cm2

Diode/Footprint: 9/13.3 pm?
€, Vs Discr. Threshold vs pixel masking

€. 0. & fake-rate vs Discr. Threshold
o\° 100 0--‘__.‘___I___‘__ 7
— — ——-—-___,_____' |
§ B H—H-._'_"“_‘———-—-n ]
o 98" ]
R ]
ﬁ] 967 No mask -
B coiiiiiiing
A S e M i S i
9 TS =
L o [ O SRR 4 ]
e ot =
C Loyt -
903 11x10? .
88 | 7 | 1 \7.5| L 8 Lt 1 |8.5| T 9 1
—  Efficiency Threshold / noise = TN
= U residue
- - V residue
== Fake rate
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s Study of rad. tolerance @ T > 30 °C: loads relevant to ALICE-ITS inner layers

€

Main FSBB-MO0 detection performances (2/2)

« Load: 1.6 MRad @ 1013neq/cm2

csp& fake-rate vs Discr. Threshold

Diode/Footprint: 9/13.3 pm?

€, Vs Discr. Threshold vs pixel masking

det’
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——  Fake rate det N

g, ~99.4% & <Fake> ~1x10” (0.5% masking) @ Thr = 7.4x0_

d
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Main MIMOSA-22THRb detection performances

Pixel type Pixel dim. Diode/Footprint Pre-Amp T. Clamping capa. Integ. time
MIMOSA-22THRDb7 39 pm x 50.8 pem 5/16 ,qu N-MOS MOS (N-well) 5us

MIZZTHRBT, Diode: 4 B16. % m?, Amp: 0.36/1.0um, Cap: fringe, Pitch: 39.0-50.8.m° ‘

Mi2ZTHRET, Diode: 4.8/16. Wim?, Amp: 0,361.0pm, Cap: fringe, Pitch: 39.0-50 gyim’

2 F T B7 BARAD- Srmblldicd=d® g8 3% 2 § _F ! ! A T E a
€ oof B7, PCB49: Small diode =~ £° ENE- R S .R.Q.E&S,.ES.m?.ll.m?'..l.de..i_ 0l 2
E ': | ! 1 _t.lz 5_; 107 T ?3_1 E - ! : ! ! : ! 10_2E ]
a6] '— —1 == -E"-;B - 2 qQgl— 3 & 8 o
= KW PR SRR IR R q gdw'g] s &2 7r ERL T S
by J1 & &3 o @ 98 Z10' S 2
1 iz ¢ i MCERE
: j0 d10°Es g o7 - E
] = 107 %‘4 E - 02§
.+ R TR (G RC TP REY < ........................................... g _; 10° E _ 3 96_— 10.3; _3 :J’-t__
e 1 J**3 © B L
=lg  Jqo™ 2 ¥ 95— w0 f T
Iz : E 10 1 - i i i i i i : 10 —1
A N T . e ake M5 s s 4 _as s 580 °
Threshold (mV) Threshold (mV)
oo 150 kRad @ 1.5x10" n_/cm?
No Irradiation . eq
s Excellent detection performances —  FEfficiency
= U residue
« > 99% & o~ 10 um (as expected) - =. Vresidue
. . - Fake rate
« Good performances for radiation load relevant for outer ALICE-ITS — < Suze Windowss
d

Validation of large pixel design for the outer layers of the ALICE-ITS!
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CPS Radiation Tolerance

[

2 15 years of experience of PICSEL group in developing CPS
a2 Strong collaboration with ADMOS group at Frankfurt
4 r.o. speed evolution
» Factor of ~ 50 improvement in 15 years of research
# Radiation tolerance
« Significant improvement with time

« Validation up to 10 MRad @ 1014neq/cm2

=M= Rad. tol. non-ionizing
—@- Rad. tol. ionizing
=M= Readout speed
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SYNAPS prolect partnershlp with SOLEIL

SYNCHROTRON
- PIPPER 2 prototype (Tower-Jazz 0.18 um CIS) |_vsV__& breakdown V for MIM & Fringe
1268 square pixels (25 km pich) MM [Fringe
 Collection system: 1 diode 3, 5 um &, 4 diodes 4 um & Leakage@10V 21 pA > 1 A
* epi-layer =18 um (> 1 kQ xcm) & CZ =50 um (~700 Q xcm) Leakage@20V 42 nA 3.1fA
« TN=10-15e ENC @ 15°C Leakage@30V 42 pA 5.6 fA
. . Breakdown ~30V > 40V
« Fringe capa for AC-coupling to Pre-Amp, VBias upto45V Voltage
Response to *Fe source vs V.. T =v15°C e 2V -
ias *—e 3v
2000 sa 4V
e 5V
59keV |- - oy
P e 8V
1500 L, |- ov
¥ = 10V
2 gal e 11V
2 8 i S Y
3 1 LER |
© 1000 fardeg [ dsv
| c ’;j: @ a 16 V
500 |
0

60 80
Single pixel charge (ADCu)
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