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Introduction to CPS
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CPS: Development motivation

(@\:;S Quadrature of the
Vertex Detector

" Spatial resolution

s CPS triggered by the need of very granular and ﬁ?b"
low material budget sensors

13pnq [eLRIel
Radiation hardness

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

» Relaxed readout (r.0.) speed & rad. tolerance Bealontzpol
s Application domain widens continuously (existing/foreseen/potential)

 Heavy-ion collisions
> STAR-PXL, ALICE-ITS, CBM-MVD, NAG1...

e e'e collisions
> BES-IIl, ILC, Belle Il (BEAST II)

 Non-collider experiments
> FIRST, NA63, Mu2e, PANDA, ...

» High-precision beam-telescopes (adapted to medium/low energy e" beams)
> Few um resolution @ DUT achievable with EUDET-BT (DESY), BTF-BT (Frascati)
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CPS: Main features

s The basic working principle NWELL ooS oS
« Secondary charges generated in epi-layer by ionization ce PIOOE Spefy  TRATERTOR) TRASSTO
> Signal proportional to epi-thickness
» Charges transport driven by 3 potentials
> P-well/coll. node/P++ (usually GND/few volts/GND)

« Epi-layer not fully depleted: ddep~ 0.3 \]psube

bias

diode | % %
Depletion*., .
region®. /7

] ] Py
] ] . ) e
“..-.'s p” epitaxial layer

= transport is mix of thermal diffusion & drift - / p substrate

s Prominent features Particle hit
« Signal processing integrated on sensor substrate = downstream electronics & syst. integration
» High granularity = excellent spatial resolution (O(um))
« Signal generated in thin (10-40um) epi-layer = usual thinning up to 50 um total thickness
« Standard fabrication process = low cost & easy prototyping, many vendors, ...

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

« RA&D largely consists in exploiting as much as possible the potential of the accessible
industrial processes
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CPS @ PICSEL - IPHC: A long term R&D

T i e

B Ultimate objectwe. ILC, with staged performances

\(\Q % CPS applied to other experiments with intermediate requirements
‘\)‘\QEUDET 2006/2010 STAR 2013 ’bol;,o
I EUDET (R&D for ILC, EU project) Wﬂﬂm 9
STAR (Heavy Ion physics)
CBM (Heavy Ion physics)
ILC (Particle physics)

HadronPhysics2 (generic R&D, EU project)
AIDA (generic R&D, EU project)

FIRST (Hadron therapy)

ALICE/LHC (Heavy Ion physics)

EIC (Hadron physics)
ggBBIC (Particle physics)
BESII (Particle physics) :

mrwa-
8P Su‘LEIL

o g SYNCHROTRON
0“‘90 : e — ct
HR-CMOS for "2 Iw#)
X-rays (2018) e Sial?’

RICH mirror
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CPS State-of-the-Art in operatlon STAR-PXL sensor

ULTIMATE main characteristics P'CSELGROU;
« CMOS sensor (0.35 um AMS twin-well) high-p epi-layer 15um ‘

E

IPHC

Institut legr}%re

« Sensor thinned to 50 um (total thickness = 0.05% X ) _ g
UL11MATE

(MIMOSA-28)

* || column (rolling shutter) r.o. with in-pixel CDS & amplification
» End-of-column discriminator (1-bit) followed by J-suppression

e 960 x 928 (columns x rows) pixels of 20.7 um pitch
= 19.9 x 19.2 mm?* sensitive area

e t <200 us (~5x10° frames/s) = suited for > 10° part./cm?/s

« 2outputs @ 160 MHz
e Operation @ T ~30 °C & W < 150 mW/cm? [ MIMOSA 28 - epi 15 um |

R100 st E 5

=~ ] 155.5 = &

c 98| __55 5 10 E

s ULTIMATE Performances S ok ENEEDR:

w P F TH45 0 10° £

. Noise < 15 e ENC @ 30-35 °C 0N R R O R P Dl B Y- E

SN S o2

. £,,299.9%, 0 23.5um, Fake rate < 10° ° P e - NS S ot W N = EP R Ry -

e Rad. hardness valldated @ 30 °C PETTTTTITIENT T EN 10 g

(150 kRad @ 3x10™ neqlcmz) M S B ¥ A S VA S B = 2' 10° &
ST T e 10°
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CPS State-of-the-Art in operation: STAR-PXL detector

STAR-PXL @ RHIC 1= CPS @ a collider experlment !

STAR Detector

"‘“‘f"\“'\i\’l; STAR-PXL HALF-BARREL

11—?‘"\ e 2layers @r=2.8,8cm
- 20 ladders (10 sensors) (0.37% X )

= 180M pixels
Air flow cooling: T < 35°C




CPS State-of-the-Art in operation:

STAR-PXL detector

STAR Detector

Forward Time Projection Chamber

STAR-PXL @ RHIC: 1* CPS @ a collider experiment !

STAR-PXL HALF-BARREL

2layers @ r=2.8,8 cm
20 ladders (10 sensors) (0.37% X))

= 180M pixels
Air flow cooling: T < 35°C

200 : Courtesy of the STAR Preliminary
~ STAR collaboration Au+Au |5, =200GeV o
rg 600+, RHIC Run 2014
S [ [}
2 500 !
s '
E 400 — 1 momnrrcm 1 =
C. |D:|'. -------------- -!‘ &>
E 300 - 10° 1 ;
= T
g 200 B 15‘:
&) = With HFT Cuts .
100F W i s o o 125M MinBias Events ]
| I"ITﬁIHIH‘i IUI‘“II(HI S'“‘S"'B: 18 S
0 I;':' I.;;'S IIH [.;SS Ij'J 1.95 2 2.1I)5 21

Invariant mass, mx::( GeV/c?)
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Several Physics-runs
1%t /2" run in 2014 & 2015
Preparation for 3" run (Jan. 2016)
Gip(pT) matching requirements

~40 um @ 600 MeV/c for ©*/K*

Observation of D° production
STAR: peak significance = 18
ALICE: peak significance = 5




CPS performances: Spatlal Resolution (c )

s Several parameters governc_
* Pixel pitch

Mimosa resolution vs pitch

« Epi-layer: thickness & p s = e T,
« Sensing node: geometry & electrical properties % | —=— ﬁﬁﬁ%ﬁﬁﬁﬁ {jﬁ{i}mm
» Signal-encoding resolution: Nb of bits = ‘“:‘Lmn?ﬁ?"“’” AL R
+ o_ function of: 3 o )

. . g I o

pitch @ SNR @ charge-sharing @ ADCu @ ... 6 e O\
i - <0
4 o
s Pixel-pitch impact (analogue output) L P
.+ Pitch = 10 (40) pm = G_ ~ 1 um (< 3 um) 2 — (ana\°93
.I....I....I....I....I. N T A

- Nearly linear improvement in 6_ vs pixel pitch 5015 0 25 30 35 a0 &
pitch (microns)

s Signal-encoding impact (digital output) | NPofbits 12 3.4 ]
. Gdigis = pItCh/ (12)1/2 Data measured reprocessed measured
igi - < | < 241 < |
= e.g. 699 ~ 5.7 um for 20 um pitch T sp S 1.5um = 2pm < 3.5um
sp

« Significant improvement in G, by increasing signal encoding resolution
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Radiation hardness

eq

Radiation hardness [n_ /cm?]

CPS performances: r.0. speed & rad. hardness
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15 years of experience of PICSEL
group in developing CPS

Strong collaboration with ADMOS
group at Frankfurt

r.o. speed evolution

Two orders of magnitude
improvement in 15 years of research

Radiation tolerance

Significant improvement with time
Sensor validation up to 10 MRad ®
1014neq/cm2

Adequacy to ALICE-ITS and CBM
applications
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Development of CPS adapted
to Vertex & Tracker detector




Next challenge: ALICE-ITS upgrade ®

S ALICE
Time-Projection Chamber (TPC)

s ALICE goals
« Study quark gluon plasma in heavy-ion collisions

- High precision measurements @ low-p_

Inner Tracking System (ITS)

s Upgraded ITS entirely based on CPS
* Present detector: 2xHPD/2xDrift-Si/2xSi-strips
* Future detector: 7-layers with CPS (25-30k chips)

= 1* large tracker (~ 10 m?) using CPS Time-Of Flight

Detector (TOF) Transition Radiation Detector (TRD)
 |ITS-TDR approved on March 2014 (ub. in J.Phys. G41 (2014) 087002)

SDD (Drift)

-

Muon Arm

s New ALICE-ITS requirements

Tsp Trus, Dose Fluency Top Power Active area

STARPXL | <4um  <200pus  150kRad 3-10'2 neglem? 30-35°C 160 mW/em? 0.15 m?

ITS-in <sum  <30pus 27MRad 1710 n.Jem®  30°C  <300mWiem? 017 m?

ITS-out <10pm  <30pus  100kRad 11012 neglem? 30°C < 100mWiem?  ~ 10 m?

« Different requirements on inner & outer layers calls for 5
different chips designs! : & R T

Includes safety factor ~ 4

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

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015 12



CMOS Process Transition: STAR-PXL — ALICE-ITS

Twin well process: 0.6-0.35 um

HNMOS
M- WELL P-WE B

G
/

"4

PMOS

_—
P-EPI

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)
=g > 99.5%, o, < 4um

> 1 CPS detector @ collider experiment

[Quadrupole well process (dg;p P-well): 0.8 um

4
* N-well of PMOS transistors shielded by deep P-well
= both types of transistors can be used

* Widens 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

.........

& 700 krad/ 1x10'* 1 MeV n,
Includes safety factor ~ 4




ALICE-ITS: Boundaries of the CPS Development

4 New fabrlcatlon process (TowerJazz CIS 0.18 um)

* Expected to be ration tolerant enough STARPXL ALICE.ITS ~dded.value
» Expected to allow for fast enough readout | 0.35um 0.18 pum speed, TID, power
« Larger reticule: ~ 25 x 32 mm? 4 ML oML speed. power
twin-well quadruple-well speed, power
. EPI 14/20 pemm EPI 18/40 pm SNR
s Drawback of smaller feature size EPI > 04Kk -cm | EPI~1-8kQ-cm  SNR, NITD

* 1.8V operative voltage (instead of 3.3 V)

= reduced dynamics in signal processing circuit and
epi-layer depletion voltage

» Increase risk of Random Telegraph Signal (RTS) noise

NWELL PMOS NMOS
Spacmg DIODE Spacmg TRANSISTOR, TRANSISTOR

nwell
Collectloai

diode '-l '.
Depl\etlon
reglon

s Requirements of the larger surface to cover
» Good fabrication yield = sensor design robustness
« Mitigate noisy pixels

"‘..."‘,- p~ epitaxial layer

» Sensor operation stable along 1.5 m ladder (voltage drop) / p substrate
» Material budget /
> Minimize power consumption Partcle ht

> Minimal connexions to the outside = sensor periphery (slow-control, steering, ...)
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ALICE-ITS: Readout chain components

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

s Typical readout components
 AMP: in-pixel low noise pre-amplifier
 Filter: in-pixel filter

« ADC (1-bit = discriminator): may be implemented at end-of-column or pixel level
« 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)
« data-driven (asynchronous): only hit pixels are output upon request (priority encoding)

E

Rolling shutter: best approach for twin-well process

» Trade-off between performance, design complexity, pixel dimensions, power, ...
e.g.: Mimosa-26 (EUDET-BT), Mimosa-28 (STAR-PXL)
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ALICE-ITS: Two Architectures for the plxel chip

MISTRAL o w7

Pixel pitch: 36x64 um? (L LU L L L
Time resolution: ~20us™ M @ W H W E W W
W: 80 mW/cm _ .__...! ...
(O OH O CHOH CH CH CH e

Max hit rate: ~0.8 MHz/cm*—— = = =~ = 7 7 shutter
o 5 30 OO OO

imension: 15 x30 mm? O O O O] O o O O
Dead area: 1.5x30 mm? | S e

Goal: early available and reliable solution
 Conservative design based on STAR-PXL

Big pixel = low power & high speed

Moderate rad. hardness & o, ~10 us = OK

........

widdle layers

= 700 krad/ 1x10% 1 MeV n,,
Includes safety factor ~ 4

Goal: high performance, accept risks
 Aggressive design

* In-pixel discrimination

» Data-driven r.o. (priority encoder)

« Both chips have same physical & electrical interfaces
 Base-line solution: ALPIDE for all ITS layers

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015

ALPIDE
O 100 100 100 |
], (L0, (L0, (D0,
L
CHE 0 O & [ CHE DO
H OO OO OO |

SR N

I..J_‘ |_. | l___

_.Ti_ID L CH UK

T T X |

Buffering and Interface |

Pixel pltch 28x28 um?
Time resolution: <5 us
W: 39 mW/cm?

Max hit rate: ~ 3MHz/cm?
Dimension: 15 x30 mm?

Dead area: 1.1x30 mm?

ARP Conap

T an

continuous
or
external trigger




Exploring the new
technology

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015
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Technology Exploration & Sensor Performances

s Goal: understand the detection performances in terms of external parameters
= Optimization for ALICE-ITS (and evaluate adequacy for other applications)

s External parameters
* Diode and spacing (footprint) size/geometry
» Pixel size/geometry: square vs elongated NWELL PMOS NMOS
> Elongated pixels in row direction (less rows) Spacing DIODE Spacing TRANSISTOR | TRANSISTOR
= Lower t of rolling shutter
 Diode layout of elongated pixels Collectionl: | !
» Staggering = lower diode inter-distance dode i
ggering Depletion. , :
« Epi-layer: thickness and resistivity (profile) region®, /" !
s Performances in terms of e 3TN L o epitaxiallayer ¥
» Noise / p substrate
« CCE, SNR @ seed pixel
» Hit pixel multiplicity = data transmission /
. € csp& Fake-rate Particle hit

« Rad. Tolerance

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015 18



Exploratory chips: MIMOSA-32ter & MIMOSA-34

¥ TowerJazz 0 18um technology valldatlon & performances optlmlzatlon

source follower
a MIMOSA-32t,er e ,

« Analog-output: source follower or feedback-loop (t ~34 or 12 us) 7

 Sub-matrices of 16x64 pixels with different sizes (20x20,33,40,80 um?), —]
diodes geometries (octagonal vs square) and some with deep P-well '

« Epi-layer: 18 um HR (p = 1 kQ cm) szl [ |

4 MIMOSA-34 Sy 7o e —_—_—l—.—l;—_—_- e
« Analog-output: source follower (tint ~ 32us) . S
» 30 sub-matrices with 16x64 staggered pixels Diode & Pre'a_mP“

- Dimensions: 22 or 33 x(27, 30, 33, 44, 66) um? T
- Diodeffootprint: 1+1, 2, 5, 5+5, 8, 11, 15 um? / 11,15 um? ‘
« Epi-layer: 18, 20, 30 um HR (p = 1 — 6 kQ cm)

4 Test purposes Feedback loop with diode L_jj
« Validate new technology: epi-layer characteristics, deep P-well and Rad. tolerance
» Study: sensing node charge collection, elongated pixels performances

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015 19
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MIMOSA-32ter: performances

s CERN-SPS BT Set-up ] 15°C, No rad. — — E—

0 0‘1: I mmmmmmmmmmmmmmmmmmmmmmmmm
« Beam: 60-120 GeV/c 1t* -/ 30°C, No rad. : - |
Bl 20°C, IMRad®10"™ _ fcm? Sl T e ——

o T . = 15, 20 & 300C 0'06: ----- | - REF@15C Mean-20.57 RMS=8.31 Overflow=0
cooling B 30°C, 1MRad®10"_/om? b
s Main results H
T T T Ry~ R U T T T V8

e 20x20 um? pixel (performances vs rad. dose @ 30°C)

Electrons

Seeq pixel charge distribution

50.04
= E - REF@15C - MPV=645.23+14.02
0.035F ft
E I:l REF@30C - MPV=626.26+10.15
0,03 1l
0.025 —---ifl - LY g eeeeeed - 1MRad+10"@20C - MPV=559.29:7.7

oozF—QIF (N A
= 1MRad+10"*@30C - MPV=519.49:5.1

> Small noise increase: 21 — 26 e ENC
- SNR__, reduction: 26-28 — 19 (30%)

» g _ >99% for IMRad ® 10“”neq/c:m2

Small pixels (20x20 pm?)

Diode & ampli: feedback loop with diode

> Gsp~3.2 um D::
e 20x40 um? pixel (@ 20°C) T 0 rom st 2000 2e0b =00
- e _>99% for IMRad ® 10™n_/cm? €, &0o_ vsthreshold
det eq et sp
- 6,~50um T e — EG
sp 5100:— Hms_niii_':_REF-Hi-?-Iﬂ{mun:Z ______ _:? .§
s Technology validation S s &
. a8 - & 20x40u E 7
 HR epi-layer SR . S E RSN i i s
« deep P-well (no parasitic charge coll.) \/ S SR e MIMOSA:28—1 1,
p p g " 95: . ::‘__“*'-———__."._._——r———"" E
. iati - e St DY SRR S o= T
Radiation tolerance F ot i =+
- —2

4a
4]
=]
L]
[+:]
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MIMOSA-34: performances vs diode & pixels sizes

20

—— gpi HR 20um
—— epi HR 18um

« Excellent SNRSeeol for various considered pixels

10

= e.g. MPV > 40 for 22x66 um?pixel = ¢ _ ~100% 0

s DESY BT Set-up (August 2013): Seed pixel SNR vs pixel variations
« 2BT: 8xSi-strips & 6xMIMOSA-26 (120 um thick) g :z
« ~4.4 GeV/c e beam 2 m% . !

s MIMOSA-34: Various pixels & diode dimensions ’ mi IR
 Pixel (22x27,30,33,44,66) & diode (8,11,15) sizes (um?) 3“2 T30

P3g) . (P3q). (Pag,  Pag . Prg ., (P;
) 7 0) 9 8 9
7 raj? 90 raf 33:3?‘2“‘334'3;&“4 rrfj?"‘ﬁﬁ (15)

« 33x66 um? pixel: Not tested in BT but with B-source
pixel (diode) size (um?)

> Excellent MPV (> 50) = expects e, ~100% & c, ~ 10um

- Pixel size adapted for ALICE-ITS outer layers (MISTRAL-O) Seed pixel SR vs pixel size

2500~ E

%0Sr-3” data P3 33x66 pum?
Process > 0.35 um 0.18 um C ]
2 2000 | :

Pixel Dim. [ym™] | 20.7x20.7 20x20 2233 20x40 22X66 33 X66 /™ *0Sr-p” data P19 22x66 i
; 71500 ' ]

Jg;n[y.m] 3.7+01 | 3.2£0.1 ~5 54401 ~ T ~10pum? | g ’
31000

s Variations showed acceptable degradation of
performances for nominal TID + NIEL @ ALICE-ITS

4 Next-step: optimization with pre-ampli scheme

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015



Going MISTRAL-O

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015
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Main features of the Sensors Studied on Beam

. FuII Scale Building Block (FSBB) sensor /

» Complete (fast) chain of double-row r.o. and 2D
sparcification (SUZE): t =40 ps

« Sensitive area (~1 cm?) = area of final building bock
» Similar Nb of pixels (~170k) than complete final chip (160k)
» Fabricated with 18 um thick high-p epi-layer

416 rows
A

« BUT: pixels are small (22x32.5 um? staggered layout) & \fiﬁ
sparsification circuitry is oversized (power!) ' |
- Tested @ DESY (~4 GeV/c ") in Jun. 2015, and CERN-SPS ——
(~ 120 GeV/c w') in Oct. 2015 416 columns
s Large-pixel prototype (MIMOSA-22THRDb) Mi22-THRB6: 36x62.5um?
» Two slightly different large pixels —-
> 36x62.5 um? and 39x50.8 um? (staggered layout) :mshplc;n;s
iode:14.8 pm?

» Pads over pixel array (3ML used for in-pixel circuitry) Footprint:15 pm?

cap: fringe no via

« Double-row r.o. with no-sparsification (t _ ~ 5 ps)
a ampl:pcmos
diode:7.4 pm?
Footprint:16 pm?
cap: mos(nwell)

» Fabricated with 18 um thick high-p epi-layer
« BUT: only £ 10 mm?, 4k pixels & no sparsification

» Tested in Frascati (450 MeV/c ") in Mar. & May 2015
Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015 ZT




Main goals of MIMOSA-22THRb & FSBB-MO0 Prototyping

Parametres investigated MIMOSA-22THRb7/6 FSBB-MObis
Sensing nhode geometry X X
Epitaxial layer parametres X X
In-pixel signal processing X X
on 3 ML (Pre-Amp, clamping) X -
Pads over pixels X —
Large pixel detection efficiency X -
at 30°C (incl. after OB radiation load) X -
Large pixel single point resolution X -
Complete signhal sensing & processing chain — X
Fake rate (160,000 pixels) X X
Impact of voltage drop — X
Cluster encoding data size X X

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015 24



FSBB BT @ CERN-SPS in 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?
« All measurements performedatT__ _=30°C |

s Measurements as a function of discriminator threshold
» Detection efficiency vs fake rate (noisy pixel)
 Spatial resolution associated with binary encoding of 22x32.5 um? pixels

=30 °C: up to 1.6 MRad @ 1.0x10" neq/cm2
« Studies of the impact of operation parameters on sensor performances

> e.g. input voltage (VDD), pixel current, ...
« Study of the impact of noisy pixel masking on efficiency and spatial resolution

« Radiation tolerance @ T

coolant
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Main FSBB-MO0 detection performances (1I3)

AII the 6 sensor performances on the same plot
Excellent and uniform performances among sensors (thr < 10xNoise)

Efficiency « detection efficiency: > 99%

== U residue
- = Vresidue e gpatial resolution: < 5um
= = . Fake rate @ 10° masking

« Fake rate: < 10° with moderate (10°) hot pixels masking

. . : . 2
Diode/Footprint: 8/16 pm? Diode/Footprint: 9/13.3 um
—_— L L e T T T T T T T TT T T ] —_ 1 -— oy = TT T T T T T T T T T T TTTTT rrrrprroT T ‘.," T a _ 1 ‘E
= - - = ‘ 54 E 5 =100 =54
st I e PR S S0 g
599'87 {5.2 5 23 599'3: {5.2 5 10*2%
= = 5107 % 5 A X
£299.6 4 = - £99.6F = J10°8
i = 45 910" 3 [T 0 2 2
99.4F 4 2 < s At 708 4w
= i4_8n: 1075E 994: —,4-81 105§
99.2— S 10 © 99.2— - 1075
C —4- — - —4.6 g =<
99 ] 10 j..g 99} ] 10 sﬁ
C —4.4 107 © - 4.4 7
98.8 g 10°® S 98.81 ] 10 &
E —l4.2 > - — 107
98.6 - 10,9< 98.6 42 10_95
c —4 : ]
98.4: 3 107" 98.4- Z4 107"°
98.2" : —={3.8 107" 98.2- —3.8 10"
T T L L 1072 F 7 12
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Threshold / noise = TN 6 7 8 9 10 11 12 13 14

Threshold / noise = TN

s Detection performances stability

« Same results obtained @ DESY (4.5 GeV/c e’) and CERN-SPS (120 GeV/c ")
« Same results for different particles rates: 1 — 25 hits/frame
* Robust performances in terms of operation parameters
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Main FSBB-M0 detection performances (2/3)

s Spatial resolution vs cluster pixel size
Track position @ DUT w.r.t closest set of collection

Diode/Footprint: 8/16 pm? I T— diodes as a function of cluster pixel multiplicity
Mizan 2854
10000 LI L L IO L L LI DO IR mw 1'593 Tu Ve T'I.f on mﬂtri){ f[}r Mult_ = 1 Tu VS T"l' on mﬂtri){ fﬂr Mult. = 2
L : : : : : : : | Crartlons o - 1
sl | Threshold = 9xNoise -
I e T A A = £
S ; ; ; ; ; ; Do =2 2
ot el :
I 1 i :
spo0—4d SRR NN WOV SOV SO N F F
ol S S -
- I ! i i i : Tu position {wm) Tu position fum)
ﬂ (I Il [ |1
0 2 14 16 Tu vs Tv on matrix for Mult. = 3 Tu vs Tv on matrix for Mult. = 4
# pivels / cluster o o

4 Telescope pointing resolution ~2 um

s Charge sharing depends on track
impinging position w.r.t coll. diode

Tv postion {um)
Tw position {pm)

L1110 L1 = i II- L1 1 1 d- L1
0 15 20 25 30 35 40
Tu position {um}
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Main FSBB-MO0 detection performances (2I3)

d Spatlal resolution vs cluster plxel size
Residue distribution in the raw parallel direction
Diode/Footprint: 8/16 pm? — o — as a function of cluster pixel multiplicity -
10000 T _I__L_L_I__I__J__I__I___I_JI__I“_I“I__!-__I__I"I__L_I"I“I__JI“I__I___I__!-_I_"I__I"l__l__lul mw" 1'59; Tu;‘_:LiCC-II(DSF)Ifor Mullt. =/r1 | o .,.5‘,57;3; TU-hiuC(IS(DSF) for Mult. =2 | .
ol _____T__hr9_§.h_9!_9__?__929!9!%9__-
6000 __ ............ _] or 00 |-
ao00] .. S NS S W S S W
2000[ - S S VS MU SV SO —
G_Ili II|III|III|III ||||i||llll_ U romene b resiaus wim
0 2 4 6 8 10 12 14 16 ‘ Tu-huCG(DSF) for Mult. = 3 =7 | Tu-huCG(DSF) for Mult. = 4
# pivels / cluster T T T - Z g |
4 Telescope pointing resolution ~2 um | 47pum] |
i 4.3 pm]
2 Charge sharing depends on track soo Wl
impinging position w.r.t coll. diode soob E
4 Spatial resolution is mostly I F
dependent on # pixels/cluster o 17
s o (Mult=1)~42um<c™ =~78um | 1
° l Ll okl 1y

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015

20 <40 —40 20 40

U residue (um) U residue (um)

27




Main FSBB-MO0 detection performances (3/3)

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

Load: 1.6 MRad @& 101‘°’neq/c:m2

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

f

6.5

Resolution (1um)

3.5

4.5
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Main FSBB-MO0 detection performances (3/3)

s Study of rad. tolerance @ T > 30 °C: loads relevant to ALICE-ITS inner layers
« Load: 1.6 MRad @ 101‘°’neq/c:m2

Diode/Footprint: 9/13.3 pm?

€, .0 O'Sp& fake-rate vs Discr. Threshold €, Vs Discr. Threshold vs pixel masking
— T T T T T T T T T T 1 T T T T f _— 1 - — : T T — T T T — T T
é 100: ‘,__q_______________“‘_ﬁ_.__— X E 10" % Z100- — Masking 0.00% |
Q L T —16.5 5 2 = 299_3: — Masking 0.50%
C 93 = 107 ¢ 2 C “\ -
2 - 1 3 22 S996F — Masking 1.00% 2
5 L 1 51008 £996 j\ g =
"..u:- 967 No mask —:5 é 104 *é 99_43 L S — Masking 2.00%%
i cIiiiiiiing 10_5::: - .
.............. 2 99.2- =
- el T P 5 O C .
94r 5;(10#3 ___________ ; 155 10° ¢ oo \\ :
i “---.._____1_________ e e a 10*7% o885 . ?\\i\ 7
= 1 B R i A ] 8 @ O -
92— : : 05 B E
- ISP B R 10° < TE ; -
90_ 1 . __45 10—10 98.4 1 _
- ' 11x10? ] - ' .
L 1 ] 10™M 98.2- i .
B 1 1 1 1 1 1 l 1 "' 1 1 1 1 1 1 1 i —12 : 1 1 1 1 1 1 1 I| L L L L L :
87 75 8 8.5 g 4 M0 %87 75 8 55 e
Threshold / noise = TN Threshold / noise = TN

Efficiency

= U residue
- - V residue

g, ~99.0% & <Fake> ~7x10% (1.0% masking) @ Thr = 7.9x0_

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

€

Main FSBB-MO0 detection performances (3/3)

« Load: 1.6 MRad & 101‘°’neq/c:m2

csp& fake-rate vs Discr. Threshold

Diode/Footprint: 9/13.3 pm?

€, Vs Discr. Threshold vs pixel masking

det’
Q 100 T T T T T T T T _{ ‘é‘ 1 E — T T T T T T T
r ] s 0 =X = —_ i %
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MIMOSA-22THRb BT @ Frascati in May 2015

¥ Experlmental set-up
e Beam: 450 MeV/c e~
* Telescope: 2xMi28 (digital output) and 4xMi18 (analog-output) sensors thinned to 50 um
* Trigger: beam injection signal = synchronisation due to small spill length (few ns)

Mi18: G, = 1-2 um
Mi28: c.,~ 3.5um

- 450Mech>‘ ‘

Distances (mm): 16 144 382 163 16 38756
s Measurements as a function of discriminator threshold
» Detection efficiency vs fake rate (noisy pixel)
 Spatial resolution associated with binary encoding of 36x65.2 um?* & 39x50.8 um? pixels
= 30 °C: up to 150 kRad ® 1.5x10" neq/cm2

mi18

g
=
@

(|

Mil8
Mi28

-— 2" Mi22

« Radiation tolerance @ T

coolant
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Main MIMOSA-22THRbD detection performances (1/2)

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° ‘

MiZZTHRET, Diode: 4. 816, fum?, Amp: 0.3601.00m, Cap: fringe, Pitch; 39,050, Eum®

= 20,3 S o o) e, P e e o, P [ P R I —_= = A — = T T T T T 1 310 4
£ ol B7, PCB49: Smail diode " E°! /& ;;” § 40 |, PCB43:'Smalldiode? . = &
= W N e e AL ] edw'sd. & &2 F 0s . 3
b E ? | ? I 11 &4 10" E_? S sl ;10 2 2
F 1 Z10°526 1 - w0t = g
BB i e e— =l = 2 - -5 =
N 110 Z10*=5 @ 97 = -
E P ] w0 §a, 3 = 1072 3
g?i.__ ...................... < ................... ................. ...... —t . _; 10 E ;;_; 3 96/ 10° 2 _3 <
._ = : : ! : . _; 10° 'E: - 10° _2 ;
96— e g % % 95— 107 ’
r: : = = = [ E —E 10" :;1 - ; i ; i ; ; . 10" —1
| i ] = = 94.......I....I...I....I....I....I....I10-12 0
95" : = ; : e R i 0 2 2.5 3 3.5 4 4.5 5 5.5
3 4 5 Thresshold (l?ﬂw Threshold (mV)
12 2
No Irradiation 150 kRad @ 1.5x10 neqlcm
s Excellent detection performances — Ef“‘"‘_:“’y
— resiaue
.« € > 99% & o~ 10 um (as expected) - =. Vresidue
.. == Fake rate
» Good performances for radiation load relevant for outer ALICE-ITS — 4 Suze Windowss
=
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Validation of large pixel design for the outer layers of the ALICE-ITS!
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Final Sensor: MISTRAL-O

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

s Main characteristics
« Chip dimensions: 15 x 30 mm?
Sensitive area: 13.5 x 29.95 mm?

> 1.5 mm wide side band (insensitive)
(evolving towards 1 mm)

» 832 columns of 208 (160k) pixels
 Pixel dimensions: 36 x 65 um?

* In-pixel Pre-Amp & clamping (fringe capa)

» End-of-column signal discriminator

» Discriminator's output 2D sparsification (SUZE)
« Fully programmable control circuitry

« Pads over pixel array

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

« Rad. Hardness > 150 kRad @ 1.5x10" neq/c:m2 @T>30°C

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015 3



Forthcoming Challenges
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Forthcoming Challenges: R&D @ IPHC

How to i |mprove speed and rad. tolerance while preserving (‘\‘B‘\ct‘s
c_, (3-5 pm) and material budget (< 0.1% X )? S

0(10°) /15

P3pnq [BLINEB

O(10) ps

TOF (RPC)

Read;mt speed

EUDET/STAR — ALICE/CBM r— ?X?/ILC
2010/14 =2 2015/2019 =t 2, 2020
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Micro Vertex Detector (MDV) of CBM @ SIS100

T PR S L L= S SO e e e R o

s Goals
» Study of super-dense nuclear matter with relativistic ion-collisions
« Study open charm from 30 GeV p-Au (10 MHz)
* Low-momentum tracker for 1-12 GeV Au-Au (30-100 kHz)

s Beam on target > 2021
s MVD sensor requirements

Sensor properties MISTRAL -O MIMOSIS-100 (preliminary)

Active surface 13 5 x 29 95 mm* ~10 x 30 mm?
Pixels 832 colls x 208 pixels ~ 1500 colls x 300 pixels
Pixel pitch 36 x 65 um? 22x33 um 2
Integration time 20.8 us 30 us

Data rate 320 Mbps > 6x 320 Mbps

Rad tol. (non-io) >10"2 n.,/Jem? >3 x 10" n,/em?
Rad tol (io) > 100 kRad > 3 MRad
Operation Temperature +30°C -20°C in vacuum

s |In reach with lightly modified APIDE (FSBB?)
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Towards ILC vertex detector

s ILC collision scheme ST ST . i
ns

Bunch Train \ e ﬁ |#
.2 s ,

. LI I I |
Bunch Spacing x1312 ‘ M MH \

uuuuuuy

s Vertex detector (VXD) layout: 3 layers of double-sided CPS
* Mini-vectors: associate hits in double-sided layers (track seeding in VXD)

» Different optimization approaches for the different layers
> Innermost layers: low surface & larger occupancy

> Workout 6, __(reduce pile-up) & o, (impact parameter)
> Quter layers: larger surface & lower occupancy
> Can deal with degraded 6, _& o,

> Minimize power consumption = material budget

spatial resolution

s R&D ideas (So far a concept, design being started)
Innermost layer: two digital output sensors with 6, ~ 1 us (~2 bunches pile-up) in one

side and o, < 3 um on the other = Combine asynchr. (¢, ) and synchr. (csp) readouts

Outer layers: larger pixels with higher signal-charge-encoding resolution (3-4 bits)
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Technology Perspectives for Performance Improvements

s HV/HR- CMOS Sensors: d ~ 0. 3 NP XU ; P. Rymaszewski et al,

bias arXiv:1601.00459

P-stop

—IN-well ring
I*

v

2

VDD

« Extend sensitive volume & |mproved q-collectlon
= Faster signal & stronger rad. tolerance
* Not bound to CMOS processes using epi-layers
> Easier access to VDSM (< 100 nm) process | | —
> Higher in-pixel p-circuitry density | "W | ::M
 Unanswered questions : i (D ver ceep Navel
> Minimal pixel dimensions (csp) ?

> Uniformity over large sensitive area & production yield?

s 2-tiers chips
« Signal sensing (front-end) & processing (r.o.) parts

distributed over two interconnected tiers (AC coupling) g

» Smart sensor = 1 r.o. pixel addressing N pixel-front-ends I%
= Reduce density of interconnections .

* Can combine 2 diff. CMOS processes: front-end/r.o. %
« Benefits: small pixels = resolution, speed, data- e

compression and robustness
» Challenges: interconnection technology (reliability & cost)

lvan Peric: CPIX14, Bonn, 2014
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Summary
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Summary

s Substantial experien(;e has béen collécted with running STAR-PXL proving
added value of CPS to physics

 Demonstrated that CPS can provide spatial resolution and material budget required for
numerous applications

s CPS are suited for vertex detectors (<< 1 m?) and have attractive features for
tracking devices (>> 1 m?)

s Forthcoming Challenges
« CPS for inner trackers: ALICE-ITS = large area (10 m?) to cover with 20-30k sensors
« Improve rad. tolerance: CBM experiment @ FAIR/GS| = > 10MRad ® > 10™ neq/c:m2

* Improve readout speed: ILC vertex detector = < 1 us

s Perspectives for technological advances

« HV/HR-CMOS sensors: improvement on charge collection
= faster signal and stronger rad. tolerance

» 2-tier sensors: combine of 2 CMOS processes for sensing & r.o. parts
= more in-pixel intelligence

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015
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ALPIDE (ALice Plxel DEtector): readout archltecture

Concept S|m|Iar to hybrid pixel readout architecture
TowerdJazz CIS quadrupole well process: both N & P MOS can be used

a4

4 Continuously power active in each pixel
Low power consumption analogue front-end (< 50nW/pixel) based on single stage

amplifier with shaping
> High gain ~100
> Shaping time few us

* In-pixel discriminator
» Binary output stored into multi-event buffer awaiting for external readout

Only zero-suppressed data transferred to periphery = priority encoder readout

12 um + 10 um

]

ReseT —@

ENABLE —|

22 pum

VRESET

readout

2
¥
.

Courtesy of W. Snoeys /f TWEPP-2013 /‘ i
Part of Collection Analog Memorly
Priority electrode Front End cell 44

Encoder
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ALPIDE: performances assessment

s APIDE-1 beam test @ DESY (5-7 pions)
 Final sensor dimensions: 15x30 mm?
« ~0.5M pixels of 28x28 um?
» 4 different sensing node geometries
» Possibility of reverse biasing the substrate

Spac‘i'rg Diameter <S_g=;mng
S —

= default is -3 V (better epi-layer depletion) - o (R - - §
» Possibility to mask pixels (fake-rate mitigation) ki

= default is O(10) pixels
4 Performances
.« €,>99%, 0 <5um, fake-rate < 107

» Slight deterioration after irradiation

-
e
"

=y E — 52 28 —
£ 100f E g £ = . 1 ©
= I . = = o G ] <
%) - - = c = ~ N =
S R |, e @ =T - RS- R W 26 -
S 99.9[— 33 E u p=t 1 =
= e = = © r h ~a. - ‘»
L - B Q a r - — T
- | fat [o] 48— — 24 @
C @ x 4er == B n ®
9.8 =107 5 L 1 3
L _ “E-l\ | 8 C I PP
L ~ ] B o E >
L ~ . ] 3 0 ©
99.7[— R = 10° o a1, 2
L _ E = i <
sosl=___ : =Rl —1.8
Efficiency Noise ) ) = 4.-2[Resolution Cluster Size n
—o— —e— Non irradiated , i —— —o— Non irradiated 18
99.5 —— —=— 1e13 1 MeV neﬂjcm Lov v by vy 1 4g10 —- —a— 1e13 1 MeV nb‘qlcmz M
10 15 20 25 30 35 40 45 50 470 15 20 25 30 35 40 45 50
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Exploring full sensor chain: Prototypes fabricated

MIrS{I'RAL RO Architecﬁﬂe RAL RO Architect 'ﬂ)de{in-pixel amplification Optiamatiu
/MlMOSA-azFEE MIMOSA-32N MIMOSA-34

[
MIMOSA-22THRA AROM-1

IMOSA-22THRB

T W VAT

7

= = Z = —
Zefo Suppress Logic \ it V |
_suzzoz N N

~1.3 cm? array ~1.3 cm? amay ~1.3 cm® array

““J”/“\\\\ FSBB FSBB FSBB
MIMOSA-E&-er- 2 f i T

\\' SUZE | : SUZE | ' SUZE |

"
77
/4
AN
X
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s Laboratory tests
* Noise characterization and fake rate

e °Fe X-ray source
> ~6keV line
> Gain, CCE and CNR

e %Sr B source (Q =2.28 MeV)
- SNR, g, and cluster multiplicity

s Test-beam (TB) facilities
« SPS:~100 GeV/c
« DESY:~5GeVice
* Frascati: ~500 MeV/c e~
« SNR, e, cluster multiplicity and o,

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015

The Testing Probes

Clusters

| Seed pixel éharge

soof= - Eries
E CCE QMPVIQSkeV Mean
50— AMS
= = <N>
s CNR=Q_, /<N
200 —
150 :—
C Q6keV
100 —
=1e) ;
OC; * ' 1 OIOO * : ' * EDIDOI : ' 30‘00“ - L4OOD = ' ' 50

Seed pixel S/<N> with Time-Space Veto and Noise-Subtracted (data)

n_SescsAveN_Tmespacevers_caia_NoiseSus

Entries 441996
[— L LA s B S S Meai 6.005
C RMS %
- Underflow o
400 +— Overflow 699
C %2 / ndf 172.6 / 141
— Prob 0.03827
C MPV 51.34+ 0.26
300 — < 13.67 £ 0.12
= Constant 2240+ 26.6
200 ]
100H —
e .
. [ A A RS S R NS R BN R
(o} 50 100 150 200 250 300
Seed S/N
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MISTRAL-O: Synchronous readout

S

. . MISTRAL ASTRAL
s Design addresses 3 issues o
* Increasing S/N at pixel-level m Analogue pixel mm“m pixel with
» Sensing node optimization P
] ADC @ Pixel Array Pixel Array
g end-Of-COIlJmn 4 MISTRAL Column discriminators Zero suppression,
Bufferization,
> p|Xe| = ASTRAL zen;z#::::::;rr:' Serialization
Serialization
Window nf:}xs pixels
« SUZE at chip periphery —_— el
ow -
> 2D sparsification algorithm with 4x5 pixels  RowM 7k
I’ -

window (evolution from 1D sparsification - Mjl

on ULTIMATE chip) i
Hl'[

s Power vs Speed

» Power: only the selected rows (N=1,2,3 ...) to be readout

» Speed: N rows of pixels are readout in ||
> Integration-time (t ) = frame readout time = t_ =

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015
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R&D of CMOS pixel sensors

o £ AT NN ey, |

MNew ITS Layout

ALICE-ITS =NEW DRIVING APPLICATION OF CPS
based on a better suited (180 nm) CMOS process
(TDR approved by LHCC in March "14)

% 1%t real scale sensor prototype adapted to 10 m? fabricated
- 1st test results validate achitecture in 180 nm technology
—> 2-4 times faster read-out w.r.t. 0.35 um technology, with up
to 60 % power reduction

B O krad ! 1P 1 Wi
Wachuches sadery factor =4

AIDA Telescope
CPS MAPS: Spatial Resolution and Time Stamping «  Big surface and thin reference planes with

ime samp_ 16v61pm2 high spatial resolution
| Vertical esiqual]  minewector] | | o Sensing area = 4x3.8cm2
n « Additional plane with
high temporal N
resolution

L]
spatial resolution

Ultrathin ladder - PLUME 2000

= time stamping

s -0 5 05 (L)
track-hit position (xm)
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Sensor integration in Ultra Light Devices

* Double sided ladders expected benefits [esomds . soum sensors o servicing board = 1m_,
— Alignment & tracking (pointin - S—
g g(p R g) “ =‘ ' —‘_\!';—m
— Beam background rejection ? suppon Low mass flex cable
— Material budget, 1 mechanical support i T .cr PO
— Redundancy (efficiency)
— Each layer optimized
~ read-out speed vs resolution r y/
e PLUME coll. (BriStOI, DESY,r IPHC) ‘Venical residual‘ mini-vector
e Plume 01 prototype (<2012) %m s M
_ Fabricated [EetEs i s
» 2x 6 Mimosa 26 chips | Time pesen e
» 2 mm low density SiC foam ,:r-:' 2000 m:.mm smo.m
~ Validated in test beam (2011) ] [ e s
» Operated with air cooling i T e
> 0.6 % X, : e
1000 Mean 005059 001955
e Plume 02 prototype / ; e sarsom
— Under construction (spring 2015) 80 s o s 0 18 20
— Reduced mat. Budget Width = 24.5 mm

» Reduced width (24.5 mm =18mm)
~ Lighter (alu) flex cable, mechanical support
» 0.6 % X, =@ ~ 0.35 % X, (cross-section) sensor size

plume-I|

plume-2

Ale Journées Callisionneur |_im=_'le5i|'.’.;lJ(Srerwcﬂ::clq:_»f De’cembre 20‘]4 Width = 18 mm HH



Next Forthcommg device: CBM Micro-Vertex Detector (MVD)

CBM-MVD at FAIRIGSI

3 double-sided stations in vacuum at T < 0°C
e G_<5um

Sp ~
e ~05% X0 |/ station
ALICE-ITS 2018/19 « Radiation load: > 10™n /cm?
> o

-
i
—» 3

|
I

2
P
4
D -
-
o
<}
o,
IEI
K3
%

4

r T T r
1] 25 50 75 100 Z [cm]
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Device under Study: ILC Vertex Detector

ILD-VXD at ILC
3 double-sided layers
e 0 <3um

Sp ~

« ~03%X, /layer

e Radiation load: 0(100) kRad +
O(10M) neq/cm2 (1yr)

Include: ctor ~ 4

ITS 2018/19

Alejand_ ’ d
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BTF Telescope Simulation: Performances (l)

[ PRERSn S LEELEE LA s ons S O BRC = s L LR et oo

| Track slopes X=f(Z) | [Track slopes Y=(Z) |

L I T T T T L | | , | | | |
100] | 1200 | — Data |4
i 1 100F — Mc__ ]
80 ] - ]
- 5 80 E
605 - ol E
4o E 40F E
20F . 20; —f
0ot — 0 001 _ 0501 — 0 001
slope slope
|x2Indof of tracks |
0.35F E
0.3F 3
0.25F 3
0.2F E
0.15F E
0.1 E
0.05F E

d?
N_
=
o2

8 10
/ y2/ndof 53



BTF Telescope Simulation: Performances (ll)

[Hit-track vertical residual, 1% Mi18

_l_
mllIII|IIII|IIII|IIII|IIII|IIII|IIII|II

0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

o

o 5 10
V residue (um)

—
5]
[
—
o
[
4]

[Hit-track vertical residual, 3" Mi18
T I T T T T I T T T T | T

T T T I T T T T I I-I T T
Non-Gaussian

0.25 tail of MS

0.2
0.15
0.1
0.05

III|IIII|IIII|IIII|IIII|III_|_

56— =5 0 530 15

V residue (um)

ALC)ANUIO FCICL FCICZ, LAL SCIIAL, 224 Jdlluldy ZU 1D

[Hit-track vertical residual, 2" Mi18

0.35
0.3
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0.2
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0.1
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—
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[
—
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[Hit-track vertical residual, 4™ Mi18
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o
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BTF Analysis strategy & Efficiency correction

....... B R S R R R I

4 Anglysis strategy [rractrin oimtanc < wATorEn «=] [Duvce
 Reconstruct tracks and extrapolate @ DUT g
» Associate DUT hits to track within track-hit distance cut
« Evaluate DUTe  andc_ o Mgy

s Efficiency Correction: g, " = (e ™" - p)/(1 - p)

o 50 100 150 200 250
(rem)

* Due to MS non-Gaussian tails some track-hit distance seems quite large (few 100um)
> Enlarging the track-hit distance has 2 consequences on non-efficient events
> Increases probability to get a fake hit in this area
> Increases probability to associate a real hit from other track
 Method
- Use efficient events to get the distribution of the 2™ closest hit to the track

> Use normalized cumulated distribution to estimate p
Track - hit distance of the 2" closest hit Norm. cumulated distribution

biTeackTonaconamtClustorDmtance | (17 =
Entries 1422

Mean 8615
RMS 470.3

oo}

[«)]

Ey

rlongAssacia
Entries

= i Doesn't saturate to 1
uE- AMS because some events

- have only one hit
“ \Gives «p o fora given cut

. ﬂ“\%ﬂﬂ“ﬂfﬂlﬂnﬂ 11 et W N 7l 0 - 55

2000 2500 ! . m

N

o

04 TT \II‘\I\‘II\lIHlI\Il\\I‘II\‘III‘\

o N A O @

P I T T S
500 1000



BTF Telescope Simulation: 6. @ 1 DUT position

| 450MeVIc>

Mi18

| —— 1 Mizz‘é

[ 2" Mi22

Mi28

—
Mi18
——

A S S D e

Telescope resolution @ 1° DUT position
(both DUTs supposed thinned to 50um)

6, =(5.77£0.01  +0.20_ )pm

Telescope resolution confirmed
with Geant3 based simulation

Hit-track U-residual at DUT, plane 3

5000

4000

3000

2000

1000

ResidualAtDUT_U_PI3
Entries 158922
Mean 0.006321
RMS 5.779
Underfiow 1
Owerfiow o
Integral 1.589e+05
*2 7 ndr 109.6 / 94
Constant 5490 + 16.8
Mean 0.004649 + 0.014486
sSigma 5.77 + 0.01

Hit-track V-residual at DUT, plane 3 FesidualAtDUT_V_Pls

\-IIII|IIII|IIII

o}
1
»L
o]

-20

20 40
U residual (um)

Entries 158922
[ T T T T T T T T T I T T Mean -0.005947F
B RMS 5.748
I~ uUnderfiow o
5000 [—
| Owverflow E
| Integral 1.589e+05
B ®2 & mdf 22.81 / 96
4000 [—
— Constant 5518 = 17.0
- Mean -0.006007 + 0.014409
B sigma 5.741 = 0.010
3000 |- e
2000 |— —]
1000 [— —]
0 I 1 1 1 I . L 1 I - |

-20 o 20 40
vV residual (Lum)



CMOS Pixel Sensors: Established Architecture

e Main characteristics of MIMOSA-26 sensor equipping EUDET BT :

= Pouel array: 576 = 1162, pitch: 10.4 pm

> 0.35 pm process with high-resistivity epitaxial layer s s Cle L o D e iy mm_.:;:;':mm_.a
) :)r!mmnﬁﬂ-uauﬂmwl » C0S [Cormelated Double Sampling)
(coll. with IRFU/Saclay) B

& Zeto suppression
= Datn transmission

- column // architecture with in-pixel amplification (cDS)
and end-of-column discrimination, followed by %

- binary charge encoding

- active area: 1152 columns of 576 pixels (21.2x10.6 mm2)

» pitch: 18.4 pm »— ~ 0.7 million pixels

> charge sharing = 0sp ~ 3.-3.5 um
>t o, <100 p1s (~10* frames/s)
~— suited to >1D€' part.fcmzfs

- JTAG programmable

> rolling shutter architecture
= full sensitive area dissipation = 1 row

> ~ 250 mW/cm? power consumption (fct of Neoi)

> thinned to 50 pem (yield ~ 90 %)

e Various applications : VD demonstrators, NA63, NA61, FIRST, oncotherapy, dosimetry, ...
9
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55Fe source: CCEINmseICNR vs diode for Iarge pixels

4 CCE TN and CNR vs sensing node for large plxels with HR18 epi- Iayer ¢ 33766 um \
W22%66 um

CCE Seed - HR18 30C Noise (ENC) - HR18 30C . CNR - HR18 30C
.55 "
[ |
#3365 um _ i
" | i ! v ) ‘
um
b 16 [ |
| | a0 i
15
' ]
045
14 = i
* B FIPEETTT—
B R 33 5aum
¢ " o nt ?
o & . B22'66um
‘ i | ' 0
1.5 i
1
k]
03 T T T 1 g )
0 z 4 g B 1o 12 14 16 { 2 4 g 8 1n 12 1 16 1 1 i G 8 10 17 14 1§
Diode surface Diotle surface Diodoe surbace

s Good to excellent CCE, even for small sensing diodes or for 33x66 um? pixels

4 TN~ 17/11 e ENC for single 10.9/8 um? sensing diodes

4 TN~ 17/15 e ENC for pairs of 5/2 um? sensing diodes

a2 High CNR: up to ~60 for 8 um? sensing diodes

4 Pixel detection performances fully satisfactory = confirmation from beam test (see next slide)
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o

55Fe source: CCE & Nmse VS dlode for smaII pixels

0.5 —

I A>1kOhm, 18 um

0.45

04

0.35

03

0.25

02

0.15

01

[

B300hm, 12 um

— &> 2 kOhm, 20 um

ar
2T

ar
3 2T

8

10

CCE is highest for HR18 epi-layer

Weak dependence of CCE with diode dimensions = around 30% for 2um?®
Nearly linear variation of TN with diode dimensions
= 8 — 16 e ENC for diode 2 — 10.9 um?

12

17

16

15

14

13

12

11

10

o ~ = w

CCE and TN for 22x33 um? pixels for different diode dimensions (footprlnt 10.9 um?)

Noise

F 2T

- 3T

I

B e

Small sending diode with > 10 um?footprint attractive in terms of CCE
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*Fe source: radiation tolerance for 22x33 um® pixels

s MIMOSA-34:

e 22x33 um? pixels with diode of 8 and 10.9 um* TN and CCE/CNR @ T = 30°C from **Fe

source for different irradiations

« Comparison when possible of CNR and SNR from 4.4 GeV e” TB (DESY)

« Comments:

» Small diode more sensitive to TID
* TID impacts both CCE and TN

« CNR of 10.9 um*diode pixel exceeds 20 (MPV) after 250 kRad + 2.5x1012neq/cm2

~ T - - - - —~ B0 E 70 - — g :
£ F ' - a t ; - > f [Pl 2233 un? T =30°C
'LI"J" 65 - 22x33 pmz, 11 umz diode 0 50 C pitch 22x33 pr?, T =30°C O 60y .i| —=— Pixel P29, diode '11_Llﬁf
= | = U = | —=— Fixel P20, diode &
8 Bng e 22x33 um?, 8 um? diode 8 —=— Pixel P29, diode 11pm? E - | —5— Pixel P29, with 4.4 GeV e-
% 3 ; " . : ?| D 40 | —s— Pirel P20, diode 8’ g @ 5 _E S Pxel P20, wih 44 Gele- |
45 < _ o - = M
= L ; L]
% o P T ‘ N S ST R -
3 S | | i |
4’0 <. S0 l 950 7 4, 0 25, 25n 2 25, .
toy Chp. 587 kR, ', Ory Chp <8, 0y 7 b, ~ 8, "0 T f
9 an, 70 ad*e s QQQ (¢4 $Qq 70:. '?eo',g MQQQ % (o4 “Q 70:. '?"O',‘? @'?‘90
70 ) 707, 067072
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MIMOSA-34: sensing node |mpact for small pixels

0.03

epi HR 18 um, pixel 22x332 um? at T ea=307C
—— diode size 1Tum?, MPY =436+ 0.5
————————— k g I diode size 8 pm?, MPV = 52.3 = 0.7

¥ DESY BT Set-up (August 2013) Seed pixel SNR distribution

« 2BT: 8xSi-strips & 6xMIMOSA-26 (120 um thick)
e ~4.4 GeV/c e beam

s MIMOSA-34: 22x33 um? pixels @ T = 30°C
» Sensing node impact (HR18)
Sub-arrays: P-29 10.9/10.9 um? diode/footprint

P-20 8.0/10.9 um? diode/footprint ———— -~ 'wram
% =50
seed SNR
« 8um? diode features ~20% higher SNR (MPV) Horizontal direction residue _
= slightly higher ¢ _ (both > 99%) 9% I SR SR S '
« Q__~1350/1500 e for 8/10.9um? diode TR

= marginal charge loss

20

e Binary residue: 5-5.5 um = o, < S um

S

L1 1
-30 -20 -10

residue (um) 61
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a4

Clusters

Clusters

B‘ (“Sr) source vs 4.4 GeV e (DESY)

Ao

MIMOSA 34

B~ (*Sr) vs 4.4 GeV e for 22x66 um? pixels: SNR & ¢ _ for HR18/HR30

« Conclusion: lab test with 3~ (**Sr) source allow estimating €

Seed pixel S/<N= for HR Epi=18 pm

"HR18 -

—— Test-beam data

—_— er-ﬁ source data

1 I |
150 200 250
S/<N=

Seed pixel S/<N=> for HR Epi=30 pm

T T T T

Test-beam data

— "5r [ source data

'HR30 ‘

300

Clusters

Clusters

Seed plerSJ'<N> for HR Epi=18 pum

,lDD' —— Tesl-beam data HR1 8 +
— MFnr-|i' source dala | |
80 : /
60—
40-
20—
U—-—
0 "2'"4"'6'”8”'10'12'"1'4"1'5'1'8'2'0”22
5/<N>
Seed pixel S/i<N= for HR Epi=30 pm
40¢ T
= —— Tesl-beam data H R30 B
35 =
305 — "5 source data
25 /T
20F -
15 d
10 + 3
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100/

efficiency vs Seed pixel 5/<N= cut for HR18 um

' HR18

L 1 L1 PR T [ TERE
0O 2 4 6 8

— Test-beam data

— Sy source data

| Poios T3 (T Y Lo
10 12 14 16

S/=N>
efficiency vs Seed pixel S/<N= cut for HR30 um
100.2' |II| II||| ||I|'II|..'|
HR30
100
299.8f .
oy
g9961 = Test-beam data g
E99.4f 1
Oep 4 o
992 = SrP source data E
%0 2 % B B 1002 14 96
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s MIMOSA-34:

Ao

From 22x66 to 33x66 wm® pixels

W, x x = =w

22x66 vs 33x66 um? pixels: SNR & g Wwith B~ (**Sr) for HR18/HR30

. Comment: 33x66 um? (8/15 um? diode/footprint) pixels exhibit high SNR = high €.

2500

:

o
Qo
(=]

Clusters
o
Q
[=]

500

. .50. .

Seed pixel S/<N= for HR Epi=18 u

, HR18

T T T
B0 = v
Sr-p data P3 33x66 jim l

o datn P19 22866 pm

4 I (SO T Y A I Ay O |
200 250

T I R '
150
Si<N=

100

Seed pixel S/<N= for HR Epi=30 um

300

P S
50

Tor { data P3 33%66 pod

HR30

Top i data P19 22066 pim

150 200 250

Sl=N=

R
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300
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- —swmmn| HR18 4/

1200

1000+
i [
g 800
n :
=600
o

400

e MV dats P19 22466 il

o -

0 24 6 81012141618 20 22 24
S/l<N=>

Seed pixel S/<N= for HR Epi=30 um

350;_ —— "r data P19 22055
00E T
52505'-
1 200;
0 150:
100
50-

o

P ST FTY
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MAIC]allulV rClCs rClCL, AL OCLIAL, £ Jalluldy 42U 10

efficiency vs Seed pixel S/<N= cut for HR18 pm

100.2——————— 7T 1T
HR18
100 -
£99.81- -
& T
_5995 |
= —— o data P3 $3x66 pm?
=99.4 e

g9.2 Hor g data P19 22466 pr
Eirleis e ltpnpy Moo Lova b by v by 1]
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efficiency vs Seed pixel S/<N> cut for HR30 um
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Efficiency (%)
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T |:'|h| =

@
o
¥

w
[fa]

——— 503 data P3 33x66 um?

— 515 data P19 22x66 uny]

0 2 4 6 8
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33x66 wm’ pixels vs epitaxial-layer
s MIMOSA-34:
. 33x66 um? pixels (8/15 um* diode/footprint): SNR & €, with B~ (**Sr) for HR 18,20,30
« Comments:
« Single 8/15 um? diode/footprint provides high SNR despite large pixel
(low sensing node density)
« HRB30 epi-layers gives high SNR (MPV ~ 70) from B~ (*°Sr)
= pretty high e _ for high SNR cut (e.g. 10)

« Expected spatial resolution for 33x66 um? pixels: o, = 10um

Seed pixel S/<N> for different HR Epi-layers Seed pixel S/<N> for different HR Epi-layers efficiency vs Seed pixel S/<N> cut for HR18 um
; | TO0.20 1t e
2000 e 5 chats P 3055w A8 1 400— = "5}y s P3 10akE i HR 1 : e 1 _
1 ——— "Srfl dats P 32055 urd HR20u : — i ool 3 i HR g ] 1 OO » =
®ryl” data P3 33186 unt HRA0u 120'0 e ™ ey P Mailipare? HR ' = B =
1500~ — F ) —_—
i i HR18 - m1 00'03_ 998 %sr-5° data P3 33x66 pm? HR18y 5
- = ! }.\ - ——
a 1 E800- '
%000 HR20 3 5™ £996-
S I 5 600+ 'S - | —— %Sr-p" data P3 33x66 ym? HR20u
I ; =99.4
500 400 L
' 2[}[].: 99.2 : —— 7'Sr-p” data P3 33x66 um? HR30u :
vy powe | ey ety Degs gy By gy plny ey el ety : : : 99 o b o SR — Lot 2 L
0 50 100 150 200 250 300 0 5 10 15 20 25 30 g 2 4 & 8 10 12 14 16
SI<N> SI<N> SI<N>

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015 64



Det. Efficiency & Fake rate

» Measured from 128 columns ended with discriminators: MIMOSA-22THRal

P S | ] ! ! 1 € E =1 £
?:_ _______ i s = | 10" § g Fw0's
8 ook | o S Eis
B wg @
o -
S e 0§ Z10 g
%E---- 10*% = 10° 5
w3 107 8 107§
s6E _ = = 10* = <10
sa——4, 4:_._. - L ' 52 . ..... 4 10° 5 . = 10°?
82F—- : : __? = : ''''' - 10" C ¥ i | ; L
au,j ~_|" "!"'B" ;Lﬂ 1|2 = 10" Wy — 10"
Threshold / noise Threshald / noise
For threshold within 5 to >10 times the <noise> - 51 =T gate: 2x0.36 um?
Efficiency > 99.5 % * S2 =T gate: 1x0.36 um?
Fake hit rate < O(10-%) * S3 =T gate: 1x0.18 um? (small diode)

* S4 =T gate: 1x0.18 um?
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MISTRAL-like: fake rate

1.E-02

1.E-03

1.E-04

1.E-05

1E-D6

1E-07

1.E-08

1.E-08

1E-10

T
14 16

8 10 12 18 2 )
Fake hit rate Versus cut in sigma 10 gl Input transistor gate
seleER | =Sl 2u0.36uum?
Lo} £51 & kOhm em 20um
» £ 52 30 Ohmeem 12um * 52 = 1x0.36 J“m;
#52 1 kGhm.cm 18um * 53 = 1x0.18 um
b m . - 452 6 KOhm.cm 20um (small diode)
LY g 54 30 Ohmem 12um « S4 = 1x0.18 um?
] [ 34 1 kOhm.cm L8um
A 'y — 546 kOhm.Em-20ums—
m A
a* g A
- &
A
o ‘%I o

Enlarged input transistor gate:
= Effective mitigation of fake rate due to noisy pixels
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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 -
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FSBB-MO0bis main features

[ PRERSn S LEELEE LA s ons S O BRC = s L LR et oo

* TJsc-0.18 CIS process, HR (~1-2kQcm) 18/25/30um epitaxy, thinned to 50um
« Staggered pixel: 22x32.5 um? including pre-amplification and clamping with 6 metal layers (ML)
 416x416 = 173k of col. x row of pixels ended by discriminator (8-cols with analogue output)

* Double-row readout at 160MHz clock frequency = 40us integration time

*  On-chip 3-stage sparsification: SUZE-02 (different from MISTRAL-0, SUZE-03)
* 4 Memories of 512x32 bits

* 2 output nodes at 320Mbits/s (used only one for TB)
* Integrated JTAG and regulators

FSBB-MObis

« Sensitive areais 13.7 x 9.0 mm ~ 1.2cm?

* Improvements w.r.t FSBB-M0 = shortcomings solved
> Mitigation of cross coupling effects

= now capable of operating full matrix

416 rows

> Bit transmission: bit inversion at discriminator output
* Two sensing node variations in same chip

- (NMOS T, _  Pre-Amp W/L =1.5/0.28um)
> Diode/Footprint: 8/16 um?
> Diode/Footprint: 9/13.3 um?
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Main FSBB-MO0 Detection Performances (2/3)

e Study of detection efficiency stability :
« Difference between SPS (120 GeV pions) & DESY (4.5 GeV electrons)

= Effect of occupancy : from ~ 1 hit/frame to ~ 25 hits/frame

| FSBEbis-HR1E, Diode: 8.0116.0um?, Amp: 0.26/1.5:m, Cap: MIM, Pitch: 22.0-32.5.m’ ‘

| FSBBbis-HR18, Dicde: 8.0M1E.0um?, Amp: 0.28/1.5um, Cap: MIM, Pitch: 22_n=32.5||m’

Fr H H ;

£99.6
]

99.4
99.2

99
98.8 : :
98.4

93llill'li"'li""i.:":-"'i""i""i" N N N S T Y N N S T T T T T T T T T S T T |
6 7 8 2 10 11 12 6 7 8 9 10 11 12

Threshold / noise = TN Threshold / noise = TN

SPS vs DESY ~ 1 to 20-30 hits/frame

III|III|III|III|III|III|III|III|III|III|I
w
w
III|III|III|III|III|||I|III|III|II||III|I

= No variation observed
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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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Reminder of lab results: Individual pixel response to *Fe X-rays

[

Mi22THRb7 has a gain quite uniform

Mi22THRb6 shows gain dispersion among pixels = were not sure about the effecton e

MIMOSA-22THRDG

analog outputs

MIMOSA-22THRb7

analog outputs

T 21 3 hgapan bobe ikt AbasEn b lanned spRR LR
E " ampl:pcmos
o T . diode:7.4 pm?
210y _:‘_;;75_;___1 Footprint:16 pm?
= E 1[;": Sie cap: mos(nwell)
5 - e
L o -
=] i =T
=107 | e 1] 5
E ? - il F A E
= - = 1§ = = 5
[ PMOST (e Tl:
1D.a ;‘ Pre Imp HO LS .:.'-«:--... "l _f
= L T A S
0 50 100 150 200 250 300 350 400 450

Seed pixel Charge for pixel (col lin) =

(2.35) (Bottom-Submatrix)
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Reminder of lab results: Temp. dependence of pixels to *Fe X-rays

AT AN

4 Mi22THRb7 has quite stable response vs T
s Mi22THRb6 shows a significant dependence with T: T = gain
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Hot pixel masking effectong & G Motivation

[ oo

s Reducing Ipix
« Increasese_ = dramatical effect for highly irradiated sensors @

* Increases fake rate = factor of 10 increase for highly irradiated sensors @
« Masking procedure can be a good strategy for highly irradiated sensors
= can reduce fake rate by ~1 — 2 orders of magnitude depending masking fraction

s Itis then important to study the effect of maskingone_ & c_,

« Masking will cut away some single pixel clusters

- ¢ _relative reduction should be prop. to (masking fraction) x (fraction mult. = 1 clusters)

- Should be a marginal effect due to sizeable pixel cluster multiplicity of FSBB
- A, vs (fraction mult. = 1 clusters) should be linearly related

. Gspshould get marginally degraded due to loss of hit position information of masked pixels

s Tested the above hypothesis on different sensors and varied configurations
* Non-irradiated sensors @ nominal configuration
« Highly irradiated sensor (1.6MRad + 10"n_(MeV)/cm?) for |, =30 &50 (nominal) uA

eq
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Hot pixel masking effectong_ & G Results ()

[
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-Ae _ vs fraction mult = 1 clusters (Frac(Mult = 1))

« Different markers in a plot correspond to the different
sensors and configurations studied

- —Ae_  values quite smaller than masking fraction in full
Frac(Mult=1) (threshold)
« Nearly linear correlation between —Ae, & Frac(Mult=1)

= Useful to predict efficiency reduction for a given
masking fraction and threshold
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Motivation for depleted CPS

= High energy physics frend
* Tolerate high non-ionizing part. Fluences 10" n.,/cm? (tracker / yerex)
* Infegration time < us

= X-rays detection

* Require thickness (Beer-Lambert attenuation law)
* Require equivalent collection properties all over epi-layer

® Fully depleting the sensitive layer is a key

* However situation different / sensors for hybrid-systems (CERN-RD50)
= Same substrate embed sensitive and first amplification layer

" Open questions
/ *  Which structure to enforce depletion®
- Depth & uniformity on chip area
* impact on in-pixel treatment p-circuitse
— Noise, fransistor behavior

J. Baudot - Fully depleted CPS - ANIMMA April 2015
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Way 1: High Voltage

= Fxperiments = Concept
» ATLAS, p2e, CLIC * Low resistivity ( 10-20 Q .cm)
* Groups in Bonn, CERN, Genéeve, = High Voltage applied few 10s V

Heidelberg, Karlsruhe, Marseille...

* HV-compliant CMOS technologies
* new collab. =~ CERN-RD53

pixel pisel paxel

= HV-CMOS >l > P
* Deleted depth demonstrafed - Jurn
510 15 um with 60-70V ® o e
* Fast amplification ~ 1 ps prsubstzstc

i S.Feigl et al, PoS (TIPP2014) 280
* Only 30% signal loss after 101° n,,/cm? eiglef al., PoS { )

I Prototypes area 10 mm?2

= HV-SO
* Depleted depth demonstrated
40-50 ym with 150-200 V o
* Hint of folerance beyond 10* n,,/cm? ""““«;l e
IL.Hemperek erm!__
J. Baudot - Fully depleted CPS - ANIMMA April 2015 8
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Way 2: High Resistivity

" Experiments =" Concept
* ALICE, CBM * High Resistivity thin epi-layer
* soft X-rays detection = moderate voltage < 10V
* Groups in Bonn, CERN, RAL,
Strasbourg

= See next slides for IPHC developments

J. Baudot - Fully depleted CPS - ANIMMA April 2015
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Depleted-CPS prototypes

= 2 Technologies explored - |N‘£we”| ;Wl?m | ',J'ET [t

Deep (Burried] Pwall

= Tower Jazz 0.18 um > Pegasus-1/2 |

P epitaxy

* Various sensifive layers

— epiwith >1 kQ.cm, 18, 30, 40 um thick s |
— Czochralski substrate-thick DB'::‘E
* Main architecture tested
- Analogue readout with 10 ys integration time
— Collection node AC-coupled to amplificator }—D
¢«  Small matrix: 32 columns X 56 rows c'.','::i:'?
* Pixel size 25x25 um?
= FPC-ESPROSS 0.15 ym > MIMOSA-33 e ews e ewe v
*  high resistivity 50 pm thinned + passivated substrate == pi=* "_
* Main architecture tested P SBsTRATE PeSiastiare
- Analogue read-out with 11 ps integration time HIGH RESISTIVE N - SUBSTRATE
— Back-side biasing through IP structure P+ BACKPLANE
e Small matrix: 8 colUMNS X 44 rows M. Havranek ef al., JINST 10 (2015) 02, PO2013
* Pixel size 25x25 me Ready for back-side illumination !
J.Baudot - Fully depleted CPS - ANIMMA April 2015 10
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Ongoing prototypes design

= Submission to Tower-Jazz 0.18 um technology (June 2015)

" MIMOSA - 22 SX

* Forerunner of sensors dedicated to X-rays with energy < 5 keV

— Pixel pitch £ 25x25 ym?2 and =104 photons/pixel/sec
* Developed with the defector group of SOLEIL R
* "Not so small” matrix: 5.6x 4.4 mm? L el

* combine:
- AC coupled collection diode from PEGASUS l
FER3AAREFELL]
* Binary output: ﬁw
- From 2 discriminators/column — energy window selection

- read-out architecture developed for ALICE
- Photons detected individually — counfing & spafial resolution

Pixel matrix

= Small andalogue prototype
* Faster amplification — target 10 photons/pixel/sec
* Mitigation of noise

J. Baudot - Fully depleted CPS - ANIMMA April 2015 19
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ILD - VXD Concept Addressed

Two types of CMOS Pixel Sensors :
Inner layers : Priority to read-out speed & spatial resolution

Outer layers : Priority to power consumption and good resolution

time stamp

Inner layers : ~ 300 cm?

L1 : small pixels with end-of-column e
binary charge encoding — 5 3 pm S]

20x14 ,u.mg with 2-row read-out : < 40 /18

1717 ,u.mg with 1-row read-out : 60 uts

2-row read-out : 30 jus (tbc) spatial resolution

L2 : elongated pixels with in-pixel binary charge encoding — ~ 5 um
22X 33 ,u.-m2 with 2-row read-out : ~ 8 1S
22X 33 ,u.-m2 with 4-row (tbc) read-out: ~ 4 15

Outer layers : ~ 3000 cm?

L3-6 : large pixels with end-of-col 3-4 bit ADCs
35X 35 ,u.-m.2 pixels : < 4 pm & 120 ps
25 x50 ,u.m2 pixels 1 < 4 fzm & 80 jus
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Processes Suited to the R&D

e SPECIFIC ASPECTS OF TOWER 0.18 puim CIS PROCESS : established contact

access to various starting materials (incl. in MPW)

designing details well known by the designers and testing crews

e COMPARISON TO L-FOUNDRY (INFO. TBC) : used by HL-LHC R&D groups

Process Feature Size  Supply Voltage Numberof ML  Type Comments
Tower-SC 180 nm 1.8V (3.3V) 6 4-well
L-Foundry 150 nm 1.8V (3.3V) 8 4-well  110nm: 1.2V
Process MPW runs MLM runs
min. area cost duration area cost

Tower-SC 5%5 mm> 37,500 USD 2 4.5 months none
L-Foundry 777 777 777 11x11 mm?  60-80 kE
Process Starting Material Comments

thickness resistivity source availability
Tower-SC 18-40pum ormore ~ 1-10 k€2 - em  internal & external MPW, ER
L-Foundry 77 High-Res internal only ? MLM, ER

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015
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PXL in STAR Inner Detector Upgrades

= PG - Tlme Projectlon Chamber
{main tracking detector in STAR)

5 HF T — Heavy Flavor Tracker
™ o SS8D - Silicon Strip Deteclor

T s e r=22cm
./ e IST - Inner Silicon Tracker

»#"» PXL- Pixel Detector
. e r=28 8cm

L
W Primary e

Direct topological reconstruction of

We track inward from the TPC with graded resolutien; ~ Cham - displaced verlicies
vertex

L. Greiner

(CPIX-14)

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015
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DCA_XY [cm]

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

STAR-PXL @ RHIC 1 CPS @ colllder experlment !

STAR Detector

® STAR-PXL HALF-BARREL

e 2layers @r=2.8,8cm
« 20 ladders (10 sensors) (0.37% X )

> 200 sensors = 180x10° pixels
« Air flow cooling: T < 35°C

Sector 6-7 (Aluminum only) —90<phi<—2:9

"[STAR-PXL (Rg) | | == K
] Pions NI
g

Several Physics-runs

~|* 1% run Mar-Jun 2014
“lo 2" run Jan-Jun 2015

R 0° ~le  Measured cip(pT) matching
requirements (~40 um @
e e 600 MeV/c for n*/K*)
PRELIIVIINARY courlﬁasy of STAR collaboration * Getting prepared for 3™
L T S Y S TS T R R R L Y N N I R T [e‘-tr] run (Jan. 2016)
p [GeVic

p [GeVic]
Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015
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Main FSBB-MO0 detection performances (2I3)

------- g e R R e R A

d Spatlal resolution vs cluster pixel size
Residue RMS in the raw/column parallel direction

D.Qde/Footprmt 8/16 !J«m S — as a function of cluster pixel multiplicity
10000 =~ . &E CG(DSF) residue width vs cluster multicity
L ! : —— U direction :
2000 _LJ .............................................................. |
- - ! - : : : : : : - —— V direction —
. ] e B
s s B e e e 5 ——— i
- o T 50 —— -
000 R A A N = - — -
- I S — :
|:|_ 1 I 11 | 11 | | 111 111 | | - i |- | ] ] : :
0 2 4 6 8 10 12 14 16 4 — i —
# pivels / cluster B i
4 Telescope pointing resolution ~2 um : ] ] y . L
s Charge sharing depends on track Cluster multiplicity

impinging position w.r.t coll. diode

4 Spatial resolution is mostly
dependent on # pixels/cluster

a o (Mult=1)~4.2 um < c“"gisp ~7.8 um
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Main MIMOSA-22THRb detection performances (1/2)

e NS N AN z - = T SR,

Pixel type Pixel dim. Diode/Footprint Pre-Amp T. Clamping capa. Integ. time
MIMOSA-22THRb7 39 e x 50.8 pme 5/16 ,r.c'm? N-MOS MOS (N-well) 5 us
MIMOSA-22THRDG6 36 [t X 62.5 pmm 7/16 ,wm.Q P-MOS fringe (metal layers) Spus
MiZZTHRET, Diode: 4.816.%m, Amp: 0.36/10um, Cap: fringe, Pitch: 30.0-508,m’ | l Mi22THRES, Disde: 7418 1um?, Amp: 0,181 Gem, Cap: mos{mwell), Piteh: 36,062 Sum’ ‘
— - e 13 =21 =—10 , = REASERRARE I | 13 =m1 310 ,
g F B7, PCB49: Smalil diode & &8~ & £100 o - El
\;1 100— = - itk ot e S i vl .E-,E 10 E'Tg g @ ] ;E o _?g g
C ! : : = 1 anz s J = c o 241022 o o
s 112 810" %33 T  Soass -EB o
‘S | i 1 41053 s & E 2= 10" g 2
= 99 -] i 24, 8§ E = 29 ,®971 8
w L 111 &210*E 3 g W g =EW S 8
E JisEde : 'y 8
98 — = = 3 B ! ' 6= s 8
| 2 10% 25 = (L7 N . S G- =10 B 55 E
E 1753 £ a5 b f10' %, 3
9?_ k- " @—4 o~ = i i E .EE : X
- 10* € 3 &% ¢ T N N [ E10 > He X
L = a—|3 a - g < | [=]
& =y I = . i i T
96— _; 10 2 - :y J S F S ; 10" v
E . 15 10" —1 B | _ . . | _ . J 510'11 '51
- - = 5 Loyl Laviadoiiady vl el o i Hieam  H
95 - : ' - an B R “°35 T A5 6 B G BE 7 qa T T W
Threshold (mV) Threshold (mV)
. = = . - Efficiency
s Excellent detection performances for both chip variations D ot
e & _>99% & o~ 10 um (as expected) - -+ Vresidue
= Fake rate
s P-MOS vs N-MOS Pre-Amply input transistor —  <#Suze Windows>

« P-MOS: less RTS noise, higher gain and sensing node voltage

* N-MOS: better pixel response uniformity, less T-dependency and maturity (STAR-PXL)
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Main MIMOSA-22THRbD detection performances (2/2)

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

« Load: upto 150 kRad @ 1.5><1O12neq/cm2 — Efficiency

- Fake rate
== <{f Suze Windows>

MIMOSA-22THRb7 (N-MOS Pre-Amp input transistor)

MiZZTHRET, Diote: 4816, Jumé, Amp: 0.36/1.00m, Cap: fringe, Piteh: 38.0-50.8um” ‘ | Wi2ZTHRET, Dicdo: 4.8/16, imé, Amp: 0.3871.0,m, Cap: fringo, Pitch; 30.0-50 Bum'

—_ = v 1 — 10 A
— T T T T T T T[T T 1 - 110 A =) C | | . | I wl = h
.o | pcBa3 smaldicde] F ° ¢ 2o | . PCB43: Smalldiode? ) T " ¢
= e 10 g9 &> F . - = 3
[£] O ’ 23 = c ! : : : . 107 g ©

= : . ; 10 _ ] N g
) - | = = -8 . .2 gg =R 5
s 99 B : : 108 - 2 L = =107 g z
= - = = = = 571 8 = SR =LA
L - 10" = = =] w 98— g 2 2
- ! : 5 5 ! = =] = 6% |5 2
! . 10° 8 5 b= 97 107 = &
9?’ T S Y - WSS U S — 5 @ ! E _ 10_.', g‘ E
n 10724y Z - g4 o
- I s 1 [ 8 0 _ poa
96" A 10° 2, < 06 0ES, =
= iy | = — -9 =]
95 o 1 1w 2 7 7] . I A, d— . P S S w2V

- | | | _ 10" 1 n | 5 5 5 , = 10" !

- I T T T PR D= 94l il b D g2 T

9473 4 5 6 7 g 10m o 2 25 3 35 4 45 5 55
Threshold (mV) Threshold (mV)

50 kRad @ 5x10" neq/cm2 150 kRad @ 1.5x10" neq/cm2

s Good detection performances after irradiation
s Validation of large pixel design for the outer layers of the ALICE-ITS!
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Forthcoming Challenges

T i = = Forvrs AL e

How to reach the right bottom corner of the “Quadrature”?

-s atial resolution. \ R&D

Improve speed and rad. tolerance while preserving
c_ (3-5 pm) and material budget (< 0.1% X )

195pNq [BLIdIRIA

-
Readout speed

Alejandro Pérez Pérez, LAL Seminar, 22 Januray 2015 &9
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