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CMOS pixels sensors for the ILC vertex
detector

Auguste Besson

On behalf of the PICSEL group & C4PI Platform
@IPHC - Strasbourg University

* MIMOSIS chip development
 3D/SOI

e Stitching & bending
* 65 nm R&D
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Vertex detector technology figure of merit

ILC, FCCee

Heavy ions
experiments
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e*e  requirements

Radiation hardness

= Heavy flavor tagging (b, c, 1)
=  Low momentum tracking (pT ~ 100 MeV/c)
= Vertex/Jet charge determination

Spatial resolution

Ggp ™3 um (pitch ~ 17 um)

Low occupancy

Material Budget
~0.15% X, / layer

\ 4

Impact parameter

Hybrid pixels

FCC-hh o

<56

3 Hm
pBsin26

Time resolution
0(1-4 ps)

Keep excellent spatial resolution,

Challenge:

low material budget,

Power consumption and push towards better time resolution

(BX)

moderate
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CPS @ IPHC (PICSEL & C4PI): on the road to Higgs factories

O(100 ps) e IPHC: R&D started in ~1999

) v\ Take advantage of mid-term
ss: 0.35 e projects to get closer to ILC
—

vertex detector requirements

Today (=2~2023)
v' CBM-MVD: MIMOSIS chips

EUDET beam telescope
(Mimosa 26 by IPHC)
~ 15 copies since 2009

STAR-PXL detector

(ULTIMATE by IPHC)
' 2014-16

Process: 0.18 um

TOF(RPC)

v" 65 nm technology
exploration

ALICE-ITS2
(ALPIDE by CERN & IPHC)
In installation

O(10 ps)

e |

CBM-MVD

Other activities:
Integration

SOT

Double-tier

Faster charge collection time

(MIMOSIS by IPHC & IKF)
Under development

NSRRI

Process: 65 nm ?
ILC VXD & inner tracker O(1 ps)

R&D
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p+p, p+A
A+A (low mult.)

Detector

DAQ/FLES HPC cluster

Joachim Stroth | 56th Winter Meeting on Nuclear Physics | Bormio (Italy)

* Non uniform hit density 1in time and space
* High radiation environment

E 30— rdDataloadH oS ensar
5 = Entries 1000
r . . IMean 3486
E %~ simulations A 2.
QOffset: 1s - B\mnmg EUUS Inputs X E15 Y815 C il
“° Beam fluctuations @sIS18 e Average Hit-Density, Au-Au 10 AGeV . 20—
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(Germany) 20—
Au/Au 10 AGeV 100kHz - simulations PR (number of 16 bits words during 5 ps)
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* Requirements

Physics parameter

Requirements

Spatial resolution ~5pm
Time resolution ~5ps
Material budget 0.05% Xjp

Power consumption

< 100-200 mW /cm?

Operation temperature

—40°C to 30°C

Temp gradient on sensor

5K

Radiation® (non-ion)

~7 x 1013 neq/cm2

Radiation® (ionizing)

~ 5 Mrad

Data flow (peak hit rate)

* MIMOSIS chip

© 7 x 10° /(mm?s)
> 2 Gbit/s

v Based on ALPIDE architecture

» Higher data flow

— (elastic buffer)

® Higher radiation requirements

MIMOSIS requirements

module

type: &
beam
target axe
' i A
E 8cm L 4cm
Parameter Value
Technology TowerJazz 180 nm
Epi layer ~25pum
Epi layer resistivity > 1kQcm
Sensor thickness 60 pm

Pixel size

26.88 pm x 30.24pm

Matrix size

1024 x 504 (516096 pix)

Matrix area

~4.2 cm?

Matrix readout time

5 ps (event driven)

Power consumption

40-70 mW /cm?

MIMOSIS = a milestone for Higgs factories (5 um / <5 pus)

LCWS 2021
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MIMOSIS roadmap

* 4 prototypes:

* MIMOSIS-0: = 2 regions
v’ Tests (2018-20109)
" Testability

" Priority encoder frequency

MIMOSIS-0

2c
Slowcanrol -

20Miz 40MHZ SOMHE

i e

® Radiation hardness design (SEU)

e MIMOSIS-1: 1st full size

504 x 1024 pixels = 16 super regions

prototype

v Elastic buffer, SEE hardened
v\ Fabricated in 2020

v' Tests ongoing

* MIMOSIS-2:
v' On-chip clustering

2 columns = 1 data driven read-out

v’ Submission in 2021

* MIMOSIS-3: final pre-production
sensor
v >2022

= architecture adaptable to a fast
sensor for an ILC vertex detector

I

MIMOSIS-1,.60um thick

LCWS 2021 A.Besson, IPHC-Strasbourg University
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MIMOSIS-1 tests

17 mm
e MIMOSIS tests  Sensingpart
ACcoupling  Bias2 |}
v’ Submatrices: DC/AC pixels W“ﬂﬁi
v' 6 epitaxial variants (18 wafers) m;.-j:m_il '
= Thinned down to 60 pm i';'o;:j;ﬁ;; """"" :

= Study Yield
» Study charge collection / spatial res. m;f%“‘T

* Explore performances after irradiation ‘===

* Intense test program in 2021:
v Laboratory tests ongoing

Irradiation tests
Beam tests @ DESY/CERN (Scheduled June/July)

Latchup / SEE tests at GSI ongoing

A NERNERN

Checked thickness (pm) iL

SR S e

58
59 62

continuous n-layer additional p-implant gap in n-layer

Extra deep pwell implant == Gapinthe n- layer =

nwell collection
electrode

nwell collection
electrode

T e

low dose n-type implant

standard process (3 available wafers)

e continuous n-layer (blanket) (3 wafers)
additional p-implant (3 wafers)

gap in n-layer (3 wafers)

low dose n-type implant

Epitaxial variants

p epitaxial layer

P-type cpitaxial layer

P backside

Pic from: Munker, Vertex 2018, Status of silicon detector R&D at CLIC
LCWS 2021 Carlos, TREDI 2019, Results of the Malta CMOS pixel detector prototype for the ATLAS Pixel ITK



MIMOSIS Preliminary results

entries

DC pixels (no back bias applied)
v' Threshold ~ 100-150 e~ ENC
v’ Pixel Noise ~ 3-5 e~ ENC > /BTN, [Aeas ) B TAIERToS .
v FPN ~5-17 e~ ENC Response to °°Fe |
v’ Preliminary:
" Only few chips tested
" calibration mV-e~ ~ 25% precision R e R _._,_::':
i - xe Pttern
First results match expectations _'_'-:-
Pixel (Thermal) Noise Fixed Pattern Noise
16000 R el noise | & 10000F h_threshold
SO0 b N Enties 193013 | © : \ ool L
= Weai 4903 ) 800 0~ g \/thres:oldeean 132.8
el 5 : - \ *PN—t Std Dev 10.69
12000 Std Dev_/0.5318 ! A\@\
10000\~ noise 6000 Q‘% g standard epi
8000:—“-"---"-"-"- standard epi - \/ matrix B, row: 1-503
" matrix B, row: 1-503 4000k at 15°C
1 1) L, ESS at 15°C - Vewer = 0V
- Vewew = OV - HV = 0V
A - HV =0V 2000— V1 pisc =385 mV
e e e 050~~700 150 200 250 300 350

pixel noise [e" ENC]c-., . ..

pixel threshold [mV]



SOI & 3D development @ IPHC (,‘.‘:’/%@‘Eﬂmﬁ

| | ©KEK
* 2 chips expected back ~ April 2021 (200 nm process)

v 1st: HEP applications ® test Alpide/Mimosis-like pixels 300um thick - 6x6 mm?
(FE), charge collection '

v 2rd: imaging = 192x128 pixels with rolling shutter or
global shutter readout. Spectroscopic capabilities

v\ Complementarity with SOFIST family (KEK)
. Digital librairies developped in cooperation with KEK.

Double-tier activities @ IPHC

Double-tier « 3D » in CMOS TJ 180nm technology
v' Bonding performed by T-micro (same company used for SOFIST)

v' Bonding pitch = 10 um.

v' Pitch = 20 um

v 2nrd suybmission expected back from foundry ~ July 2021
* Both chips are sensitive + ouput logic in bottom chip
* Goal: compare

v\ Direct read-out from bottom chip

v' Read-out after transmission trough bonding from top chip
* Allows to

= Test capacitive noise between the 2 layers
= Test pixel dispersion

‘ Example of fruitful collaboration between different labs and different technologies

LCWS 2021 A.Besson, IPHC-Strasbourg University



Bent sensors tests @ IPHC

* Stitching: 08 ALICE ITS?2 —
. er
v' The way to go to minimize material budget 07| Material budget = Viater
arpon
Aluminum
- 3 o 061 M.Mager(CERN) m Kapton
H IS - Glue
i & £ 05+ Silicon
ge 3 2 —— mean = 0.35 %
%3 £ 04
5 5
= } 03
= 14 cm g g
< 0.2
0.1
e ALICE-ITS3/CERN drives the R&D 007 o - " o s )

Azimuthal angle [*]

v. Cf. M. Mager talk on Thursday

" And e.g. M.Mager 4" FCC Physics and experiment workshop
(Nov. 2020): MAPS in ALICE and perspectives

e Micro-technics tests @IPHC
v collaboration with ALICE-ITS3

v' Know-how acquired for bent bonding.

'jri; ~ES.I.I (o )6

Bending / bonding
Or Bonding / bending

ourg University = Functionnal tests 10



TJ-65 nm process: smaller feature size

* 65 nm feature size technology

v' (ALPIDE & MIMOSIS fabricated in 180 nm)
Larger wafers (= 30 cm)
More functionalities inside the pixel

Keeps pixel dimensions small = spatial res.

Potentially faster read-out

DN N N NN

Lower Power consumption

* TJ-65 nm now available (since June 2020)

v/ Main driver: CERN EP R&D WP 1.2 & ALICE ITS-3 upgrades (involves
other labs) = LS3 ~ 2024-26

v' Different requirements WP 1.2 structure

" EP: time resolution and radiation tol. hard.

"= ALICE: granularity and material budget

220000

" Common R&D during the 15t years.

= Synergy with Higgs factories requirements t/granularity

= See talk by Magnus Mager (thu.18th) time

= Relation with foundries and access to options is a key factor

LCWS 2021 A.Besson, IPHC-Strasbourg University 11



65 nm process status @IPHC

s CE-65 prototypes

ITPHC-Strasbourg:
v\ Goal: validate the process for charged

particle detection
= Caveat: sensitive volume not yet

Optimised
v 4+ Test structures (DACs,
v 4 matrices submitted: CE-65

"= Technology exploration with single

amplifiers, etc.)

Variant D

rolling shutter / analog output Variants A/B/C
= Pitch: 15/25 um
X
= N-well variants, 64 32 48 x 32
= Amps (AC/DC),SF 15 pum pitch 25 um pitch
= Testable in beam CREMLlN P LUS
v’ Part of Cremlin+ program (1 post-doc) —oysmumm e
(CERN-MLR1)

v First submission December 15t 2020

= Expects back from foundry ~ mid-2021

(ITS3 WP3 & Cagliari): Q4 2021-2022

» DAQ/Beam tests with ALICE groups
* Next steps / next submission
v Under discussion with CERN
= Stitching ?

LCWS 2021 A.Besson, IPHC-Strasbourg University
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Summary: Synergies 1in CMOS Ré&D

Integration © many open issues here !
CMOS Pixel Sensors are the baseline for Higgs factories

v' Requirements are within reach

The technology keeps evolving
Strong dynamic of CMOS pixel Sensors R&D:

v’ 180 nm : MIMOSIS series (5um spatial res./ <5us time res./ 60um thickness)

= full size prototype being tested

v' 65 nm technology exploration

First submission dec.2020

Time resolution & granularity

v’ Stitching & large surfaces for very low mass detectors © Priority
for Higgs factories in the future

Material budget & Large pixelated surfaces

v’ Synergies with

LCWS 2021

CERN R&D (ALICE ITS upgrades and EP R&D WP1.2)
R&D programs (e.g. AIDA-Innova, CREMLIN+, etc.)
Heavy ion experiments (e.g. ALICE beyond LS3/4 proposal, CBM, EIC)

Other experiments: Belle-II, etc.
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Mimosis data path

@ 3-stage buffering allows to handle

Double column = §2 col x 504 row)
with data rate fluctuations

(snake-style pixel numbering 0-1007 in double-column)

Region = 16 col x 504 row

@ 8 double-columns forms 1 Region (8064 pixels) R 8 double col
eg]'_()n = oupblie columns

— read out by priority encoder @ 20 MHz.

@ each region has a region buffer (capacity up to
100 words).

@ 4 Regions (1 Super Region) — data sent @
40 MHz to Super Region Buffer

Super Region = 64 col x 504 row
Super Region = 4 Regions

Matrix = 1024 col x 504 row
Region PE Region PE Matrix = 16 Super Regions

@ 16 SR (whole matrix) — data goes through S Regi
uper hegion
frame generator to elastic buffer @ 80 MHz Region U. Region U. P : .

@ elastic buffer — can store up to
16
16384 words and outputs the data Super Region Unit bed Super Region Unit
on 8 differential data links

Elastic Buffer

TWEPP 2018, F. Morel, fredericmorel@iphc.cnrs.fr "' 1,2,4,8 outputs @ 320 Mbps

@ MIMOSIS-1 has 8 outputs each 320 Mb/s providing a required data throughput for MVD

LCWS 2021 A.Besson, IPHC-Strasbourg University



AC / DC pixels

1024 pixels (30.96 mm)

Sensing part Amplification In-pixel Memory SR||SR|| SR|| SR|| SR|| SR||SR||SR ||| SR ||SR|[SR | SR ||SR || SR |||SR||SR
S B —
ACcoupling  Bias2 E i Shaping time few s [ Full custom digital i
MV Biasi " i i
H i i
i i Dual Port Pixeljoutput DC pixels DC pixels AC pixels AC pixels
T i it | 2 words of 1 bit i MATRIX A MATRIX B MATRIX C MATRIX D
narge Inj.
160 aF i ; ] [

__________________ 64kp| (52mm ) 194k pix (157mm’) 194kpm1.wm ) 64l< pix (m mm“)

(uru 6°¢1) spaxid F0g

1 DC coupling

| : L e | JHML il
T ] 128 pix 384 pix 128 pix

1 160 aF

_________________

* DC Pixels (~ALPIDE) & AC pixels (top bias up to > 20V)

v Mmplifier / shaper / discriminator chain similar to ALPIDE
in both scheme

v/ Data driven readout
v/ Pulse injection for calibration

v Pixel masking options

LCWS 2021 A.Besson, IPHC-Strasbourg University



CMOS pixel sensor (CPS) for charged particle detection

e Main features

v

v

v

Monolithic (Signal created in low doped thin
epitaxial layer ~10-30 um)

Thermal diffusion of e- (Limited depleted
region) + drift

Charge collection: N-Well diodes (Charge
sharing)

v Continuous charge collection (No dead time) =
* Main advantages mémw vt
v’ Granularity
v' Material budget
v/ Signal processing integrated in the sensor
= Tow signal & Low Noise
v/ Flexible running conditions (Temperature,
Power, Rad. Tol.)
v' Industrial mass production
= Advantages on costs, yields, fast evolution of
the technology,
= Possible frequent submissions standard (std): no full depletion ng:;tz'('m;fuﬂdepletiomfaster
* Main limitations 3§Qg§gw$ﬁ$m§12£§§i e
v\ Industry addresses i :
applications far from HEP T
experiments concerns e A et
v Needs adapted processes T e Ca——||

LCWS 2021
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Evolving CPS

FAR

STAR-PXL ~ ALICE-ITS

Data taking 2014-2016 >2021-2022 >2022 >2030
Technology AMS-opto 0.35 um ‘ 0.18 um 0.18 um 0.18 um (conservative)
<0.18 um?
4M HR, Vi, ~-6V HR, Deep P-well ?
Deep P-well

Architecture Rolling shutter Data drivenr.o. Data drivenr.o. Data driven r.o. (conservative)

+ sparsification In pixel discri. In pixel discri.

+ binary output
Pitch (um?) / Sp. Res. 20.7x20.7 /3.7 27x29/5 27 x30/<5 ~22/~4 OR~17/3
Time resolution (us) ~185 * 5-10 5 * 1-4
Data Flow ~10°® part/cm?/s peak hit rate ~375 Gbits/s (instantaneous)

@ 7 x 10° /mm?/s ~1166Mbits / s (average)
Peak data rate ~ 0.9 >2 Gbits/s output (20
Gbits/s inside chip)
Radiation O(50 kRad)/year 2x10*2 n,,/cm? 3x10% ng,/cm?/yr 0O(100 kRad)/year
300 kRad & 3 MRad/yr & 0(1x10* n.,(1MeV)) /yr
Power (mW/cm?) < 150 mW/cm? < 40 mW/cm? < 100 mW/cm? ~50-100 mW/cm?
+ Power Pulsing
Surface 2 layers, 7 layers, 4 stations 3 double layers
400 sensors, 25x103 sensors Fixed target 103 sensors (4cm?)
360x10° pixels 10° pixels
0.15 m? > 10 m? ~0.33 m?

Mat. Budget ~0.39 % X, (1st layer) ~0.3% X, / layer — ~0.15-0.2 % X, / layer
Remarks 15t CPS in colliding exp. (with CERN) Vacuum operation Evolving requirements

. 18
Elastic buffer



Time resolution in the context of ete”

colliders

STAR-PXL detector
185 us - 2014

CBM-MVD
5 us - Under development

ALICE-ITS2
10 ps - In construction

HL-LHC
e.g.MALTA - 25 ns

ex: ALICE "Full Silicon”

' ALICE-Beyond LS4 |

ALICE-Beyond LS3

Belle-Il upgrade ? F

—= Others (ions, pp, etc.)

ILCR&D

LCWS 2021

100 ns 10 ns 1ns 100 ps 10 ps
Time resolution
_ ./
backscatterred filter l l
Mini SIT &
inimal ) 10 ns
VXD requirements B;ggh;gggmg r Particle ID I LC
~1-4 ps —2Uons
VXD requirements S Particle ID
~1 ps
Z bunch
ttbunch ~ 3 ps ~20ns Fccee
CLIC bunch )
500 ps Particle ID CLI C
VXD requirements H) Bunch (Z2) bunch
~1 us ( 6)80 ns 25 ns Particle ID |CEPC
19
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M il i
Bunch Train

337 ns

Bunch Spacing x2820 “M M “M

ILC VXD requirements

e ‘e Pa|rs 2k
Q\ \O

Beamstrahlung

Beam background

rI

10 e
op < 5@ ———5— um M
ppsinze || ,

Physics (<Hz/cm?)

Physics
= Flavour tagging
= Low pT tracks

Beam background (~ 5 hits/BX/cm? on layer 0)

X0 y= 0.100 [cm]

Radiation hardness
O(100kRad/yr) & O(10')n,,/yr

Rad.Tol. devices

Back

) Read-out speed
O(1-10 ps)

'V

Vertex reconstruction
granularity
Pitch ~17 um
(o4 ~3 um)

48438

scattering
-2

~

Material Budget

= ~0.15% X, / layer
= < 1% X, for the whole VTX

900 pum Si

+~0.14% X, for the beam pipe

1925 -20-15-10 -5

7
5 10 15 20 25 19

Z[cm]

r

Power consumption
~< 50mW/cm?

Fast read-out & low Power
architectures

Cooling
Stiffness / Alignment

Low material detectors &
supports structures

Challenge

LCWS 2021

: meet the requirements all

together
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