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Overview of the presentation

* Introduction to the ATLAS context
« Contributions to the development of the Inner Tracker system
« Future plans for ATLAS ITK construction

 Infrastructures to contribute as an ATLAS pixel production
center

 Conclusions
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Pixel sensors R&D groups (Almost 10

Phd Students : T. Rashid+ Dmytro Hohov (Kiev)

For the Construction: D. Varouchas, L. Fayard, C.A.
Bourdarios, R. Tanaka

LPNHE:

G. Calderini

M. Bomben, G. Marchiori, F. Cresoli,
PhD student : A. Ducourthial ,
Yourii Piadyk, Mykyta Haranko (Kiev)




- ATLAS detector
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* Huge multi-purpose detector; 46 m long; diameter 22 m; weight 7000 t

* Tracking system: 7 m long; diameter 2.3 m; 2 T field




ATLAS Tracker at LHC

» Large Hadron Collider
IN ~27km, E=14 TeV, =
L=103%* cm=s- Beam-crossing: 404

* 1 GHz interaction rate,
103 particles each 25 ns.

* Tracking detectors must fqu|II the cond|t|ons
» Fast (40MHz), Rad-Hard (10-100kGy), high granularity & good
pattern recognition capabilities (103 tracks/25 ns).

* Environment is very radiation hostile: Accuracy and

we should be able to measure tracks!
« To measure momenta (->dynamics, invariant masses)

» To measure vertices
» Primary - improve on p and E measurements
» Secondary - tag ps living particles (b,t)-> markers of events
with significant physics content

 To help identifying photons




Bref summary of what has been acheived

— Abdenour Lounis



Focus on the actual pixel system

et Detector: Silicon area | Channels

= [m?] [10°]
Pixel barrel 5.1 445
Pixel end-cap 3.1 193
Pixel total 8.2 638
Strip barrel 122 47
Strip end-cap 71 27
Strip total 193 74

Table 6.6: Inner tracker active area and channel count.
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Past important

* IN2P3 important contributions
(2010-2015) for the Insertable B Layer project :

+* Sensors

+» Cooling »
< . " ) ‘:' / ,'v =
** Mechanics Ao / 7

History of construction and operation

** Integration
Work in Labs & manpower
(1 LAL-PhD student @CERN) September 2010  Mid 2012

©
w

ATLAS

_Insertable B-Layer

el Design Report

J \

experiment and was installed only in 4 years after TDR!

* Each part of the groups collaborates efficiently to finalize the
construction in the limited time of 2 years.



One important issue at LAG: Extreme

radiation levels |

Plots show radiation dose and fluence per high luminosity LHC year for
ATLAS (assuming 107 s of collisions; source: ATL-Gen-2005-001)
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Put your cell phone into ATLAS !
It stops working after 1 s to 1 min.

* Neutrons are everywhere and cannot easily be suppressed




Radiation-hard sensors

1. Radiation induced leakage current
independent of impurities; every 7°C

of temperature reduction halves current

< cool sensors to = -25°C (SCT = -7°C)

2. ‘“type inversion” from n to p-bulk
< increased depletion voltage

oxygenated silicon helps (for protons);

n+-in-n-bulk or n+-in-p-bulk helps

3. Charge trapping

the most dangerous effect at high fluences
< collect electrons rather than holes

< reduce drift distances
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Alternatives for Planar pixel technology

n-1n-n Bias Ring n_in_n
More expensive Guard Ring _l' |

poube-sidec processing Si0; i
Limited suppliers

““ ” . = t
Some experience with “large” scale production p-spray/stop

CMS/ATLAS pixels, LHCb VELO n- bulk

D |_|| ;p+

I 1

‘ LBias Ring
Guard Ring

Al

n-in-p Sfe o] menp

~50% less expensive than n-in-n SiO, Eiziz.‘z.‘_T—.‘:.‘ziﬁl__‘-iv
Single-sided processing :

p-spray/stop

More suppliers (Japan, EU )
Limited production experience

orael P p- bulk

Better radiation hard tolerance .

n* R/O kept .

: Al P




Pixel Module Detection Unit

 |ntrinsic Module Detection device

- Hybrid pixel d

The sensor and the r
electronic are realize«
semiconductor substi

Size of the electronic
pixels is equal to the
sensor pixels

The connection betw:
electronic and the seil
via bump bond conne

~ HV guard ring 1s plane

Type0 connector

ond connection

decoupling
capacitors

sensor

IIIIIIIIIIIIII
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R&D Towards (n-in-p) Edgless Sensors for
the future

13

ATLAS pixel detector uses
n-in-n-sensors

double sided processing (back side is
structured)

all sensor edges at ground
most expensive part of the module

Exploring n-in-p sensors as alternative

Studies show radiation hardness
(LAL&LPNHE Member of RD50 coll.)

single sided process ~ price benefit of
factor 2-3

— Develop Active Edge Technology weiilinesoi i SHin GRS

Absence of guard rings on back side lead
to risk of (destructive) sparking to the ROC

v
Glue (Aralditor EPO-TEK 301}




LPNHE & LAL: Active contributions within ATLAS
Pixel R&D

— Tasks to improve the Planar Pixel Silicon detector for the ATLAS

upgrade
Goals
— Performance : evaluate & improve sensor design for radiation tolerance

up to 3x10'n,,/cm? fluence.
n various wafer productions (Cis, VTT Advacam &

— Productions : work o
FBK) KB%S‘":Q'S""U‘B&WG " (Bumpbonding )
tp 'lee lasing  Better UBM material
structure « Higher Flip-Chip

Higher Efficiency at Pixel ) U VYield )

- Smaller Edge )
size boundary AN 5 L—
. .. ump
« Higher Efficiency Bias-rail ¥V Poly-Si Under Bump
Metalization

Radiation Tolerance

R Z%' h  P-stop Assembly
hV Production...

Guard Ring

Simulation
* Doping concentratio

» Charge collection
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Edgless & Slim edge Pixels for Phase 2

Recent LPNHE p

PAE1
LPNHE

PARIS

4” 200 um thick n-on-p
Active Edge technology

anar pixel productions

INFN

P2

& Palca N

6” 100-130 pum thick n-on-p
INFN ATLAS/CMS project

Pixel-to-edge down to 100 um| Tested extensively on beam,

Tested extensively on beam

NIM A 712 (2013) 41-47
NIM A 730 (2013) 215

I JINST 12 P0O5006 (2017)

after irradiation too

12% Trento Workshop

ONDAZIONE
RUNO KESSLER
o LPNHE PAE3
PSI S46
FEL . R4S chpx
CLICK |
MGS
LPHNE. :
FEI 4 i
P

6” 100 130 pm thick n-on-p
INFN ATLAS/CMS project
Active Edge technology
Pixel-to-edge down to 50 um
RD53 compatible sensors
Samples at IZM for b.b-ing




Hit-efficiency at the edge LPNHE

Efficiency vs track impact position
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* Hit-efficiency above 90% up to 40 um away from the last pixel
* No good tracks beyond -50 um due to quality cuts
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Efficiencies from beam tests Z4Z

- Efficiency vs track impact position DUT#22
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Readout Chip
Bump Bonding

-

& 13\

e Charged Particle

Depletion Zone
== p Stop s Poly-Si Resistor

mmmms Bias Rail  ===== n+ Electrode

Position of polagization rail

0.95
0.9
0.85
—e—— 0.8
0 100 200 300 400
d 150 tilt

0.95

Iradiated pixel behavior at hlgh flue

Bias Raill

Eudet 120 GeV pions/ ®=4x10"°n,, cm™

100

Efficiency (%)




Future plans for ATLAS ITK construction

LPNHE NL

LABORATOIRE
PARIS DE L'ACCELERATEUR
////////

— Abdenour Lounis
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Roadmap for ATLAS phase 2

Installation IBL

Full replacement

13 Tey Il 13.5-14 TeV

injector upgrade
splice consolidation cryo Point 4

7 TeV 8 TeV button collimators DS collimation
Lo R2E project P2_P7(11 T dip.)
Civil Eng. P1-P5

2012 2013 2014 2015 2020

2022

interaction
regions

radiation
damage

759% experiment experiment upgrade 2 x nominal luminosity
o 1

nominal beam pipes nominal luminosity phase 1 —
luminosity 1

30 fb™ 150 fb™!

370 fb™

HL-LHC
installation

2024

experiment
upgrade phase 2

5t07x
nominal
luminosity

<p> =
140-200
20

00 -%%—



Challenges for a new inner tracker

But !

« Same or better

_— performance required !

— Use quite “transparent tracker”
Low X0

o — Provide V. High granularity sensors
\ { Barrel semiconductor tracker - GO du deep Sme|Cr0n
Pixel detectors H

Barrel transition radiation fracker teCh n0|og IeS

MIRE”” end-cap tanston radiation fracker — Raise the transfer data band-with
End-cap semiconductor fracker (SGpS)

21m

High Luminosity LHC conditions will affect — Improve the layout and mechanics

Drastically the current design - 'MO s

> Peak Luminosity will increase by a factor| 2 - i

5-7 10**34 £ | 4 —|

> Average Pileup : a factor of 8 <m>~200 |- _ | L ‘ =

> Integrated luminosity : a factor 10 : 3000| © | ;( = ’./././. L e

> Radiation hardness : a factor 20 : 2x10 n,, i A S 4 B i s e e S
o | ifEarrenoassaaskb R sELcsE A=A -

Abdenour Lounis 21



Expected fluences (1 MeV neq.cm'Z)

I MeV n, fluence [p-zu1i-:le.~; fem ’]

Fluence Max
(Neg/cm2)

'

-

KL

ATLAS ITk Simulation, FLUKA to 3,000 fb-1 Abd
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roduction planning of the next Pixel Tracker :
Ing 2017-2025

2017| 2018| 2019| 2020| 2021] 2022 2023\ 2024| 2025\

* Estimation for the module
! R A . Lo : production including the loading
RD53-Atest RIS IR A 32-36 months

FE design

Pre-prod

- IS

' Modulle [')roductior; I
' ] Loading

. Production centers!

SN N S N o o
. | |CERN ===|!@ |

23




‘ Estimation in terms of module construction |

Fully inclined (Front-end)

LayerO 936 FE

Layer1 2016 FE
Layer 2 3200 FE
Layer3 4752 FE
Layer4 6264 FE

17168 FE

Supposing single chip for layer O

double chip module Layer 1
Quads for Layers 3 et 4
Total Modules including rings ~ 12.000 Modules

LayerO 3264 FE
Layerl 5472FE
Layer 2 6144 FE
7680 FE

Total | 22560 FE

singlet

Major investment of IN2P3 for ITK
LAL-IN2P3-CPPM-LPSCG-LAPP

Contribution (LAL+ LPNHE)~ ~1000-2000 Modules

Quad FEI4 Module prototype




Strategy for module constructi LPNHE

e RECEPTION-INSPECTION OPTICAL TESTS ONE WAFER SI -SENSORS INDIVIDUAL

TESTING OR WAFER TESTINGS
SITE : : LAL LPNHE

¢ INTERCONNECTION MATRICES PIXELS WITH INDIUM BUMPS / PIXEL SENSORS TO
READOUT CHIP (FLIP-CHIP) '

s
. G559,

9g
S
[
S
§e
I}
ag!

INDUSTRY SSasaes

* CONNECTION OF MODULE ON READOUT CARD (WIRE BOND) ]

LAL LPNHE+ IRFU = =—=f===—= >

e GLUING OF FLEX CABLE AND WIRE BONDS OF SIGNAL, BIAS, TENSION, CLOCKS

a

LAL LPNHE+ IRFU

ta source, laser ...

M-

I Tests on modules with b

COMPLETE CHARACTERIZATI
GRADES ,DATABASE Classification

D MODULE SELECTION ACCORDING TO

LAL LPNHE

Pixelated 300 pm thick Si
detector chip (256 x 256
pixels, 55 um pitch)

Detectorbias W\ \\C Re.ad-outASIC
voltage (~100V) \ & chip TimePix

— -




Infrastructures to contribute as
an ATLAS production center

Clean room (LAL, LPNHE,
CEA-IRFU)




Modern and state of the art tor Pixel
development: Captinnov plateform

* High precision technology equipment °
for silicon devices characaterization &
low noise electronics front end
readout

J Machine semi-automatic for
probing devices

v" Integrated Fraday Cage for low
current detection

»  Performances in terms of low
courants (0.1 fA) et capacités
(A.Farads)

» Machine completely
programmable <2

» Possibilité of probe card inseruo.,”
(Test multi-variables)

' . fledeF
B Semi automatic Karl Suss prober SRRt .o £ 2 -




Cosmic and source for Pixel module A,
testing

Multi-10 Board

Adapter Card

LABORA RE
DE L'A CE ATEUR
LI NEAIRE

- Tests of modules before and after irradiation

ATLAS Pixel Readout

'b'.ll.l/

Single Chip Card

Digital scan |
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Histogrammed
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Construction of a Laser testbench

Scan des pixels , dead pixel detection, cross talk.
4

B | as H V DEL 'ACCR'ELERATEug
L R E

USBPix sye : LS Standard

device



Laser holder
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Captinnov Infrastructure

Pixel Matrix

Pixel under tests



Conclusions
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Comments & conclusions

An IN2P3 task force has been set to gather their efforts to contribute

in a significant way to the construction of the new tracker for ATLAS
phase 2

The ATLAS Phase 2 project is highly challenging requiring high level of
technical expertise, for mastering precision silicon detectors, low
noise electronics and many other aspects (mechanics, cooling,
metrology...)

LPNHE and LAL are key players in ATLAS project since a long time, in
various fields from Technology Computed Aided simulation, pixel

sensor design, high precision low noise silicon characterization, to
module assembly

Important technical infrastructures and skills have been accumulated

it offers an excellent opportunity for students to embark in one of

the most attractive project for students and young scientist so
Welcomell
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LAL clean room
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Improving efficiency: biasing solutions tt‘ﬁ

RATOIRE
ELERATEUR

I‘Ul‘

EAIRE

Aim is to find a solution that reduces the inefficiencies in the biasmé region

within the pixel cell.

’ THRESHOLD_SCAN.

Noige mod 0 chip 0

Row

_—
Repeated Designs

EZEBEEEZEEEEE

. 2.
@ s _» .\ﬁ:; By _e e o (@« E[(é:it_—_{][o ife bO
B s = vi‘?ii'wi s ¢« O [E@ekbinle]le Bie p O

3. 4.
w Slc Bled) @ e & |ecto»] e & 0
® o o le—a8]2 Q) @ ¢ @ |GG ¢ = Q)
o 200
o 190

E . " 1 " N 1 " " 1 "
0 5000 10000 15000 20
"Channel" = row+336*column+26880*chip

1 " N
000

1
25000

* CiS FE-I4 planar sensor, with four

bias rail designs on the same
Sensor.

Both show increased noise for one
design

Test beams:
* A sample was tested in the CERN
SPS test beam in July 2015.
e Reconstruction and data
analysis performed at LAL.
* This device will be irradiated
and tested in a future test

beam. Testbeam: LAL &
LPNHE joint activity
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The FBK/LPNHE Active Edge pixel 1 production

e 2013 4”n-on-p active edge production, on 200 um FZ wafers

LPNHE

PARIS

— Plus: 500 um support wafer

Planar junctions

N+ ] B

Depleted

Active N
region

Edge

-5¢

FONDAZIONE
BRUNO KESSLER

* Tested with radioactive source
e And now on beam

M. Bomben et al. Nucl. Instrum. Meth. A 712 (2013) 41
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Temporary metal at FBK

arter resist patterning

rrimuned

¢ =g 2 g

i\
B

e 53 I
7

b B 1

ANAAAANE

|
1 '{j ol 14 LA B B

E ] N4 -4 ~e o
.
W v : /

- »- L4

; ., Xl! emporary mea remova

Technical solution allowing to remove the
metal grid used to bias pixels during tests.
After the metal removal, no inefficiency
left due to bias network
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DESY March testbeam LPNHE

PARIS

The sample: LPNHES5, featuring 100 um pixel-to-trench distance and
no GRs

— 2 samples more available; not enough time to
measure them

Several configurations tested

. Testbeam: LAL & '
Results — next slides LPNHE joint activity & .
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CONCLUSIONS AND OUTLOOK




Comments & Conclusions

The HL-LHC phase preparation is moving forward

The new tracker demands new (pixel) readout chip, cooling,
mechanics, trigger, and sensors

The ATLAS IN2P3 R&D groups are involved in many of these activities
playing a leading role in most of them

The LAL and LPNHE are important actors in this field thanks to new
pixel productions, simulation studies, modules assembly,
characterization and measurement
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Tracker sensor design requirements

Fast & High Bandwith

« Low Material budget : Thin seng@
« Full Sensitivity : Egless Sensq
« Granularity 50x450 = 50x25Q
« Radiation : use N-in-P and low T (\

A

\ Cost effective
e Cost: N-in-N actual to N-in-P technoteri\

Abdenour Lounis 42



Breakdown voltage performance LPNHE

P-spray dose: 3x10'?/cm?

1E+06 2
o/
. a)
1E+05 -
E+0 r 7t J
—_ 1 4 ol ¢ —=—S1]
- 5/ —=-52 \
— FEaOEEAEOEEaRaEaEaRoa000aaeed
- ﬂ ——S3
1E+03 s
/ ——S5
—%—S6
1E+02 —_—7
[ —S8
¢ —59
1E+01 +——rfp e e

0 10 20 30 40 5 60 70 80 90 100

. Vbias [V]
Depletion Voltage: 20 V

Large breakdown voltage values already with 100 um pixel-to-edge distance!
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ne»r-»

- Chips/Modules 2 CHIPs

« Edges width 1 mm 250 um 100 pm &0 -

300 um 280 um 150um <75um, 50um

 Sensor Thickness

- Sensor pitch

 ASIC +sensor thickness
500 um €150um K

+ ASIC technolog

«  Bump bonding technologies 3D Technolog

Bump bonding Micro Bump bonding SLID, TSV || Direct Bonding
~ 50 um ~10-20 um ~10 um ~5um

>
2010 2013 2015-2017 202X

L uminosity 10to 30 fb! up to 100 fb! up to 300 fb! up to 100 fb'/a
by 2013 by 2017 by 2021 up to ~3000 fb!
. ¢ 2 - — ’ Prepare 14 2.1 34 2 1
Upto22x 1077 cm™s Upto5x 10°* cm™s”
we are
HAMAMATSU, TSMC, IBM, LHC LHC for and ~35 collisions and ~140 collisions
—— here design Energy  ,or bunch crossing per bunch crossing
N (14 TeV)
I [ [ =~ 1 || [ | [ [ [ [ [ [ [ [ [ |
2010 2013 2017 2021 & ~2030
New
ATLAS Phase O IBL Phase I Phase I1 Inner

Shutdown Shutdown Shutdown Detector



lesting the the pertormances at the boraers to increase the

overall surface efficiency

* Performances of pixels planaires under High energy Pion
= 50 —_— 1
g o -
2 40 -
- L los
30 o
»s ho7
20 —|°e
15 "
10 T
5 n
Og 50 100 300
Long Side [um]
Active Edge 50 um ot el
& ©° 7] Last pixel column
£ %] (250 um)
= 0,44

Distribution of residuals

Distance from Pixel Edge (um)

| —
AIDA HIGH RESOLUTION PIXEL TELESCOPE

o
Résultats presented at CERN
Atlas Upgrade Week-27-31/03/2017
D. Hohov, LAL

19950 20000 20050 20100

20030
pl20_residualY pl21_residualY
~E DUT#20 wo DUT#H21 T i
il 16 n asoo (= o
oof- ool 17 um
«-DUT 20 : Efficier 0.988369+5.3-107° ., DUT 21 Efficien 0.985571+5.8-1077_
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In-pixel efficiency

Efficiency Pixel Map DUT 20 Geometry 0

Short Side[um]

I 1 1 1 I 1
220 240
Long Side [um]

No biasing structure=» (small) very uniform charge efficiency

— effect due to charge sharing at the pixel’s corners
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