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Disclaimer and apologie

Vertex detectors are a very active and

vibrant field

‘I-IhpOSSible lo represent everyone and
everythmg personal taste in choice of




it

Challenges

Granularity and resolution
Material budget

Device simulation

:> Yesterday and Today

| Readout speed
> lTomorrow

Local intelligence

2 Day After Tomorrow
. The Future ' Power dissipation and cooling

Interconnection density
System integration
Trigger and online tracking

Track and Vertex Reconstruction




he Vertex conference series
2015 | 2014 Macha Lake, The Czech Republic :
2013 Lake Starnberg, Germany 2012 Jeju, Korea

2011 Rust, Austria AVLY Loch Lomond, Scotland, UK

Moo1 Veluwe, Putten, The

2009 Netherlands

Uto Island, Sweden

2007 Lake Placid, New York, USA Perugia, Italy

2005 Chuzenji Lake, Nikko, Japan Menaggio, Como, Italy

Low Wood, LLake Windermere,

AU Cambria, UK

Kailua-Kona, Hawan, USA

Sleeping Bear Dunes, lLake
Michigan, USA

2001 Brunnen, Switzerland
1999 Texel, The Netherlands Santorini, Greece
1997 Mangaratiba, Rio de Janeiro, Brazil Chia, Sardinia, Italy

1995 Ein Gedi, Dead Sea, Israel Lake Monroe, Indiana, USA

AR

1993 Lake Bohinj, Slovenia Basto Island, Finland
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Wishful thinking

We need eyes to see
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J. A. HOERNI
SINTOONIUSTOR DEVICE

Origioal Filed Nay 1, 1859

.d‘s, detector
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A long history: Semiconductor Strip Detectors - &
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Today’s marvels T
~ oIn | |

- —Double Sided
Single Sided

wEd " o o (VOT RO
R

\| Barrel semiconductor fracker
o b o | Pixel detectors

_ ~,A.-;<'~"; “"| Barel mansinon radiction treicker
\ 5 0p ¥ r/ End-cc'lp fransition radiation raclwer

End-cap semiconductor tracker
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Verygood performance and stability
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Sensor T'emperz%ture '

I
N

| S

over Runl. CO2 evaporative cooling.
Well understood detector
> Improved bandwidth to cope with

L, @ 0°C [uA/em?] T,[C]
o

# '...;".larger pile-ups in Run 2
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ROD -> ATLAS DAQ

- u = 33@I100kHz

Layer Data Model prediction
Barrel3 * — 1o | |
Barrel 4 * =lo [
: Barrel5 *+ — 1o [
Barrel 6 -

with 90 S-links as Run
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2011
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2011

Sustainable Rate T B, i
2010 2010

Jul 1 Oct1 Jan1 Apr1  Jul1
2011 2011 2012 2012 2012

i ] 4
Oct1 Jan 9

2012 2013

]
100 120
u (14 TeV)

:ROD -> ATLAS DAQ
u = 87@100kHz
with 128 S-links + data,
compression

ATLAS SCT

Efficiency
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2012 Vs = 8 TeV data

* Efficiency
— Fraction of bad strips

|llll|llll|llll|llll

Endcap A

lllllllllllll Illlllllllllll

' 120 : =2 ) | ] ] | |

1

0.9
0.8
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Efficiency

ATLAS Preliminary
s=7 TeV

100500400 600 800 1000 1200 1400 1600 1800 200K %c%c%, h‘%“"* Gy, %;4%,24%
. Noiealsl
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Total, Runi
Total, on Surface : 1.1% Faillure Types (after Reinstalation)

Total, after Renstallavon [ 1.9% Total: 33
HV open: 22
LV open: 3

0, Runt N ¢.3% | Oata In: 6

L0, on Surface [ ] 0.7% Data Out: 2
L0, after Reinstallation [ 1-4% Operable at Half Speed:

Lo: 3
L1: 3 (relevant after L1 readout speed upgrade)

s Wil o =
lgnlﬁcant <5 %)) number ! Ll,d‘!erkans!allaait: B 2% Total: 1744 '

LO: 286

12, Runt | 70> T
L2, on Surface [ ] 0.7% Disks: 288
L2, after Reinstallation [ 1-9%

ovss, Runt - I + 5%
I‘elnsert done 1mn LSl s B o eeotesen I o ATLAS Pixel Preliminary

0.0% 2.0% 4.0% . 8.0% 10.0% 12.0% 14.0% 16.0%

Module Fraction per Layer

Services are fraglle
e e TR SR -' _ = To be mentioned that few modules have been lost when the Detector was reinstalled in ATLAS, so
S ' the services are still mechanical fragile




ATLAS - IBL.

" . 4th pixel layer (IBL) Installed in L.S1
- » Improve pattern recognition, redundancy, ,
~ resolution
- New sensor technology, new chip: 50x250um

1

First time of 3D sensor b
' ! 06

‘ .TWO te‘chnologies: planar and 3D | o

. Two technologies chosen: Planar ana 3U

Planar (produced by CiS)
— 200 um thick n*-in-n sensor
— Inactive edge minimized by shifting guard
rings (13) underneath active pixel region
* 3D (produced by CNM and FBK)
— 230 um thick n*-in-p sensor
— Column through ~ full bulk with two
2 electrodes per pixel
~ 1 » Sensor specification:
— Qualified up to 5 x 105 n,cm o Bee Hte S B B
— Sensor max power dissipation: 200 mW/cm?
at-15°C
— Single-hit efficiency > 97%
» Sensor technology onto stave: : | _
— 75% Planar (central) . " > . - after retunin? 1

. LLLJlllllllljllellll
— 25% 3D (extremities, large n) . §33335253

NID Numbet

ATLAS IBL Preliminary | &
RCE commissioning

1

1] p

Noise [e]

> ..TYY]TYY]TYY
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~ aclive area 2()0m2 5 m long, 2. 5o
- dlameter
- -_Very good performance in
- Runl(warm). S6F14 cooling
> Extensive activity to allow cold
. 15°C) operation in Run2
> Needed to cope with radiation
damage of sensors

"~

b
-

-

‘.4!- L e
J 8-,{.'. “n D

2ating elements: :
Keep temperature above dew point  FX
in less controlled regions

Maintain thermal neutrality towards

CMS SST

Detector status after repairs § &

=%
Campaign pianned : <o
in late 2014 Believed fix ;

8 0 0

Not repalrable.rIB L2 TOB L2

Working w/o evident problems

o

\ Cooling circuit leak rate}
f W Tezrnical seep ‘ N !

B Wireer Stutdown

8§82 LEAK RATE EVOLUTION
W Lood scarcn campaigns
35 m . t Jn!'!-.il'; :)nd — Loaky vilve [Hwr cce) in [

i 1225 the cooling plant
i £
-

L3
b 1
(L BRI B S | [

Line 30
L+ L

A

B
o

0.5-1kg/de
endof run”

e 23 105CED snee Beprning
b 25 1OCXED wnce Sepe. 2000

v
©n

-
=}

Wireer
o

o

0 Mo, Our the same pared, $51 was kaki'g conezamly bolow 0.1kg/d

Leak Rate [kg/d]

n
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ed lim




o »

Detector status after Runl]

BPix Layer

: FPlxDlsk1plus

> 66 M Pixels (100x250um)
> Faults at the end Runl: ;N | 3
' 2.3% i BPix, 7.8% 1n FPix F* " " ss&F Swasvek
: : FPix Disk 2 minus FPIX Disk 2 plu
> Repaired (99.97% in Esl-  § >

(5=8TeV - “ l

cusmnmma;-yzo{zllr > Several radiation effects:
» 3 - Current, voltage
: | - Threshold recalibration = _ —remess s dwgecpcen | |
needed with imncreased
current: not expected
> Automatic SEU
detection and recovery
essential for high
‘efﬁciency
. | e '

1000 2000 3000 4000 5000 6000 7000 2 '_ e e luminosity [1/fb]
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LHC-b : VELO, TT, IT

: Strlp detectors Workmg Well
- VEL.O has

delicate moving
Biiechanism | ...

{2:eble beam)

'
,\ .

RICITI
e L TT

changes due to radiation .
: Currents depl Voltage . , | Inner Phi strips Outer Phi strips, with routing line

temperature scans, CCLE scans

Outer Phi strips, no routing line

LHCb VELO

PR

PR |
1500 2000
Bhlatrip numbar

pitch bin (40-45) um
piteh bin (50-55) jum
pitch bin (75-80) um
pitch bin (95-100) um

Resolution/pitch
vs. angle

Snsor rodivs:
s E11men
1118 mm

2012 & 2013 dataonly . Bt

c 1 1 1 l 1 1 l 1 1 1 l 1 1 1 hd N =m y1 o‘
0 20 40 60 160 f
1 MeV fluence =




ALICE ITS: SPD. SDD. SSD

- PiXel, Dr\ift and Strip technologies working together.
Good efficiency and performance over Runl

{ Efficiency

Pb Pb 276 TV, mmlmumhxas

ALICE Porformanco

-
.h

-
N

ALICE

PERFORMRANCE
021052011
- Pb-PY [5,,=2.76 TeV

PERFORMANCE
QANT2N3

» ppans=7TeV ]
= p-Pb\ 5,,,=5.02 TeV 1
* Pb-Pb\ §,,=2.76 TeV_

—h
1]

o
(4]
115 aE/ax (kevisuuum)

>
Q
=
2
=
@
=
44 °
B
o
13
L
2
aQ

o
[=2)

Data: atlgast 2 ITS hits

) MC: atleast2ITS hits
Data: at least 1 pixel hit
MC: al least 1 pixel hit

gl

e
s

it

=
N

|~ Inrcutes pomary verex resolution]

107 1

Ce mwmy B

o

- ‘IS'SII'JCS with Clbgged filters (SPD)
andSEU (SSD) mmproved in 151




SSD

SSD, IST: conventional strips and pads
PXL.: First MAPS detector at collider

(Ultimate-2, from Mimosa series)

Installed in Jan 2014, run March-July
2014

3561\/[ Pixels 20.7x20.7 um
Chips thinned down to 50um
Integration time: 185.6us

Many lessons learned - mostly rom
system issues:

. Al cable production delays
Issues in ladder assembly

| Mechanical inteferenée
Shorts between lines

Radiation resistance under study

s, 1
)

o S - A Rt
W AR B W SOE

Au + Au @ 200 GeV

O Proton
® Kaon
OPlon

O Proton
® Kaon
O Pion

CDq Goal

B e




Space operation poses a completely
different set of challenges and
requirements :
Very long strips, slow shaping, low power
(192 W total)

Continuous thermal variations

> Dynamic alignment

. Charge measurement

> Difficult calibration up to 100M1P

seey uopoo\ouvu""'"' v Y

" Track reco efficiency

b b e it i b o

Ji_Sep Ot Dec Feb AW m Ag Seo
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System and services lessons

. A lot (most?) of the development work is concentrated on sensors
‘and electronics.

Right, but...

System engineering is never enough
> Sometimes improvised without good engineering practices
- - Essential for operating a large detector
| ‘Retroﬁtting is a terrible pain
. Knowledge Is power G
:> Detailed momtormg of everything and handles for adjustment are essentlal

*i‘} Essential to allow time for detailed analysm and mvestlgatlon of deteetor
performanee and ehanges | ‘

> Plan for the unexpected
Redundaney, extra eontrol handles, extra momtormg
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Detectors in preparation

'LHC phase 1 upgrades
._-'(2()18 i
S ALICE: ITS MAPS on hi-res
L epi
> CMS: Plxels mainly system
~ Inlegration improvements
£ LHCDh:
E . VELO: ‘pixel, 40MHz, sw
& trigger (or FPGA ?),
~ microchannel evaporative
- cooling |
Upstream Tracker: large
~ single-sided strips, SALT
e L |

NON-LHC in preparatlon.' : *f

> BELLE-II:
> PXD: first DEPFET
application, ROI |
> SVD: DSSD Origanii ==
module concept = =
. NAG2: GIGATRACKER:
“extremely fast, micro
channel coolmg

— -'-,:0“““““:-" ey R Ry = g - e bl -
yias o . 5



~» Very thin sensors
» Very high granularity
» Large area to cover

mmeos Outer layers
(Outer Barrel)

T e s et %\.J.w O

» = 12.5 Gigapixels

» Binary readout
. Beam pipe
NWELL

DICDE ‘ ' bt » ~ 10 m? of silicon

(e J T

— .

ALPIDE:

MISTRAL / ASTRAL T ALPIDE
Epitaxial Layer P- ] 1 M) " ‘

self-triggered
or

rolling
global shutter

shutter

Chip-to-flex connections: laser soldermmgf = - ---“-*“ L —
_ O : \

TR RLICi » In-pixel (ASTRAL) or » In-pixel discrimination

end-of-column (MISTRAL) > In-pixel hit buffer
discriminator » In-matrix sparsification
» End-of-column sparsification (priority-encoder readout)
(SUZE)
» Based on the experience of the
TAR PXL dete

ae PRSI R
B N\ v A WV TR

M, R
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CMS PIXELS

[ Current Pixel Detector e Upgrade Pixel Detector

Mamtam performance at higher "I
:
,l‘ lumlno Slty 3 ’ :-?b 50% fewer photons

convert in/before pixels
ateta 1.5

| \C6F14 cooling — evaporative cuz 04
detector core uncnangea: « higher load,less material

—pixel size, sensor . T= -20 C with ot |
—readout architecture e with option to go lowei
radiation) |

—analog front-end (minor che., .:(,w,

= « Minimal disruption of data taking

1 2
* performance improvements o
—higher rate capability of ROC
and data transmission
—additional tracking layer

—optimized material budget

ente + P[]

4

+ _._\

Average Tracking Efficiency (%)

—#— Current Pixel Detector : :
®  Upgrade Pixel Detector | - g

& &8 8 3 8

LI IIII IIY‘ l]ll l]ll l]ll

i L 1 3 l ] | 1 | 1 i
40 60

&

shield not mounted)




RILHI e

.'ff'.";,'_ Trlggerless 40MHz readout | \elm-
8 . VELO: Pixel 55x55um , ol Locathe.| 2 [
~ VeloPix readout chip £ of Q2 fape et
. Microchannel CO2 ol

-m ". ’- ..- '.'..-. '..‘ " =22t .’:
evaporative cooling at -20C 7 or Stave prototype

. Closer to beam \

-40 -30 -20 -10 O 10 20 30 40

LT Strips, SALT chip readout, = |
long staves

- o Tip of hottest sensor accumulates fluence

Ny

£

?’vz‘\"_,&, ¥ ,4;-'-.'4.

PR Rl LTSS RNy

of 8 x 105 1 MeV ngq cm~—2 after 50fb—*.
i

' & . 7 - © Outer region of the same sensor will see
Slgﬂlﬁcant lmprovements ~ by factor 10 — 20 lower fluence.
{ -

@ Sensors must be able to withstand
- 1000V bias without breakdown.

(=]

Efficiency
Efficiency

=]
\o
o
o

ﬁ : LHCb simulation |
P | PR S S—

S 00 0100
¢ [degree]

Reconstruction efficiency of existing (black) and upgraded (red) VELO

at upgrade luminosity (£ = 2 X 1033 cm — B . Rt
RS it R o £ o]

Data rate [Chit/s] for hottes: madule




:> '4'llayers of double-sided strip sensors
:> APV25 readout

i 'rigam concept

= . CO2 evaporative cooling

. Install in 2016

v

- CF sandwich
: ribs

A

fanout for n-side (z)

v

single-layer flex b) Side view (cross section):

wrapped to p-side (r-phi) wrapped

i i APV25
flex fanout cooh:mg pipe

(thinned to 100um)
® .

I CF sandwich ribs l

- mech. supp




BELLE ITPXD
> 2 layers DEPFET Pixel Detector (PXD) e
with 8 Mpixels at 1.4 and 2.2 em radii.

[ ~» First DEPFET application at colliders

DEPFET Concept

gate p-channel Clear process

. p*source ; E p*drain
o T

[ mmngatad EEECouiomb, fwd *1
EIREA, bad W Coulcent, bwd

3 * "o
4 - % o “J = ’ ow
l BN TwoPhctor, fwd B Touschek, fee ROI f S s/ D I k
B TwoPhctor., bwd R Touschek, b rom rac
,f ayer 1 XCupar (y 4

\/A\

reconstructed track

QData-reductlon through ROI readout
Very sophisticated technology
stallatlon in 2016

Layer 2 o«upam:y

“f

l
\ n‘”'

/A\?*

Baokground hy source




. Very fast pixel detector on small
e ol |
& . TDCPix readout IC with time

walk correction

- . First micro cooling application

al.;'n-; (pS)

» Sustains 750 MHz hit rate with < 200 ps hit time resolution,
» First micro cooling application in HEP, station thickness ~ 450 pm,
» Final integration is ongoing. All sub-systems tests are going well.

First beams in three weeks !




e
.-

—

.

G

.-4\.’.'

-

\-
Y

AY AFTER TOMDRROW

1

-2t .8..3
= » OA.O‘ ”-
SEEsRasEE. (= Y »..vo-.c~. .

I-IIII-I-'- EREL . ..tl. 1 \l
Iaaagsi m.-- BE .1 3 I.Q

.& 5

w d AT Al Ta i e

TR S T T o T T N T T 2T T R T TR T AT e AT e
3 i [ \ . A et




- . Wide range of requirements

. Different development

assumed lifetimes:
LHC, sLHC: 7 years
ILC: 10 years

others: 5 years

LHC (103 cm2s)

sLHC (103 cm2s-1)
SuperKEKB (10% cm?s™)
ILC (10% cms™)

RHIC (8x1027 cm2s-1)

BX time | Pafticle Réte
kHz/mm?2

| Fluence

Ne,/CM?2 per
lifetime*

1.0 x 1015
1016
~3 x 1012
1012

lon. Dose

kGy per
lifetime*

790
5000
50
4
8

directions

-

Material, resolution

- Occupancy, Speed, Radiation

1.5x 1013

Two extremes
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HIL.-1.LHC Phase ) upgrades)

LHC HL-LHC

fi Run1 Run?2 Run3 Run4 Average N ~ <140>

verntex ;
e 1093Hz/cm? 2-10%Hz/cm? 2-1034Hz/cm? and beyond| i tg 230 multiple interactions,

- {30 b1 300 b1 300 b 5-103%¢Hz/cm? _
JE=7-8Tev E=13-14TeV E=14TeV 3000 fb- 1000 tracks per An =1.0

IBX=50ns LS1 BX=25ns LS2 [Bx=25ns LS3 E=14TeV
JPU~20-30 PU~50 PU~50 BX=25ns I

T T

PU~140 (2007?)

A A

(=

- fluence of 2 x 1015neq/cm2‘“

2012]2013]|2014|2015]|2016|2017]|2018|2012|2020|2021|2022|2023|2024|2025

e

2 ClH‘I‘GIlt devices will not > Common R&D is essential ‘ f
survive > Example Qf BD50, RD353
rE collaborations

:> Maln teChnlcal ChalleHgGSZ > Desﬂgn thimiza‘[ion

V:> Radiation hardness > At all levels (sensors, module’i‘s, :
- | system '

L e pancy _ - > Robustness

P Costis an : ssue > Exploit common solutions

. Scale economy, modularity

5 : e
PR RN ';;;‘.'4
e . S e
T BRI R

_pr o 1y s SR Lo

< 5% M st 1 e 2

S e . e e
g3 SEsIe s o S
£ "r:‘ G e - b i b e 2
- vt \ I P PGy
2 R ILTG iy i >



Overview of irradiation facilities

Radiation Hardness

_ERN IRRAD

» Choice of sensor material

Compact Cyclotron
INIF

LIF

|MC4a0

TRIGA MARK 11l

()
N

A %‘ " pin-pFz(1700v) ] FZ Silicon Strip Sensors
. A

2-in-p (FZ). 300um. S00V. 23GeV p [
p-in-p (FZ), 300pm, S00V, neutrons [=
a-in-p (FZ), 300um. 500V. 26MeV p |
n-m-p (FZ). 300um, SO0V, 23GeV p
v-m-p (FZ), 300um, 800V, neutrons |
n-m-p (FZ), 300um, 300V, 26MeV p
n-in-p (FZ), 300 pm, 1700V, peutrons [2]
p-in-a (FZ). 300um, 500V, 23GeV p [1]
p-m-a (FZ). 300pum, 300V, ncutrons [1]

IPIF

Lo n- -inp- Fz (800V)

o]
o

[—
]

brOGOGEDONR

[a—
o

\g. . ] {1] G Casse, VERTEX 2008 LAY
A . ] wFZ, 300, (:30°C, 25 .
p-in-n-FZ (500V) 2-in-p-Fz (500V) ] e (0, 25 Fa Cllu s
] [2) IMandic et sl, NIMA 603 (2009) 263
(pEZ, 300pm, 20°C %0 40°C. 2523)

N

A el 1 ad s a sl

10 5 10 5 10'°

N Mol - 0972089 n,..ln..

~—
N
=
=
]
2
)
o
o
i
o
b
=
=
o
E
]
-
o
o

detecto rs

Pixel
Doses

@ Neutrons- Micron (900 V)

| —&— Pions- Micron (900 V)

- -l - 26 MeV Protons- Micron (900 V)
~@— 24 GeV Protons-Micron (900 V)
—O— Neutrons-HPK ATLAS (900 V)

" —#— 70 MeV Protons- HPK ATLAS (900 V
@ - 26 MeV Protons- HPK ATLAS (900V
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Run 1: ~0.2 X 10%cm2s™ HL-LHC: 10 X 10%cm2s™
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. Read all analog signals e

Improve layout

Tl L 9 A
S RPHALLY b REWEY S3 L
N/

v

Read only above threshold &

LR e R

> Inerease granularit
5 J . Read Region of Interest
| . Faster readout

Make a local track stub =~ &

Make track parameters

(V2

Smarter readout
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~ Electronics technology node

thf we goin Using CMOS 65nm Need strong

collaboration and

= Radiation Tolerance (dose hadrons, =z (L0 L L (RSyaeEgbetween

:‘Q'*‘.ﬂm

B . =i experiments
= Uses thin gate oxide | mmmmm | LU L LILH g UL

» Verified for up to 200Mrad, better | LUl | L Shared runs,

[SRag "M fo be confimedfor =™ a0 P | common P locks,

m Large amount of digital logic/ CTTTT e T T T shared knowledge
memory UL L L LU [ LT e e
= Vital for small pixel . o ' ' ' mvestment in
» Logic density: 250nm:~1; 130nm:~4x; s Affordable (sfill...) training peo p] o

65nm:~16x

: - e = MPW from foundry and
. ggﬁr?‘c:j;}anm 1. 130nm:~2x; Europractice;

= Masks cosfs a lot: ~1 M$ for an
= Low power (digital) engineering RUN

= 250nm: 1, 130nm: (1/2-1/4) ; 65nm: = Production similar as 130nm
(1/8-1/16)

= Many metal(Cu) layers:

= Power distribution, signal distribuﬁom\) ' ?;\:JT %fcgi”

pixel readout busses, etc.
e — 130nm up to
= Mature technology and stable 7% by 741
L.Demaria: CHIPIX45 pixel FE for HL_LHC - INFN Future Detector Workshop 2014 - - 12 March 2014

QA R ot Sy, EKF i 723 €A . 1 > 29 Ao PASRERERT T VL7 7 A Mot 5
S e = ek r A et o A 8 At oy i . oy = v 7
S i s < 2 Fiea®




- Smart detectors
| Granﬂlarity 1s not enough for high rates

LHC @ 10’ em-2s": 200 events overlapping

Build track segments or measure pt at sensor levels
and use track in LVL1-2 Trigger - :
Pt cut

cluster /

Use 3D chip technolo
P 8y Top detector Ot :
' / fail pass

cut

'

555 O
pitch . :
~0.1mm . :

separation
~1-5mm

Each Vertical Column:
1]

All the circuitry necessary
to detect one road. RUR. ' '
[T T I T T T T T P T T T T TTTT
' L}

~_ Bottom detector

e g AR rs bl b et

Content addressable
memory in each Iager -
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'
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’ '
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stack thickness
member ~0.2mm
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~ lrack triggers

Tracking layers

s,

= * Associative memory based trlg%er
f provenin CDT, Proposecl in Atlas, CMS

«—— Separate trigger-DAQ path

el HC-b Prol:)oses a vision-based FPGA , E;::::: E?Zl‘f:i"g r;ztv:;;: .
implementecl track trigger approp

Data organized
' by cell coordinates

~ eFEnormous Potential

2 ; >
Can Change tl"lC wag CXPCI"ImCﬂtS arc Cellular Blocks of cellular

C]CSi gﬂ CCI Engines processors

! Can make increased luminositg Fu”g : Track finding and
UISC‘FUI ‘For Phgsicg *—— parameter determination

Single
Hn

- —— - ® - 4- *u— oStandard cellchiy
|

LAMB |

Control-
FPGA

"";l/—'a |

40 MHZ clock™ ™*.

» P3senal LvDs
DRIVERS &
RECEIVERS




B o e Pile-Up = 140 .

T . ' el e Radiation @ 30 mm from IP: 2x10™n__ cm?

' HL'LHC PIXGIS e Dose @ 30 mm from IP: 10 MGy (1Grad)
"Very hlgh radiation and occupancy® Hitrate ~2GHz/

2 | : ‘Transconductance factor variation vs dose ~ Transconductance factor var. vs anneallng*h
| :Alm at small : N

|| —o— rag pmos:240nmiBonm
A i —o— [ag pMOs. 430nmBOoNMm
- pixels size: 50x50
um-

o reag proos. 1000nmA80onm

—e—pnclosed reg pmas 148CnmGanm
]

K‘

‘* Hybrid pixél\

- scheme

Trarveconduciancs Mactor Varstion (%)

=

—e—re3 omos:12Inmeinm

o] Moz 24InmElnm

o rag Moz 4EInmietnm
o rag pmos 1020rmEdrm

ERLEION Cl1ects | . -=remtmmemn
can be dramatic

Dasa Lawd (Rad)

3D Sensors
5'» HV-CMOS
> Active edge

»'1(:]( B iLin
;,SGHSOI’S glve Same
amount)

; Dlamonds

008001000 Actlve R&D:'

Bias voltagc V]
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e*e" linear collider
31 km linear tunnel
Baseline: Vs = 500 GeV
» Phase @ 250 GeV (Higgs factory)
» Options : 90 GeV(GigaZ), ee, vy, ey
» Upgrade: 1 TeV
2 detectors in « push pull »
» only one collision point
» ILD and SiD
Luminosity:
» 1.8x10¥ cm? st
» 500 fb! (4 years)
Polarisation: e = 80% ; e* = 30% (upgrade 60%)

Linear electron-positron collider
\s = 3 TeV (staged construction)
High luminosity: few x 103 cm-2s-

Small bunch size: 0xy(40 nm, 1 nm, 44 ym)

156 ns
> 20 ms

Beam stru ctu re v TralnS - - «—>m 312 bunches per train

BX: ‘@SS
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> Large low-material tracker (silicon or TPC)

. Super-thin vertex detector

' System and services design
_ determines material budget

. Mechanical support

. Power distribution | -




FUTURE

HOI
DEPFET
CMOS MAPS
HV-CMOS
Vertical integration
Diamonds

Internal amplification

Neutron PSD

> Sensor edge management
. 3D Sensors

Smart trackers

Advanced materials
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fully depleted sensitive volume
= fast signal rise time (~ns), small cluster size

In-house fabrication at MPG HLL
=  Wafer scale devices possible
*  Thinning to (almost) any desired thickness
*  no stitching, 100% fill factor
no charge transfer needed
» faster read out
*  better radiation tolerance

e Charge collection in "off" state, read out on demand
Difficult to get speed and A r sty o poer ke

| _Q,Xtreme radiation hardness internal amplification

=  charge-to-current conversion
r/o cap. independent of sensor thickness
~a . Good S/N for thin devices > ~40nA/pm for mip

active wee

e} axldztionand kack slze Impert

A= of *op Wf" \ c) provess =¥ pussivution
» Tep Viafar v

[r—————————————————
! W W
’ ..'\-. 11T Snli'-.
h

Hard 1300 ‘Wafe- I b) wafer barcing and " d) emizatrosic ceap etchirg spens "wirdows'

yrimclivapfralivhing o] 1ejran s aper becsidy passivotion in hondle waler

7. - Established: to be installed in E
.';::a'r‘::'k B e 11 e oy II ‘ - <n Iavartl.l;('l? | | -

Surmps 0002 Ardle 1151 Bayes Bakder: 0,21 2
"~

. Possible for TEC < _—

W s=ramc

- > Investigate integrated e |
microcooling Sures

= Cu Layer

Hey bee Imercanrocr F
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"~ Deep p-well: ¢ enhances
charge collection, allows

enhanced pixel structures - '
roneLs e = - B Thin epitaxial layer: shorter

TRUSETOR [ TRANSISTOR collection times, less multiple |

’ ﬂm scattering, less chance of
L P, J [:] L L L charge capture

= teChnOIOgy 0 pPOduce Cheap ‘; RV SO High-resistivity epitaxial layer:

- and performant sensors %' N improved signal fo noise. 4

,Already used in various fields Eokaxal Layer P- L h M L " Guard rings: improve'

Used/Planned in several Jy resistance to radiation

experiments: STAR, MUS3E, damage.

= AT , D : |gh-reS|shv1ty epitaxial layer + low voltage High voltage bias (HV-CMOS):

ALICE 2 ATLAS e ias (HR-CMOS) charge collection by drift, charge collection by drift, faster,
T : : | ——— elated Double Sampling (CC
- Growing Complexwy n | * reduced naise

e Passive
- electromcs processing in

till is issues (o be solved for | fﬁ- D
ry high radiation, very 9

high speed readout = = = . & Noneed o

Traditi ‘ ] ~ stop at4T...
 Traditional MAPS have very | stop at 4T
little charge collected — > = Moveas much

; processing as
OS ‘ ~ youcanon to




HV-HR CMOS MAPS A~

- Iﬁtfo‘duce a depletion layer in CMOS MAPS

deep n-well

- HV/HR-CMOS could be a solution to offer Mm@ 100V Y  depletionzone
~ rad-hard and cheap pixel sensors %‘

. Could be used in conjunction with standard _

~ readout ICs to increase readout speed and | Capacitively coupled pixel detector

compatibility with experiments er——————

e Plxed electronics based on CSA
First prototypes being explored within ATLAS m
= |rradiated samples show radiation hardness

= results with capacitively coupl -CMOS pixel sensors look promising

SIS e LRt I L RR E e 1] [ 2 D]

LT Flacsd BMdancy Var

eff. ~87/%

—a0y o

v | 1e15 n,Jcm? n- Y-

acy 6003 Py,

oy iradiated sample;  :™*-
—_— LN 60V blaS +5 C MPV zy—

. .. 7el5 neg/cm2 [| at~1200e-

BT TR RV RTINS SRR S R ST
- " - ”

0 ' | .
xx% e axz e leed Tam o Ul

D01 of os  ge i

* Many different designs possible:

* HV-CMOS like (deep n-well, no triple-well)
R ; : * triple-well e
"HV-CMOS appears to be “on the edge” wrt to Signal/Threshold * Alice-like
* increase signal by more depletion? How much? Equally radiation-hard?
= 2 directions: “moderate” (100 Ohm*cm) vs. “high” (kOhm*cm) resistivity




Sensor Edge Management

_Reductlon of dead area at the sensor edge
. Slim edge: reduce the guard rings and protection to the mininum

. Active edge: turn the physical edge into a junction (implant
- +passivation) allowing depletion to reach the edge

Seribe, Cleave & Passivate (SCP): post processing

‘Reduetlon of materlal and dead zones

> In conjunction with through l’ —
: }{f{SiliC}Oﬂ vias: buttable modul |

Scribing Cleaving Passivation

mumm dye lnldu-d RIS
witls sl edgt

Stylus + Tweezers (manual) + Native Oxlde + Radiation
* Loomis Industries
LSD-100 “Native Si0, + UV TP,
+ Dynatex, GTS-1 S 2 238
Eoh yiite, GFS=150 lightor High T
« PEVCD SiO,
+ PEVCD Si;N,
* ALD "nanostack” of
SiO, & Al,0,

* All treatment is post processing & low
temperatures

* Etch scribing can be done during
fabrication




3 D | SCIISO PS . Planar Technology nZ}D tgchrlglogy
o

Proposed in 1997 (Parker, | 2Kd, ||
Kenney, Segal d
\enney, Segal .

T'wo types mstalled in $
ATLAS IBL |3t
. - v h

n.
. NIM A 694 (2012) 321-330"

e
-
@
-
P
-
-
0
-
P

Test-beam Results

e e ma Y-’ \ R M Pixel efficiency map: fold
' NN efficiency to “single” pixel

-
88888
.

SCC55 CNM-3D: un-irrad
HV = 20V, ® = 0 deg, 1500e threshold
Eff.=99.4%

.
288888

SCC105 FBK-3D: un-irrad
HV = 20V, ®© = 0 deg, 1500e threshold
Eff.=98.77%

SCC81 CNM-3D: n-irrad (5E15 n,,/cm?)
HV = 160V, ® = 0 deg, 1500e threshold
Eff.=97.46%

NIM A 694 (2012) 321-330

SCC34 CNM-3D: p-irrad (5E15 n,,/cm?)
HV = 160V, ® = 15 deg, 1500e threshold

Eff.=98.96% IEEE NSS, 2011, 10.1109/NSSMIC
2011.6154405
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Diamonds

1000310

..:Di-asmonds established for beam ai

radlatlon monitoring

= T odoy fwo main manuracturers or
detector grade diamond

= ElementSix Lid
{ = |arge polycrystalline wafers
¢
:
35

—
<
<o
L)
1

Active Area (sq. cm.)

= single crystal diamonds
= |I-VI Semiconductors

® large polycrystalline wafers | | s 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
= relativelvrecententrv ¥ Year

‘»onsmtent radlatlon hardness constants

scCVYD2
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Systems

~ Detector system design is much more than

sensors. Many technologies can change

| - qualitatively and quantitatively the way systems

“are built. The future will tell.

» Vertical integration through-silicon vias

> Advanced interconnections technologies
Advanced materials

. Innovative powering schemes

- > Micro cooling / integrated cooling

‘_—_7—9—0——2111"”

(\?._.

w* Dh;300 um

Vattahnhggaﬁon:anew
view on interconnections

bonding Via last
BOx3 %/ TSV

Back-Face

oxide-oxide 8
fusion bond f 4 pum

Face-Face

BOX2 S
I&Oum i

oxide-oxide
usion bond

MIT-LL

3D-IC process First wafer

FDSOI oxide-
oxide bonding handle wafer

BOX1




Outlook

- Sohd state sensors R&D make >
 best use of advanced g%%fi"‘“‘
technologlcal process and push

't_echnology towards new limits.

> The road from idea to running
detector is long and winding.

» Many interesting and promising -

A R . 2625
techniques exist, but large costs Yoars from Goncept
require coordinated action

1t is essential that expert work in : o . =
synergy and collaboration to > A great Thank you ! tO
produce performant and ~ the organizers for thl‘s
affordable detectors for | Opportunity and the
-"'v'tomorrow S experlments - perfect organization
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