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Highly Pixelated Transparent Devices
for Future Vertex Detectors

Marc Winter (IPHC-Strasbourg)

(on behalf of the MIMOSA, PLUME, HP-2 & AIDA collaborations)
[> more information on IPHC Web site: http://www.iphc.cnrs.fr/-CMOS-ILC-.html

Introductory Remarks :
> the trend for very light pixelated systems > ILC driven R&D
CMOS pixel sensors :
> high-resistivity epitaxy > applications > advent of vertical integration

Other thin pixel technologies currently under development
> DEPFET > CCD based: FPCCD & ISIS for ILC > CMOS pixels: APSEL, Chronopix

Summary — Conclusions




e Trend of subatomic physics experiments for highly granular

e Central motivation :

The Trend for Ultra-Light Pixelated Devices

and thin pixel devices

> high performance reconstruction of (displaced) charm vertices

s high performance multi-jet final state flavour tagging (¢¢, ttH, AH, ..))

e Flagship of this trend : International Linear Collider (ILC
— Detector Baseline Document (>~ TDR) to be delivered by 2012

%4

) > Letters of Intent delivered in 2009

also: Heavy lon experiments, CLIC, LHC upgrades, ..., hadrontherapy, ...

“— Figure of merit: ojp = a® b/p - sin®/? @

> a governs high momentum

Accelerator a(um) b (um - GeV)
LEP 25 70

SLD 8 33

LHC 12 70
RHIC-II 12 19

ILC <5 < 10

% b governs low momentum (~ 30 % particles < 1 GeV/c)
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On-Going R&D

e Several R&D activities since ~ 1 decade
> mainly driven by the ILC physics program

> originating from various starting points

e Main R&D devt lines on highly granular and thin pixel sensors

% SLD-VTX based on CCDs (a=8, b=33, t,-.,. =200 ms)

»— CPCCD, FPCCD, ISIS o
&b
% X-Ray imager S
@\ bo X
>— DEPFET & x

> industrial CMOS pixel imagers
~— MIMOSA, APSEL, CAPS, Chronopix, ...

e Prominent difficulties:

195pnq [eLd)EN

% Suppressed material budget (m.s., N~ ) b
=> constrains pixel technology & services

=> vigorous upstream R&D

3% Be as close as possible to the I.P. (short lever arm)

= Speed (occupancy !) & radiation tolerance (beam & physics related)

Spatial resolution

Readout speed

Radiation hardness




CMOS Pixel Sensors: State of the Art

e Prominent features of CMOS pixel sensors:
> high granularity = excellent (micronic) spatial resolution /\

> very thin (signal generated in 10-20 pum thin epitaxial layer) Pixel Array

> signal processing p-circuits integrated on sensor substrate

® Sensor organisation: U
% signal sensing and analog processing in pixel array

> mixed and Digital circuitry integrated in chip periphery A

Controller+Memory+DAC+Trans.

> read-out in rolling shutter mode

(pixels grouped in columns read out in //)

Selectable analogue outputs ~ 200 pm

e Main characteristics of MIMOSA sensor equipping EUDET BT:

Pixel Aray

% 0.35 um process with high-res. epitaxy (coll. with IRFU/Saclay) -

Row selector +Pixel

> column // architecture with in-pixel amplification

{ Column-evel Disariminator

C Zeosmesn
1 Cveroys | [vemoyz |
! PadRing

~21.5mm

pm

and end-of-col. discrimination, followed by ()

3000

> active area: 1152 columns of 576 pixels (21.2X10.6 mm2)
% pitch: 18.4 um — ~ 0.7 million pixels = 05, 4 um
X Tro. § 100 pus (NlO4 frames/s) = suited to >106 part./cm2/s

~138mm




. High-Resistivity CMOS Pixel Sensors

® M.i.p. detection with Low & HIGH resistivity CMOS sensors combined in a Beam Telescope (BT)

it v

% 4 EUDET ref. sensors & 2 sensors under test fea i r—»—-m’ ) i
> June 2010 at CERN-SPS (~ 120 GeV pions) m T20Cey '
% sensor variants : standard epitaxy (14 pum thick) /

& high-resistivity epitaxy (10 & 15 pum thick) 50 pm thin DUT

(Device Under Test)

Reference planes

e Preliminary conclusions:

’ Mi26 HR-15 and HR-10 Efficiency, Fake rate and Resolution

% det. eff. ~ 100 % (SNR ~ 40) for very low fake rate:

Mi26 HR-15 Efficiency, Fake rate and Resolution

for a chip iradiated with a 1.10  **Ng, dose at T ,, ~ 0° C
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= Toleranceto > O(1014) neq/cm2 seems within reach (study under way)
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Sensor Integration in Ultra Light Devices

® Double-sided ladders with time stamping :

%4

DS

X
X
X4
X4

expected added value of 2-sided ladders:

alignment, pointing accuracy (shallow angle), etc.

studied by PLUME coll. (Oxford, Bristol, DESY, IPHC) & AIDA (EU)
—> Pixelated Ladder using Ultra-light Material Embedding

square pixels for single point resolution on beam side
elongated pixels for 4-5 times shorter r.o. time on other side
correlate hits generated by traversing particles

expected total material budget ~ 0.2 - 0.3 % Xo

e Unsupported & flexible (?) ladders (Hadron Physics 2 / FP-7)

X4

%4

30 um thin CMOS sensors mounted on thin cable

and embedded in thin polyimide — suited to beam pipe ?

expected total material budget § 0.15 % Xp

e All silicon almost monolithic device (DEPFET):

%4

%4

sgle piece ladders using bulk Si of sensors as mechanical supports

expected total material budget § 0.2 % Xg (average)

50 um sensors

ZIF connector to servicing board

Low mass flex cable |
I

[ Spatial resolution

Time resolution

}F,

™
N

active area

Chips connection via bump Thinned sensor (50 [im) in
bondin

Support frame




Application of CMOS sensors to the STAR-PIXEL

The detector ladders are 50 m thinned silicon, on a flex kapton/aluminum cable.

B cm radius

End view

2.5 cm radius

Cantilevered support

= ; \nner layer

Outer layer

N / / 0 coverage 1

One of two half cylinders

Total: 40 ladders

courtesy of Michal Szelezniak / Vertex-2010

>[>[> 1st vertex detector equipped with CMOS pixel sensors — 1st data taking in 2012/13




: Application of DEPFET sensors to the BELLE-2 Vertex Detecto

z=0
50pm
T _..-—""i_'“\ E
- \:,A outer layer (22 mm)

i il o inner layer (14 mam)

=1 £4 . L & il ':j"*. mechanical support and
| \!: %1 I' P -

1 b II.' - - - -I‘IIII

. \: L L

i
5?: L
= _ raire
sl i
| : 1 E on-detector electromics
L)
Ct
S
— I . l}:ﬁ;[ active area § :m
ti A
_ . Two DEPFET layers at 1.4 ecm and 2.2 cm radius
- .MDCDChi ] Ladders : 8@L1, 90 mm, 12@L2, 123 mm, =25 Mpixel
I R frame rate : 100kHZ
III I\_‘_ DHP Chips material budget : 0.19% X, (incl. frame, chips, bumps)
power/ladder : DEPFETs ~ 1 W
Switcher ~ 1W
DCD/DHP ~ 8 W on each ladder end
courtesy of Laci Andricek / NSS-MIC 2009

>[>[> 1lst vertex detector equipped with DEPFET sensors — 1st data taking expected in 2014




3DIT to achieve Ultimate CMOS Sensor Performances

3D Integration Techno. allow integrating high density signal processing pcircuits inside small pixels

3DIT are expected to be particularly beneficial for CMOS sens  ors:

> combine different fabrication processes % alleviate constraints on transistor type inside pixel
Split signal collection & processing functionnalities usi ng optimal technology in each tier :
% Tier-1 : epitaxy (depleted or not), deep N-well ? Tigekcensrof, DS,
A/ conve rsion )
% Tier-2 : analog, low ljeqk, process (nb of ML)
. . .. Digde Diod & Digital
% Tier-3 (& -4) : digital VDSM process (nb of ML), _
. E J-'[.'.'ﬂl"r"_u’r redd on il .!-'[.'.'rrl"r'y re dd ot
— fast laser (VOCSEL) driver, etc. =20 | nales T
g — - é
'g Digd e Diod e Sensar - /’ '
o
J-'[r.'u'rl'r"_n’r reddond J-Ir.'rrl'r'y re dd ont / /
Conventional MA TS 4 Tixel Layout 30 4 Tixgel Lagout

The path to nominal exploitation of CMOS pixel potential :
% fully depleted 10-20 pm thick epitaxy = SJ 5 ns collection time, rad. hardness > Hybrid Pix. Sensors ???

3% FEE with < 10 ns time resolution >— solution for CLIC & HL-LHC specifications ??7?

Devt of CAIRN = CMOS Active pixel sensors with vertically Integrated Read-out and Networking functionnalities

— 1st set of 4 chips submitted to foundry in Spring 2009 (within 3DIC)




SUMMARY — CONCLUSIONS

e |LCdrives (since ~ 1 decade) an R&D prog. on novel, highly granular and thin, pix elated devices

introducing a new performance standard for vertex detector S:

% new pixel technologies: CMOS pixel sensors, DEPFETs, CCD variants, ...., 3DIT

> new ladder concepts: double-sided, unsupported, monolithic

“— to be assessed in FP-7 project AIDA

e 2 pixel techno. being prepared for vertex detectors of less d emanding expts than those at ILC:

% CMOS sensors: numerous BT, STAR ('12/13), CBM (’16), perspectives at CLIC, LHC, etc.

% DEPFETs: BELLE-2 ('14)

e CMOS pixel sensors undergo a fast transition in radiation to lerance & speed:

% 1st step: high res. epitaxy = SNR ~ 40, rad. tol. — 2> O(1014)neq/cm2 ¢

* Spatial resolution

> important goal: combine thin HR sensitive tier with 2nd step:

CAIRN = 3D sensors combining high-res epitaxy with fast FEE »— ,S 10 ns

323pnq [eLIdIEN

— the vertex detector quadrature may be achievable ...

Readout speed

“—> horizon opens up for CLIC & HL-LHC

Radiation hardness
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i Back-Up: MIMOSA Sensors Performances

> Impact of 1 -1013neq/cm 2

’ Mi26 HR-15 and HR-10 Efficiency, Fake rate and Resolution ‘ Mi26 HR-15 Efficiency, Fake rate and Resolution

for a chip irradiated with a .10 **N,, dose at T ,, ~ 0°C
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® Preliminary conclusions:

on detection performances at T oy ~ 0°C

’ Mi26 HR-15 and HR-10 Efficiency, Fake rate and Resolution
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% det. eff. ~ 100 % for very low fake rate: HR-15 > plateau until fake rate of few 10~¢

% single point resolution < 4 um

% det.eff. of HR-15 still ~ 100 % after exposure to 1-1013neq/cm2

—> Striking evidence for performance improvment with HR epita

Xy (in particular 15 pm thick)
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Back-Up : Direct Applications of EUDET Sensor

e Beam telescope of the FP6 project EUDET

> 2 arms of 3 planes (plus 1-2 high resolution planes)
M-26 thinned to 50 um
Oextrapol. ~ 1-2 um EVEN with e (3 GeV, DESY)

frame read-out frequency O(104) Hz

running since ‘07 (demonstrator: analog outputs)
at CERN-SPS & DESY (numerous users)

llM26 Proximity Board for FIRST dimensions ||

e Spin-offs :
“—M ﬂ—f: T
> Several BT copies: foreseen for detector R&D B IRIENI

Acceptance angle
+40degrees

% BT for channelling studies

|| 1’ lon beam

% CBM (FAIR) : MVD demonstrator (2-sided layers) for CBM-MVD ~ * || | IRTR N
(HP-2 project) | U BT v

% FIRST (GSI) : VD for hadrontherapy x-sec. measts >>[> H | L Not to scalel

TPS M26 Proximity Board r’—QM/ﬂ

Eleuterio Spiriti TPS meeting, March 2010 15
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Back-Up : Application of DEPFET Sensors to BELLE-2 Experime nt




. Back-Up : Application of CMOS Sensors to CBM Experiment

e Cold Baryonic Matter (CBM) experiment at FAIR:

% Micro-Vertex Detector (MVD) made of 2 of 3 stations located behind fixed target

operation a negative temperature in vacuum

each station accounts for < 0.5 % Xg

sensor architecture close to ILC version

e Most demanding requirements :

> ultimately (~ 2020): 3D sensor

<10 s, > 10™*ne4/cm?, > 30 MRad

% intermediate steps: 2D sensors
< 30-40 pus, > 10"°n.g/cm?, > 3 MRad

double-sided stations equipped with CMOS pixel sensors )

TOF (RPC) B ECAL

% 1st sensor for SIS-100 (data taking ~ 2016) |, <

—14—



Back-Up : Investigating Large Area CMOS Sensors

e Prototype multireticule sensor for large area stations:

% 3072X3072 pixels (16 um pitch)

= 5X5 cm? sensitive area

> requires combining several reticules

—> stitching process = establish proof of principle

3% double-sided read-out of 1536 rows in 250-300 (s

— Large Area Telescope for AIDA project
(EU-FP7 approved recently)

> windowing of 5 1X5 cm? (collim. beam)
= < 50-60 us r.o. time

® Submission expected end fo 2011 or early 2012:

Reticule 2 x2 cm?

TOP

|

768x768
Pitch ~16 ym

1234 1234

> bonus: avoid paving fw disks with reticule size sensors

= dead zones, material, connectics/complexity

il TOP TOP TOP TOP
768x768 768x768 768x768 768x768
Pitch ~16 pm Pitch ~16 pm Pitch ~16 ym Pitch ~16 ym
T768x768 768x768 768x768 768x768
Pitch ~16 pm Pitch ~16 pm Pitch ~16 pm Pitch ~16 ym
768x768 768x768 768x768 768x768
Pitch ~16 pm Pitch ~16 pm Pitch ~16 ym Pitch ~16 ym
768x768 768x768 768x768 768x768
Pitch ~16 pm Pitch ~16 pm Pitch ~16 pm Pitch ~16 pm
BOTTOM BOTTOM BOTTOM BOTTOM
~5cm

> synergy with forward disk projects on collider experiments (e.g. EIC project at BNL)

3% 6 sensors will compose a beam telescope at CERN (AIDA project deliverable)

> few ns time stamping resolution associated to each hit by TLU (scintillator)

—-15—

~&5cm




Back-Up: VTX Oriented Infrastructures in AIDA

e AIDA = EU FP-7 Integrated Infrastructure project : approved — starts Feb. 2011

® On-beam (CERN-SPS) test infrastructure:
> Large Area beam Telescope (LAT) = 5X5 cm? stitched sensors

> Alignment Investigation Devices (AID):
<& box hosting pairs of ladders (e.g. PLUME) and unsupported pixelated systems (SERWIETE)

< box front panel contains removable target

Yy Y

First 3-planes Second 3-planes
reference station reference station
Ladder box

e \Work program topics [>[>[> relevant for numerous high resolution devices:
> alignment capabilities: dedicated equipment and particle tracks
3% vertex reconstruction accuracy

> track reconstruction with different devices (high spatial resolution combined with fast detectors)
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- Back-Up : Long-Term CMOS R&D with High-Resistivity Substra

LGP'X: monolithic detectors in advanced CMOS

Submission for fabrication just finalized

» Several issues: ESD, special layers and mask generation, guard rings
= Still need to discuss some outstanding fabrication issues with IBM

7 chips submitted :

= 4 test matrices

= 1 diode for radiation tolerance

= 1 breakdown test structure

= 1 transistor test: already submitted once in test submission

Will require very significant testing effort for which we need to prepare (measurement setup,
test cards...)

Breakdown test 7 Transistor test

W. Snoeys, CERN-ESE-ME, 2010
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