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Outline

> Overview of silicon pixels in ALICE
- ALICE ITS1, now dismounted
- ALICE ITS2, the large scale application of MAPS
- ALICE ITS3, the “current future” of MAPS

- ALICE 3, scaling it up by another order of magnitude

> Monolithic Active Pixel Sensors (MAPS)
- main achievements within ALICE R&D for ITS2
- the ALPIDE chip
- ALICE “offspring” targeting timing and radiation hardness

> R&D fronts (selection)
- bent + large scale sensors
- moving from 180 to 65 nm CMOS process

> Summary & Outlook

Magnus Mager (CERN) | Silicon pixel sensors | ALICE 3 workshop | 19.10.2021 | 2






Silicon pixels in ALICE

1. Hybrid (innermost layer of first ITS)

» Since the very beginning ALICE
uses silicon pixels

> Hybrid detectors in Run 1

> Essential ingredient for its physics ‘;-
output |l 8
- secondary vertex reconstruction

> Today: the first ITS is

decommissioned and on display
in the ALICE exhibition at P2
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Silicon pixels in ALICE

LS2 upgrades with Monolithic Active Pixel Sensors (MAPS)

Inner Tracking System

PEERE AW . YV "R IAYm n\l'.l \

6 layers: 7 layers:
2 hybrid silicon pixel all MAPS
2 silicon drift 10 m2, 24k chips, 12.5x10° Pixels
:.-'_.*-.--‘_.: S : e 2 silicon strip
A FEE S = o] g Inner-most layer: Inner-most layer:
radial distance: 39 mm radial distance: 23 mm
material: X/Xo=1.14% material: X/Xo= 0.35%
pitch: 50 X 425 pm? pitch: 29 X 27 pm?

rate capability: 1 kHz rate capability: 100 kHz (Pb-Pb)
Muon Forward Tracker

new detector

5 discs, double sided:
based on same technology as ITS2
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Silicon pixels in ALICE

2. Monolithic CMOS (7 layers, LS2 upgrade, “ITS2")
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» |nstalled and under
final commissioning

> By far largest detector of this kind

> Fully developed within the collaboration
- Including the silicon e e
- R&D started some 10 years ago

Medical technologies

> Construction involved >10 institutes
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Silicon pixels in ALICE

a closer look at ITS2 and motivation for ITS3
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> ITS2 will provide:

- pointing resolutions of 15 pm (in rgp and z) at transverse momenta of 1 GeV/c
- tracking efficiencies of above 90% for particles with transverse momenta larger than 200 MeV/c

> The Inner Barrel is ultra-light but still rather packed — further improvements seem possible

> Proposal: replace detector staves (tiled by several chips) by wafer-scale sensors that are bent
around the beam pipe
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Silicon pixels in ALICE

3. Waver-scale, bent (inner 3 layers, LS3 upgrade, “ITS3”)

> Replacement of inner-most tracking layers

> Based on wafer-scale, bent silicon layers

- nhew detector technology, achieving an order
of magnitude lower material budget

- main concrete drive to explore CMOS
technologies (TJ 65 nm)

> R&D endorsed by LHCC in 2019 and running
at full swing
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Silicon pixels in ALICE

4. large-scale + in vacuum (LS4 upgrade, ALICE 3)

> For ALICE 3, the goal is to produce an
O(60-70 m?) silicon tracker (yellow part)

> |t will comprise two parts
- In-vacuum tracker
- outer tracking layers

> Builds upon the experience and knowledge
gained from ITS2 and ITS3

- bent sensors for inner-most layers
- optimised modules for outer layers

> The scale of the undertaking requires us to go
industrial/commercial: CMOS MAPS are ideal

Superconducting RICH TOF
magnet system

Muon
absorber
Muon

chambers

FCT

see Jochen Klein’s presentation on Monday
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Silicon pixels in ALICE =) @8
key aspects for ALICE 3 ALICE

> Low power consumption: 20-70 m\W/cm?

- essential to keep material budget low (dominated by power distribution and heat removal)

- builds upon ALPIDE development (introducing low-power in-pixel front-ends)

- needs improvement to meet timing requirements O(100 ns) and higher data rates

- benefits from deeper sub-micron technologies (move from 180 nm to 65 nm, perhaps even further)

> Bent, wafer scale sensors

- achieve the lowest possible material budget figures (no/minimal support, good hermiticity by
design)

- allow to be as close as possible to the beam (“non-flat” geometries)
- builds on ITS3

> Radiation hardness: O(101° 1 MeV/cm2 neg) NIEL
- orders of magnitude higher (at 5 mm) than ITS2 or ITS3
- builds on ITS2 offspring development (process modifications)

This Is challenging, but within reach today
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Monolithic Active Pixel Sensors
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MAPS working principle (1)

in Towerdazz 180 nm CIS

> MAPS (Monolithic Active Pixel
Sensors) house on the same chip:

- the sensitive volume, a high-resistive
epitaxial layer

- the analog front-end (amplifier,
discriminator)

- the readout electronics

> All of this fits into a device of 50 pm
thickness
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in Towerdazz 180 nm CIS

>

The well structure isolates
electronics from sensing volume

Possibility to put complex logic over
the active matrix

Full benefit from high integration
density offered by deep sub micron
technologies

Drift and diffusion volumes are
“engineerable”

- allows to optimise charge sharing
(for position resolution, timing or
radiation hardness)

MAPS working principle (2)
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MAPS working principle (3)

example: ALPIDE pixel
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> Front-end:
O transistors, full-custom

- continuously active
- shaping time: < 10 ps
- power consumption: 40 nW
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> Multiple-event memory: 3 stages
62 transistors, full-custom
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> Configuration: pulsing & masking registers
31 transistors, full-custom

> Testing: analogue and digital test pulse circuitr
17 transistors, full-custom i i e el e e R e Ol
2 X 29.24 um

> Readout: priority encoder, asynchronous, hit-
driven

O(200) transistors / pixel
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MAPS R&D within ALICE for ITS2

\\_/

time Iine (Simplified) '\i\b\\\“ﬂﬂ\utHHHH?I!-HJICE
e study of technology Exp\orer T efrsmm
* detection diode geometry S
2012 Explorer e starting materials

radiation hardness

digital front-end
priority-encoder readout

2013 OALPIDEss

May 2014 pALPIDE-1 full-scale sensor

simplified interface

7))
il
* chip-chip communication interface LL]
Apl’ 2015 pALP'DE-Z * module integration O g
« low-speed serial link % I |~
 multiple-hit memory, final intertaces < il
Oct 2015 pAI—PIDE'3 * last optimisation of pixel Q é
e high-speed serial link (jitters) =
Aug 2016 ALPIDE + final chip 2
E 1.8mm

ALLLLLLLLL
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MAPS R&D within ALICE for ITS2

scope of R&D effort

> Many (>10) participating
Institutes
— biggest team within ITS
project

» Several test beam facilities
(including newly established
ones)

> A lot of expertise within the
collaboration has been
generated

> This pays off now for
ITS3/65 nm
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ALPIDE - the MAPS for ITS2

the current state of the art

1024 x 512 pixels

30 x 15 mm

50 or 100 pm thick

> 99% efficient

fake hit rate: < 10-8/pixel/event - difficult to estimate due to radiation background

consumption: ~100 mA @ 1.8V
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ALPIDE - mass production

results from 70,000 chips

> We are now In the position to quote performance figures

and failure modes on large numbers

> This is an excellent starting point for scaling up

- to larger chips
- 1o higher volume

70000

60000 -

50000 A

w &
o o
o o
o o
o o

1 1

# chips tested

20000 A

10000 A

Number of chips

CERN

\
N/ S

ALICE

Classification results

rhresholdScan.threshold_stddev
ThresholdScan.thresheld npix e———
IhresholdScan.threshold mean
ThresholdScan.stddev_mean_ratio - —_
SEU.SCUS
REQISTErS.2ITOrSs “m—
PowerTest.i d =
PowerTesl & e
FakeHitRate.fakerate .
FIFOTest.fifo region errors w—
DigitalScan.unpulsable s
DigitalScan.unmaskable -
DigitalScan.stuck -
Digitalscan.masked -
DigitalScan.bad
.data_port_errors w——
DACScan.VRESETD.inl ——
DACScan.VRESETD.AA -~
DACScan VPULSEL.inl —
DACScan VPULSEL.dA -
DACScan. . VPULSLH.IN|
DACScan.VPULSEH.dA —
DACScan VCLIP.inl =
DACScan VCLIP.dA —==
DACScan. . VCASP.In| ~w
DACScan.VCASP.dA =
DACScan VCASNZ.inl =

2000

—
w
o
<

1000 1

500 1

—— Gaussian fit (u

. NOK

(0.1, 0.5]
(0.1, 0.3]
6.1, 0.3]

DACScan VCASN2.dA e
DACScan. VCASN.IN! =
DACScan. VCASN.dA ~w=

1 0.72 DACScan.ITHR.inl -

. 0,70 DACScan. I THR.dA -

: 0.70 DACScan.IDB.inl -

DACScan.|DB.dA —
DACScan.IBIAS.inl -
DACScan. IBIAS.dA --

ChiplD.chip_id_errors -
iaslv.min_backbias voltage -
BackbiasIV.i pwell.mean —
BackbiasIV.i_pwell.max —
BackbiasIV.i_pwell.3V -~
BackbiasIV.i_d.mean -«
Backbias/V.i a.mean —
BackbiasiV.l a.max —e—
agueScan.num_naoisy_pixels -

ogueScan.num dead pixels w———

jueScan.num broken pixels

=0.21, 0=0.03)

0.0 01

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Threshald RMS / Mean

0.7 0.8

3 04 05 06 07 08 09 1.0

Fraction of chips

Magnus Mager (CERN) | Silicon pixel sensors | ALICE 3 workshop | 19.10.2021 | 18



ALPIDE - integrated onto ITS2

on-detector performance figures ALICE
> Extremely low noise figures RL1161_6101699 (15 x 10° events @ 50 kHz, VBB = 0 V, THR = 100 e)
number of pixel vs hit frequency
- known from bench tests 0 . 1: 24782
N 2:13186
- but now also observed In-situ on 3-100: 279

101-0.1%: 114

0.1%-10%: 29

10%-99%: 5
I >99%: 59

=
o
%

detector

=
9
O

> This Is a real game changer in the
application of CMOS sensors

- It Is orders of magnitude lower

than previous generations of
MAPS have achieved

- essentially, a noise-free operation
IS oW In reach 0

—
o
I

[

o

fake-hit rate (per pixel and event)
o
I

[
o
I
-
N

107 103 104 10°
number of masked pixels (out of 111 x 10°)
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ALPIDE - integrated onto ITS2

on-detector performance figures

>
A
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ALPIDE - integrated onto ITS2

on-detector performance figures

512
Column [px]
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ALICE offspring )

N/ S

process modification for better timing and radiation hardness ALICE
Foundry standard process Modified process CERN/Tower
- W B e e S S—
l gwer ) LNIWEI.L J,: g— ‘\ PWELL l pwel —— nwedl J/: ‘*L pwell e MlD_

depleton boundary

Developed and

\ e .' prototyped within
‘ ] ALPIDE R&D

\
\ /
\ ,I depleted zone

P EPITAXIAL LAYER R p p epitaxal layer

Partially depleted epitaxial layer Fully depleted epitaxial layer
Charge collection time < 30 ns Charge collection time <1 ns
Operational up to 1014 1 MeV neg/cm?2 Operational up to 1015 1 MeV neg/Cm2
Excellent co-operation with foundry! More details:
] ] ] ] NIM A871 (2017) 90-96
Now being further pursued with MALTA, CLICpix, FastPix, ... https://doi.org/10.1016/j.nima.2017.07.046

Now, it is an important asset for ALICE 3
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https://doi.org/10.1016/j.nima.2017.07.046
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R&D 1) bendln < |con

approaehir oI

tension wire

> R =18 mm jig
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’B&D (1): bending silicon .-

>
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,R&D 1): bending silicon
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Test beam results (1)
1st paper: arxiv:2105.13000
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Fig. 10: Inefficiency as a function of threshold for different rows and incident angles with partially
logarithmic scale (10! to 107°) to show fully efficient rows. Each data point corresponds to at least

8k tracks.
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First demonstration of in-beam performance of bent
Monolithic Active Pixel Sensors

ALICE

ALICE ITS3

U vropean Omamization far Nuclear Beseamh ((THRN] Genera, Susfzerland
bl Darmstadi. Germany
= Heddelbery Dviteersely, Heddelery, Cormeany
SINEN B University of Tricste, Trieste, Italy

A bstract

A novel approach for designing the nexr generation af vertex detectors fore-
sees to employ wafer-scale sensors that can be bent to traly eylindrical geome-
lries aller thivoine (Lhemn Lo Lhicknesses of 20-40 pm. To solidily Lhis coneeplt.
the tcasibility of operating bent MADPS was demonstrated using 1.5 cm x 3cm
ALDPIDE clips, Already willh (Leir tockpess of 30 pm, they can be success-
fally bent to radit of about 2 em without any signs of mechanical ar eleetrical

damage. During a suhsequent characterization using a2 5.4 GeV electron heam.
it wae Durther conlinmed Lhat ey preserve their [ull electrical [unetionality as
well as particle detection performance.

L Lhis arviele. the beodive provedure and Lbe setup veed [or characleri-
sation arc derailed. Dwrthermore, the analysis of the beam test, including the
measurement. of the detectiom efficiency as a fimetion of heam position and lacal
inclinalion angle, is discussed. The resulls show Lhal the sensors jnaintaio Lheir
excellent performance aiter bending to radii of 2cm, with detection efficien-
cles above 99.9% al wypical operating condilions, paving Lhe way Lowards 8 new
class of detectors with imprecedented low matcrial budget and ideal geometrical
properting.

Keywords: Moupolichie Aclive Pixel Sensors, Solid stale deteclors, Benl

SCnsors

: 1. Introduction

2 The precision of barrel vertex detectors is mainlv determined by three con-
s tributions: their radial distance to the interaction point. their material hudget.
o and their mrinsie sensor resolution. e order Lo achieve hermiticity, they are
s tvpically built out of detector staves placed in layers around the beam pipe. This
o arraupergenl elfeetively sels s praclical limit on (he [usl lwo factors. ALICE.

*Corresponding author

Propvicd sulmiticd to Nuel, Tustram, Moetioods Phoygs, Res, A Felmaury 22, 2021
S — S

Clearly proving that bent MAPS are working!
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https://arxiv.org/abs/2105.13000

Test beam results (2)
uliTS3

> UITSG, i.e. 6 ALPIDEs at ITS3 radil

- two complete setups based on “gold™ quality
ALPIDE chips

- one has a Cu target in the center: expect to see
120 GeV proton/pion—Cu collisions

> Several days of continuous data taking
- detailed analysis ongoing

First “real” experiment, allows to study tracking/reconstruction

Magnus Mager (CERN) | Silicon pixel sensors | ALICE 3 workshop | 19.10.2021 | 27



Test beam results (2)
uliTS3

Examle event
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[few hand-drawn track lines to guide the eye]

First “real” experiment, allows to study tracking/reconstruction
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R&D (2) 65 nm

~16 mMm

~12 mm
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First submission in Towerdazz 65nm
- scoped within CERN EP R&D WP1.2
- significant drive from ITS3

- + iImportant contributions from outside (not
ALICE) groups

Contained several test chips
- radiation test structures

- pixel test structures

- pixel matrices

- analog building blocks (band gaps, LVDS
drivers, etc)
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CERN

N

ALICE

> The first (and still small
prototypes have just arrived

> Intensive test campaign has
started at several institutes
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Transistor test structures

measuring radiation hardness
> Compatible with existing test system based on probe card

> Tests have already started
- no apparent showstoppers so far
detalled anaIyS|s ongoing and IN dISCUSSIOn W|th foundry
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Very encouraging results, clears first milestone of 65 nm verification
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Digital Pixel Test structure (DPTS)

measuring pixel performances

> Most “aggressive” chip in MLR1
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- sizeable prototype, allows for “easy” test
beam integration
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> Allows to verity:
- sensor performance
- front-end performance
- basic digital building blocks
- SEU cross-sections of registers
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planned for this year
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DPTS detection efficiency

Track intercept in y (um)

600 -

400 -

200 A

—200 -

—400 -

—600 -

Reconstructed telescope tracks, on DTPS D plane

ITS3 beam test preliminary o’

@DESY Sep, 2021, 5.4 GeV/c e?ectrons
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> Beam spot and trigger tuned to
Illuminate a small area
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DPTS detection efficiency

Track intercept in y (um)
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run: 366153736 210911181006 « © ®

® without hiton DPTS D
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Track intercept in x (um)
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wafer: 22
chip: 1
version: 1
split: 4 (opt.)
Vowenn = — 1.2V
Vep= —1.2V
Ireset = 10 pA
Ipias = 100 NA
Ipiasn = 10 nA
lap = 100 nA
Vcasn = 300mV
Vieasp =250 mV

> Beam spot and trigger tuned to
Illuminate a small area

> Looking at tracks without hit in the
DPTS, a clear 100% shadow is seen
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DPTS detection efficiency

Track intercept in y (um)
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DPTS D
wafer: 22
chip: 1
version: 1
split: 4 (opt.)
Vowen = — 1.2V
Vep= —1.2V
Ireset = 10 pA
Ipias = 100 NA
Ipiasn = 10 nA
lgp = 100 NA
Vcasn = 300mV
Vieasp =250 mV

> Beam spot and trigger tuned to
Illuminate a small area

> Looking at tracks without hit in the
DPTS, a clear 100% shadow is seen

> The area matches precisely the
DPTS

> 166/166 tracks in region of interest
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DPTS detection efficiency

Track intercept in y (um)
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Reconstructed telescope tracks, on DTPS E plane
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> Beam spot and trigger tuned to
Illuminate a small area

> Looking at tracks without hit in the
DPTS, a clear 100% shadow is seen

> The area matches precisely the
DPTS

> 166/166 tracks in region of interest
- similar for second chip (162/162)
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DPTS detection efficiency =) @O
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DPTS detection efficiency @)

Reconstructed telescope tracks, on plane between 2 DTPS sensors
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Excellent sensor and front-end performance already from first 65 nm prototype
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Summary and outlook =) @

7
ALICE

> |ITS3 and the ALICE 3 tracker are the two concrete undertakings that are and will
advance MAPS technology

- similar situation as ITS2, which marked a quantum step

> ALICE Is at the forefront, introducing new technologies in HEP right now:
- 65 nm MAPS
- bent vertex detectors

> ALICE 3 pushes this limits further
- another order of magnitude higher in volume
- higher demands in rates and radiation hardness
- further commercialisation of components

> Exciting times and excellent future prospects
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