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The ALICE ITS Upgrade

Outline
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ALICE

° Overview

* Motivation
e Concept

° Sensor R&D

* Wafer-scale stitched sensors
* Milestones

* Monolithic Stitched Sensor (MOSS) prototype

* Design and features
* Testing
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Overview
The ALICE Inner Tracking System

ITS3 Upgrade

* Improve performance
by replacing
Inner Barrel

* To be installed during
LHC LS3 (2025-27

ITS2 Inner Barrel

Valerio Sarritzu 4 TIPP 2023



Overview
Motivation

Pixel Chip

Flex Printed Circuit

State-of-the-art detector, but:

* Can the material be further
reduced?

* Can we get closer to the interaction
point?

ITS2 half inner barrel

Valerio Sarritzu 5 TIPP 2023



Overview

Motivation
Aluminum (14.3%)
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— — Bl Water (9.7%)
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XN Space Frame

. ¢ < Cold Plate

Pixel Chip

Flex Printed Circuit

Can the material budget be further reduced?
* Si()is only 1/7" of total material

* lrregularities due to support/cooling and
staves overlapping

TIPP 2023
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Pixel Chip

Flex Printed Circuit

Can the material budget be further reduced?
* Si()is only 1/7" of total material

* lrregularities due to support/cooling and
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Overview
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Space Frame

X

Pixel Chip

Wishlist:

Flex Printed Circuit

* Removal of water cooling
* Needs drastic reduction in power consumption
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Overview

Motivation

Aluminum (14.3%)
I Glue (5.3%)
Bl Water (9.7%)
Kapton (24.3%)
I Carbon (26.8%)
Silicon (13.4%)
B Other (6.1%)

Mean X/X0 = 0.364%
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ITS2 innermost layer
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Pixel Chip

Wishlist: x

Removal of water cooling
* Needs drastic reduction in power consumption

Removal of the circuit board
* Needs power+data integrated on chip
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Overview

Motivation

Aluminum (14.3%)
B Glue (5.3%)

Bl Water (9.7%)
Kapton (24.3%)
Carbon (26.8%)
Silicon (13.4%)

B Other (6.1%)

Pixel Chip

Mean X/X0 = 0.364%
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ITS2 innermost layer

0.8 1
¢ (rad)

Wishlist: x

* Removal of water cooling
* Needs drastic reduction in power consumption

* Removal of the circuit board
* Needs power+data integrated on chip

°* Removal of mechanical support
* Needs self-supporting arched Si wafers

11

TIPP 2023



Overview

Motivation
T 0.7
£ ¢
S 06~ Pixel Chip
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o0k Wishlist:
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Overview
Concept

Getting closer to the ideal
detector: real half-
cylinders of bent, thin
silicon

ITS2 half Inner Barrel ITS3 Engineering Model 1

Valerio Sarritzu 13 TIPP 2023



Overview
Concept

pointing resolution

Carbon foam
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improvement of factor 2 over all momenta
e.g. \c S/B improves by factor 10, significations by factor 4

Getting closer to the ideal
detector: real half-

cylinders of bent, thin
silicon

ITS3 Engineering Model 1
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Overview
Concept

° Can the material be further

reduced?
* Real half-cylinders of bent, thin silicon

* Can we get closer to the
interaction point?
* Beam pipe radius: 18.2 — 16.0 mm
* Layer O position: 22.4-26.7 — 18.0 mm

Radius (mm) Sensor size (mm?)
_ayer O 18 260 X 55
_ayer 1 24 200 X 74
_ayer 2 30 266 x 93

Valerio Sarritzu
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Overview
Concept

How do we get there?

° Sensor R&D

* 5 pm resolution (pixel size O(20x20 pm>))
* 1x1043 1 MeV n,, cm=2 (NIEL)

* Electro-mechanical integration
* Silicon bending
* (Carbon foam properties
* Sensor cooling
* Interconnection

Valerio Sarritzu 16 TIPP 2023



Sensor R&D

Wafer-scale stitched sensors

ALPIDE MAPS used in ITS2
(limited by reticle size)
180 nm technology Layer 2: 266 x 93 mm?

Valerio Sarritzu 17 TIPP 2023



Wafer-scale ptitched sensors

Three main ingredients:

* 65 nm technology by TPSCo”*

> Lower power, tighter integration
> 300 mm wafers

Tower Partners Semiconductor Co. 2 = 300 mm (12”) silicon wafer

Valerio Sarritzu 18 TIPP 2023



Sensor

Wafer-scal

Three main ingredients:

* 65 nm technology by TPSCo”*

> Lower power, tighter integration
> 300 mm wafers

Tower Partners Semiconductor Co. 2 = 300 mm (12”) silicon wafer

Valerio Sarritzu 19 TIPP 2023



Sensor R&D

Interlude: stitching

R
Two main steps: | I —
@® ©

7. Lithography

1. Left endcap (a challenging design on its own!)

v

—

T
2. Repeated sensor units

3. Right endcap

92,58
74,064

Layer 2: 266 x 93 mm?

2 = 300 mm (12”) silicon wafer

Valerio Sarritzu TIPP 2023



Sensor R&D . Lithographic mask
Interlude: stitching

L
" . Lithography

| 8 l
|
1. Left endcap (a challenging design on its own!) : / | J‘ -
2. Repeated sensor units | /J

3. Right endcap

Two main steps:

92,58
74,064

55,548
18,51

Layer 2: 266 x 93 mm?

2 = 300 mm (12”) silicon wafer

Valerio Sarritzu TIPP 2023



Sensor R&D

Interlude: stitching

Lithographic mask

Two main steps:

7. Lithography
1. Left endcap (a challenging design on its own!)
2. Repeated sensor units

3. Right endcap

Layer 2: 266 x 93 mm?

2 = 300 mm (12”) silicon wafer
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Sensor R&D

Interlude: stitching

Two main steps: | I -

7. Lithography

1. Left endcap (a challenging design on its own!)

2. Repeated sensor units

92,58

3. Right endcap

Layer 2: 266 x 93 mm?

2 = 300 mm (12”) silicon wafer
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Sensor R&D

Interlude: stitching

R
Two main steps: | I - — «—— Backbon

per+d :

" . Lithography i
1. Left endcap (a challenging design on its own!)
2. Repeated sensor units

92,58

3. Right endcap

74,064

55,548

_ 18,516

Layer 2: 266 x 93 mm?

2 = 300 mm (12”) silicon wafer

Valerio Sarritzu TIPP 2023



Sensor R&D

Interlude: stitching

Two main steps:

7. Lithography
1. Left endcap (a challenging design on its own!)
2. Repeated sensor units

92,58

3. Right endcap

74,064

55,548

~ . Stitching used to connect  Stitched backbone —
RSUs now in
metal traCeS contact with Layer 2: 266 x 93 mm?

* power distribution endcaps

* buses for control and data readout

Power+data carried across 27 cm!

2 = 300 mm (12”) silicon wafer

Valerio Sarritzu TIPP 2023



Sensor R&D

Interlude: stitching

The whole sensor

TWO malin Steps: can be operated

from the short

_ edge
Lithography

1. Left endcap (a challenging design on its own!)
2. Repeated sensor units

3. Right endcap

!!!-_-_-_!!!-_-_-_R

Stitching used to connect
metal traces |

* power distribution
* Dbuses for control and data readout

Power+data carried across 27 cm!




Sensor R&D

Wafer-scale stitched sensors

: ”%‘\\

[1 Repeated Sensor Unit

Three main ingredients:

* 65 nm technology by TPSCo”

> Lower power, tighter integration

> 300 mm wafers

92,58
74,064
55,548

* Stitching used to connect metal

D Mask: ~3x2 cm? '

traces :

e power distribution |
5x12

* buses for control and data readout 2311850mmmm<fu.. . /

yZ L

2 = 300 mm (12”) silicon wafer

* Tower Parthers Semiconductor Co.

Valerio Sarritzu 27 TIPP 2023



Sensor R&D

Wafer-scale stitched sensors

= [1 Repeated Sensor Unit

L1 Layer 0: 12x3 + endcaps
L1 Layer 1: 12x4 + endcaps
[1 Layer 2: 12x5 + endcaps

Three main ingredients:

* 65 nm technology by TPSCo*

> Lower power, tighter integration
> 300 mm wafers

' i | 3B Mask: ~3x2 cm2
* Stitching used to connect metal | |:| |
traces A

* power distribution

* Dbuses for control and data readout ‘ = 4 /
* Bending (Si thinned <50 pm) sy //

// /, |
* Tower Partners Semiconductor Co. , { .
| /e = 300 mm (12”) silicon wafer
Valerio Sarritzu 28 / TIPP 2023




Sensor R&D

Wafer-scale stitched sensors

- [0 Repeated Sensor Unit

L1 Layer 0: 12x3 + endcaps
L1 Layer 1: 12x4 + endcaps
[1 Layer 2: 12x5 + endcaps

Three main ingredients:

* 65 nm te W@sc&
> Lower poWE@tighter integration

> 300 mm wafers

» Stitching nect metal
traces "

* power distribution
5x12
* buses for control and data readout RO 18.0 mm

EG 1.0 mm (full gap)

* Bending 50 pm) -

N ) A breakthrough vertex
* Tower Partners Semiconductor Co. Fel=y(=Ye1{e]g

1
| —

92,58

74,064

55,548

D Mask: ~3x2 cm?

18,516

—
—

// il

2 = 300 mm (12”) silicon wafer
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Sensor R&D

Milestones

2021 2022 2023 2024 2025

2026

2027 2028

LS3

Commissioning

N =N CIITiEiGiE

Multi-Layer Reticle 1 Engineering Run 1

First submission in TPSCo 65 nm: First wafer-scale stitched sensors:
- Lots of prototypes: 55 chips - Two large stitched prototypes

- Goal: qualify the technology (achieved) - Goal: assess yield (ongoing)

Valerio Sarritzu 30

Engineering Run 2 & 3
Final sensor

- ER2: final sensor prototype (design ongoing)

- ER3: final sensor production

TIPP 2023



ER1 wafer (z = 300 mm )

——l

Sensor R&D Ty cldem

Engineering Run 1 o

SoeeEee B = QOCOROCONEDEEN (0 @ 5 QCOUOOOSESEy

-----

........

detector for high-energy physics B

* Two large stitched sensors:
* MOSS (14 x 259 mm?)
e MOST (2.5 x 259 mm?)

* Both with digital readout, but
different approaches

ER1 reticle (mask)
Valerio Sarritzu 31 TIPP 2023



ER1 wafer (z = 300 mm )

——l

Sensor R&D Ty cldem

Engineering Run 1 o

SoeeEee B = QOCOROCONEDEEN (0 @ 5 QCOUOOOSESEy

-----

........

Designing the first wafer-scale silicon / =
detector for high-energy physics = e

* Two large stitched sensors:
* MOSS (14 x 259 mm?)
e MOST (2.5 x 259 mm?)

* Both with digital readout, but
different approaches

ER1 reticle (mask)

Valerio Sarritzu 32 TIPP 2023



Sensor R&D

Engineering Run 1

Designing the first wafer-scale silicon
detector for high-energy physics*

* Dedicated design effort:

* Understanding of “stitching” rules
* Incorporation of redundancy, fault tolerance

* (Crucial exercise to understand:

* Yield: input for granularity of power segmentation
e Uniformity

* Power distribution and consumption

* Readout over long distances (26 cm!)

* Pixel architecture
(targets: ~5 pm resolution, 10" 1 MeV n,q cm=2 (NIEL)

ER1 wafer (z = 300 mm )

* But not yet the sensor for ITS3

Valerio Sarritzu 33 TIPP 2023



MOSS

MOnolithic Stitched Sensor

>
™
.

Valerio Sarritzu
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10

6.72 megapixel

10 Repeated Sensor Units (RSUs) per sensor

Independent power supply, control & readout
2 half-units (HUs) per RSU

Power segmentation domains

Top (22.5 um pitch):

= (Conservative layout

= 7 mW/cm? (analog FE)

Bottom (18 um pixel pitch):

= Compact layout

= 11 mW/cm? (analog FE)

4 regions in each half-unit

8 DACs to bias the analog frontend

TIPP 2023



MOSS

MOnolithic Stitched Sensor
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<€ - power & data
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* 10 Repeated Sensor Units (RSUs) per sensor

Independent power supply, control & readout
2 half-units (HUs) per RSU
- Power segmentation domains
- Top (22.5 um pitch):

= (Conservative layout

= 7 mW/cm? (analog FE)
- Bottom (18 um pixel pitch):

= Compact layout

= 11 mW/cm? (analog FE)
- 4 regions in each half-unit
- 8 DACs to bias the analog frontend

TIPP 2023



MOSS

MOnolithic Stitched Sensor

< 26 cm >
N - ‘ Fo 10
Data over stitched backbone to left endcap /

* Stitched backbone

* CMOQOS signalling with regeneration across 26 cm
* Only to be used from the left endcap, capable of addressing the 10 sensors simultaneously
* Detaching the sensor will allow full control from the peripheral pads

Right endcap

* Endcaps

* Difficult design on their own!

* From the left endcap, by means of the stitched-backbone (only has 4 readout lines per sensor):
* Up to 160 Mbps reading one sensor at a time
* Upto 40 Mbps / sensor reading all sensors at once (10 readout pads on left endcap)

* Right endcap: power supply only

* Intermediate design, target is 5-10 Gb/s data readout rate for the final sensor

* Not for free: to be accounted for in power budget

Left endcap

Valerio Sarritzu 36 TIPP 2023



MOSS

Test system requirements & challenges

* Main goals:
* Test all features of the chip

* Assess manufacturing yield

* Assess functional yield at half unit, block, column/row/pixel level granularity

* Main challenge: huge chip!
* 259x14 mm?
* 6./2 megapixels
e 2800 pads
* 9 power nets per HU
°* ©/ power domains
* Delicate, needs mechanical support in many use cases

Valerio Sarritzu 37 TIPP 2023



MOSS

From wafer to carrier

Thinning &
dicing
ER1 production: 24 wafers

Probing Picking Glueing

Valerio Sarritzu 38 TIPP 2023



MOSS

From wafer to carrier

Thinning &
dicing
ER1 production: 24 wafers

Dedicated MOSS probe card

Probing Picking Glueing

Valerio Sarritzu 39 TIPP 2023



MOSS

From wafer to carrier Tools (and expertise!) developed by the ITS collaboration

Thinning &

| dicing — _
production: 24 wafers Few initial accidents,

method now perfected

ER1

Probing Picking Glueing

Valerio Sarritzu 40 TIPP 2023



MOSS

Carrier card
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MOSS

Carrier card < sensor long edge
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MOSS

Carrier card — sensor short edge
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MOSS

Testing campaign

Extensive testing program ongoing:

* Impedance between power nets: shorts?

* Power ramps: how do we power the sensor?

* Register scan: reset value check, read/write

* DAC scan: linearity

* Pulsing (digital, analog)
* Feb5

°* Beam test

24x6 sensors available for testing: stay tuned for results!

Valerio Sarritzu 45 TIPP 2023



MOSS

Preliminary results

* 16 MOSS successfully wire-bonded

* 40 HUs tested from long edge up to

register/DAC scan and fully functional
* More to be tested soon after reworks on carrier card

* First correlations from beam test in Jul/Aug!

Valerio Sarritzu
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Summary & Outlook

(and thanks for your attention)

ALICE

* ITS3 upgrade: a truly cylindrical inner tracker

* A breakthrough vertex detector
* 65 nm technology

* Stitching to produce the first wafer-scale silicon detector for high-energy physics
* Thinned and bent

* ER1 ( ): first stitched sensors
* (Goal: asses the yield of wafer-scale stitched sensors

* Not yet a sensor for ITS3!
* Testing started with promising results

* Next steps
* Full characterisation of MOSS & MOST (yield, pixel performance...)

* ER2 (prototype of the final sensor , 2024) and ERS3 (final ASIC, 2025)

Valerio Sarritzu 47
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M 0 ST MOST Readout Flow
PERIPHERAL

CIRCUITS

MOnolithic Stitched sensor with Timing PAN

64x columns of
41— 4 pixels

top . - - bottom > ;
endcap stitch x10 endcap stitch :
7)) :
. - ® 3
* Event-driven, asynchronous readout (data time stamp — ToA and ToT) = 5
o ®
g _ 3 PIXEL
* Global power net with finer power segmentation =1 | MATRIX
<
28]

 Pros: > COLUMN 6 Tagging with
* reduced dead-area (readout is distributed in active matrix area) ENCODERS column ID

* no strobing, no clock distribution: more power-efficient for low hit-rates .
256:4 Merging of TX
:> OR TREE %p lines: 256 to 4
 Cons:
* Asynchronous decoding off-chip @ up to 2 Gbit/s (more development) P V m
X
* Asynch sharing of tx lines -> hit data packets might collide @ high hit rates (data —
loss) OUTPUT
To off-chip decoding
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Test Beam Setup - MOSS ~ ~vm  Avmome  Moss o ALPioEs

Beam

 T10@PS: 10 GeV negative hadrons S
e Examined 1x MOSS HU in beam

X

o
* 6x ALPIDE reference planes S5om 25 cmN2 25 cr:w( 5.25 cm 25cm  2.5cm

* Trigger: 2 PMTs in coincidence

—
O
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o
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=
N
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>
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Slide credits: Jordan Lang
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