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ALICE ITS3 and the TPSCo 65nm Process

->

R=18 mm

ALICE Inner Tracker System upgrade (ITS3) will be installed

during LHC LS3 from 2026-2028 \

€ 3inner layers of ITS2 MAPS will be replaced by fully
cylindrical inner layers

Fully cylindrical layers rely on stitching on 300mm wafers

available in the TPSCo 65 nm CMOS imaging process

€ Smaller feature size allows denser logic, reduced power
consumption

First submission for test structures MLR1 in December 2020

€ Small-scale prototypes: APTS, DPTS, CE-65

Second submission for large stitched sensors (MOSS, MOST)

ER1 in 2022

€ Learn and study properties of stitched sensors

€ Evolution of some MLR1 prototypes, including CE-65v2

FCC Vertex Detector Workshop - Eduardo Ploerer (VUB/UZH)



CE-65 test structures: two generations, four design axes

“Circuit Exploratoire”
& Developed by IPHC Strasbourg
€ Implemented in 65nm TPSCo CMOS process
-> Analog rolling shutter readout
=> Two generations
¢ CE-65v1 (MLR1)
e 64x32 (48x32) pixel matrix
¢ CE-65v2 (ER1)
e 48x24 pixel matrix
-> Four design axes
Amplification Scheme: AC-amp., DC-amp., SF
Process variation: Standard, Modified, Modified w/
Gap
Pitch variation: 15 ym, 18 ym, 22.5 pym
Matrix geometry: square vs staggered

FAAE RO

* o oo
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CE-65 test structures: two generations, four design axes

-

-> Analog rolling shutter readout
=> Two generations

-> Four design axes

“Circuit Exploratoire”

*
¢

¢
¢

* e OO

Developed by IPHC Strasbourg
Implemented in 65nm TPSCo CMOS process

CE-65v1 (MLR1)
e 64x32 (48x32) pixel matrix
CE-65v2 (ER1)
e 48x24 pixel matrix | This talk

Amplification Scheme: AC-amp., DC-amp., SF
Process variation: Standard, Modified, Modified w/
Gap

Pitch variation: 15 ym, 18 ym, 22.5 ym

Matrix geometry: square vs staggered

Goal:

-> Validate 65nm TPSCo CMOS process
-> Target ultimate spatial resolution along four design axes as input for future MAPS test structures

BT T T

': { 4 i1 )| .:;"; A S
SRR
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Looking Back: CE-65v1

=> CE-65v1 chip implemented in 3 different amplification

schemes

€ Source-follower

& DC-preamp.

VRESET VDD33

VDD12

€ AC-preamp. L
- Motivations for AC-coupling include e
€ Depletion voltage can exceed supply voltage gg
€& Full depletion without substrate back-bias
€ But, reduced gain from parasitic capacitance
= During lab tests AC-preamp. emerged as most L.q_l
.

performant
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=>  Motivations for AC-coupling include
€ Depletion voltage can exceed supply voltage
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VRESET VDI

VDD33

D
@
B i VDD33

—It t— SELgow qu_lt
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Looking Back: CE-65v1

=> CE-65v1 chip implemented in 3 different amplification

SChemes VRESET VDD33 |
¢ Source-follower -
& DC-preamp. b W
‘ AC'preamp suB —I
- Motivations for AC-coupling include .
€ Depletion voltage can exceed supply voltage 30
€ Full depletion without substrate back-bias
€ But, reduced gain from parasitic capacitance
- During lab tests AC-preamp. emerged as most qu—l N
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CE-65 Characterisation: Lab tests + Testbeam measurements
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Cluster Signal [ADU]

->  Noise measurements in absence of signal

->  Width of noise distribution
defines performance

=>  Chip response to MIPs at test
beam Beam
->  Testbeams at SPS + DESY
DPTS CE-65v2

ALP_.5 ALP4 ALP_3 ALP_2 ALP_1 ALPLO

->  Pixel gain calibrated from Fe-55 peak
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CE-65 Characterisation: Lab tests + Testbeam measurements [
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-  Noise measurements in absence of signal T [ C/NDR-T/
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=>  Chip response to MIPs at test ApCy
beam -  Extract noise per pixel by fitting with Gaussian |, |
>  Testbeams at SPS + DESY -  Majority of pixels in 15-25 e ENC range
ALP_5
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CE-65 Characterisation: Lab tests + Testbeam measurements
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-  Noi [ f signal
oise measurements in absence of signa Strategy > Pixel gain calibrated from Fe-55 peak

->  Width of noise distribution
defines performance

=>  Chip response to MIPs at test
beam Beam
->  Testbeams at SPS + DESY
DPTS CE-65v2

ALP_.5 ALP4 ALP_3 ALP_2 ALP_1 ALPLO
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CE-65 Characterisation: Lab tests + Testbeam measurements
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=>  Fit Ka peak position
->  Similar response along design axes (~3.4%)
Deam ’> Beam
->  Testbeams at SPS + DESY
DPTS CE-65v2

ALP_.5 ALP4 ALP_3 ALP_2 ALP_1 ALPLO
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CE-65 Characterisation: Lab tests + Testbeam measurements
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->  Noise measurements in absence of signal

->  Width of noise distribution
defines performance

=>  Chip response to MIPs at test
beam Beam
->  Testbeams at SPS + DESY
DPTS CE-65v2

ALP_.5 ALP4 ALP_3 ALP_2 ALP_1 ALPLO

->  Pixel gain calibrated from Fe-55 peak
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CE-65 Characteris:
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CE-65 Characteris:

T
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CE-65 Characteris:
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(SPS) Beam Test Campaign

- Beam test at CERN SPS H6 beam line (17-24 April 2024) ‘issk Beam el ings abGERH
- 120 GeV/c mixed hadron beam MO Nomtiren
=> Goal: Study efficiency/resolution of different variants of CE-65v2
€ Pitch comparison: 15 ym, 18 ym, 22.5 ym
€ Process comparison: Standard vs Modified w/ Gap .
€ Matrix arrangement: Squared vs Staggered e s
-> Telescope
€ 6 ALPIDE planes for tracking
& DPTS as Trigger
e Movable stage
€ CE-65v2as DUT
e Temperature held at 200C 9

t a \\‘,‘ = ’77 - :
using chiller
Track resolution Beam
estimated ~2.2 ym DPTS CE-65v2

ALP_5 ALP 4 ALP_3 ALP_2 ALP_1 ALPO
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(SPS) Analysis results

Entries (normalised)
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ALICE ITS3-WP3 beam test pre//mlnary

Plotted on 04 Sep:2024

T
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1000

-> Fit cluster charge to Landau-Gaussian
€ Similar response for all 4 chips

~@CERN-SPS April 2024, 120 GeV/c hadrons =~~~

‘AC-amp.:HV-=10 V; |
pmos

Chip : CE-65v2 (ER1)

Process : Standard/Modified w/ Gap
Voo = Voue =0V T=20°C

bt =3MA, | =200 pA,V_ =1V

Cluster window: 3x3  :

Seed charge > 100 e, SNR > 3

Fitting by Landau-Gaussian function
—— Modified w/ Gap (22.5 pm)
—— Modified w/ Gap (15 um)
--#--- Standard (22.5 um)
Standard (15 um)

-

4000 5000
Cluster charge (e)
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Design Axis: Process

FCC Vertex Detector Workshop - Eduardo Ploerer (VUB/UZH)



Process Modifications: “Standard” vs “Modified with Gap”

more charge sharing

NWELL NWELL COLLECTION
NMOS PMOS COLLECTION NMOS PMOS
" — -— ELECTRODE ' — e e e k 1: L‘ /:ié /“ = - ELECRODE o —
PWELL NWELL ] U ‘\ BERERBY Il /. /4 00 L PWELL J NWELL J u TPWELL L NWELL
DEEP PWELL DEEP PWELL ! e e g R e e ] DEEP'PWEILL-2222 S REERPWEL'wress

LOW DOSE N-TYPE IMPLANT

Modified
with Gap

P= EPITAXIAL LAYER

DEPLETION
BOUNDARY

I\

DEPLETED ZONE

Standard

p epitaxial layer

DEPLETED ZONE

—

DEPLETION BOUNDARY

P= EPITAXIAL LAYER

faster charge collection

=>  “Circuit Exploratoire” implemented in three process variations
€ Modifications introduced following lessons learned from ITS2 upgrade
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Process Modifications: “Standard” vs “Modified with Gap”

more charge sharing
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faster charge collection

=>  “Circuit Exploratoire” implemented in three process variations
€ Modifications introduced following lessons learned from ITS2 upgrade
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Charge Sharing much higher in Standard Process
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-> Modified with Gap variant carries virtually all charge in the first two pixels of a cluster
-> Standard variant splits charge across ~4+ pixels in a given cluster
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Charge Sharing much higher in Standard Process
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-> Modified with Gap variant carries virtually all charge in the first two pixels of a cluster
-> Standard variant splits charge across ~4+ pixels in a given cluster
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But how much does the position reconstruction improve?
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Standard Process outperforms Modified w/ Gap
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Plotted on 04 Sep 2024
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-> Residuals considerably smaller for Standard variants due to charge sharing
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Standard process spatial resolution <3 ym, meeting FCC-ee goals

Chip: CE-65v2 (ER1)
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ALICE ITS3-WP3 beam test work in progress
@CERN-SPS April 2024, 120 GeV/c hadrons
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=> Standard process achieves excellent sub 3 pm resolution at low thresholds
-> Modified w/ Gap variants achieve a worse resolution

Cluster Method
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=> Standard process achieves excellent sub 3 pm resolution at low thresholds
-> Modified w/ Gap variants achieve a worse resolution

Cluster Method
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=> Standard process achieves excellent sub 3 pm resolution at low thresholds
-> Modified w/ Gap variants achieve a worse resolution

Cluster Method
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Standard process spatial resolution <3 ym, meeting FCC-ee goals

6 .
Chip: CE-65v2 (ER1) Cluster Method
Process: Mod. w/ Gap, Standard
5 Pitch: 15, 22.5 um
Vsub = Vpwe =0V T=20°C
Imat = 3 MA, lco) = 200 YA, Vofrset = 1V
4.

AC amp.: HV = 10V, Ipmos = 100 pA

Modified w/ Gap

Resolution (um)
w

—k— 22.5um
2 4
14 Standard
ALICE ITS3-WP3 beam test work in progress —k— 22.5 um
@CERN-SPS April 2024, 120 GeV/c hadrons
0 . . , . : . . .
0 50 100 150 200 250 300 350 400

Seed Threshold (e™)

=> Standard process achieves excellent sub 3 pm resolution at low thresholds
=> Modified w/ Gap variants achieve a worse resolution
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Design Axis: Pitch
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Modified with Gap + small pitch = 3 ym spatial resolution
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=> Small-pitch (15 ym) Standard process chip further improves in resolution
& Effect smaller at low thresholds

=>  Small-pitch (15 ym) Modified with Gap chip now just above 3 ym
& Across all thresholds
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Modified with Gap + small pitch = 3 ym spatial resolution
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=> Small-pitch (15 ym) Standard process chip further improves in resolution
& Effect smaller at low thresholds

=> Small-pitch (15 ym) Modified with Gap chip now just above 3 ym
& Across all thresholds
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Design Axis: Matrix Geometry
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Matrix Geometry: Square vs Staggered

-> Arrangement of matrix typically in rectangle of individual
pixels
€ Baseline design

-> CE-65v2 chip additionally implements “staggered” matrix
design
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“Staggered”

-> Arrangement of matrix typically in rectangle of individual
pixels
€ Baseline design
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Matrix Geometry: Square vs Staggered

“Staggered”

-> Arrangement of matrix typically in rectangle of individual
pixels

€ Baseline design

-> CE-65v2 chip additionally implements “staggered” matrix
design

-> Reduce immediate neighbours

¢ 8->6

> => Same charge is shared but with

less pixels
& Different cluster shape
€ More n>2 clusters?
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-> Arrangement of matrix typically in rectangle of individual
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Staggered Matrix little effect on Hit-detection Efficiency
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-> Both the Standard process and Modified with Gap process chips only marginally benefit from
Staggered arrangement
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Staggered Matrix little effect on Hit-detection Efficiency
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-> Both the Standard process and Modified with Gap process chips only marginally benefit from
St3

But what about the spatial resolution?
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Staggered Matrix improves spatial resolution
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-> Virtually no effect on Modified w/ Gap variants

-> Staggered matrix improves spatial resolution of Standard variants at almost all thresholds
€ Improvement largest at intermediate thresholds
€ Improvement driven by reconstruction of y-axis position
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-> Staggered matrix improves spatial resolution of Standard variants at almost all thresholds
€ Improvement largest at intermediate thresholds
€ Improvement driven by reconstruction of y-axis position
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Conclusion
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Summary and Outlook

-

-

CE-65v1 and CE-65v2 variants exhibit low-noise across different pixel pitches and process modifications
€ Majority of pixels in 15-25 e ENC range

Gain calibration performed using Fe-55 source

€ AC-coupled preamplifier allows tuning of charge sharing, near-full depletion of sensitive volume
€ Gain uniformity at the O(4%) level

Excellent resolution was obtained in large-matrix 65 nm CMOS test structures at SPS testbeam

€ Sub 3 ym spatial resolution for Standard process chips

€ 15 um Modified with Gap process just above 3 um

€ Staggered arrangement shows 16% improvement at 210 e threshold

Further testbeam analysis of DESY + SPS data ongoing

€ Additional “Modified”/Blanket chips

€ Intermediate 18 um chips
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Summary and Outlook
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CE-65v1 and CE-65v2 variants exhibit low-noise across different pixel pitches and process modifications
€ Majority of pixels in 15-25 e ENC range

Gain calibration performed using Fe-55 source

€ AC-coupled preamplifier allows tuning of charge sharing, near-full depletion of sensitive volume
€ Gain uniformity at the O(4%) level

Excellent resolution was obtained in large-matrix 65 nm CMOS test structures at SPS testbeam

€ Sub 3 ym spatial resolution for Standard process chips

€ 15 um Modified with Gap process just above 3 um

€ Staggered arrangement shows 16% improvement at 210 e threshold

Further testbeam analysis of DESY + SPS data ongoing

€ Additional “Modified”/Blanket chips

€ Intermediate 18 um chips

Promising avenues: small-pitch (<15 um) Modified w/ Gap and large-pitch (>20 ym) Standard process

FCC Vertex Detector Workshop - Eduardo Ploerer (VUB/UZH)



FCC Vertex Detector Workshop - Eduardo Ploerer (VUB/UZH)



Vertexing at the FCC-ee

-> Vertexing performance at future lepton colliders will
crucially depend on
€ Spatial resolution of sensors (<3 um)
€ Material budget of sensors, support structures,

and cooling

=> Radiation environment much milder than in
proton-proton collisions
¢ 0O(10™) 1 MeV Neg cm

=> Monolithic Active Pixel Sensors have emerged as
enabling technology

o

al

=LY

FCC Vertex Detector Workshop - Eduardo Ploerer (VUB/UZH)



Vertexing at the FCC-ee

-> Vertexing performance at future lepton colliders will

crucially depend on ¢ /', ! w"’;"’_n =
€ Spatial resolution of sensors (<3 uym) - "_‘—“?;*':i:ﬁ““'.’f”” ﬂ
€ Material budget of sensors, support structures, :
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=> Radiation environment much milder than in
proton-proton collisions
¢ 0O(10™) 1 MeV Neg cm

=> Monolithic Active Pixel Sensors have emerged as
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Semiconductor Detectors

Readout
electronics

Y 4
Y |
Y 4

Particle track

Bump
bonding

Pixel
sensor

10s of ym

Function by measuring charge

deposited by particles traversing silicon

€ Low energy (- 3.6 eV) required to create an
“electron-hole pair”

Signal = small current

€ Sophisticated signal processing chain in order
to become practically usable

€ Typically charge collection and signal
processing occur on separate chips

Can be miniaturised

¢ 10’s of ym

€ Allows precise track reconstruction
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Monolithic Active Pixel Sensors

 — NWELL NMOS PMOS
/ DIODE TRANSISTOR TRANSISTOR

Readout

electronics 1 )
/ L PWELL J L J L PWELL NWELL
, : RN hl / DEEP PWELL

Bump
bonding

Particle track

Pixel Epitaxial Layer P-

sensor

=> Monolithic Active Pixel Sensors combine the sensor and readout chip onto same piece of silicon!
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Monolithic Active Pixel Sensors

Advantages NMOS PMOS
TRANSISTOR TRANSISTOR

Lower sensor thickness = less deflection of particle trajectory
Reduced power consumption = less cooling L PWELL NWELL
Smaller width (pixel pitch ~20 um) = higher spatial resolution hu DEEP PWELL

2

Cheaper (can often use commercial process)
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=> Monolithic Active Pixel Sensors combine the sensor and readout chip onto same piece of silicon!
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Monolithic Active Pixel Sensors

Advantages

Lower sensor thickness = less deflection of particle trajectory
Reduced power consumption = less cooling

Smaller width (pixel pitch ~20 um) = higher spatial resolution
Cheaper (can often use commercial process)

2

NMOS PMOS
TRANSISTOR TRANSISTOR

PWELL NWELL

hu DEEP PWELL

b

Disadvantages

-> Less radiation hardness
=>  Slower readout and timing

=> Monolithic Active Pixel Sensors combine the sensor and readout chip onto same piece of silicon!
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Spatial resolution degrades with RMS

6 y Cluster Method
- =" ) Chip: CE-65v2 (ER1)
Process: Mod. w/ Gap, Standard + RMS
5 Pitch: 15, 22.5 um
Veb'™ Vowan =0V T=20°C
. Imat = 3 MA, | = 200 YA, Vogrer = 1V

AC amp.: HV = 10V, lpmes = 100 pA

Modified w/ Gap
—h— 22.5 um
-~ 22.5 um (Staggered)
—— 15um

Resolution (um)
w

1] Standard
ALICE ITS3-WP3 beam test work in progress —k— 22.5um
@CERN-SPS April 2024, 120 GeV/c hadrons -4-- 22.5 um (Staggered)

—— 15 pum

0 50 100 150 200 250 300 350 400
Seed Threshold (e™)
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