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@ The CMS Inner Tracker (IT) for Phase 2
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HL-LHC [1] upgrade to greatly expand the physics reach of the experiments
* Instantaneous luminosity increased up to 7.5E34 cm2s!

TEPX module

— Reduced pixel size by x6 to 25x100 um? to maintain occupancy <104 at L1
* Integrated luminosity increased by x10 to 3000-4000 fb!

— Radiation hard planar sensors, 3D sensors in innermost barrel layer
CMS Inner Tracker (IT) with extended coverage to |n|= 4.0 for HL-LHC discovery and precision physics[2]
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[1] The HL-LHC project.
— [2] The Phase 2 Upgrade of the
CMS Tracker (TDR).


https://hilumilhc.web.cern.ch/
https://cds.cern.ch/record/2272264

Radiation Effects
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Severe radiation effects during HL-LHC running

» Sensors: Higher operation voltages, smaller signal, large leakage currents > cooling critical
* Total lonizing Dose (TID) effects readout chip performance

* TBPXlayer 1 and TFPX ring 1 foreseen to be replaced during HL-LHC
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@ CMSIT Readout Chip
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CROC frontend chip in 65 nm CMOS developped by RD53 [1]

« Radiation hard to 1 Grad 7 Sy

« Power <1W/cm?2 : o :

e Serial powering via shunt-LDO regulators

 CMS: Linear analog front-end [2,3] with Krummenacher feedback
— Can cope with large detector leakage currents

* Low, adjustable threshold: 1000 e vs. 2000 e of current chip

— Sensor thickness 285 um (current detector) = 150 um (upgrade)
* 4 bit digital readout with time-over-threshold counter (ToT)

A S S ol

Single chip PCB for testing

v i [1] RD53B user guide.
SENSOR PRE-AMP DATA BUS [2] 2021 JINST 16 P12014.
ToT CNT [3] CERN-RD53-PUB-20-002.

COMPARATOR


https://cds.cern.ch/record/2754251
https://iopscience.iop.org/article/10.1088/1748-0221/16/12/P12014
https://cds.cern.ch/record/2746420

Planar Sensor Modules for CMS IT
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Only two types of hybrid planar bare sensor modules: 2x2 and 1x2 CROC
* Logistics and management of spares easier
* However, full modules (flex prints) in TBPX, TFPX, TEPX differ : B R I
150 um thick n*p sensors, signal (MPV) 11 ke for a MIP i 44 mm

RDS3A-825X168-F2

35 mm

CROC-025X160-P1-C CROC-025X108-P1-D

2d-B0TX525-004]
4 CROC-S25X188-P1

TEPX module

Large pixels in inter-chip regions:
no dead regions
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CROC-025X160-P1-E CROC-025X108-P1-F

RDS3A-525X108-P2 |

6 2x2 sensors per 150 mm wafer or
12 1x2 sensors (not shown)

[1] Evaluation of Planar Silicon Pixel Sensors with the
RD53A Readout Chip for the Phase-2 Upgrade of the

CMS Inner Tracker (arXiv:2307.01580).



https://cds.cern.ch/record/2272264
https://arxiv.org/abs/2307.01580
https://cds.cern.ch/record/2272264

@..... Selected Sensor Specifications
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150 um, n*p, pstop

active thickness, polarity
depletion voltage, Vg,
breakdown voltage

leakage current
(before irradiation)

leakage current
after @, =5E15 cm2*

leakage current
after @, = 1.5E16 cm™

<100V
>350V

<0.75 pA cm?
at Vi +50V, 20 °C

<45 pA cm??
at 600V, -25°C

150 um, n*p, pspray
<10V
>V +35V

<2.5pAcm?
at Vg, +25V, 20 °C

<100 pA/cm?
at V,, (<200 V), -25°C

\_

(" hit efficiency (before irradiation)

hit efficiency for @, = 5E15 cm2
hit efficiency for @, = 1E16 cm™
hit efficiency for @, = 1.5E16 cm™

99 %

99 %
98 %

96 (97) % at 0°(10°) angle

96 (97) % at 0°(10°) angle

*Annealing
at 60°Cfor 1 hr

Vop:
operation voltage



@.... Performance: Hit Efficiency
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Planar Sensors + CROC
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*  HPK-CROC single chip assemblies irradiated up to
®,,= 1E16 cm2at CERN PS (23 GeV p)

* Excellent performance:
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.. Performance: Hit Efficiency vs. Thresh.
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Planar Sensors + CROC
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HPK-CROC single chip assemblies irradiated up to ®.,= 1E16 cm?at CERN PS (23 GeV p)
Threshold < 1500 e required at 600 V for & > 98% for @, > 5E15 cm™
Stronger degradation at 9.5° angle due to charge sharing (backup)

stronger degradation at 400 V.
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Performance: Spatial Resolution
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Spatial resolution determined in DESY Il testbeam [1] _ )

r-¢ (25 um direction)
L1 S s s e e B R ]
* Prototype sensor-RD53A modules, final pixel cell o pitch /N2 i

 Measured width of residual distribution corrected - — N
for track resolution A * S

* Electron energies 1-6 GeV, here: 5.2 GeV

o ® [um]

e Resolution 2 um at optimal angle R T SET *

[ eq=00x10%cm2 g

* Degradation with irradiation, but always better L & - 08x10% om® pE—— R

[T e =1.2x 10" cm2
& Peq

than the ,binary” resolution pitch/v12 - ¥ . =20x10%0m?
R R
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[1] The DESY Il test beam facility (NIMA, Vol. 922, 2019, P 265-286).

6 = atan———
opt thickness


https://cds.cern.ch/record/2272264
https://www.sciencedirect.com/science/article/abs/pii/S0168900218317868?via%3Dihub
https://cds.cern.ch/record/2272264

@ Cross Talk in Planar Sensors
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25 x 100 um? sensor pixels matched to 50 x 50 pm? in FE chip

* Overlap of metal and neighbor implant = cross talk, XT

* Depends on fine tuning of readout timing vs. signal injection
* 4% to 6% for coupled, 2.4% to 2.8% for uncoupled pixels

* Independent of timing and much larger in assemblies with

first prototype chip RD53A

L T
coupled pixel

& 0.16F

0.14f

0.12 coupled pixels

| - CROC default

| -#- CROC high PA bias

| e~ CROC high PA bias and fast disch.
0.10[ o rps3A defautt

| —»- RD53A high PA bias

RD53A high PA bias and fast disch.

0.08[
004,

PRI B
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-
x
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0.050f

0.045

1 bunch crossing: 25 ns
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24
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Ca.

0.040
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0.035}
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Troc s L ————

L T T
uncoupled pixel
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|- -« RD53A default

—h—

uncoupled pixels
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RD53A high PA bias and fast disch.
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Validation of a Full Module

 TBPX 2x2 module in FNAL testbeam

* Excellent performance confirmed

e Larger cells in inter-CROC regions

e  Below: Two columns of 225 x 25 um?

Residuals as expected
e Efficiency of special cells >99 %
* Analysis of irrad. 2x2 module under way
x residuals (225 um side) y residuals (25 pum side)

e go1mpm || B &
ol Std Dev = 63 um oot s
%oo EE=r 00 50;; R e e I R

x residual (um)

PR
150 200
y residual (um)

Efficiency [%]

100.00

99.95 A
99.90 A
99.85 A
99.80 A
99.75 A
99.70 A
99.65 A
99.60 A
99.55 A
99.50 A
99.45 A
99.40 -
99.35 A
99.30 A
99.25 A

99.20

€ >99% over all
illuminated regions

— T T T T T 7T T
20 25 30 35 40 45 50 55 60 65 70 75 8 8 90 95 100 105 110
Bias [V]



@..... Why3D: Thermal Simulations
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3D sensors in layer 1, @, = 1.5E16 cm™ planar sensors in layer 2, ®.q= 1E162 cm™?

N 70 uA/cm?|(140 V)
@) ) . =1 600V
O < 10°C margin
= = | s ]

| 2 Nominal CO, T
= g 30 1 temp: -33°C s

O é 1 g 30 4

2 s '_g |

Q] ”/t o //
= T thermal runaway ]

-------- -_- A-d- -l-COZI-(DC-) ‘-d- e -41 -4‘10 -3‘9 -3‘8 »?l7 -3‘6 -3‘5 -;l:oz(;?g,) -3‘2 -3‘1 -?lO -2‘9 -ZI8 »2‘7 -26
> windows 1 aree window —5windows —3windows —1 window

5 windows 1 large window

3D sensors only solution for layer 1 for ®,,= 1.5E16 cm™

* Thermal performance of 3D sensors good enough to
select lighter design for cooling plate and mechanics

* Planar sensors have sufficient margin in all other layers
for fluences ®,,< 1E16 cm™ 12




CMS 3D Sensors
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Basic geometry

Active
thickness
p- HR Si

p++ LR Si

100 um

wnrl gz

150 mm Si-Si wafers
150 um active thickness, p-spray isolation

@6

“e

Support wafer thinned to 100 um at hybridization vendor
25x100 um? pixel cell with 1 electrode at the center

Single-CROC size for higher production yield
*  Module contain two sensors

[1] Results on proton-irradiated 3D pixel sensors interconnected to
RD53A readout ASIC (NIMA, Vol. 944, 2019, 162625).

@e

13


https://cds.cern.ch/record/2272264
https://www.sciencedirect.com/science/article/abs/pii/S0168900219311246?via%3Dihub
https://cds.cern.ch/record/2272264

@ Validation of 3D Assemblies
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1192
1oxid ay3 ui

* Modules tuned to 1000 e threshold at -30°C * Noisy and "stuck” pixels masked
e Operation range from full ¢ to onset of noise: Noisy = occupancy >2x107
90V = 130V (CNM) and =150 V (FBK)
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Production

Module production

* Follows CROC and sensor production, flip chip

« 12 production and test centers: Europe/US it
*  Max throughput 300 modules per month <0 1 6000 modules
. (3892 to be installed)
Sensor optical inspection S
: IV curves (*) =
production &= 9900
0
S 3000
3
F|ip Chip optical inspection 3 2000
bare module tests
bump only on demand 1000 |
bonding
0 -

Module
production

extensive QcC incl. Q3 Q4 a1 Q2 a3
cold cycle tests

(*) no bias grid for planar sensor, only guard ring IV plus IV on test sensors

Production Cummulative

283528 2§535313
Q4 (o3 Q2 Qa3
2026

120,0

60,0

20,0

0,0

# Modules Produced [%]
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@ Summary and Outlook
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* Entirely new CMS Tracker for HL-LHC for optimal physics reach in challenging condition

* Inner Tracker: Hybrid pixel detector modules with pixel sizes of 25 um x 100 um

e Planar sensors with 150 um active thickness, innermost TBPX layer: 3D sensors

* Excellent performance of prototype modules: hit efficiency, spatial resolution, radiation hardness
*  Planar sensor modules qualified to @, > 1 x 106 cm™

* 3D sensors modules qualified to @, > 1.5 x 1016 cm™

Towards production
*  First orders for (pre)production planar and 3D sensors have been placed
*  Module production driven by CROC_v2 FE chip will start Q3/2024 and last 2.5 years

See also talks on “TID effects study on the monitoring system of the RD53 chip” by Mohsine Menouni
and “Prototype validation for the CMS Inner Tracker Phase-2 upgrade” by Nazar Bartosik

16
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Backup

17
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Planar Sensor Wafer Layouts
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Modules

Installed
1x2
2x2

Total

TBPX TFPX TEPX
324 832 0

432 896 1408
756 1728 1408

Total
1156
2736
3892

19
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RUN 4 RUN 5
(800 fb'?) (1300 fb2)

RUN 4+5

(2100 fb!)

RUN 4+5+6
(3000 fb?)

Not in Chamonix

2022

(4000 fb!)

1E16 1 MeV neq Grad 1E16 1 MeV neq
TBPX L1 0.69 0.36 1.12
TBPX L2 0.18 0.11 0.29
TFPX R1 0.46 0.31 0.75
TFPX R2 0.21 0.14 0.35
* tklLayout

Grad

0.58

0.17

0.49
0.23

1E16 1 MeV neq

1.81

0.48

1.22

0.57

Grad

0.93

0.28

0.79
0.37

1E16 1 MeV neq

2.58

0.68

1.74

0.82

Grad

1.34

0.40

1.13

0.53

For reference only

1E16 1 MeV neq

3.44

0.98

2.32
1.09

Grad

1.78

0.54
1.5

0.71

https://cms-tklayout.web.cern.ch/cms-tklayout/layouts/recent-layouts/OT801 1T701/irradiation Pixels.html

Chamonix 2002 luminosity profile


https://cms-tklayout.web.cern.ch/cms-tklayout/layouts/recent-layouts/OT801_IT701/irradiation_Pixels.html

@.... Performance: Hit Efficiency @9.5°
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Masked plxels |n ROI blas

Planar Sensors + CROC

gz'sf ‘ Lo HPK 707 g = 0.8 X 10% o2 - 95deg:
. . . . . i) L *- HPK703- ®eq=1.0x10""cm-9.5deg |
*  HPK-CROC single chip assemblies irradiated up to 2,0 07 e 10x10 - 0500 ]
a20
®,,= 1E16 cm™ at CERN PS (23 GeV p) '
=151 }
* Excellent performance: :
] . - . 10’
— &> 98%, taking noisy pixels into account !
. ] o i ]
— Noisy pixel <1 % 0.5
i e
S . RN | E—— 003~"00 200 300 400 500 600 700 800
2,100 ] -
< I -
"= L e T P S — ——— TEST Q\\\ 10 Average no|se _occupancy unmasked blas
w | e 1 2 ‘ ‘ I =‘ X ‘5ém2‘ e
i o 1 BEAM. & 2 s Z:_?ixliwcmz e
| *, 8 - HPK7O7V¢eq:1.0x10‘acm'279.5deg,
4
- = % [2] 10—6 -
96— / | g
L 1. i g
i .y ] 2
94 iF - §10*77 |
i ' fluence gradient: g N e
i [0
L ; 1 . k)
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ol iy T T 90 the same module 2
0 100 200 300 400 500 600 700 800 ool 1
Vbias [V] 0 100 200 300 400 500 600 700 800

Vbias [V]



.. Performance: Hit Efficiency vs. Thresh.
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Planar Sensors + CROC @ 9.5°

*  HPK-CROC single chip assemblies irradiated up to
®,,= 1E16 cm™ at CERN PS (23 GeV p)

* Threshold < 1500 e required at 600 V for & > 98% for ®,, > 5E15 cm™?,
much stronger degradation at 9.5° due to charge sharing

Eff bias scan

% 100F 7 ‘ ‘ T " Eff bias_scan
N ] T 100F L1 = =
= : = Lo B -
w * 1 = -
L 4 c * ..
951 Rl . — TEST Qi\\ w r 400\, - » .
: | - BEAM. BX %) 3 » ]
I . - R m = L - 1
[ 600V - | » : AN 7
90 - i : . i
L 90 3 .
85 - . L ~, ", ,
I _ -0. 16 om-2 - . B * ) .
80;% :Ezgj,:eq=g,iz:g162272,z,221/g6/2);/v * fluence gradient: [ 3 HPK703- e =03x10' cm=2- 0 deg /400 V = ]
I HPK 703 - d¢q = 0.6 x 10'6 cm2 - 9.5 deg / 600 V i Selected ROIs with 80 :EE;ZFj;ﬁs::z:::iigijﬁgz ]
| & HPK707 - bq=0.8x10'® cm=2- 9.5 deg /600 V g . 3 " Pea = RO " 9.5deg /40 1
75| % HPK703- #c=1.0x10' em- 0.5 deg /600 V ] different fluences on [* HPKW'q""”=°'8X1°::°m72'9'5deg/4°°V.
P T S E S SR AN ¥ S the same module 751 HPK703- ¢cq = 1.0x10'® cmr2- 9.5 deg / 400 V.
1000 1500 2000 2500 3000 —

Ll [ SR S B S
1000 1500 2000 2500 3000 22

Threshold [e-] Threshold [e-]
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Performance: Hit Efficiency

hit efficiency,
not corrected for acceptance

Eff bias_scan

LN L I L Ly L B B B
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@..... Performance: Hit Efficiency
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Bias scan: efficiency vs. Vbias

Planar Sensors + CROC 100
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 HPK-CROC single chip assemblies irradiated to
®,,= 1E16 cm™ at CERN PS (23 GeV p) T

* Excellent performance: 055
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@.... Performance: Hit Efficiency
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Bias scan: efficiency vs. Vbias

Planar Sensors + CROC 100

99.5 —

 HPK-CROC single chip assemblies irradiated to
®,,= 1E16 cm™ at CERN PS (23 GeV p) T

* Excellent performance: 055

Efficiency [%]

— € >98%, taking noisy pixels into account o —o— o
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Thermal simulations: 3D
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Last simulations — Plot with 70 uA/cm2 (140 V) for two different conditions of the cooling plate
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Thermal simulations: 3D
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T max sensor ~ TCOZ (K)

5 windows
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Teo2 (°C)
=5 windows (70 uA/cm2) =5 windows (100 uA/cm2) =5 windows (150 uA/cm2)

Cooling plate with 5 windows — From 70 uA/cm? to 150 uA/cm? (140 V) the margin for

thermal runaway is reduced by around 8°C.

We can expect the same reduction for 1 window configuration (simulations are running).
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L1 sensor technology: 3D Sensor Qualification

Recent results beyond 1E16

. FBK 100x25 3D sensors irrad. at KIT

* 23 MeV: High dose: 2-2.5 Grad

*  Measured at CERN and DESY testbeam
. 1.4E16

€:99% at 130V

Noise(*) <1% up to 140V

. 1.8E16

€:98% at 170V

Large increase of noisy pixels for V>
140V

* Noisy pixels defined with a cut at 2x10 on occupancy,
corresponding to 1% of the L1 occupancy
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