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Introduction




The HL-LHC and the Inner Tracker (ITK) AT ac ¥ rek

HL-LHC: after 2026 luminosity up to 5-7.5 103* cm2 st —> Impossible to operate the current
4000 fb! int. luminosity in 10 years : more statistics to study rare physics ATLAS tracking system (ID) during HL-LHC

processes - will be completley replaced with the
* Harsher operational conditions for the detectors: ATLAS Inner tracker (ITk):

* Pile-up collisions increase from 20-50 to 150-200 - challenging for tracking
* Higher radiation environment = radiation-hard detectors

ITk Pixel detector: see S.Mlobius’s talk

* Innermost part of ITk

* 5 layers of pixel detectors

* Planar sensors in the 4 outer layers
(100 um and 150 pum active
thickness)

* Inner System to be replaced after
2000 fb! (1.5 safety factor on max
fluence):
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- 3D pixel sensors in ITk ATLAS % ITk

3D sensors in the innermost layer LO: ~ Ring and barrel LO (barrel stave)
triplet module flexible PCB

Barrel at 34 mm from collisions
Endcap rings down to 33.2 mm from beam

* Single bare modules (1 sensor tile to 1 readout ASIC)
of size 2x2 cm? arranged in triplets

* Thickness: 150 um active + 100 um support

* Two pixel cell sizes:

* 50x50 um? (endcap rings RO & R0.5, 900 sensors) RO (endcap ring) RO.5 (endcap ring)
* 25x100 pm? (barrel flat stave B0, 288 sensors) o

* Total:
* 1188 modules (installed)
e 210 pre-production
* To be produced including vield (~1.6):
0.80 m2, ~2000 sensors
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- 3D sensors pre-production flow

ATLAS X ITk

Sensor vendors:
* FBK (25x100 pm? and 50x50 um?)
* SINTEF (50x50 pm?)

Quality Control (QC):

e |V (all sensors)

* [V and CV (sub-sample)
— See also S.Ronchin’s talk

NS

ITk requirements (after irradiation at
final fluence):
e >96% (97%) efficiency for
normal (tilted 15°) incidence
e with <3% masked pixels
* Operating at V,;,, <250V
* Power dissipation <40 mW/cm?

—»C\E?W/

Hybridization:
* |ZM (Fraunhofer)
« LEONARDO

(Thinning) + dicing

a few sensors are not
flip-chipped and sent

A 4

to ITk institutes for QA

ITK institutes:

* University of Trento

* University of
Bergen

* University of Oslo

* |FAE

Quality assurance (QA)

Electrical tests
Irradiations of bare
sensors and test
structures (diodes,
strips, ....)

21/02/2024
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- 3D sensors production schedule ATLAS % ITk

* Pre-production (completed):
* FBK completed and Production Readiness Review passed in November 2022 (50x50) and November 2023

(25x100)

e SINTEF (50x50) still under review due to sensor bow out of specs after back-thinning, problematic for flip-
chipping at IZM. Different path investigations ongoing (encouraging results): 1) changing the passivation at
SINTEF, 2) Hybridization at Leonardo (indium bumps), 3) Flip-chipping at IZM with glass support

* Pre-production sensors assembled with ITkPixV1.1 chip (RD53B)
 TimeOverThreshold (ToT) not usable
* |TkPixV2 chip (final version) submitted at the end of 2023, qualification measurements recently

finished, production officially started
12023 | 12024

3D 50x50 FBK | Order 3D Sensor 50x50 Production
Preparation

3D 50x50 SINTEF SINTEF Pre-production Evaluation (PRR follow up) 3D SINTEF Sensor 50x50 Production

Order 3D Sensor 25x100

3D 25x100 FBK | 3p FBK Sensor 25x100 Pre-production Evaluation . )
Preparation Production

> >

3D 50x50 PRR [l 3D PRR for 25x100
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- 3D sensors production schedule ATLAS % ITk

* Production (ongoing):
* FBK 50x50 production started May 2023 until end mid-2024
e SINTEF (50x50) in-kind production started November 2023 until end 2024
* FBK 25x100 production starting in February until end 2024

12023 | 12024

3D 50x50 FBK | Order 3D Sensor 50x50 Production
Preparation

3D 50x50 SINTEF SINTEF Pre-production Evaluation (PRR follow up) 3D SINTEF Sensor 50x50 Production

Order 3D Sensor 25x100

3D 25x100 FBK | 3p FBK Sensor 25x100 Pre-production Evaluation . )
Preparation Production

< et

3D 50x50 PRR |ISSSl 3D PRR for 25x100
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Results before
irradiation




SenSOr QC/QA See also S.Ronchin’s talk ATLAS Imeﬁ

16 -
35 ?l‘!?‘llll'llll'lllll'lllIlllcllllvlll?ltlllBlllljlllhlllilllll'll‘lllllll'llllll_ [ ) Depletion VOItage
af : « from capacitance vs voltage curves
F g * on asub-sample of diodes out of each wafer
F: Second Knee : * QC measurements values show depletion voltage <5V
8 ]
§ : E © L B3 L L ] °
e _ E M i A ” Interplxel Resnstance
Q. Ir ] © e o e o oSMU1sweep: -3V LU L RN AL RS RN AL R LS
8 ; 5 _: +3V, Step: 0.2V
E l/EMUPzr ::errent 101 1
- —— RD53B-W09D-After-Dicing 1 "o’ ' _—
——RD53B-W13G-After-Dicing - = 10" -
0o 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 W 8 ‘4&\,/ >1 GQ
(a) Reverse Bias [V] B S o » § W = = = = = ==
. . § —TS1
* Inter-pixel resistance € ol —T82
. . o . ” E _'TS3
* with special “strip” test structures that short E Roo= 2/ (dlsyus/ dVeyyy) T4
. e | int™ SMU2 SMuU1 TS
together pixel structures, then result scaled by : TS6
. . . - —T87
number of pixels in a strip subsirate 7, o * o 9 JOFY Y TR TUT PN PRV TP PRI Ty

HV
l) Sweep 50 pixels in

(b) 0 10 20 30 40 50 60 70 80
singular strip

Substrate Reverse Bias [V]

e 3D sensors must have Rj,t > 1 GQ
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SIt10W09a Samples sent to KeK Hoooan

Leakage current s e (e

)
77 "R NS NG NN NN SN DNSSUE FA i WSS ST NISINEE MISSEI Sy S~ U NI M S
H ?
See also S.Ronchin’s talk sosss |
= =1_3,4 Measured @ FBK
1_3,4 Measured @ UniTN
1.00E-07 4
.E. - = P_4,3 Measured @ FBK
E > —— P_4,3 Measured @ UniTN
. g LoE08 g g Leakage Upper Limit
* ITk requirements: E

1.00€-09

* Breakdown voltage > 25V -

. 2 25V
Leakage current < 2.5 pA/cm . Before Irradiation EBK

1.00€-12 L
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
Reverse bias [V]

 Measurements on wafer:
IV on Non-irradiated 3D full sensor die (Normalized to 20 degrees)

 FBK within Specs ATLAS [Tk-Pixel Conditions: (T=21.5+1°C) (RH:48%18%). Alternative IDs: V9-1-
. ® 610-1-011 ® 613-1-008 623-1-001 ® 623-1-002 SINTEF G10-S11 SINTEF G13-S8  SINTEF G23-S1 SINTEF G-23-S2
* SINTEF leakage current higher 3

than specs, but excellent , [ LT

yield based on breakdown
* [Tk considering to relax

leakage current specs

Bad sensors

Good sensors ——»

SINTEF

3 ///
/"// Specification
— B

0 5 10 15 20 25 30 35 40 45 50

Leakage Current [uA/cm2]

Reverse Bias Voltage [V]
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ATLAS X ITk

Test t am setup

e & DUT e 3D with ITkPixV1.1 tested on Slngle Chlp Cards (SCCs): dedicated PCBs hosting
a single module
* Test beams at CERN (PS (12 GeV p) and mainly) SPS (120 GeV pions)
* Efficiency calculation:
e with tracks on DUTs that meet spatial and time cuts w.r.t. reconstructed
track
» disabled, masked pixels and neighbouring ones are not taken into
account

Piqu Sensor
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ATLAS X ITk

Efficiency vs V bias (unirradiated): 0— 10V
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97.0 —497.0 = ——@—— SCC 48, tilt &=0° 3
SCC2 - PS (p™12 GeV) 02 | e required average efficiency 3D (perpendicular): 97%}
96.5 + SCC4 - PS (p+ 12 GEV) 196.5 E E
—$— SCC4 - SPS (Pions 120 GeV) ey ATLAS ITk-Pixel =
96.0 . . : L L : 96.0 90: 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 -

0 2 4 6 8 10 2 4 6 8 10

vBias [V]

Bias voltage [V]

e Unirradiated modules tested at PS (12 GeV protons) and SPS (120 GeV pions), perpendicular to beam:
— Average Efficiency 97.5%-99%
- Meets the ITk requirement >96% for normal incidence (already at few volts bias unirradiated)

* Results compatible with 50x50 um? prototype (RD53A chip + FBK 3D sensor) previously tested at DESY
(6 GeV eIectrons) [reported in https://cds.cern.ch/record/2815570]
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In-Pixel efficiency map (unirradiated): 0 — 10 VATLAS P ITk

* Similar results by FBK and SINTEF ump paar;’ | ATLAS ITk-Pixel |
* Average in-pixel efficiency > 99% for normal : L ( . E P 1 'ig
Q % [}
incidence for both vendors at full depletion g 2
* Central area: higher than 99% efficiency £ & 00’
Column _ = s
N S T SINTEF
* Lower efficiency zones visible in corners for & NEW o5

normal incidence:
» Effect (75% — 99%) radius: 10 um

aﬂ_ ................................ :! ] AR "
H . -0V + : n 0.7
* p*columns max radius: 4 um gl Foov & | 1 * il x._ Gum]
e No other structure visible i

(e.g. polySilicon cap)

Efficiemncy

0.85

! -

* No evident differences between 7

in-pixel Yyaey MM

— ]
I—|—|—H—IIIIIIIIIIIIIIIII_‘

"y FBK 50x50 pm

10V and O V bias in terms of the .
. .. e Y SN USSP VU OO SVOORE ORI R RSP S Y frsossese sospee oo o
extension Of the IOW eff|C|ency Ny ts .............................................................. Tyt ;zi 0.75
< oo 20—
zone E & I 2525 —20 —15 10 =5 0 5 10 15 20 25 07
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Results after irradiation

for previous results see also:

. S.Ravera, Qualification of irradiated 3D pixel sensors produced by FBK for the pre-production of the ATLAS ITk detector, VERTEX 2023

. S.Hellesund, Qualification of irradiated 3D pixel sensors produced by Sintef for the pre-production of the ATLAS ITk detector, VERTEX 2023
. S.Ravera, Pixel cell local efficiency of FBK 3D pre-production pixel sensors after irradiation up to 1.9 10 n,,/cm? TREDI 2023

. M.Ressegotti, Qualification of the first preproduction 3D FBK sensors with ITkPixV1, PIXEL 2022

. A.Lapertosa, Test of ITk 3D sensor pre-production modules with ITkPixv1.1 chip, iWoRiD 2022

. A.Lapertosa, Performance of irradiated FBK 3D sensors for the ATLAS ITk pixel detector, TREDI 2021
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Leakage current

ITk

ATLAS

» 3Ddiodes and bare sensors with temporary metal irradiated to 1 x10® and 1.7 x10'® n.,/cm? at CYRIC (protons)

Breakdown >100V

* Breakdown shifts towards higher voltage after annealing and/or stability tests (IT - 48h under bias)

Current [mA/cm?]

o
®

0.6

0.4

0.2

SINTEF Diodes IV

ITk sp

RD53B-50x50 Leakage after KEK-Irradiation

May2022@ -25°C

ecs UniTN&IFAE
—3— F{DéSB diodes;, 5050 umz, =10 L i & | e Leakage Upper Limit
—— RD53B diodes, 50x50 pim?, & =17 7e-04 + RD53B_WO09_P4,3_1.7e16_befStability (Vbd: 135V)-UniTN
—— RD53B diode after IT, 50x50 um?, @ =17 after RDS3B_W09_P4,3_1.7e16_afStability@-30V (Vbd: BGV)-inITN
—+— RD53B diode after IT, 50x50 um?, & = 10 IT . 6E-04 4 RDS3B_W09_P4,3_1.7e16_afStability@-80V (Vbd: 136V)-UniTN
—— RD53B diodes before IT 50x5.0..um2 P =17 / [ RDS3B_W09_P4,3_1.7e16_befStability (Vbd: 118V)-IFAE
. 2 L - - B -
— HD?_,?B diode before IT, :50x50 um", & = 10 ! | RDS3B_W13_U4,2_1.7e16_befStability (Vbd: 147V)-UniTN
[@] = 10" ngg cm® ~ SE-04 |
< L —=— RD53B_W13_U4,2_1.7e16_befStability (Vbd: 134V)-IFAE
N =
/ Y - RDS3B_WO09_I3,4_lel6_befStability (Vbd: 144V)-UniTN
s [
T = -25 C E 4E-04 T - - - RDS3B_WO09_I3,4_lel6_afStability@-30V (Vbd: 145V)-Unl:N
100 V g [~ % -~ RDS3B_W09_I3,4_1e16_afStability@-80V (Vbd: 145V)-Un{TN
.............. W ~ 3E-04 1 —=— RD53B_WO09_I3,4_lel6_befStability (Vbd: 130V)-IFAE
: . RDS3B_W13_52,2_lel6_befStability (Vbd: 139V)-UniTN
|'|'k specs ; 208 RD53B_W13_52,2_lel6_befStability (Vbd: 136V)-IFAE
. _ A SINTEF el o S
||\i|||i|||i|||i|||i|\| L1 L 1E-09. .A..AA‘.A.A]-.OP.\.I
0 20 40 60 80 100 120 140 - § y i X i )
Voltage [V] 0 20 40 60 80 . 100 120 140 160
Reverse bias [V]
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Power dissipation ATLAS % ITk

* |Tk requirement: <40 mW/cm? at the operational voltage (efficiency >96-97%)

* power dissipation (at operational voltage) <10 mW/cm?at -25°C up to 1.7e16 n.,/cm?

oo}
o

—
o
(=}

—- RD53B diodes, 50x5

=10 : —e— Diodes wé—PCM-1-1-7-i------50s<50--pm2-,- =10 .

[{e}
[

na, ina ra

0 ums, &
70 —— RD53B diodes, 50x50-um; =17 —— Diodes w13-PCM117, 50x50 uny’, & = 10§
—-— RD3B sensor, 5050 um,, & =17 —— Diodes w9-PCM634, 5050 w?’, & = 17§
—— RD53B sensor, 50x50 um~, & =10 80— _._ Diodes w13-PCMB3- 5050 [im?. b= 1]

[®] = 10" ngg cm? [®] = 10*10'° ngy cm

~J
o

(4]
o

[o2}
o

Power dissipation [nW/cm?]
[#)]
o

Power dissipation [mW/cm?]

40 50
30 40
30
20 ........ =
20 FBK
10 -
10 - : 50X50 umZ
0 T P e T . L1 L1 0 E_—d L1 | L L1 C L
0 20 40 60 80 100 120 140 0 50 100 150 200 250
Bias Voltage [V] Bias Voltage [V]
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- SCCs irradiations summary ATLAS % ITk

* Modules irradiated with protons of different energy at different
facilities (Bonn, KIT, IRRAD) to different fluences * Not uniform irradiations:

 Some of them irradiated two times to accumulate higher fluence * Note that the average and peak
gradually, studied after each irradiation fluence are provided together with

* Some irradiations (at CERN IRRAD) are not uniform the results
* Not uniform fluence used to map

m Irradiation facility m efficiency measurements to

different fluence values = results

FBK 50x50 pm? Bonn (14 MeV protons) 0.6 - 10'® n,,/cm? uniform i )
( ) 15 0 fom? (peak] at different fluence values with the
Bonn (14 MeV protons 1.910°° n.,/cm“ (pea
same module
+ IRRAD (12 GeV protons) not uniform
; - 5 f s ATLAS |ITk-Pixel FBK #23 - 25x100 layout s
SINTEF 50x50 um? KIT (23 MeV protons) 1-10® n.,/cm? uniform S : i Example of
KIT (23 MeV protons) 1.8 10%€ n_ /cm? (peak) 600 § reconstructed
+ IRRAD (12 GeV protons) not uniform 500 " fluence map
400 ~ (from Al dosimeter
FBK 25x100 pum? KIT (23 MeV protons) 1-10% n.,/cm? uniform 300 1 foil activation
IRRAD (12 GeV protons) ” 05 ma.t(-:hed to
100 efficiency map)

00 20 40 60 80 100 120 140 160 180 200 0

col
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25x100 umZ t)@gggggnn
/ "L

ATLAS ITk-Pixel FBK 3D sensors 99
L I I L L

FI uence u p to 1016 n / sz = 100[~ ! T 7 = K
€9 : oy | il
* Sensors with 25x100 um? pixel cell depleted at higher V.. wrt 50x50 pum? % 95—_'_“-“'_- / ___________________________________________ -

* No evident difference between FBK and SINTEF for same pixel cell and B
similar fluence | | _ i
« Maximum efficiency is higher for 15° tilt angle w.r.t. beam 50%50 pm?2 =881~/ | I 56 26 25x700 - 0=0° - 15 | |
—> saturation value of 99.9% reached —&— SCC 29 25x100 - ¢=15°- 10| -
- confirmed by in-pixel efficiency N

NEW (25X100)

- —=— SCC 3 50x50 - 9=0° - 0.6d
85 : _____________ —m— SCC 3 50x50 - 9=15° - 0.6

* All results with modules uniformly irradiated - @ = 10"°n,g/cm’?
sqxso umz ¢ IVI aSked pierS: 80 i e e ...................................................
1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 I 1
— 100 LI I LI I LI I LI I L L I 1T I(l L I 1T 1T | LI . FBK 25X100: ~10-2% 20 40 60 80 100 B 120 I 14?V]
=, = = R . _1 Eo ias voltage
e S e SINTEF: 0.7-1.6% (60 V) FBK 50x50
& e A A = 2
8 % f’ SINTEF e 2 um "
5 94 NEW — 2 90V » Efficiency drop in
o — . 5 150 0 .- _ . .
>  92F = g, 15°tilt " corners of in-pixel
5 - 3D sansor, 50x50 pm® pixels i < E 2 L. .
2 90F fluence @ = 1x10" nem? s- 0.6 neq/cm efficiency disappears
88— T e 3 for 15° tilt angle (as
86— i SCC4S, tiha=0r o] expected)
84:— ---------- required average efficiency 3D (tilted): 97% 150
E | =====m=an- required average efficiency 3D (perpendicular): 96% [ _205_ (-
82—_ 1 g 1 [P B O SR I e O . R L
- ATLAS ITk-Pixel 255 20 15 10 5 0 5 10 15\20 25
80 | PR AN T N T T N T T T N T T N U S M A ST M M A" ATLAS [Tk-Pixel |n-p|xe| xlrack m

730

N
oL

40 50 60 70 80 90
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Fluence up to 1.9 10%* n_,/cm? ATLAS % ITk

* Fluences studied closest to end-of-life fluence (1.9 10 n_./cm? with 1.5 safety factor)
* Depletion at ~100 V, ... (within ITk specs)
* Confirmed depletion obtained at increasing V. for increasing fluence and efficiency is

y [px]

higher for 15° tilt angle
e Results with modules NOT uniformly irradiated
x[px]
. _ATLAS ITk-Pixel . . . . . . — — | | , , —
=1 1) S ——— e A —— — E 100 _j
e - - - - ]
% 90;_ . .................................................................................... _; % - /.»- S . SINTEF
D QO e e 3 8 u / - NEW
S 80 = £ 90- .
o _F —»— 150< (< 1.65 = ot 3 / .
705_ """"""""""""""""""""""""""""" —»— 165<¢<1.75 = =2 L / 3D sensor, 50x50 um® pixels
60E—% i) —— 1,75 < ¢ < 1.90 = S 80:_ / fluence = 1.8x10' n,Jfem’
EoE |-~~~ Efficiency 97% i < - // — @ SCC 45, tilt a=0°
= '2'0' : '4'0' : 'BIU' : 'BID' : '160' : '“'20' : '1210' : '1?30 r / ------------- required average efficiency 3D (tilted): 97%
V bias [V] 80 /| =essessseaees ired efficiency 3D dicular): 96%
— 1008090 100 110 120 130 140 150 160 C d/ o Squirec average efficlency 30 (perpendicuia)
2 - ATLAS ITk-Pixe q
% 98____ ...... i e TTE—— 50— [ T I T R T T N
o S o o ————— FBK 20 40 60 80 ;00 | 120[V]
& ias voltage
E o SOXSO umz . . g.
L T * Average efficiency in the area hit by beam (no fluence map)
* Efficiency in different fluent ranges from * Fluence: 1.8 10%* n../cm?* (peak), 1.5 10% n,,/cm? (average)

reconstruction of fluence map * Masked Eixels: 0.7% 580 V! at 1.8 1016 n”/cm2
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ATLAS ITk-Pixel

-~

FBK #23 - 25x100 layout

Beyond end-of-life fluence
"8 25 ¢ 51—
500 27
» Results with fluence at end-of-life with safety factor : Neg/ CM*
(1.9 n,/cm?) and beyond (up to 2.4 10'® n,./cm?)

On same modules NOT uniformly irradiated, with test
beam hitting in different zones
* at1.910% n,/cm? (EOL with 1.5 safety factor):
only one point taken, at the efficiency

[ —

ITk end-of-life

ﬂuence Wlth SF % 20 40 60 80 100 120 140 160 180 200 °

requirement (96%)

k- Plxel

FBK sensors |rrad|ated beyond EOF 10

col

° at 2.4 1016 neq/cmz (bevond EOL): Sti” Operable in E : ............................................................................................................................................. : D.E
a small V.. range where efficient with ~4-6% g >0 R scc2325x1m¢_024¢.é95 g
masked pixels (average) T [ ™ SCC2425x100- ¢=15°-2.30| -
* Number of noisy pixels rapidly increases at s i ::E ::ﬂi?:r-:g: T ey _590 N
higher Vbias H_GC_J | [ Masked pixels #23 —85
. = 30H | Masked pixels #24 . | _ .
* Show that sensors are operable up to very high < 301 q:.ism":::z;* A I =s0
fluences, but next to the limit of the voltage range in e b Beyond 'Tk ]
=3 ST SRR SRR SRR SRS SRS ST = ), 'A% ¥ = ¥ i _—
which nr. of noisy pixels rapidly increases 9 20; FBK ?IXPECtEd 373
» Difficult to precisely evaluate with not uniform ER B e A 70
e : . = 10| 25x100 pm? - .
irradiations = further uniform irradiation planned to - NEW .
clarlfy :||||J.I'I .
20 40 60 80 100 120 140 160 180 c
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2023-003/

Summary & Outlook LAY TR

* Sensor Production Readiness Review (PRRs) in November 2022 and November 2023
* FBK passed PRR, SINTEF follow-up working on bow issue
* Production for FBK and SINTEF (SINTEF in-kind, hybridization to be verified) ongoing
* First pre-production triplets with 3D modules are being produced

e 3D modules from pre-production evaluation:
* Efficiency and power dissipation requirements at fluences up to the expected
end-of-life meet the ITk requirements
* More uniform irradiations planned to confirm results
 Studies on stability of noisy pixels also ongoing First assembled triplet
« Considering to relax specs on breakdown voltage (improved after annealing for RO.5 with sensor and
and/or stability tests) FE (assembled in Genoa)
* Further studies with ITkPixV2 FE chip including ToT when modules available
e Working on follow-up of SINTEF issues for the PRR

21/02/2024 M. RESSEGOTTI - TREDI 2024




Thank you for the attention!
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O.Bergsagel, O.Dorholt, S.Hassan, T.Poulianitis, A.L.Read, O.Rohne, H.Sandaker, B.Stugu,
G.Calderini, T.I.Carcone, J.Carlotto, P.Chabrillat, A.Grigorev, T.Heim, S.Hellesund,
S.K.Huiberts,L.Meng, M.Mironova, A.Rummler, A.Skaf, S.Terzo, K.Nakamura
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ATLAS

Inner Tracker layout Iu'?i?

I .- L
ATLAS  Simulation Preliminary ITk Layout: 23-00-03
n=1.0 n=20

Barrel ~  Outer Endcap

— 7\ T T | T T ‘ T T T ‘ T T T T ‘ T T T
E 1400-ATLAS Simulation Internal
- ITk Layout: 23-00-03
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N
o
o
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Pixel: detector structure and modules ATLA ITk

Design: completed! - Prototypes: done! = Pre-production: ongoing!
Pixel detector made up by 3 main parts: Outer Barrel, Outer Endcap, Inner System
Two different module concepts: W/ S
* All the external layers (L1-4): Quad-module 2 BT
* Innermost layer (LO): Triplet mod. =
Modules glued to carbon structures
Titanium pipes for CO, cooling

Outer Endcap

= 450:' N N -
= ~ ATLAS  Simulation Preliminary ITk Layout: 23-00-03 =
- 40040 n=2.0 =
350 — Quter Barrel / Outer Endcap —
300t WA AA VA HT LT L L ] =30 3 Outer Barrel
250 - — -
PN i AR |1 E Inner System (/
5o} | I/! I | | | :
100 & 1 | 0
O M L Inner System | E
% 500 1000 1500 2000 2500 3000 3500
z [mm]
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ITk pixel: triplet modules

[e/e[ee[e]e]
[e/eje /000

ATLAS % ITk

Barrel (stave)
LO: 96 triplets

12 staves x 8 triplets

21/02/2024

RO: 180 triplets
30 rings x 6 triplets 12 rings x 10 triplets

Quad-module
(100 pum planar)

RO triplet (3D)

Endcap (rings)
RO.5: 120 triplets

Design ongoing

M. RESSEGOTTI - TREDI 2024

Prototype of
ITk RO ring with
RD53A modules:
10 quad-modules
3 RO triplets




3D sensor technology LAY TR

e ATLAS ITk will use 3D technology in LO with 2 different pixel cell dimensions 25x100 pm?, 1E
e 25x100 pum?in the barrel triplet modules (BO, 288 sensors)

1
e 50x50 um?in the endcap triplet modules (RO & R0.5, 900 sensors) 00 pm

* Pros: low depletion voltage, fast response rise, less trapping probability - —dl
— RAD-HARDNESS Lei~52 pm

50%50 um?, 1E
50 pm

o)
o

-

High p 3

Lei~35 um

wr gz

e Cons: iniform spatial response, higher capacitance w.r.t. to planar, cost, yield

Si0,
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ITk Pixel: sensor arrangement ATL7-\S ITk

* Planar sensor: standard pixel technology, n+ implants on p bulk surface

* 3D sensor: n+ and p+ columns implanted vertically in p bulk substrate -
* Reduced distance between electrodes = Shorter path of e/h

* Lower impact of charge trapping along charge carrier path

* Improved radiation hardness: perfectly OK @ 1el6 neq/cm2 Depletion Region | .
N | EL \Fully depleted i

{Ik
* Lower depletion voltage = Lower power dissipation after *

irradiation

Ring and barrel
triplet module flexible PCB

Quad-module stack-up

module

N

. m
Planar sensors arranged in quad-modaules: 1 2%U/e ,
bare module (4 chips + 1 planar sensor) + 1

flexible PCB

3D sensors arranged in triplet modules: 3
bare modules (1 chip + 3D sensor) + 1 flexible
PCB

>
bare
module

* Both ring and barrel triplet assembly 6@‘:\«\06"\6
exercised with RD53A prototypes v
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P

. . SINTEF 3D RUN6 - Wafer G16_BAKED Ig
SINTEF PRR follow up issues T T ¢
, | i (
SINTEF high leakage current / / l /}
* Leakage current of SINTEF sensors before irradiation outside specs (~2 times § { [
over the limit) E o
* Leakage current within specs after irradiation I
* Plan to relax the specifications for this production s L ==
SINTEF large bow after back-thinning Ten me 28 S8 e Se mN o w
* After back-thinning the sensor bow is out of specs
* Problematic for flip-chipping at IZM
* Possible solutions under investigation 21 i T T T T il
1. Changing the passivation at SINTEF , SaEA

* A few wafers have been reworked, two wafers

sent to IZM to hybridize
2. Hybridization at Leonardo (indium bumps):

FBK 3D sensor batch (2021)
L corner contacts connected

-12

- ] g FBK 3D batch 2021 - = = SINTEF3D_250

* First results expected soon (bare modules in 3 — MK shaD_G122

institutes for module assembly) ra i

3. Flip-chipping at IZM with glass support : ST ———eL ,<--m-~ — THPO_S120._ 18

e [TKPIX_FBK3D_W14-1

* Few modules produced, being assembled in = — KB 30 Wia
modules, results very encouraging.

. . N . 27 :

Sensor in-kind started: acceptance will be considered SINTEESD bEIgh G (2022) ST

— [TKPIX size sensor (2x2 cm?) w . . . L. 6 3 .
based on the results W
¥ Temperature / “C Sl,fltﬂf 3D sensor batch G (2022)

SINTEF 3D batch F (2020)



ITk Pixel: FE chip from RD53A to [TkPixV2 ATL7-\S ITk

 RD53A chip (by RD53A collaboration) largely used ¢« Main ITkPix features:

to build module prototypes before 2022 * 65 nm CMOS, 2x2 cm: area
* |TkPixV1.x chip (RD53B): ToT not usable * 384 x 400 pixels (50x50 pm:)
- Most of results shown done with ITkPixV1.1 « Differential Analog FE
= ITkPixV1.1: noise of bare FE ~40e (~10e «  Power consumption: 0.56 W/cm?
dispersion) e Shunt Low Drop Output regulators (I const.)
e Timewalk < 25 ns (charge > 1000 e)
* ITkPixV2 chip submitted at the end of 2023 e Radiation hardness > 1 Grad
—> qualification measurements recently finished « Standard threshold: 1000e (30e dispersion)

-> production officially started

21/02/2024 M. RESSEGOTTI - TREDI 2024 30




Summary of the 3D FBK 50x50 pum
“assembled modules (+2bare chip)

[e/e[ee[e]e]
[e/eje /000

ATLAS X ITk

* Threshold tuning to 1000e = Threshold dispersion: 30e
 Mean “noise’” from S-curve: (decreasing with V bias)

e Bare chip (no sensor) > Average: 40+ 7 e
* Module (10V bias) —> Average:70+10¢e

SCC | Barechip Th':/:::m Thileg::?;ld '&"322 i:izz
A ITKPiXV1.1 969 31 39 7
B ITkPiXV1.1 961 29 2 7
Sce Module Thﬂizgld Thsrlegsmhzld '&"3.22 fJiZ'Z
2 | 3p+ImkPixvi1 | 974 28 71 | 10
3 | 3D+ITkPixv11 | 979 31 67 | 9
4 | 3D+ITkPixVLL | 971 31 70 | 9 |,
5 | 3D+ITkPixv1l | 969 31 73 | 10
6 | 3D+ITkPixV11 | 973 29 70 | 10
8 | 3D+ITkPixVL1 | 962 31 75 | 10

21/02/2024 M. RESSEGOTTI - TREDI 2024

90%

100 % -

Mean threshold
and ‘““noise’” from

/ threshold scan

10%- Nq:ise
0% : |

0 1000 e

50% Threshold

Leakage current:
« atsensor level (on wafer): <1 pA (3.84
cm?) upto 80V
e on bare module (on SCC): <0.2 pA/cm?
(compatible)
Breakdown voltage V, :
* V,,>80V (requirement: V4 >25V @
Viepi +20V)

31




X-ray scan ATLAS X ITk

* Source: X-ray tube (Amptek Mini-X2), with  « ¢ L;)r:zil
Ag anode = | -
& & | @ @® e
107 b)) . -
« Masking noisy pixel (X-rays OFF): 60 seconds - EXterlnal CZ?)Z?; &) \9
random trigger scan (40 kHz) L rowp/icxc;;;mn @ : ® ®
* Data taking (X-rays ON): 60 seconds self- Evternal \9 ()
trigger scan (HitOR) i oixels - '
* Central pixels: 6700 hits/pixel in 60 s e | Il | 1L @ @® @®
(110 Hz) 0 200 4000 6000 8000 | 10000 | 12000 Hit 150 ® ®
ITS
* Edge pixels: 10000 hits/pixel in 60 s il ® ® ®
* 30% more hits due to extension of Additional
the electric field ohmic @ ®
columns ® ® ®
* 3D printed plastic cover between on the slim
X-ray tube and the sensor edge @ | ®
* Visible pattern of the 3D v
printed filament Dicine '
* Visible pattern of the ink S e e Eop @ = y® Icing |ne‘ !
on printed label INFN Genova — * = * = = = * © Ik .
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https://cds.cern.ch/record/2815570

~ Test beam data analysis ATLAS % ITk

*Data analysed with the C++ based framework Corryvreckan

* Procedure:

1. Telescope (6 planes) alignment with track x2 minimization = stops when telescope
residuals comparable to plane resolution (~5 pum)

2. DUTs alignment with track x2 minimization = stops when the DUTs residuals are of the
order of the device resolution (~14 um)

3. The efficiency is calculated
o with tracks on DUT that meets spatial and time cuts w.r.t. reconstructed track
o disabled, masked pixels and neighbouring ones are not taken in account

the resulting efficiency is
‘ valid for pixels that are

not masked or disabled
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[o]o|e[e[e]o]

FBK Irradiations in 2022 details ATLAS P ITK

Two ITkPixV1.1 + 3D FBK 50x50 um? have been irradiated at two different facilities in 2023:
Total integrated fluence:
* First irradiation: e 1.9 x 1016 neq/sz
* in Bonn (May-June 2022) to uniform fluence (uniform) 1 x 10%*° n_,/cm? (peak), 1.5 x 1016 n__/cm?
e 14 MeV protons beam, 1 Grad =4

average
* Not uniform fluence used

to map efficiency

measurements to different

e Second irradiation:
* at IRRAD (CERN, 7-27 September 2022) to add to fluence (not uniform)

0.9 x 10%* n../cm? (peak), 0.5 x 10%*° n,./cm? average
e devices inclined to increase irradiated area, scanning horizontally fluence values

—> quite uniform irradiation along x, gaussian along y (beam profile)
* Visual inspection: visibile dark shape in a ~1x2 cm? area, not vertically centered, dots on the sensor surface
» Received fluence (local and average) measured from the activation of Al dosimeters placed on the back of the sensor

Front Back




Evaluation of local fluence ATLAS ¥ ITk

*Aluminium dosimeters were placed on the back of the sensors
during irradiaton

*After irradiation, dosimeters are cut in smaller pieces
* Measured activity of Na-22 with Ge detector, from which the
fluence is calculated

* = a map of local measured fluence is obtained with granularity
of squares / strips

o
w0

row

350

o
oo

Fluence [1 0'¢ Neq / crn2]

*Fit the 2D map with a 2D gaussian distribution to obtain a map of
fluence vs individual pixel

300

e
3

250

&
e}

*Improve the map by correlating it to the noise map or efficiency
map

200 0.5

150 0.4

Fluence accumulated during '® 03

second irradiation, add 1016 so 0.2
2
Neg/cm? for total fluence gttt
col

0.1
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https://cds.cern.ch/record/2840922

Tuning strategy and stability at test beams in 2022 ATLAS ITk

SCCs studied in test beams at CERN SPS after each irradiation
o Strategy (2022 TB campaign): tuned with target 1000e at 100V bias, same tuning used for all V bias
o Threshold and Noise distributions verified to be reasonably stable over a large V bias range

1200 100 110 120 130 140 150 160 1200 100 110 120 130 140 150 160
T T T T T T T
[rensold uned et 1o0e 16 2 95 Threhsold tuned at 1000e 95
i : - . x - |
1150 ATLAS ITk-Pixel SCC3: W12-M BONN_1.01 x 10 negfcm® |, ) ATLAS ITk-Pixel SCC3: W12-M_BONN_1.01 x 10%6n,,/cm?
SCC RMS
16 2 [ SCC3 noise RMS
H - . X
I —+— SCCS5: W12J_BONN_L.00 x 10'nggfem? | e N 100 x 101 e
1100 SCC RMS 1100 90l g loo
-\ B SCC5 noise RMS
1050} \-\ 11050
L]
) 85t lgs
° s
2 1000} 11000 s
()]
o 5
= 2

950} \ N 950 . 80 /+ 1s0
900} Ll 900 T

75} + +'-" ’/+/ 175
850} ~.

850

70 170

800

800

100 110 120 130 140 150 160 160 1i0 12'0 13'0 1"10 15'0 160
VBias [V] VBjas [V]
Plots with modules irradiated at 10%® n_ /cm?, similar results after second irradiation
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Efficiency and masked pixels ATLAS % ITk

10 ATLAS ITk-Pixel
Efficiency of FBK 25x100 2 4 &
with fraction of masked T —90 %
: @ 7
pixels G .
= — 80
- 566 29 25x100 um- “FBK - ¢—n° i _:70
R — m SCC 29 25x100 um - FBK - 6=15°-1 &| |
10 3 S S [ 97% Efficiency 60
- | Maskad pixels ]
— @ =10"°n_ /om? _
S o noq ..................................................................... __ 50
2 | L | I R I el II L I L |I I -
107 55 40 60 80 100 120 40
Bias voltage [V]
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- SINTEF irradiated in-pixel efficiency

ATLAS

ITk

SINTEF at 10% n,/cm?

ATLAS ITk-Pixel
25 — — 11 =
! -
20 0.95%
c
3
—H0.9
10 w
0.85
5
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-5 0.75
-10
-15

-20 I
_25 lllIIIIIlIIII|IIII|IIII|IIII|IIII'IIII

=256 20 -15 -10 -5 0 5 10 15 20 25
in-pixel X . [um]
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[e/e[e/oeo]

Irradiated 3D pixel cell efficiency projections ATL-AS ITk

Projection of the central row of the local efficiency map for different bias Voltages and fluences = FBK 50x50 pm?

o Efficiency is lower for pixels which received higher fluence https://indico.cern.ch/eve
e At 120V Bias no significant differences between the to fluence ranges nt/1223972/contributions/
e At low bias (< 120 V) partial inefficiency in the middle of the cell (n* column) 5262028/
Normal incidence :
<®> = 1.78 - 10" n,y/cm? - 80 V Bias . ATLAS ITk-Pixel
= 2Sprprrr ey b s o B ! ! ! ! ! 1.*
s ] £ 5 1Hm-aea -
= 3 @ ‘S — ' 3
20 — —log & £ g -
hé - T iw _
T 150 = s .
e F =N 0.8
S 10fp o= -
- 4 —os = v
of I S
- s 2t
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-mf— n.4z
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- I | | | | i | | | | 4
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— FBK50x50 um? =&

https://indico.cern.ch/eve

Irradiated 3D pixel cell efficiency projections

nt/1223972/contributions/
Projection of the central and top rows of the local efficiency map for different bias Voltages 5262028/

e Inthe edge projection lower efficiency areas are visible in corners (p* columns) also at 120 V
e At 120V Bias the central region is fully depleted

e The lower efficiency in the middle of the edge is related to a lower electric field in this region
Normal incidence ATLAS ITk-Pixel <®> = 1.78 - 10" n,./em?

<> =1.78 - 10" noo/em? - 80 V Bias
llllll!llIIIII'Illlllllllllllll||||llll|l|lllllll_l
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* Observed number of noisy / disabled pixels
Possibility to improve the 3% failing plateau

all V bias 2 may be reduced by tuning at
under investigation

each voltage = under investigation
Faster rise next to breakdown voltage

up to about ~150V bias

* same tuning (1000e @ 100V bias) used for
* Slow increase at around ~3% failing pixels
overlap between the region at high efficiency
and the region with low fraction of failing

performed analog scan vs V bias to study the
pixels: ~100V to ~160V bias in this example

effect systematically

increasing at high voltages (>120V bias)

* The operability window is reasonably the

Operab
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ITkPixV1.1 chip: threshold tuning ATLAS ITk

+ Test with YARR DAQ @ 640 Mbps | Target; 1000 e

100 % L g b E 3
* Threshold tuned to 1000 e 90% : g 4F ; 2
: S 40 = S
* Homogeneus distribution © L 1y B
: - - s S-curve from
* ITkPixV1.1 cell: 50x50 pm? Threshold Mean threshold ~ *F E “
. . 50% | d “noise” f 25 s  threshold scan
. : - and “noise” from - - .
Matrix: 384x400 pixels : ol : on 3D+TkPixV1.1
threshold scan  F E
| 10 - = B
0 91“%' Noise 5F E
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ATLAS X ITk

X-ray scan results: issues on SCC5 and 6

* Bump disconnection area in the center
* Due to damage to bump structures by handling during hybridization (?)
e 1000 pixels record lower amount of hits (not noisy pixels)

Pixels

SCC5:
hit distribution

102?

e Large bump disconnection area in the corner
SCC 6: hit map

10 tLow efficiency pixels

g [72]
600 =
} MMWM o i
1
0 1 ‘ ‘ ‘H ‘I LOO(UH HH‘l 4000 8000 — ‘1 00(‘)0| 120L0 ‘ ‘1 4606 300 500
Hits
250 § 400
. - 6000 ¢
Scc 5. 350 — T 200
= e R 5000
About 1000 - SR
250 % 4000 150
|OW 200 ; : 5 , 3000 100 200
efﬂ ciency 150 & 2000 100
) 100 — - 50
pixels N 1000 ot R sl
. E 50 100 150 200 250 300 350 400
(< 6000 hItS) 50 100 150 200 250 300 350 400

Col
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SCC 3: irradiated 1e16 (Bonn) + up to 0.9e16 (IRRAD) ATt A< ¥ ITk

100V bias = Threshold scan after tuning to 1000 e = 2 disabled core columns
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SCC 5: irradiated 116 (Bonn) + up t0 0.9e16 (IRRAD) AT Ac ¥ 1Tk

e 100V bias = Threshold scan after tuning to 1000 e
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Tuning stability vs Vbias: thresh., noise, untuned pix. ATLAS ITk
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3D sensor detail — Bare module assembly ATLAS P ITk

3D Sensor Bare module
\ Front-End
p Passivation Electronics
Readout chip
Column diameter
"SUM e zes fanssfranafisassfissnresssnsansansansnrymnss A
+ . .
Gap P coliing p-spray Actn;: ;hl::rl:ness
~20 um u
> p- high Qcm sensor wafer
4 A
Bump connection

Handle wafer

thickness N \
~ 500 um Metai tobedeposited afber thmning Residual handle
¥ \ \ H'andle wafer to be thinned wafer thickness
100 um C,
Depletion +
Zone =\t
o * J
Sensor i
Particle track
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Preparation of the SCC for the assembly ATLAS P ITK

"« SCC have been prepared in Genova for irradiation =2 removed material behind bare module
e SCCvl.4: NTCs, HV bond pad, WB pads

* Thin (0.5 mm)
Aluminum plate

glued with
Araldite 2011

e Bare module
glued with
| Araldite 2011
“mm aguaf_.u-.; . T : 4 : ‘ )
I T UMY . B , — g and erebonded

-4 - -
[+ 4 M ¢
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