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Introduction




‘The Inner Tracker (ITk) for HL-LHC ATLAS ¥ ITk

e HL-LHC after 2026: luminosity up to 5-7.5 1034 cm™ s - Detector upgrades = the ATLAS Inner tracker
(ITk, see C.Buttar’s talk) will be completley replaced with a new all-silicon tracking detector

2000 fb! (1.5 safety factor on max fluence): 150=—

The ITk Pixel detector: g A0 e e E
, £ - ATLAS  Simulation Preliminary ITk Layout: 23-00-03 =

* 5 layers of Pixel detectors: = 400 a0 =20 E
e L2-L3-L4: Planar sensors (150 pum) 350 — / —
L1, R1: Planar sensors (100 um) 300 s | | | | h =30 2

* LO (BO, RO, RO.5): 3D sensors 250 — —

* The Inner System will be replaced after 20C E

» fT]=40
* Fluence up to 1.9e16 n . /cm? U |
* TIDuptolGrad 50
— e E
e Barrel at 34 mm from collisions % 500 1000 1500 2000 2500 3000 3500
* Endcap rings down to 33.2 mm z [mm]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/
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https://indico.cern.ch/event/829863/contributions/4479438/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/
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Tk Pixel: FE chip from RD53A to ITkPixV1 (RD53B) 4|

 RD53A chip (by RD53A collaboration) largely used to build module prototypes
* |ITkPixV1.0 chip (RD53B): bug in ToT memories, induces high digital current QUL IR
e |TkPixV1.1 chip: patch fixed high current (ToT still not usable) ITkPixV1 LR
* Summary of chip studies in TIPP 21 talk, other details in ICHEP 2022 talk bump pads [IFREEAEEEIR

e ITkPixV2 chip to be submitted beginning 2023 (final simulation ongoing)

»  Main ITkPixV1 features: —_—
* 65 nm CMOS, 2x2 cm? area ITkPixV1.1 wafer yield onPcB B
* 384 x 400 pixels (50x50 pum?2) 80% green
* Differential Analog FE
* Power consumption: 0.56 W/cm?
e Shunt Low Drop Output regulators (I const.)
* Timewalk < 25 ns (charge > 1000 e)
* Radiation hardness > 1 Grad
* Standard threshold: 1000e (30e dispersion)
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https://indico.cern.ch/event/981823/contributions/4295325/attachments/2250597/3817670/ITkPixV1_analog_FE_testing_Hongtao_Yang.pdf
https://agenda.infn.it/event/28874/contributions/169067/attachments/94132/129092/Dauria_AtlasI_TKPixelDetectorOverview.pdf

Sensor wafer: 3D sensors ATLAS ¥ ITk

25%100 pm?, 1E

e ATLAS ITk will use 3D pixels in the Inner System LO with 2 different pixel cell
dimensions (2x2 cm? pieces): 100 pm

e 25x100 um?in the barrel triplet modules (BO, 288 sensors needed) E
* 50x50 um?in the endcap triplet modules (RO & R0.5, 900 sensors =
needed) 3
Lei~52 pm
* Production is split between:
* CNM (25x100 um?, backup FBK) 5
+ FBK and SINTEF (50x50 um?) 50%50 um*, 1E
50 um

* Pre-production completed
* by FBKin Summer 2021 (50x50 um?) 0
* by FBK in October 2022 (25x100 pum?) —
* by SINTEF in February 2022 (50x50 pm?) /. 3

* by CNM expected in January 2023 (25x100 pum?)
Lei~35 um
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[e/e[ee[e]e]
[e/oje/oe/o]

3D FBK + ITkPixV1.1 modules assembled in Genova AT AS ¥ ITK

"« Six 3D + ITkPixV1.1 (*) single-chip modules (**) assembled in Genova(***), mounted on Single Chip Cards (SCCs)
* single-chip modules extremely suitable for first qualification, in particular radiation hardness
* FE chips and sensor also tested at wafer level (***), bonded at IZM to FE chips
* tested before irradiation in laboratory and during test beam
* irradiated two times to different fluence values
* tested during test beams after each irradiation

Mean Sigma Mean | Sigma Wafer
Sce Module Threshold | Threshold | Noise Noise | (sensor)
2 3D + ITkPixV1.1 974 28 71 10 W12
3 3D + ITkPixV1.1 979 31 67 9 W12
4 3D + ITkPixV1.1 971 31 70 9 W12
5 3D + ITkPixV1.1 969 31 73 10 W12
) (*) FE chips from same wafer
6 3D + ITkPixV1.1 973 23 /0 10 Wiz (**) in ITk 3D modules are assembled by three
8 3D + ITkPixV1.1 962 31 75 10 W14 |single-chip devices, see backup (slide#31)
-y - tabl ¢ d before irradiati (***) more details on electrical tests and
easurements in table performed before irradiation assembly in backup (slides#43-45)
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Results with unirradiated
modules




[e/ejejo]o]0]
X- ray teStS More details at iWoRiD 2022 talk AT LAS ITk
* Source: X-ray tube (Amptek Mini-X2), with @ E L;Q:"
Ag anode = | ® ® ®
102 | J 5 o .
 Masking noisy pixel (X-rays OFF): 60 seconds | External Cer.]trfl \Zo) \9
random trigger scan (40 kHz) L rOWF{iCXC;'I‘;m” PIXEIS | ® ® )
* Data taking (X-rays ON): 60 seconds self- External \9 d |
trigger scan (HitOR) i oixels -
» Central pixels: 6700 hits/pixel in 60 s T | . 150“ . @ 0} ©
(110 HZ) 0 2000 4000 6000 8000 10000 12000 H|t5 um ‘ ‘ .
* Edge pixels: 10000 hits/pixel in 60 s
* 30% more hits due to extension of Additional @ ® @
the electric field ohmic @ @
columns ® ® ®
* 3D printed plastic cover between ; o on the slim
X-ray tube and the sensor S 2 edge ® . @
* Visible pattern of the 3D v
printed filament S
* Visible pattern of the ink S ) ¢ Dicii=RiE !
on printed label INFN Genova e il —
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Test beam setup at CERN PS and SPS  ATLASXITK
R oins box JESN)

|
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~ 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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Efficiency vs V,,, (unirradiated): 0— 10 V A7 as ¥ ITk

100,02 2 4 6 8 10 0o * Unirradiated modules tested at PS and SPS
oo 5| ATLAS ITk-Pixel loo.s —> Efficiency > 97.5 % already at 0 V bias (unirradiated)
 PS (12 GeV protons)
99.0(- 499.0 .
— .- e SPS (~120 GeV pions)
X 985 H98.5
> = 100
£ 98.0f 198.0 & =
< g 99
= 97.5F 497.5 o —
Threhsold = 1000e % 98 ;— /_//Ai
97.0" SCC2 - PS (p*12 GeV) 1970 07
96.5 - —4— SCC4 - PS (p*12 GeV) lo6.5 -
—4— SCC4 - SPS (Pions 120 GeV) 96 —
96.0 | | | I I I 96.0 E
0 2 4 6 8 10 95—
Vgias [V] E
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2022-004/ M
93—
. . 92 §+DESY (6 GeV): RD53A chip + Prototype wafer 2, sensor 03 (50x50)
2 —
* Resu ItS Compatl ble Wlth SOXSO I"lm prOtOtype 91 — ®P5 (12 GeV): ITkPixv1.1 chip + Pre-prod. wafer 12, sensor G (50x50), SCC 2
(RD53A chip + FBK 3D sensor) previously = ﬁps (12}39\;]: ITI|:F'ixv1.1 ci:hip+Pr|B-prnd. wlaier12, siensarNi[SOﬁG],lSCCdl | |
90
0

tested at DESY (6 GeV electrons) S S T
https://cds.cern.ch/record/2815570
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https://cds.cern.ch/record/2815570
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2022-004/

More details: HREREE

In-Pixel efficiency map: 0V vs 10V bias "= o oS ¥ ITK

public plots

* SPS proton beam perpendicular to DUT: oV (note different zscale) 10V

* OV :98.7+0.1% : ‘g A 5 £ W " 5

* 10V:98.9+0.1% 5 e o R = =g
e Central area: higher than 99% efficiency ~ © «- B S b o
* Lower efficiency zones visible in corners: %: %: S A 4 6.5 6

* Effect (75% —99%) radius: 10 um SE e N

* p* columns max radius: 4 um 2: e |
* Surface: polySilicon cap visible (no effect) i Ei 2
 No other structure visible e e EE e e R v -

25 —1 25 — —1
e TR . >
§ 0= o, =M —lp999 & & 20 —log99 €
= E L] .q_') z‘y = i .9
___________ - 25— i | b, —looos .2 £ 15— —0.998 .©
g i - R - = ’ [
: Bump pad 2 e rE h, i = o
! 1 pres—" 10 = | n w — 0.997 10 — —0.997
1 ' ? . = E ] e =
! : v \ J=T 1, A 0.996 5— 0.996
| = i =
" r v o 1 LA 0.995 0o 0.995
1 ! e . = . [ LY .l. - =
] 5= "Lt n 0.994 _p [ 0.994
: : x 10 = L . 0.993 =
-10 £— nm ™ : T = 0.993
I Column 'l e b o | g -
i . R . . - -15 — ] . ] 0.992 _15 0.992
~ Contact = oy, e
" . -20 — -li 0.991 _20 0.991
=15 10 5 0 5 10 15 R o e i« T
%5 20 15 -10 5 0 5 10 15 20 25 0 ~2225" 720 15 10 -5 0 5 10 15 20 25 0.99
in-pixel X [um] . in-pixel L [um] -
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Results with irradiated
modules




[o]e[e]e/e]e]
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Multiple irradiations ATLAS ¥ ITk

“Two ITkPixV1.1 + 3D FBK 50x50 um? have been irradiated at two different facilities:

Total integrated fluence:

* Firstirradiation: * 1.9x10% “eq/C“'Z
o ) : - 16 2
in Bonn (May-June 2022) to uniform fluence (uniform) 1 x 10 neq/cm (peak), 1.5 x 1016 neq/cmz

14 MeV protons beam, 1 Grad average

e 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

*let me define for
brevity:

® =10%%n_/cm?
*




Tuning strategy and stability at test beams =~ =

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2022-004/
SCCs studied in test beams at CERN SPS after each irradiation

o Strategy: tuned with target 1000e at 100V bias, same tuning used for all V.

> Threshold and Noise distributions verified to be reasonably stable over a large V, . range

100 110 120 130 140 150 160
1200 T T T T T T T 1200 100 110 120 130 140 150 160
Threhsold tuned at 1000e I I ! ! ! T !
SCC3: W12-M BONN 1.01 x 1016 2 o5 Threhsold tuned at 1000e o5
i N - . X n cm r =
1150, ATLAS ITk-Pixel cccrms - ea/M 11150 ATLAS Tk-Pixel SCC3: W12-M_BONN_1.01 x 10%6n.q/cm?

[ SCC3 noise RMS
—$— SCC5: W12-) BONN_1.00 x 10'6n,.,/cm?
cCC RS .- - e 1100 —#— SCC5: W12-)_BONN_1.00 x 10'€n.,/cm?

-\ I SCC5 noise RMS

1050 \\ 1050

851 {85
1000} {1000
950 {950 801 /*//*' 180

900} R 1900 B
N - o | [

1100

Threshold [e]
Noise [e]

| | | | | |
100 110 120 130 140 150 160
Viias [V]

1 1 | 1 1 1 |
100 110 120 130 140 150 160
VBias [V]

(Error bars are the distribution mean error, columns are the distribution standard deviation)
Plots with modules irradiated at 10%® n_ /cm?, similar results after second irradiation
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Average efﬁuency afterirradiation .. ATLAS

ITk

80 100 120 140
T T T T T T T
100} ——»———=a on 100
90 - H90
¥ First irradiation
[=)
= 80 80
S ATLAS [Tk-Pixel
S 70 6 , 170
E ® =10""ngq4/cm
= — T
T 6ol © =Tilt angle 160
—$- SCC30=10=0°
SCC59=10=0°
501 —— scc3dp=10=15° |20
—# SCC50=10=15"°
40 | | | | | | | 40

Fluence

[b=10%
n,/cm?]
d=1
(uniform)
®=uptol9 97% @ 100V Average fluence ®=1.6-1.7

(not uniform)

40 60 80
VBias [V]

Average
Efficiency

>97% @
40V bias

bias

100 120 140

©=0° and ©6=15° tilt angle
w.r.t. beam direction

in the considered area,

©=0° tilt angle w.r.t. beam

direction

2100
-
2 90
8
=
£ 80
o 70
4]
o 60
Z
20
40

100

w
0

o w
N

Average efficiency [%]
Qo
(o))

ATLAS ITk- F'l:-:al

[TTH

...................................... irradiation....c......

................................. First & Second s —]

—m— S8SCC 3 - &=1- 8=0°

— —#— SCC5- &=1- 6=0°
e AN —m— SCC3- d=upto1.9- 8=0°
- —&— SCC5- d=upto1.9-6=0°
Y A —mmm Eﬂmlancy 9?%
= []=10"°n,/cm?
T P | PR | I P PR I
20 40 60 80 100 120 140 160
V bias [V]
80 90 100 110 120 130 140 150 160
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2022-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2022-005/

Efficiency vs fluence ATLA |°"ﬁ'(°

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2022-005/

ATLAS |Tk-Pixel ATI‘-AS ITk- leel .

00 T T ] ey 2 100 F— S =
= - _ |-»- 8oV = e S aaaaaE =
% 93: - |-# 120V g ] e —
S 96| S 80F -
£ 961 © g g =
oaf- = i 7 - / ______________________________ —o— 1.50< ¢ <1.65 =
: . s —o— 1.65< ¢ <1.75 =
92| — ] A — —o— 1.75< ¢ < 1.90 —
- ] 505 /// ,,,,,,,,,,,,,,,,,,,,,,,,,,, mmeme Efficiency 97% E
sof- - = ..// [©]=10" ngg/cm? -
BB:— _: 40; r—— e S | I ..... S o _;
- = 20 40 60 80 100 120 140 160
86— — V bias [V]
5 . _ 110 120 130 140 150 160
84— - &
- ] 08l e »
[ . L L4 Ly 4 Dy oy oy 4 ] L T o e R
82 1_I5 1_|5 1_|7 1_|3 1_Ig ) _5 .............................................................................................................................................. _
Fluence [10'® n,/om?’] N B
: : . L
Not uniform irradiation allows to map the local

efficiency with the local received fluence

 Three fluence intervals (light blue range in left plot) considered, with average fluences <®>=1.59, 1.70, 1.78
* Lower efficiency at same bias voltage with increasing fluence, as expected

e Efficiency >97% reached at ~80 V for <®> = 1.59, ~100 V for <®> = 1.70, ~110 V for <®d> = 1.78 (right plot)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2022-005/

. A<

ofe . ATLASITk-Pixel ) 3
Operability window = 7 pee st
51 UO_— / E E} —%— Average efficiency {
| Q = —90 & —#— Pixels failing analog B
* Observed number of noisy / disabled pixels e [T T ] S |-eeer o7%effiviency
increasing at high voltages (>120V bias) 3 i g = | 3%pixels failing analog
* same tuning (1000e @ 100V bias) used for ~ ° 90 1§ | ZZ Etticleney > o7
all V... = may be reduced by tuning at i 70 &
each voltage = under investigation - .
80 .
I —60
* performed analog scan vs V,_. to study the I -
effect systematically I 350
* Slow increase at around ~3% failing pixels 70 :
up to about ~150V bias - —40
* Faster rise next to breakdown voltage ol 1
- —30
* Possibility to improve the 3% failing plateau i .
under investigation - _320
50 ]
i —10
* The operability window is reasonably the - -
overlap between the region at high efficiency T N NI B https://atlas.web.cern.ch/
and the region with low fraction of failing 0 50 100 150 200 250 Atlas/GROUPS/PHYSICS/PL
pixels: ~100V to ~160V bias in this example V Bias [V] OTS/ITK-2022-005/
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Summary & conclusions ATLAS ¥ ITk

 The ATLAS ITk detector will be equipped with 3D sensor modules in the innermost layer (33-34 mm from collisions)
* Expected radiation at HL-LHC after 2000 fb!
* Max fluence = 1.9 ¢ (1.5 safety factor)
e MaxTID =1 Grad

* 3D modules (ITkPixV1.1 + 3D FBK 50x50 um2) assembled in Genova presented
e Tested unirradiated in laboratory (X-rays) and in test beams (CERN PS and SPS)
» Efficiency >97.5% already at 0 V bias
* In-pixel efficiency in central area >99% efficiency
* Lower in-pixel efficiency zones visible in corners

* Irradiated up to 1.9 x 10'® neq/cm2 (not uniform, @Bonn and IRRAD) and tested in test beams (CERN SPS)
* Average efficiency >97% reached at ~80 V, ~100 V, ~110 V for average fluence = 1.59 ®, 1.70 &, 1.78 & resp.,
* Visible effect of p* columns: lower in-pixel efficiency in corners, recovered if sensor tilted w.r.t. beam direction
* # pixels failing analog scan increasing vs V., being further investigated (may depend on tuning choice and

going close to the breakdown region)
* ®=10% n,,/cm?

14/11/2022 ITK WEEK NOVEMBER 2022




Thank you for the attention!
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The High Luminosity (HL-LHC) ATL AS ITk

LHC " “AHL-LHc —

]
EYETS LS2 136Tev  [AED 13.6 - 14 TeV
13 TeV energy "
Diodes Consolidation
splice consolidation cryolimit LIU Installation =
7 4 TeV 8 TeV button collimators interaction inner triplet HL-LHC
e — R2E project reg|ons Civil Eng. P1-P5 pilot beam radlat|on Ilmlt installation
E+ 2020 | 202¢ 2026 | 2027 | 2028 | 2029 IIIIIIIﬂ» "
5to 7.5 x nominal Lumi
ATLAS - CMS o
experiment upgrade phase 1 Now ATLAS - CMS /
SEECTHipes romiraliumi 2 x nominal Lumi ALICE - LHCb 2 x nominal Lumi , HEupgrade
I—— |

75% nominal Lumi /_ upgrade I \ 4
I Deaas & D §
MylheSid 4000 fb

HL-LHC: after 2026: luminosity up to 5-7.5 103* cm2 s! Harsher operational conditions for the detetors:
* More statistics to study rare physics processes * Pile-up collisions increase from 20-50 to 150-200 = more
* Collect a larger data sample in a shorter time challenging for tracking

(target 4000 fb! int. luminosity in 10 years) * Higher radiation environment = radiation-hard detectors

- Impossible to operate the current ATLAS tracking system (ID) during HL-LHC
* increased channel occupancy, data bandwidth (4x1.28 Gbps), radiation damage (1 Grad)
—> Detector upgrades > Upgrade of the ATLAS Inner tracker (Itk, see C.Buttar’s talk): will be completley replaced
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https://indico.cern.ch/event/829863/contributions/4479438/

The Inner Tracker (ITk) for HL-LHC ATLAS ITk

"« Inner Tracker (ITk): a new all-silicon tracking detector
* Pixel + Strip detector
* Extended n coverage (strips up to |n| < 2.7, pixel up to |n| < 4.0)
* [Tk Pixel detector status: prototypes designed = pre-production ongoing

* 5 layers of pixel detectors: — 450——————F——— T ———T =
* L4: Planar sensors (150 um) E 400EﬁATLAS Simulation Preliminary ITk Layout: 23-00-03 =

e L3: Planar sensors (150 um) - 350:_ "‘7”’ n=20 E

e L2: Planar sensors (150 um) socf— \/l | I | i | i T\ _n=30

* L1, R1: Planar sensors (100 pum) - -

* LO (BO, RO, RO.5): 3D sensors izz_ | | |PiW| E

* Inner System will be replaced after 1 5 - \U | | | | | IJ =
2000 fb (1.5 safety factor on max fluence): ;| lidel|| Pi ‘ | \,,n=4o_z

* Fluence up to 1.9e16 n . /cm? 54 - =

* TIDuptolGrad ey

o % 500 1000 1500 2000 2500 3000 3500
e Barrel at 34 mm from collisions 2 [mm]

* Endcap rings down to 33.2 mm
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Projection of first row: 0V vs 10 V bias ATLAS P ITK

* 3D sensor is already efficient at 0 V bias

* No evident differences between 10 V Efficiency: Projection of the first row of the pixel cell
and O V bias in terms of the extension

_2§25 -20 -15 10 -5 0 &5 10 15 20 25
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§ 20
> = —10.95
2 155
© 102_ —0.9
=
0o 0.85
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I
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S
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I
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https://cds.cern.ch/record/2840922
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Inner Tracker layout LAY TR
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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

450 e
ATLAS  Simulation Preliminary [Tk Layout: 23-00-03

Outer Endcap

r [mm]

400? n=10 n=2.0
350 — Quter Barrel / Outer Endcap o
o = TEE R RN ¢ O Y O TS Outer Barrel
222 E_ WA 11 _: 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: Planar vs 3D sensors ATL-AS "k.

* 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 @ 1e16 neq/cm2 NIEL
* Lower depletion voltage = Lower power dissipation after irradiation

Depletion Region '
\Fully depleted ’
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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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ITk pixel: triplet modules ATLAS ¥ ITk

" Barrel (stave) Endcap (rings)
LO: 96 triplets RO: 180 triplets R0.5: 120 triplets Prototvbe of
12 staves x 8 triplets 30 rings x 6 triplets 12 rings x 10 triplets P

ITk RO ring with

RD53A modules:
10 quad-modules
3 RO triplets

Quad-module
(100 pum planar)

RO triplet (3D)

Design ongoing

13/12/2022 M. RESSEGOTTI
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ITk Pixel: FE chip from RD53A to ITkPixV1 (RD53B)

 RD53A chip (by RD53A collaboration) largely used to build module prototypes
e ITkPixV1.0 chip (RD53B): bug in ToT memories, induces high digital current oL LU
* ITkPixV1.1 chip: patch fixed high current (ToT still not usable) ITkPixV1
« Summary of chip studies in TIPP 21 talk, other details in ICHEP 2022 talk bump pads |
» Several wafers produced, probed (80% yield), thinned (150 um) and diced -
e ITkPixV2 chip to be submitted beginning 2023 (final simulation ongoing)

*  Main ITkPixV1 features: —1
* 65 nm CMOS, 2x2 cm? area ITkPixV1.1 wafer yield onPcB B
* 384 x 400 pixels (50x50 pum?2) 80% green
* Differential Analog FE
* Power consumption: 0.56 W/cm?

e Shunt Low Drop Output regulators (I const.)
* Timewalk < 25 ns (charge > 1000 e)
* Radiation hardness > 1 Grad
* Standard threshold: 1000e (30e dispersion)
* Noise: 40e (bare chip)
* No noisy pixels @ 600e, 1% noisy pixels @ 400e

nnnnnnn
:::::
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https://indico.cern.ch/event/981823/contributions/4295325/attachments/2250597/3817670/ITkPixV1_analog_FE_testing_Hongtao_Yang.pdf
https://agenda.infn.it/event/28874/contributions/169067/attachments/94132/129092/Dauria_AtlasI_TKPixelDetectorOverview.pdf

Sensor wafer: R&D 3D sensor prototypes ATLAS ¥ ITK

» 2 different pixel cell dimensions for the 3D sensors (2x2 cm? pieces):

2
e 25x100 um?in the barrel triplet modules (288 sensors needed) 25%x100 pm-, 1E
* 50x50 um?in the endcap triplet modules (900 sensors needed)
* Inthe last years, several R&D production of wafers by FBK: 100 pm

* Sensors 1x2 cm? compatible with the RD53A chip f_mn
e Batch 2: Mask aligner, 130 um active thickness g
* Batch 3: Stepper, 150 um active thickness 3
 Details at: S. Terzo et al 2021 Front. Phys. 9:624668 Le~ 92 pm

e Bare modules (3D sensor + RD53A chip) assembled on card (SCC)
* Tested before and after irradiation at DESY, up to 1e16 n_ /cm? 2
* Details at: Md.A.A. Samy et al 2021 JINST 16 C12028 q 50,;500 ', 1E

— um

pE-ELETRY

] T &)

\ - ol o
55 T
e 3

.... Lei~35 um

2" 3D-SS batch also “New RD53A” ROCs 3rd 3D-SS batch also “New RD53A” ROCs
— With Mask Aligner Lithography Technique — With Stepper Lithography Technique
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https://www.frontiersin.org/articles/10.3389/fphy.2021.624668/full
https://iopscience.iop.org/article/10.1088/1748-0221/16/12/C12028/meta

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

Summary of the 3D FBK assembled modules (+2 bare chip) ATL-AS ITk

* Threshold tuning to 1000e = Threshold dispersion: 30e 100 % —
 Mean “noise” from S-curve: (decreasing with V bias) 90%
e Bare chip (no se.nsor) - Average: 40t 7 e Mean threshold
 Module (10V bias) > Average:70+10e 500, Threshold___| and “noise” from
. Mean Sigma Mean | Sigma threshold scan
sce Bare chip Threshold | Threshold | Noise | Noise /
A ITKPixV1.1 969 31 39 7 0% | N
B ITkPixV1.1 961 29 41 7 0 1000e
sce Module Mean Sigma Mean | Sigma | * Leakage current:
Threshold | Threshold | Noise | Noise « atsensor level (on wafer): <1 pA (3.84
2 | 3D+ ITkPixV1.1 974 28 71 10 cm?) up to 80V
. : 2
3 3D + ITKPiVL.1 979 31 7 9 on bare module (on SCC): < 0.2 pA/cm
: (compatible)
4 3D + ITkPixV1.1 971 31 70 9 . Breakdown voltage Vbd:
5 3D + ITkPixV1.1 969 31 73 10 * V,,>80V (requirement: V,,>25V @
6 | 3D+ITkPixV1.1 973 29 70 10 Viep + 20 V)
8 3D + ITkPixV1.1 962 31 75 10
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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
16
Fluence [10 ™ ng, / crn2]

e
3

*Fit the 2D map with a 2D gaussian distribution to obtain a map of 3w
fluence vs individual pixel 250

200 0.5

&
e}

*Improve the map by correlating it to the noise map

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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In-pixel efficiency after irradiation ATLAS ¥ ITK
m Fluence ilt = .I. irecti i irecti '
- 25 e
25—
20!:I S 200  Effect of p* columns
d=1 > 15- S i i
2 s 55 095 confirmed in
£ 10 3 10— :
= : £ F perpendicular
(| SRR ST SR S
5 v e "~ (fully depleted)  Effect of p* columns
- 5
108 0= " not visible in tilted
_15F = : :
_20i -15E; - y configuration as
s e . expected
s B0 50 s m1?mx3|‘r§< 20[um%5 25 20 -15-10 5 0 5 10 15 20 25 « Comparable max
CD:upto 1.9 = 2 ——————. o ATLASMeP in-pixel x _ [um] P
(Average ®=1.6-1.7) 5:5205_ ':1 5 efficiency in central
= s ERLC area
g 10 = os
5* 100 V bias é https://atlas.web.cern.ch/Atlas/
of 18065 GROUPS/PHYSICS/PLOTS/ITK-
E (almost fuI.Iy dep!eted, ; 2022-004/
-5 see previous slide) E| https://atlas.web.cern.ch/Atlas/
10 E| o GROUPS/PHYSICS/PLOTS/ITK-
15k . 2022-005/
. ] 0.75 -
N fr-
nE R AT RN SRR AR AR RS R 0.7



https://cds.cern.ch/record/2840922
http://cds.cern.ch/record/2842761

In-pixel efficiency after irradiation ATLAS % ITk

©=0° tilt angle ©=15"tilt angle
w.r.t. beam direction w.r.t. beam direction
g 25 = r 1 v g 25— 1
= 3 C
= - = C +
3 155 0o 2 15— 1os * Effect of p* columns
2 10— . 2 10— confirmed in perpendicular
5 100V bias 09 5 90 V bias 00 configuration
0; —
e Z; e Effect of p* columns not
e ok 085 visible in tilted configuration
i8¢ 5 i as expected
-20i_ li -20= v « Comparable max efficiency in
255 20 1510 5 0 5 10 15 20 25 255 20 15-10 5 0 5 10 15 20 25 central area
ATLAS 1Tk-Pixel in-pixel X ek [m] ATLAS ITk-Pixel in-pixel X ek [um]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2022-004/

* In-pixel efficiency after uniform irradiation to fluence 10 neq/cm2
(sensors are fully depleted at 90V, 100V bias)
* Similar maps obtained after second irradiation (up to 1.9 10%* n . /cm?)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2022-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2022-005/

ITkPixV1.1 chip: threshold tuning ATLAS ITk

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

100 % o s [ E 2
* Threshold tuned to 1000 e 90% ; g 4F ; 2
0 0 . E 8 40 ;_ _; E
* Homogeneus distribution © sk I £
- 2 i ] 5 S-curve from
* ITkPixV1.1 cell: 50x50 pm Threshold Mean threshold ~ *f g
. el 50% | d “noise” f 25 s  threshold scan
® : i an noise 1rom = ] .
Matrix: 384x400 pixels : 20 : on 3D+ITkPixV1.1
threshold scan  F E
! 10 = B
0 91“%' Noise 5F E
0 1000 e 0 50 100 150 200 °
L . Inj\calDift
Threshold map Distribution Noise map Distribution
B - 1200E @ e = : : A E Moan. =726 T ™
5 S - Mean,  =961.2 . 2 555 = Fo - 45000 :—RMS ms._-gg 3
1100 ‘_80 g 5000 :_hRnI\e,‘aSthn:S:;:LB on _: § ; 40000: Meanhlgjm_?ilS + 0.0 7;
1000 ‘f=_J < B cgm:m.o +0.1 ] 300 2 35000 [ Coms =97 00 =
E 20000 —**/DOF =935.5/16 ; —1200 o s f,DOF 473/8 ]
900 S [ Overflow = 2 7 250 | E 30000 :—Overflow=1 =
5 [ Underflow = 7 2 E Underflow = 0 3
800 £ 15000 [~ - 200 150 E 25000( =
> - . z - E
L Z u a - . 20000 £ :
10000 B : 15000 = =
600 r ] 100 - ]
5000 — = - 50 10000 £ E
500 - - 50 5000 | E
50 1(;0 150 200 250 300 350 400 0 800 900 1000 1100 - 50 100 150 200 250 300 350 40 00 50 100 15(_)
| Column I Threshold [€] p Column Noise [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 t0 0.9e16 (IRRAD) ATt A< ¥ ITk

100V bias = Threshold scan after tuning to 1000 e = 2 disabled core columns

RD53B Chip SN: 0x139a8 RD53B Chip SN: 0x139a8
ThresholdMap_0_Projection NoiseMap_0_Projection
‘3_3 18000 :_Ml,-anh,s,‘=1o14.1' ' ‘ " 89110/ 1143.00) - ‘_: 3 © Mean . =971 ‘ ' (57.62:123.47')95_M =
5 C RMS,, =763 3 8 C RMS,, =155 N
Q 16000 — Mean ,,, = 1017.1 = 0.1 - @ 25000 — Mean,,, = 96.7 = 0.0 -
o C - 3 7} C C ]
S 14000 [ Tome = 461201 = _ﬂ,_f T Ggaus= 145 20.0 ]
Fen F 4?/DOF =853.7/25 3 = o000g | **/DOF=5288/15 ]
Y— C 7 (o]
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Z 8000 — < B 1
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6000 — — L ]
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| | [P RS BT RAR S B n R R B B R - .
400 600 800 1000 1200 1400 1600 1800 2000 2200 |30 50 100 150 200 250 300 350 RD338 o Chip SN: 0x139a8
. TDAC_Projection
Threshold [e] Ninica fal » 20000 ————— — T N
NOiSE Ma Fx’ Overflow =0 7
RD53B Chip SN: 0x139a8 O = _ T
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SCC 5: irradiated 116 (Bonn) + up t0 0.9e16 (IRRAD) AT Ac ¥ [Tk

e 100V bias = Threshold scan after tuning to 1000 e

RD53B Chip SN: 0x131eb RD53B Chip SN: 0x131eb
ThresholdMap_0_Projection NoiseMap_0_Projection
‘é_i ;u s L1005 i | (841.14/1227.04) 95‘_“ ] 8 30000 [ Mean,, =851 ' ‘ (56.02/11:'3.42)95_”; E
5 18000 —RuS, =962 — g - RMS,,, = 15.1 1
Q F Mean,,, =1034.1 + 0.1 = » r Mean,, =847 £ 0.0 7
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Z = 3 Z 15000 [~ =
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E 3 5000 — —
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200 400 600 800 1000 1200 1400 1600 1800 2000 0 50 100 150 200 250 300 350 < 18000 ” Overflow = 0 ' '
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Tuning stability vs Vbias: thresh., noise, untuned pix. ATLAS ITk

RD53B Chip SN: RD538 Chip SN: 0 i’,‘f AD53B Chip SN: 0.
ThreshofdMap_O Pro/ecfmn rsees o© e INO'SEM?*O—O Pr a{elcr.l'on S 5 ><10 ThresholdMap_ O Gaus S'EE€5
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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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Electrical tests ad wafer/module level = arLas¥ ik

More details here

WAFER LEVEL

*Pixel sensors are electrically tested at wafer level at room
temperature, in dark conditions, with a temporary metal
layer is deposited over the passivation

Electrical tests on modules assembled in Genova:
 current-voltage (I-V) curves

* Leakage current:

« capacitance-voltage (C-V) curves on some samples . atsensor level (on wafer): <1 A (3.84
*ATLAS ITk specifications: cm?) up to 80 V
* Depletion voltage V., < 10V * on bare module (on SCC): <0.2 pA/cm?

(compatible)

* Breakdown voltage V, :
Vpq >80V (requirement: V, ;> 25V @ V,, +
20 V)

* Breakdown voltage larger than the operation
voltage V,, = Ve, + 20V

* Leakage current at operation voltage I(V,, ) < 2.5 HA/cm

MODULE LEVEL

* current-voltage (I-V) curves (and power dissipation)
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https://iopscience.iop.org/article/10.1088/1748-0221/16/12/C12028/pdf
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ATLAS X ITk

Visual inspection on bare modules

. 2 Gel packs received (March/May): 5 + 5 bare modules
* Sensors from Wafer 12 and Wafer 14 bonded at IZM to ITkPixV1.1 chips
* Bare modules received upside-down
e Visual inspection on both surfaces
* Few corners of the chips/sensor damaged
* Some scratches on the sensor surface
 Some sensor borders have signs of the saw

About +100 pm
outside chip edge

20UPIS17100025 20UPI1S17100047 20UPIS17100026 20UPIS17100092 20UPI1S17100082
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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

* Bare module

. glued with
A m am ole 5 a5 - @ B Araldite 2011
omE O D O, 00 O 8 0 & o ;

| i o’ . 8 i g anhd wirebonded

:‘ |||||||||||||||||||||||||

[+ A
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