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The CMS Inner Tracker upgrade for the High-Luminosity LHC =<
. o . - Instantaneous luminosity peaks at 7.5x10% cm?/s Baseline scenario
« The High-Luminosity LHC environment . _ with replacement after
- 200 collisions per bunch crossing ~6 years of operation
* CMS needs an upgrade to cope with such conditions. The silicon tracker will be completely replaced 1E16 1MeV neq | Grad
to sustain the foreseen radiation levels, especially in the innermost layer of the Inner Tracker (IT) —» 1.88 1.03
) O.T)’.ZO’AO/.S 08 1.0 12 14 16 1.8 2.0 22 24 26 28 3.0 High_Luminosity upgrade of the CMS IT Iayout
= E E N - Tracking coverage extended up to |n| = 4.0
e . TFPX " TEPX . - Tracker Barrel Pixel (TBPX): 4 layers
E ‘5"; o :E E » - Tracker Forward Pixel (TFPX): 8 small disks per side
E: oo ::| N | . Vo - Tracker Endcap Pixel (TEPX): 4 large disks per side
b m ! N - rid modules with 1x2 an readout chips
= IR - Hybrid modules with 1x2 and dout chip
il raiwinliulie el il il i uliel el b i by

0 500 000 B T wo me Have a look at Massimiliano Antonello’s

z [mm]

presentation on planar sensor results
* Active thickness: 285um - 150um to reduce power dissipation S
* Pixel pitch: 100x150pm? - 25x100um? to reduce pixel occupancy A

* Two sensor technologies: planar pixels + 3D pixels in the innermost layer L

- 3D pixel sensors are more radiation tolerant
- Simulations for TBPX L1 show thermal runaway issues in planar sensors
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CNM and FBK 3D pixel sensors W | €9

* Two manufacturers involved in the production of this sensor technology for the CMS Inner Tracker Upgrade:

FBK -Fondazione Bruno Kessler- (Trento, Italy) CNM -Centro Nacional de Microelectronica-
in collaboration with INFN (Barcelona, Spain)
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N
passivation & ~8um i
Column Diameter " T R e i R P /'.\' \ ----- @
~5um - Sl e . z High
Sum — 2 : PN ' 150pm I {,‘ o ehe

p* column p-spray Active thickness
Gap 100 - 150 um

~20pum —y

p high Qcm sensor wafer

< 100pm Lowp

Handle wafer
Thickness
~ 500 pm

9 ...........

Metal to be deposited after : Handle i ! Dicing line

Handle wafer to be thinned Wafer Thickness
50 - 100 um

* Low resistivity silicon layer bonded to high resistivity substrate using the Direct Wafer Bonding (DWB) technique: Si-on-Si
 The total thickness after thinning is 250um with 150pum of active thickness.

* Columnar implants penetrate the substrate from the same face: single-side Deep Reactive lon Etching (DRIE) process

p* columns in contact with the backside of the sensor
n* columns connected through the bump bonding pads to the readout chip - ~115pm in FBK and ~130pm in CNM
They have a 5um diameter in FBK and 8um diameter in CNM. They are filled with polysilicon.

* The bias voltage is applied to the ohmic contact from the sensor backside.
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The CMS Read-Out Chip: CROC > |

* The read-out chip (ROC) is connected to the sensor with the bump-bonding technique. *

readout
electronics

* The read-out chip design has been carried out by the RD53 Collaboration R

65nm CMOS technology

50x50um? pixel matrix — diagonal sensor-chip mapping
Digital readout with Time-Over-Threshold i
Serial powering via on-chip shunt-LDO regulators — Have a look at Antonio Cassese’s presentation!

bump-bond

- RD53A was the first prototype common for ATLAS and CMS - R&D purposes (until beginning of 2022)

Three analog front-ends: synchronous, linear and differential g

76800 pixel channels - 26112 in the linear front-end S w—————————y
192 rows x 400 columns — 192 rows x 136 columns i < % :
.‘A - - l: Ef

\k—/;
RD53A SCC . g.uﬂ.a‘scc

- CMS’ choice was to have a ROC with only linear front-end: CROC (S8&

Currently available for sensor R&D purposes
Final version foreseen for the second half of 2023
145152 pixel channels - 336 rows x 432 columns

" RD53A [400x192]
I Size:20x11.5mm

136 columns
117 core columns)

* In order to operate the modules, a calibration is needed: Tuning to a
threshold of 1000e- is feasible before and after irradiation, although
with a higher noise in the latter.
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Irradiation and test beam [
- Data taking @ DESY and CERN SPS test beam areas: Setup at the SPS test beam area

. Tel 5 Tel 4 Tel 3 DUT-3 DUT-1 Tel2 Tell Tel 0
* DESY: 5.2 GeV electron/positron beam Ly RwA oo ” " " A
* CERN: 120 GeV pion beam Z; ~H H H ” ” ” Test beam E |
* Setup: EUDET—type telescope | 949 8BS 834 71 umu 224 118 0 [ podtion ]

Two arms: downstream and upstream

5-6 Mimosa26 planes with square pixels of 18.4 ym pitch

Mimosa26 resolution around 2 ym on each coordinate

Telescope resolution depending on the DUT position

576 rows x 1152 columns
* The Devices Under Test (DUTSs) are placed inside a cooling

box in the middle of the telescope.
* Irradiation of 3D pixel modules @ several facilities:
* CERNPS: 24 (?eV protons _ ——» The results shown in this presentation correspond
* Karlsruhe Institute of Technology (KIT): 25 MeV protons to modules irradiated in these two facilities
* Fermilab Irradiation Test Area (ITA): 400 MeV protons CERN PS: TID = 0.5 GRad per 1x10*n_ Jcm?
* Institut Pluridisciplinaire Hubert Curien (IPHC): 23 MeV protons KIT: TID = 1.5 GRad per 1x10*n_/cm?
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Results: fresh CROC 3D modules

CMS

« Efficiency as a function of bias voltage at normal incidence: higher than 97% after full depletion (already at 5V)
* The columns are passive material and give rise to inefficiencies - it can be recovered by tilting the modules

* Less than 1% of masked (stuck+noisy) channels - noisy = occupancy higher than 2x10-°
* The modules were tuned to average thresholds of 1000-1200e-
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Results (I): CROC 3D modules irradiated at 1x10*n_/cm?

cms. |

" 4-.‘.
| 4

* Efficiency as a function of bias voltage at hormal incidence:

higher than 97% for all the modules after full depletion.
The modules were tuned to average thresholds of 1000e- at T=-30°
The efficiency plateau starts at around 90V - operation range:

around 40V for CNM modules and 50V for FBK modules.

The acceptance can be introduced to consider the effect of the
masked pixels on the hit detection efficiency:
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QNM module shows a steep increase at 130V

Number of masked pixels '

* Noisy and stuck pixels masked during tuning
* FBK modules show stable noise up to 150V

Thr=1000e- - 9% masked pixels
Thr=1200e- - 3% masked pixels
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Results (Il): CROC 3D modules irradiated at 1x10*n_/cm?

CMS

» Efficiency and cluster size as a function of threshold .

Efficiency loss of around 2.5% when doubling the threshold
Charge sharing is reduced as the threshold increases — impact on the

spatial resolution

Efficiency and cluster size as a function of angle

Rotation around the short pixel pitch: 25um
FBK modules tuned to 1000e- and CNM module to 1200e-
Efficiency higher than 99% at angles larger than 8°
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Results: RD53A 3D modules irradiated at 1.5-1.8x10%n_J/cm -
e IF(A
g
20.0
Increased threshold to 100 - . o
_ : oo L P o
- Efficiency plateau 97% 2 150 1500? fro"? 14_00 ° : e gl * Test beam
x G Masking criteria: e e E It A TS,
E . RD53A: Thr=1400e- E masked if noise occupancy > 106! 90 1 . . performed
5 T3-20/:30°Q a ' at DESY
ie 3 801
N @ X
g EfficiencyvsV, | = > 70
& Normal incidence Masked pixels vs V,, < . .
ﬂo 70 90 110 130 140 150 160 160 170 o0 50 70 9 110 130 140 150 160 160 170 180 'G 60 -1 EffICIenc_y aS a funCtlon - -
S Bias Voltage [V] Bias Voltage [V] E of bias voltage Irradiation
NN}
] Efficiency map in the pixel cell 501 mgm Stepper-1 - (15x1015n,q/cm?) - THR=1500e at KIT
g s > 1" ' 4o —4— Stepper-2 - (14x10%°n,4/cm?) - THR=1400e > TID = 2GRad
— 5 B & .4~ Stepper-2 - (14x105n,4/cm?) - THR=1500e - Turn = 10 deg J
c -5 -
2 10 i Stepper-2 - (18x10®nqq/cm?) - THR=1700e
.‘:é -50 40 30 20 10 0 10 20 3 m'pixea‘ux I 30 + pp & a 13* TID = 3GRad
i «  Stepper-2 - (18x10%°n.4/cm?) - THR=1600e - Turn = 12 deg J
> &
- - 5F 20 T T T T T T
Efficiency vs angle § o 60 80 100 120 140 160
Bias voltage 120 V 28 | \ Bias Voltage [V]
8 10 12 16 20 - 40 30 20 -10 0 10 20 30 in.p.‘x:&m ,mﬁ - - - - - -
Angle (degree) “ < Hit detection efficiency as a function of bias voltage and angle
8% - Total Noisy and Dead Pixls - THR=1600c Thr=1400-1500e- at a fluence of 1.5x10%n_/cm?
o b B s —— Only FBK modules o
E|l - o 3 asking criteria: Thr=1600-1700e- at a fluence of 1.8x10%*n_/cm
o R < 2.6{ masked if noise occupancy > 2x10-5 eq
g — 2 ! /l - - - - -
£ g ¢ ,,| Masked pixelsvs V. / Normal incidence: 97% hit efficiency reached at both fluences.
=) g = /
9] &8 I ) 9% hi ini ~ 16 2 ~
O:q £ Efficiency vs V,_ %2.2 Tilted module {99/0 h!t eff!c!ency reached at ®=1.5x10"n_/cm? and V=130V
" RD53A: Thr=1600e- 220 98% hit efficiency reached at <1>=1.8x1016neqlcm2 and V,,, =170V
e —— Efficiency - THR=1600e 5 . . . .
L= - ey Tikcsg0te = 1205 | T=-20°C R s i Sudden increase in the number of noisy pixels before (or near)
O e O et reaching the depletion voltage - 130-170V depending on the module
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Noisy behaviour in RD53A 3D modules irradiated at ®>1x10'n_J/cm A
- RD53A FBK Stepper-1 irradiated at 1.5x10*n_ fcm? - - RD53A FBK Stepper-2 irradiated at 1.4x10%°n_ fcm? -
~20 dead pixels not included ~60 dead pixels included
100 = 100
—— Efficiency - THR=1500e i n i B = [ ]
Efficiency and masked sifpe B Eroy Ac epi e LRS00 = : :::: :2:3 :n: E:j ::iz::;:zi:gg:;mwer LDAC
pixels as a function of *] - A -
bias voltage g . g By
g g oy ?3( ? ol é10 . L
[ - U e
Noisy pixels defined with g .l ‘% 2 .l L A g "
a cut at 2x10° occupancy w k- & 2 .. -
(1% of the L1 occupancy) = os
801 Ly 801 —4— Efficiency - THR=1400e L]
-4 iciency * Acceptance - = e
/ - Lo —4— E:iciencz - ?HR:pltSOOe /I;‘v:erlflggc -Turn = 10 deg 0.7 n
e & & & o6 Ta m; 21 ik P ® s w0 1o b0 130 140 70 s 9% 100 110 10 130 140
Bias Voltage [V] Bias Voltage [V] Bias Voltage [V]
* The increase in the number of noisy channels correlates
with fluence and bias voltage - RD53A FBK Stepper-2 irradiated at 1.8x1016neqlcm2 -
- - 100
* More noise observed in Stepper-1 (130pm n* column) than | - T e Dead s T
- it IR -4~ Total Noisy and Dead Pixels - THR=1600e /
In Stepper-2 (115|.lm n* COIUmn) 9o~\ 95% hit detection @i 254 |k el NZisyand Dead Pixels - THR=1700e
efficiency _ = Fiducial Noisy and Dead Pixels - THR=1600e
Stepper-1 irradiated at 1.5x10%*n_/cm?* ~14% at V= 140V o 2 50/ L
Stepper-2 irradiated at 1.4x10%n_/cm? ~1% at V= 140V 7 ) 3 MEERY oy e -
; ; . _ b & — T 157 = S '
Stepper-2 irradiated at 1.8x10*°n_ /cm?*: below 1% up to V= 160V é - ST %
« The CROC CNM (130pm n* column) irradiated at 1x10%n_/cm? " B e A o THEL s 2 101
. . q 601 -4 Efficiency * Fiducial Acceptance - THR=1700e cdzpediine e SR &
SeemS tO behave Slml|al’ tO Steppel’-l -+ Efficiency * Fiducial Acceptance - THR=1600e T IR T e M —
—4— Efficiency - THR=1600e - Turn = 12deg | | geer®
* The cause is still under investigation: il 100 120 140 160 80 100 120 140 160
) o ‘ Bias Voltage [V] Bias Voltage [V]
3D geometry prOducmg electric field peaks that generate avalanche? ‘L,' Fiducial acceptance: excluding the noisy pixels corresponding to a damaged
Relation to the n* column Iength? region where the pixels were already noisy at very low bias voltages
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CMS ! /A

Conclusions B 4

3D pixel sensors have been chosen by CMS as the baseline technology for the innermost layer of the TBPX.
CROC 3D modules have been irradiated to 1x101‘3neq/cm2 for the first time and show excellent performance.

RD53A 3D modules iradiated to 1.5x10%°n_ /cm* and 1.8x10**n_/em? fullfil the CMS requirements.

> 97% efficiency at normal incidence and 99% when the modules are tilted
> Comfortable margin of operation without the risk of thermal runaway
> Noisy channels below 2%
The noisy behaviour present at high bias voltages and high fluences is still under investigation.

Irradiation of CROC 3D modules to higher fluences is foreseen for 2023.
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Irradiation and test beam (ll) G| @l

IF(A
. P i H ili Last irradiation campaigns of RD53A
First CROC modules have been irradiated at the CERN IRRAD facility and CROC at IRRAD (CERN)
> Tilted by 30° to achieve a uniform irradiation along columns N =2 B |
> Horizontal scan to achieve a uniform irradiation along rows
>

In the backside of some modules there was an Al-foil that
is used to estimate the fluence from spectroscopy:

Fluence estimation in different regions

Cut into small pieces
(rows and columns)

Measure activity of each small piece

* The spectroscopy results are consistent among the Al-foils
of different modules with a 7% error on fluence.

>

Not perfectly centered along Y (vertical direction)
> Uniform irradiation along X (scanning direction)

> Focus on the region of interest: ~1x10%n_J/cm?> ——» TID = 0.5GRad

/ (row,col)=(0,432) (row,col)=(0,0)

Y
[ K
\ £3
<3
Y
£
g 7,6E+15 ngg /cm? 6,7E+15 | 7,6E+15 | 81E+15 | 8,4E+15 | 83E+15 X
\
\ 4,26+15 ngg /em? Scan Direction
¢ > Wire Bond Side
(row,col)=(336,432) (row,col)=(336,0)
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RD53A FBK 3D modules irradiated at 2.0-2.5x10*n_/cm?(l) -
eq IF(A
L . . . . Dosimetry evaluation
* The irradiation campaign that was carried out in May/June at CERN-PS with _
a 24GeV proton beam gave rise to modules non-uniformly irradiated. * Cut the Al-foil placed on the sensor surface
during the irradiation in 8 small pieces.
 The aluminium foils placed behind the modules were used to estimate the Measure activity of each small piece.
fluence in different regions. Fit with bivariate Normal distribution to get
an approximate irradiation profile.
Define a region of interest (ROI) irradiated
/\m Profile as uniform as possible:
— W5-R22: (2.6+0.09)x10%n_ [cm?
1,2E+16 1,6E+16 Beam Profile . 16 2
W5-R22 \\ : (2.1£0.08)x10 neqlcny
Average &:
1.8x10%n_/cm? 1,3E416 1,6E416 Col
i ; 5 % 8 g 8
(row,col)=(192,400) (row,col)=(0,192) :
Estimated linear H
AFE position 4
(row,col)=(0,400) (row,col)=(0,0) - - é
! 1 4NN
7,4E415 1,s:+1s: 156416 = TR o §
| 2 g
7,2E415 1,66+16] 1,6E+16 o § 1
1 g g : Sl
(row,col)=(192,400) (row,col)=(0,192) ér 8 L ;,‘,.‘”
Need of analyzing the data per regions of fluence !! Llrradiation profiles on sensor surfaceJ
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RD53A FBK 3D modules irradiated at 2.0-2.5x10%n_/cm?(ll) -
eg IF(A
« The ROl irradiated at ~2.1x10*°n_ /cm? reaches ~92% efficiency at 160V with ~7% of masked pixels. o :
« The ROl irradiated at ~2.6x10'°n_ /cm? reaches ~90% efficiency at 180V with ~1% of masked pixels. Preliminary results!
100
W5-R22: (2.610.09)x101‘5neqlcm2
80 Fluences in chosen ROI
= : (2.1+0.08)x10'*n_ Icm?
X eq
> 60
e
o WS5-R22: Thr=1900e- 8 6.0
g 40 W11-R18: Thr=2000e- ;| | Offiine mask = DAQ mask } , | |©ffline mask = DAQ mask
o — W5-R22: RD53A FBK 3D 25x100 <6 + non-illuminated pixels /" . = + non-illuminated pixels
= : % 4.0
0 T 5 Vo:age at Wh"t:h t::e DAIQ y E Voltage at which the DAQ
: ' ' : : : - : B masking was actually applie 3 . .
100 130 140 145 150 155 160 170 175 180 o * == == g 30 masking was actually applied
HV (Volt) 33 / @ 20 | l
= 2,.%. = . % . Y
1.25 ] : :
0 o=
8 1.15 0L’ :
[ M——O—‘O 130 140 145 150 155 160 130 140 145 150 155 160 170 175 180
g 105 HV (Volt) HV (Volt)
=]
5]
2,0.95 * Online masked pixels: noisy and stuck pixels masked before the data taking
©
o 085 Noisy pixel: occupancy higher than 2x10-
" Masking applied only at 130V and 160V
0‘?!1500 130 140 145 150 155 160 170 175 1'80 * Offline masked pixels: non-illuminated pixels during the data taking
HV (Volt)
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