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High Luminosity LHC and the CMS Pixel Upgrade

Rudy Ceccarelli PIXEL 2022

Å The silicon tracker of the CMS experiment will be completely replaced for the HL-LHC 

Å Inner Tracker (IT) O tƛȄŜƭ ŘŜǘŜŎǘƻǊǎ ό!ƴƴŀ aŀŎŎƘƛƻƭƻΩǎ ¢ŀƭƪύ

ÅTwo types of sensors are considered for the new tracker:

Å{ǘŀƴŘŀǊŘ άǇƭŀƴŀǊέ ǇƛȄŜƭ ǎŜƴǎƻǊǎ

Å 3D pixel sensors O Higherradiation resistance (this Talk)

Å New technology for CMS IT: will be installed only in the innermost layer (only 30 mm from the beam line!)

Å In 3D sensors the drift path is perpendicular to the active thickness

Å Short drift distance of charge carriers: ḐυπʈÍ(vs. ρυπʈÍfor planar)

Å3D sensors have many advantages with respect to planar sensors:

Å Smaller bias voltages needed to deplete the sensor

Å Reduced trapping probability in irradiated sensors

ÅActive thickness (for both 3D and planar pixel sensors): ρυπʈÍ

ÅPixel size (pitch): ςυ ρππʈÍ (six times smaller w.r.t. the present CMS tracker)
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FBK 3D Sensors

Rudy Ceccarelli PIXEL 2022

ÅFBK (Trento, Italy), in collaboration with INFN, is one the two producers of 3D sensors

ÅA low resistivity CZ silicon layer is bonded to the high resistivity FZ substrate (Silicon-Silicon)

Å Mechanical support for the silicon wafer during production

Å Ohmic contact for the ὴ ὲjunction

Åά5ƛǊŜŎǘ ²ŀŦŜǊ .ƻƴŘƛƴƎέ όDWB) technique

Å Thinned and metallized at bump-bonding vendor O Total sensor thickness around ςυπʈÍ(with ρυπʈÍactive thickness)

ÅThe bias voltage is applied to the ohmic contact, on the backside of the sensor

ÅColumnar implants penetrate deep into the substrate from the same silicon face

Å ἵdiameter holes in silicon

Å The columnsare dopeddifferently: ὴ and ὲ

Å ὴ columns reach the backside of the sensor, hence the bias voltage

Å ὲ columns are connected to the readout chip

Å The columns are filled with polysilicon

Side view of an FBK 3D sensor 
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FBK 3D Sensors

Rudy Ceccarelli PIXEL 2022

ÅThe ὲ columns in FBK 3D sensors are ρρυ υʈÍlong

Å Theὴ columns are at least ρυπʈÍlong to reach the backside of the sensor

Å! ǇƛȄŜƭ άŎŜƭƭέ ƛǎ ŘŜƭƛƳƛǘŜŘ ōȅ ὴ columns

Å ὲ column is in the center of theςυρππʈÍ ŎŜƭƭΧ

ÅΧŀƴŘ ŎƻƴƴŜŎǘŜŘ ǘƻ ǘƘŜ ǊŜŀŘƻǳǘ ŎƘƛǇ όǘƘǊƻǳƎƘ ōǳƳǇ-bonding)

Å The chip has a υπ υπʈÍ pixel matrix

Schematics of two adjacent
ἵ pixel cells

Three ἵ pixel cells
▪ column still to be filled with polysilicon

Side viewof an ▪ column
Temporary

Metal
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CNM 3D Sensors

Rudy Ceccarelli PIXEL 2022

Å CNM (Barcelona, Spain) is the other foundry that produces 3D sensors

Å ±ŜǊȅ ǎƛƳƛƭŀǊ ŎƻƴǎǘǊǳŎǘƛƻƴ ǿΦǊΦǘΦ C.Y ό5².Σ ǎƛƴƎƭŜ ǎƛŘŜŘ ǇǊƻŎŜǎǎ Χύ

Å Same active thickness and same total thickness after thinning

Å The main differences are: 

Å Larger column diameter: ἵ

Å Longer ὲ columns: about ἵ(in present samples)

Å p-stop instead of p-spray isolation technique

Side view of a CNM 3D sensor
(before thinning the support wafer)

Schematics of a CNM 3D 
sensor periphery
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The CMS Read-Out Chip: CROC

Rudy Ceccarelli PIXEL 2022

Å¢ƘŜ wŜŀŘhǳǘ /ƘƛǇ όwh/ύ ƛǎ ŎƻǳǇƭŜŘ ǘƻ ǘƘŜ ǎŜƴǎƻǊΧ

Å Χ ǿƛǘƘ ǘƘŜ ōǳƳǇ-bonding technique

Å Sensor + ROC OPixel module

Å The CROCis being designed by the RD53 Collaboration

Å Joint ATLAS-CMS effort established in 2013 to develop readout chips for the HL-LHC pixel detectors

Å RD53Awas the first prototype, used for sensor R&D until the beginning of 2022

Å χφψππ(υπυπʈÍ ) pixel channels (the analog front-end chose by CMS is 1/3 of the pixel matrix)

Å The CROC was available for testing late 2021

Å Now used for sensor R&D: first test beams with CROC modules in 2022

Å ρτυρυς(υπυπʈÍ ) pixel channels

Å Various calibrations are needed to operate the pixel modules

Å The pixels channels can be tuned to average thresholds around ρπππÅ before irradiation

Å After irradiation, we aim to similar values (although with a higher noise)

Bump Bonding

CROC module mounted 
into a single chip card
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CROC Modules Irradiation Campaign

Rudy Ceccarelli PIXEL 2022

Å We had CROC module irradiation campaign at the IRRADfacility at CERN (31/08/22 - 07/10/22)

Å Seven CROC modules: three FBK 3D, one CNM 3D and three HPK Planar (all coated with parylene)

Å Tilted by σπЈto achieve a uniform vertical irradiation

Å Horizontal scanning (scan span: ςφÍÍ) to achieve a uniform horizonal irradiation

Å Behind four CROC modules we placed aluminum foils

Å The foils are divided into ςπsmaller pieces (about υ υÍÍ )

Å Can be used to estimate the fluence in different (row and column) regions of the modules

30°

24 GeV Proton Irradiation

Aluminum foil placed in the backside of the 
module, divided into 20 smaller pieces

Irradiation support with the 
seven CROC modules installed



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

9,9E+15 Î ȾÃÍ 8,6E+15 1,0E+16 1,0E+16 9,7E+15 8,9E+15

7,6E+15 Î ȾÃÍ 6,7E+15 7,6E+15 8,1E+15 8,4E+15 8,3E+15

4,2E+15 Î ȾÃÍ

(row,col)=(336,432) (row,col)=(336,0)
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CROC Modules Irradiation Campaign
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Å Fluences are obtained from the spectroscopy of aluminum foils: the aluminum foil of each module is cut into smaller samples

Å Not perfectly centeredalong Y

Å Uniform irradiation along X (the direction of the scanning)

Å In any case we have a large area of the CROC module irradiated at about ἶἭἹȾἫἵ

Å This will be our Region of Interest (ROI) in the following

Å The spectroscopy results are consistentbetween the aluminum foils of different modules 

Å χϷerror on fluence, as estimated by IRRAD

Å The innermost tracker layer should be replaced after an expected fluence of ἶἭἹȾἫἵ
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Scan Direction

The measured fluences are reported in each rectangle for the corresponding sample
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SPS Test Beam

Rudy Ceccarelli PIXEL 2022

Å Test beam at CERN SPS: 02/11/2022 ς09/11/2022

Å 120 GeV pions

Å EUDET telescope

Å Six pixelplanes equipped with MIMOSA26 sensors (ρψʈÍpitch)

Å One plane was not working

Å ςʈÍresolution in each coordinate

Å Four Device Under Tests (DUTs) are kept inside a cooling box

Å Placed in the middle of the telescope

Å Heat exchangers close do the DUTs

Å Stable air temperature around σπЈ#

Å Three of the four DUTs can be rotated

Å Using a rotation stage inside the cooling box

Telescope Planes Telescope Planes

DUTs
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