
CMS pixel sensors and modules: 
lessons learned and the road ahead

Jory Sonneveld on behalf of the CMS tracker group
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High luminosity LHC
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High luminosity → high precision
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Much better precision 
for Higgs coupling 
strengths and 
measurements like
Bs

0  → μ+μ-

B →  μμ measurements 
are expected to 
achieve 6.8σ 
precision

https://cds.cern.ch/record/2020886
http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-13-007/CMS-BPH-13-007_Figure_002.png


LHC: a challenging environment
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What is needed to 
cope with these 

fluences and rates?

🔳 40-100 MHz/cm2
 in pixel layers 2-4 and endcaps

🔳 up to 580 MHz/cm2 in innermost layer

● 25 times the 2017+2018 integrated luminosity 
● 30 times the current fluence

CMS tracker, 3000 fb-1 with FLUKA 3.7.2.0

CMS-TDR-014

Pileup up to 200 
events per bunch 
crossing at HL-LHC

Φeq = 2.3⋅1016/cm2

1.2 Grad

https://cds.cern.ch/record/2272264
https://indico.cern.ch/event/742082/contributions/3072116/attachments/1733832/2803451/HL-LHC_Collaboration_meeting_Fk_Bordry_October_2018.pdf
https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
https://indico.cern.ch/event/776012/contributions/3240460/attachments/1765423/2866048/finnfeindt_cmspixRDeMon07.pdf
https://indico.cern.ch/event/769192/contributions/3288031/attachments/1793553/2928723/finnfeindt_cmspixRDeMon11_02.pdf
https://cds.cern.ch/record/2272264
https://cds.cern.ch/record/2272264
https://cds.cern.ch/record/2272264
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beam pipe: r=22.7 mm

2x(8+4) endcap 
disks for η=4 
coverage

4 barrel  
layers

● Coverage up to η=4 and high-rate capability
● Almost vertical incidence in forward pixel detector
● Serial powering to keep same powering services
● Option to replace L1 after half lifetime
● CO2 cooling for reduced material

Fluences as of end 2018, from FLUKA 3.23.1.0

L Φeq ⋅1016 /cm2 now r [mm] now

L1 2.3 0.08 30 29

L2 0.5 0.01 61.5 66

L3 0.2 0.001 104.5 109

L4 0.15  0.0005 146.5 160

L1: r=30 mm

CMS-TDR-014 CMS pixel phase 2 layout

CMS phase 2 pixel detector

Serial powering: see talk by Matthias Hamer

http://cms-tklayout.web.cern.ch/cms-tklayout/layouts-work/repository-git-dev/OT614_200_IT613/img042.png
https://cds.cern.ch/record/2272264
https://cds.cern.ch/record/2272264
http://cms-tklayout.web.cern.ch/cms-tklayout/layouts-work/repository-git-dev/OT614_200_IT613/layoutpixel.html
https://indico.desy.de/indico/event/21211/session/4/contribution/19


Flex print

sensor

ROCs

bump 
bonded

glued
wire 
bonded

Phase 1 → 2
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phase 1 < 2024 phase 2 >= 2024

Disks, layers, reach 4 layers, 3 disks to η=2.5 4 layers, 12 disks to η=4

Number of pixels 124 ⋅ 106 1949 ⋅ 106

Pixel size 100×150 μm2 100×25 μm2, 50×50 μm2

Active silicon area 1.95 m2 4.9 m2 

Readout chips PSI46dig/PROC600 250 nm RD53B = CROC 65 nm

Number of ROCs 1856 ⋅  16 ROCs 1156 ⋅ 2 + 2736 ⋅ 4 ROCs

Sensor type n+-n planar 285 μm n+-p planar/3D 100-150 μm

Material budget

Mechanical 
support

Module stacking 
for both phase 1 
and phase 2:

CMS-TDR-014
CMS-TDR-011
CMS pixel layout

https://cds.cern.ch/record/1481838/files/CMS-TDR-011.pdf
https://cds.cern.ch/record/2272264
https://cds.cern.ch/record/2272264
https://cds.cern.ch/record/1481838/files/CMS-TDR-011.pdf
http://cms-tklayout.web.cern.ch/cms-tklayout/layouts-work/repository-git-dev/OT614_200_IT613/layoutpixel.html


CMS phase 1 pixel detector:
lessons learned
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Phase 1 
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phase 1 < 2024

Number of pixels 124 ⋅ 106 Same cabling as phase 0: → 
use DCDC converters to 
keep same services:
power losses vary ∝ I2R
power use constant ∝ UI

Active silicon area 1.95 m2

Number of ROCs 1856 ⋅  16 ROCs 

Sensor type n+-n planar 285 μm

Readout chips PSI46dig/PROC600 250 nm PSI46 known from phase 0: 
from analog to digital 
readout with column drain
PROC600 new to deal with 
high rates with dynamic 
cluster column drain

CMS-TDR-011

https://cds.cern.ch/record/1481838/files/CMS-TDR-011.pdf


CMS pixel 2017-2018: summary and lessons learned

● Despite many challenges like DCDC failures, 
layer 1 timing and inefficiencies, pixel detector 
performed very well in 2017 and 2018

● Good to have test setups for example for 
temperature studies and software testing

● High and low voltage grouping ideally the same
● Monitoring radiation effects like leakage 

currents, temperatures, depletion voltages and 
chip properties very important

● Programming backend with trigger logic and
backend for data readout ideally not separated
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Biweekly bias scan on subset

https://twiki.cern.ch/twiki/pub/CMSPublic/PixelOperationsFeb2019DepletionVoltagesLeakageCurrents/VdepVSdays_ratio_phase1.png
https://twiki.cern.ch/twiki/bin/view/CMSPublic/CMSPixelOperationPlots2018


Stuck TBMs and malfunctioning DCDCs
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1: token bit manager (TBM) 
🔳 30 single event upsets 
(SEUs)/fb-1 in L1 transistor in 
TBM latch sets TBM to ‘no 
readout’ mode: “stuck TBMs”
🔳 recovery only with power 
cycle. Lowest granularity: one 
DCDC converter.

2: irradiated DCDCs stopped 
functioning in disabled state 
🔳 Increased leakage current as a result 
of one transistor 
🔳 63/1216 at end of 2017 stopped 
functioning, another 333 had high current

3-4 DCDCs powered 
by one PSU

1-4 modules 
powered by 1 DCDC

  pixel module
power supply
unit (PSU)

DCDC
DCDC

DCDC

DCDC

TBM
  pixel module TBM

  pixel module TBM
  pixel module TBM

3: readout chips
🔳 high and low voltage
 (HV, LV) grouping not
 the same
🔳 HV on, LV off caused
chip damage from sensor leakage
current: 8/96 L1 modules lost in 2017

2018: powercycling with 
PSU. No DCDC broke.

2020+: new DCDCs, new L1 TBMs.

See also talk by Katja Klein Layer 2 damaged chips
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https://twiki.cern.ch/twiki/pub//CMSPublic/PixelOfflinePlotsOctober2018/LYR2_map.png
https://indico.cern.ch/event/669866/contributions/3234986/attachments/1767967/2871420/20181210_cmspixelstatus.pdf
https://indico.desy.de/indico/event/21211/session/4/contribution/21
https://twiki.cern.ch/twiki/pub//CMSPublic/PixelOfflinePlotsOctober2018


● Layer 1 readout chip speed very different from layer 2 → not enough delay 
setting granularity

● High thresholds
resulting from
crosstalk and 
large timewalk

● Inefficiency at 
high and low rates

● Reduced dynamic
range as a result
of large spread in pedestals

Layer 1 chip PROC600: timing, crosstalk, inefficiency
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All solved or addressed in next L1 chip version.

ROC 
thresholds
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https://twiki.cern.ch/twiki/pub/CMSPublic/CMSPixelOperationPlots2018/threshold_bpix.png
https://twiki.cern.ch/twiki/bin/view/CMSPublic/CMSPixelOperationPlots2018
https://twiki.cern.ch/twiki/pub//CMSPublic/PixelOfflinePlotsOctober2018/AvgNormOnTrkCluCharge_vs_Delay_Layers_2018Apr17_Scan1and3.png
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PixelOfflinePlotsOctober2018#Timing_Scan


Test setup: CO2 cooling
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From Johanna Renner

From Tobias Barvich

Mockup 
inside 
‘fridge’

Layer 2 
mockup with 
mechanical 
support

Outer layer 2 on the 
mockup

One layer 2 
pseudomodule with 
adjustable heat load

Realistic layer 2 mockup with 
adjustable preheating and heat load 
on pseudo-modules used to study CO2 
cooling and temperatures.
Flow on CO2 is adjustable.

CO2 cooling lines

https://ekp-invenio.physik.uni-karlsruhe.de/record/48898/files/EKP-2017-00025.pdf
https://ekp-invenio.physik.uni-karlsruhe.de/record/48898/files/EKP-2017-00025.pdf
https://ekp-invenio.physik.uni-karlsruhe.de/record/48898/files/EKP-2017-00025.pdf
https://ekp-invenio.physik.uni-karlsruhe.de/record/48898/files/EKP-2017-00025.pdf


Temperature studies with a mockup of layer 2
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Thermal mockup indispensable:
→ temperature modeling is a large 
uncertainty for simulation
→ few temperature sensors in the 
detector

Mockup temperatures and 
CO2 flow change effects agree 
well with what is seen  in 
actual detector layer 2

Found a large spread in high 
voltage leakage current in 
detector

CMS pixel operations
CMS pixel operations

https://twiki.cern.ch/twiki/pub/CMSPublic/PixelOperationsFeb2019DepletionVoltagesLeakageCurrents/ileakratioTleak_L2_18_clean.png
https://twiki.cern.ch/twiki/pub/CMSPublic/PixelOperations2018LeakageCurrentsBPixThermalMockup/MockUpTemperaturesPerModule.png
https://twiki.cern.ch/twiki/pub/CMSPublic/PixelOperations2018LeakageCurrentsBPixThermalMockup/LeakageCurrents_versus_Phi_Layer2.png
https://twiki.cern.ch/twiki/bin/view/CMSPublic/CMSPixelOperationPlots2018
https://twiki.cern.ch/twiki/bin/view/CMSPublic/CMSPixelOperationPlots2019


CMS phase 2 pixel sensors

14



Must-haves:

● More radiation hard → thinner sensors
● Deal with high rates → smaller pixels

Wishlist for good physics:

● The best resolution → cluster size 2
● Good charge above threshold → good signal/noise
● Low enough leakage current →  no thermal runaway
● Efficiency should be ≥ 99% 

Requirements for CMS pixel phase 2

15Event with pileup of 78 in CMS in 2012See also talk by Fabian Hügging

http://cms.web.cern.ch/sites/cms.web.cern.ch/files/styles/large/public/field/image/high-pileup-event-RhoZ-only.png?itok=suTDGVsb
http://cms.web.cern.ch/news/reconstructing-multitude-particle-tracks-within-cms
https://indico.desy.de/indico/event/21211/session/4/contribution/20


Phase 2
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phase 2 >= 2024

Disks, layers, reach 4 layers, 12 disks to η=4

Number of pixels 1949 ⋅ 106

Pixel size two options 100x25 μm2, 50x50 μm2

Readout chips See also talk by 
Tomasz Hemperek 

RD53B=CROC 65 nm
CMS version of RD53A (by end 2019)

Sensors two type options
thickness range:

n-p planar or 3D for L1
100-150 μm

CMS-TDR-014

Focus in this talk

● How thick should the sensor be?
● What dimensions should the pixels have?
● Do we use 3D or planar sensors?

CMS pixel layout

 

FBK planar 
50x50, bias 
dot, 100 μm, 
Φeq = 
5⋅1015/cm2 
(Ka), on RICE 
irradiation 
card

https://cds.cern.ch/record/2272264
https://indico.desy.de/indico/event/21211/session/4/contribution/18
https://indico.desy.de/indico/event/21211/session/4/contribution/18
https://cds.cern.ch/record/2272264
http://cms-tklayout.web.cern.ch/cms-tklayout/layouts-work/repository-git-dev/OT614_200_IT613/layoutpixel.html
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Sensor characterization at test beam

1-6 GeV e-e+ up to 10kHz

EUDET DATURA 
telescope with 6 
MIMOSA26 (MAPS for ILC, 50 μm thick, 18.4 μm2) planes with resolution of 5.7 μm

Tests of CMS phase 2 planar and 3D sensors on 
RD53A or ROC4SENS (R&D) chip
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See also talk by Simon Spannagel 

https://indico.cern.ch/event/731649/contributions/3237242/attachments/1781093/2897603/finnFeindtTB27_03.pdf
https://indico.cern.ch/event/196414/contributions/367222/attachments/287919/402397/DESY-beam-tests-2012.pdf
http://rd53.web.cern.ch/
https://indico.cern.ch/event/663851/contributions/2788211/attachments/1562585/2460787/R4S_RD50-22-11-2017.pdf
https://doi.org/10.1016/j.nima.2018.11.133
https://indico.desy.de/indico/event/17998/logo
https://indico.desy.de/indico/event/21211/session/2/contribution/12


Pixel cell dimensions

● Phase 2 pixel cell size must be ⅙ of phase 1 pixel size 150×100 μm2

● 25×100 μm2 or 50×50 μm2 are both good
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25×100 μm2

✔ Good impact parameter 
resolution in barrel and pT, 
good resolution in endcaps
メ Some cross talk seen: 
under investigation

50×50 μm2

✔ Good primary vertex 
discrimination
メ Long clusters at barrel 
edges can break up
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Simulation for 
unirradiated 
sensors

σ(drφ) σ(drz)

pT
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https://indico.cern.ch/event/801365/contributions/3335411/attachments/1807657/2951054/em20190307.pdf
https://www.eventclass.org/contxt_ieee2018/online-program/session?s=N-26#
https://indico.cern.ch/event/777112/contributions/3312273/attachments/1801141/2938081/js_Trento_20190225V4.pdf
https://indico.cern.ch/event/777112/contributions/3312273/attachments/1801141/2938081/js_Trento_20190225V4.pdf
https://indico.cern.ch/event/801365/contributions/3335411/attachments/1807657/2951054/em20190307.pdf
https://cds.cern.ch/record/2272264


Pixel cell dimensions and resolution

● 25×100 μm2 or 50×50 μm2: charge sharing different
● Best resolution: cluster size of 2 

19

Optimal charge sharing at an angle atan(pitch/depth):
◼ 50×50 μm2: atan(50/150) = 18.4°
◼ 25×100 μm2: atan(25/150) = 9.5°
    → increase E-field with higher bias
Compare with Lorentz angle: 
≃21° in 3.8T in unirradiated sensors

50×50 μm2 

RD53A 

2 pixel charge sharing for 18°

σhit=5.7 μm

https://www.eventclass.org/contxt_ieee2018/online-program/session?s=N-26#
https://indico.cern.ch/event/196414/contributions/367222/attachments/287919/402397/DESY-beam-tests-2012.pdf


Bias voltage requirements
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Cluster size for 
optimal resolution

no bias scheme

deep diffused

with bias scheme

Breakdown only at 600V before irradiation400V needed for optimal resolution

B=3.8T, T = 253K
100×25 μm, 150 μm
threshold 1200 e-

vertical incidence

Simulation: Jörn Schwandt
PixelAV with HPTM

IV curveCluster size vs bias voltage

100×25 μm
HPK 150 μm 
pstop
RD53A 

https://www.eventclass.org/contxt_ieee2018/online-program/session?s=N-26#
https://www.eventclass.org/contxt_ieee2018/online-program/session?s=N-26#


Signal/noise and sensor thickness

21

● Hamburg Pentatrap Model (HPTM) 
used for simulation

● Not much gain in going thinner up 
to Φeq = 8⋅1015/cm2

● Signal/threshold > 3 at Φeq = 
8⋅1015/cm2

● Thicker sensors have more leakage 
current: will there be thermal 
runaway?

https://indico.cern.ch/event/777112/contributions/3312273/attachments/1801141/2938081/js_Trento_20190225V4.pdf
https://indico.cern.ch/event/716539/contributions/3246164/attachments/1797400/2930645/Poster-VCI2019-V3.pdf


Sensor thickness and thermal runaway

● Model of layer 2 material to
study thermal runaway

● Both 150 μm and 100 μm start 
increasing at -30 °C 

● 150 μm has higher 
temperatures but cooling
down to -33 °C suffices

● -22 °C is very close to thermal
runaway

● sensor should be -20 °C
● Assumed is a total layer 2 fluence at 

3000 fb-1 of Φeq=5⋅1015/cm2

From F. Bianchi

22

150 μm
100 μm

https://indico.cern.ch/event/797034/contributions/3314585/attachments/1794672/2924997/bianchi_12_02_2019.pdf
https://indico.cern.ch/event/797034/contributions/3314585/attachments/1794672/2924997/bianchi_12_02_2019.pdf
https://indico.cern.ch/event/797034/contributions/3314585/attachments/1794672/2924997/bianchi_12_02_2019.pdf


Required efficiency

To require a tracking efficiency > 99.99%:
→ 3 of 5 hits with 97% efficiency (ATLAS)
→ 3 of 4 hits with 99% efficiency (CMS)

● For fluences up to Φeq = 5⋅1015/cm2 
99% efficiency achieved at ≃400V
→ good for L2-L4 and half-lifetime L1

● For fluences up to Φeq = 1⋅1016/cm2 
99% efficiency achieved at ≃600V

23

150 μm
Layer 2 Layer 1 
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https://indico.desy.de/indico/event/22221/contribution/15/4/material/slides/0.pdf
https://indico.desy.de/indico/event/22221/contribution/15/4/material/slides/0.pdf


With or without bias dot?

● Bias dot necessary for sensor test before bump bonding
● Reduced efficiency with bias dot at 0°

24

99.7% 
efficiency at 
800V, 34° 
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150 μm p-stop 
bias dot
25×100 μm2

Φeq=1⋅1016/cm2

RD53A
threshold 1.5ke-

]

Efficiency > 99% 
reachable for inner 
layer at half nominal 
fluence and 800V for 
inclined tracks > 27°

https://indico.cern.ch/event/801357/contributions/3330655/attachments/1806817/2949144/2019-03-06_TKW.pdf
https://indico.cern.ch/event/801357/contributions/3330655/attachments/1806817/2949144/2019-03-06_TKW.pdf
https://indico.cern.ch/event/801357/contributions/3330655/attachments/1806817/2949144/2019-03-06_TKW.pdf


Conclusions for 150 μm planar sensors

● Efficiency > 99%  for fluences up to Φeq=5⋅1015/cm2 with a bias voltage < 500V
● Signal/noise > 3 for a threshold of 1200e- and a bias voltage below breakdown
● No thermal runaway with foreseen CO2 cooling temperature of -33 °C
● Up to layer 1 half fluence efficiency of 99% reached with a bias voltage of 800V

● This sensor is a possible layer 1 half-lifetime alternative to 3D sensor design

25



3D sensors

26



3D sensors

27From Da Vía et. al.

3Dplanar

● Substrate thickness Δ and electrode 
distance L decoupled: promising for 
radiation hardness

● Lower chance of trapping
● Reduced depletion voltage: O(10) V
● Fast charge collection
● Option for innermost layer of CMS

https://ars.els-cdn.com/content/image/1-s2.0-S0168900212008509-gr1.jpg
https://www.sciencedirect.com/science/article/pii/S0168900212008509?via%3Dihub


● 97% efficiency for bias voltages < 200V 
after half layer 1 expected fluence at 0°

3D sensor results

28

0°: 97.5 

96.6% 
efficiency
￼

From Jordi Duarte Campderros and  Andrea García Alonso 

From Simone Gennai

130 μm
25×100 μm2

50×50 μm2

Φeq=1⋅1016/cm2 (CERN)
RD53A, threshold 1.4ke-

]

50 μm

100 μm25×100 μm2

50×50   μm2

Bias voltage scan

Designs from Marco Meschini

https://indico.cern.ch/event/716539/contributions/3246092/attachments/1797636/2931079/Pixel3DResults_JDC.pdf
https://indico.cern.ch/event/716539/contributions/3246092/attachments/1797636/2931079/Pixel3DResults_JDC.pdf
https://indico.cern.ch/event/801357/contributions/3330663/attachments/1806900/2949318/20190306_Description_CNM_3D_R11119_IvanVila.pdf
https://indico.cern.ch/event/716539/contributions/3246092/attachments/1797636/2931079/Pixel3DResults_JDC.pdf
https://www.fbk.eu/en/
https://indico.cern.ch/event/716539/contributions/3246092/attachments/1797636/2931079/Pixel3DResults_JDC.pdf
https://indico.cern.ch/event/754063/contributions/3223725/attachments/1760977/2861458/RD50-CERN-2018-Andrea.pdf
https://indico.cern.ch/event/756871/contributions/3182227/attachments/1738778/2813099/MM-RD53Atest-20181022-v3cmp.pdf


CMS phase 2 pixel modules 
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● 2x2 chip modules at larger radius,  1x2 chips
on one sensor closer to the beam pipe

● Modules on ladders with CO2 cooling below
● 4 and 5 modules resp. on each barrel half so 

that η=0 is covered

Module structure

30

1x2 2x2

inner 
layer with 
1x2 
modules

http://cms-tklayout.web.cern.ch/cms-tklayout/layouts-work/repository-git-dev/OT614_200_IT613/img042.png
https://cds.cern.ch/record/2272264
https://cds.cern.ch/record/2272264


Flex: high density interconnect

● Transfers data
● Provides clock, trigger, control signals
● Provides power for ROCs
● L2 module power consumption 5.43W
● Prototypes tested up to 1000V

31
From Malte Backhaus

Increased wire bond pad size from 500 μm to 750 μm
Added overhang of 100 μm in wire bond sides

Protection against glue coverage of HDI pads 
and increased spark protection

phase 1: n+-n, HV is on backside with guard rings, 
usually isolated and not on sensor edges
phase 2: n+-p, HV on all-metal backside, also on 
sensor edges. HDI copper layers thin, pitch small!

wire bondHDI (flex)

sensor

readout chip

https://indico.cern.ch/event/797034/contributions/3314585/attachments/1794672/2924997/bianchi_12_02_2019.pdf
https://indico.cern.ch/event/669866/contributions/3234998/attachments/1767990/2871455/1435-20181211_-_CMS_Phase_2_IT_Upgrade.pdf
https://indico.cern.ch/event/801875/contributions/3338985/attachments/1807305/2950164/20190306_-_TBPX_HDI.pdf
https://indico.cern.ch/event/801875/contributions/3338985/attachments/1807305/2950164/20190306_-_TBPX_HDI.pdf
https://indico.cern.ch/event/669866/contributions/3234998/attachments/1767990/2871455/1435-20181211_-_CMS_Phase_2_IT_Upgrade.pdf


The road ahead

32

September 
2020:
Start 
replacement of 
phase 1 layer 1

  Early 2021:
 Start LHC run 3

P
ha

se
 1

August 2020:
Sensor 
qualification:
start production

September 
2021:
CROC=RD53B 
qualification

Early 2022:
Final CROC
Preproduction 
of final sensor

June 2022:
Prepro-
duction of 
final module

June 2024:
Finish 
module 
productionP

ha
se

 2

http://hilumilhc.web.cern.ch/about/hl-lhc-project


Summary

CMS phase 1:

● Successful commissioning of CMS 
phase 1 pixel detector since start of 
2017

● Pixel detector running according to 
predictions

● Layer 1 will be exchanged this long 
shutdown

● The entire detector will be replaced 
in the next long shutdown 3

33

CMS phase 2:

● R&D for pixel sensors and modules 
is well advanced

● Sensor designs fulfilling 
requirements are characterized:

○ 150um thick planar up to layer 2
○ 150 um thick 3D or alternatively planar 

for layer 1 up to half the nominal fluence

● Module design advancing 



Additional material

34



CMS phase 1 pixel detector

35

beam pipe: r=22.5mm

L1: r=29 mm40.1 Mrad / Φeq=7.9⋅1014/cm2

8.5 Mrad / Φeq=1.8⋅1014/cm2

5.2 Mrad / Φeq=9⋅1013/cm2

2.8 Mrad / Φeq=5⋅1013/cm2

L2: r=66 mm

L3: r=109 mm

L4: r=160 mm
outer rings 
(ring 2)

inner rings 
(ring 1)

2x3 endcap 
disks

4 barrel  layers 9V supplied → 
DCDCs → 2.4,3 V

Optical 
links

~5.6m

DCDC converters,
communication 
control units (CCU)

● 4 hit coverage and high-rate capability
● Turbine-like structure for endcap disks 

for optimal resolution
● CO2 cooling for reduced material
● DCDC converters to keep same 

powering services → 9 V supplied
● Uniform module design throughout

barre
l su

pply tu
be (x4)

Endca
p su

pply 
tube

CO2 cooling 
loop

Fluences as of today, from FLUKA 3.23.1.0

https://cds.cern.ch/record/1481838/files/CMS-TDR-011.pdf
https://cds.cern.ch/record/1481838/files/CMS-TDR-011.pdf


Phase 1 modules
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CMS-TDR-011

high density 
interconnect 
(HDI)

n+-n 
285 μm 
sensors

Barrel layer 2-4
● 1088 modules
● 40-100 MHz/cm2

● PSI46dig: column drain
● 2 TBM readout channels (L3,L4) / 

4 TBM readout channels (L2)
● Functions up to 150 Mrad

base strips for 
fixation

token bit 
manager 
(TBM)

mounting clamp

Barrel layer 1
● 96 modules
● 580 MHz/cm2

● PROC600: dynamic 
cluster column drain

● 8 TBM readout channels
● Functions up to 480 Mrad

Endcap disks 1-3
● 672 modules
● 40-100 MHz/cm2

● PSI46dig: column drain
● 2 TBM readout channels
● Functions up to 150 Mrad

2x8 pulse 
height 250 nm 
ASIC digital 
ROCs

bump bonded

glued

wire bonded

micro twisted pair cable

100x150 μm2 
pixel size 

end holder for fixation

https://cds.cern.ch/record/1481838/files/CMS-TDR-011.pdf
https://cds.cern.ch/record/1481838/files/CMS-TDR-011.pdf
https://cds.cern.ch/record/1481838/files/CMS-TDR-011.pdf
https://cds.cern.ch/record/1481838/files/CMS-TDR-011.pdf
https://agenda.infn.it/getFile.py/access?contribId=130&sessionId=10&resId=0&materialId=slides&confId=10190


n+-p sensors
From TheNoise

Reverse bias: negative voltage 
applied p-side with respect to 
n-side

-400V

Before 
diffusion

In equilibrium
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https://upload.wikimedia.org/wikipedia/commons/0/01/PN_Junction_in_Reverse_Bias.png
https://upload.wikimedia.org/wikipedia/commons/f/fa/Pn-junction-equilibrium-graphs.png
https://upload.wikimedia.org/wikipedia/commons/f/fa/Pn-junction-equilibrium-graphs.png
https://upload.wikimedia.org/wikipedia/commons/3/3e/Pn_Junction_Diffusion_and_Drift.svg
https://upload.wikimedia.org/wikipedia/commons/0/01/PN_Junction_in_Reverse_Bias.png


Effects from radiation damage

Effects from radiation damage can be 
challenging in operation of detectors as 
well as for physics:

● Increasing leakage currents
● Charge accumulation in silicon oxide 

layers
● Single event upsets, in readout only
● Decreasing signal-to-noise ratios
● Changing depletion voltages
● Radiation induced activation of 

components
38From Frank HartmannFrom Michael Moll

Ideal signal detection with a p+-n silicon 
sensor 

https://rd.springer.com/book/10.1007/978-3-319-64436-3
https://rd.springer.com/book/10.1007/978-3-319-64436-3
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8331152


Stuck TBMs and malfunctioning DCDCs
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1: token bit manager (TBM) 
🔳30/fb-1 in L1 transistor in 
TBM latch sets TBM to ‘no 
readout’ mode: “stuck TBMs”
🔳 recovery only with power 
cycle. Lowest granularity: one 
DCDC converter.

2: irradiated DCDCs stopped 
functioning in disabled state 
🔳 Increased leakage current  as 
a result of one transistor 
🔳 63/1216 at end of 2017 
stopped functioning
🔳 333/1216 in 2017 found to 
have high current

3-4 DCDCs powered 
by one PSU

1-4 modules 
powered by 1 DCDC

Before 
irradiation: 
10nA

From Federico Faccio

Leakage current causes 
capacitor to charge up in 
disabled state

  pixel module
power supply
unit (PSU)

DCDC
DCDC

DCDC

DCDC

TBM
  pixel module TBM

  pixel module TBM
  pixel module TBM

3: readout chips
🔳high and low voltage
 (HV, LV) granularity not
 the same
🔳 HV on, LV off caused
chip damage from leakage
current: 8/96 L1 modules lost in 2017

2018: powercycling with 
PSU. No DCDC broke.

2020+: new DCDCs, new L1 TBMs.

See also talk by Katja Klein

https://indico.cern.ch/event/788031/attachments/1794169/2923948/ESE_seminar_Feb19_talk.pdf
https://indico.cern.ch/event/788031/attachments/1794169/2923948/ESE_seminar_Feb19_talk.pdf
https://indico.cern.ch/event/669866/contributions/3234986/attachments/1767967/2871420/20181210_cmspixelstatus.pdf
https://indico.desy.de/indico/event/21211/session/4/contribution/21


DCDC malfunctioning

40From Federico Faccio

Probability of breaking 
DCDC in disabled state 
peaks at a certain dose
         and diminishes 
after.

Leakage 
current

Capacitor charges up in disabled state and 
causes spikes beyond 3.3V

Ileak

Enclosed layout (ELT) vs linear transistors → can ‘cut’ leakage 
current path by adding ELT in series

https://indico.cern.ch/event/788031/attachments/1794169/2923948/ESE_seminar_Feb19_talk.pdf


Planar sensor types

● HPK 6” n+-p with 150 μm active thickness
○ resistivity 1 to 5 kΩ⋅cm
○ p-stop and p-spray isolation
○ common punchthrough and no bias

● INFN FBK 6” n+-p with 100 and 130 μm active thickness
○ resistivity > 3 kΩ⋅cm
○ p-spray isolation
○ temporary metal for sensor testing
○ active edge/slim edge designs
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Thermal runaway model: thermal conductivities

42
From F. Bianchi

https://indico.cern.ch/event/797034/contributions/3314585/attachments/1794672/2924997/bianchi_12_02_2019.pdf
https://indico.cern.ch/event/797034/contributions/3314585/attachments/1794672/2924997/bianchi_12_02_2019.pdf


Thermal runaway model: interfaces

43
From F. Bianchi

https://indico.cern.ch/event/797034/contributions/3314585/attachments/1794672/2924997/bianchi_12_02_2019.pdf
https://indico.cern.ch/event/797034/contributions/3314585/attachments/1794672/2924997/bianchi_12_02_2019.pdf


Sensor leakage current
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● Thicker sensors have more leakage 
current

● 2nA/pixel reached
● Phase 1: 11nA/pixel, projection:

22nA/pixel
● RD53A requires ≤ 9 nA/pixel

DESY test beam

RD53A
8e15p/cm2

150 μm
-25° set

https://indico.cern.ch/event/776012/contributions/3240460/attachments/1765423/2866048/finnfeindt_cmspixRDeMon07.pdf
https://indico.cern.ch/event/776012/contributions/3240460/attachments/1765423/2866048/finnfeindt_cmspixRDeMon07.pdf
https://cds.cern.ch/record/2632186/files/%20RD53B_requirements_V2-1%20.pdf
https://indico.desy.de/indico/event/22221/contribution/38/0/material/slides/0.pdf
https://indico.desy.de/indico/event/22221/contribution/38/0/material/slides/0.pdf

