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❑ Introduction: HGCAL - Upgrade of ECAL/HCAL endcaps

❑ Status of sensor development

❑ Irradiation tests:

▪ Selected full sensor results

▪ Selected test structure results

❑ Plans towards full sensor production

❑ Summary
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HGCAL: Upgrade of ECAL/HCAL endcaps

❑ Hexagonal 8’’ Si modules @ -30° C & 600-

800 V → preserve MIP identification @ 

extreme fluences

300 µm

200 µm

120 µm

Sensor tiling structure in 36 layers of Si-only 

cassettes

HGCAL: Highly segmented 

calorimeter @ 1.5 ≤ η ≤ 3.0

1e16

6e14

2.5e15

Φmax [neqcm-2] 

Higher η

η → 3.0: 10-fold > than tolerance of present 

system, Pileup: ~60 @ LHC → 140-200

Evaluate sensor performance for expected 

neutron fluences & operational conditions

Expected MIP 

S/N after 10yrs 

operation

[1] CMS-TDR-17-007

[1]

❑ Fluence & Dose: Backup 1



❑ Sensor qualification milestones: 

▪ 2018: R&D – 25 LD-stepper sensors 

▪ 2019: Prototypes – 42 LD-full lithography sensors (Version 0)

▪ 2020: 56 LD & 32 HD sensors (V1)

o Front side biasing for backside damage mitigation

o Process splits to find best production param. (oxide 

quality, p-stop concentration,…)

o Full radiation hardness study (neutron, X-ray)

▪ Aug-Sep 2021: 72 LD & 44 HD sensors (V2)

o Design upgrades for improved HV-stability

o Best process param. from V1 results

▪ Fall 2021: Multi-geom. wafers for partial sensors

Timo Peltola - DPF2021, 13 Jul 2021
4

HGCAL 8-inch sensor development: Status
Low-density (LD) sensor (V1): 

~200 chs, A≈1.2 cm2, 

active t≈300 & 200 μm (FZ)

High-density (HD) sensor (V1): 

~450 chs, A≈0.55 cm2, 

active t≈120 μm (epi)

6’’ to LD 8’’

❑ Hamamatsu Photonics K.K. (HPK) 6’’ → 8’’ sensors:

▪ Established process → New production process

▪ AC-coupled Float-zone (FZ) → DC-coupled FZ & epitaxial (epi) Si

▪ Thick (STD & DD-diffused) → Thin (~1 μm) LD-backplane implant 

▪ Lower oxygen content in bulk → radiation hardness?

❑ Additional sensor info: Backup 1[2] E. Sicking, CMS Phase II Upgrade Project

Review, May 10, 2021.

[2]
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Selected results I: Full 8’’-sensors @ RINSC

❑ Irradiations of 42 8’’ LD/HD-sensors 

for 6 Φtarget=6.5e14 - 1e16  neq/cm2

completed @ RINSC May 2021 (see 

backups 2-4)

❑ α-factor: Agreement within factor 2 → 

reasonable confidence in RINSC 

fluence estimates

❑ 120 μm HD-epi sensor @ Φtarget=1e16 neq/cm2

CMS Preliminary

CMS Preliminary-40ºC

-40ºC

~3 μA

Vfd ≈ 450 V 

Process split 

comparison: 

Similar for CV/IV

-20ºC

❑ Probe card (PC)-setup: 

Backup 5

[2]
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Selected results II: 8’’-wafer test structures I

[3] J.-O. Müller-Gosewisch, Si Sensors WG meeting, 03/23/2021.

[3]
Cint

ρint

❑ X-ray irradiated (D=15 kGy) 

strip-sensors from HGCAL 

wafers:

▪ Process splits std & New Type 

C (Vfb=-2V): High ρint → high 

pad isolation

▪ Measured pad isolation 

reproducible by TCAD (see 

backup 6)

CMS Preliminary

CMS Preliminary[3]

Outer Tracker

▪ Std & New Type C also have low & stable 

Cint → low cross-talk → focus on Vfb=-2V

oxide splits

TCAD=Technology Computer-Aided Design
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Selected results III: 8’’-wafer test structures II

[4] N. Akchurin et al., JINST 15 (2020) P09031. 

❑ TCT-setup: Backup 7

❑ 7-needle probe card: Backup 8

[2]

❑ Charge collection of JSI-neutron irradiated test-diodes: IR-TCT @ -20ºC (CERN, SSD 

group) → compatible w/ published results [1,4]

▪ TCT of full sensors underway w/ 7-needle PCs

CMS Preliminary

2018 & 2019 samples: CCE @ 600 V
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Toward full sensor production: Timeline

❑ V2 prototypes: Process splits

▪ 4 oxide quality splits (C & D most 

promising)

▪ 36 sensors/thickness = 108 sensors

▪ Start of deliveries: Aug 2021 → 

qualification campaign until Spring 

2022 (testing schedule: backup 9) 

Pre-series 

qualification campaign 

until Summer 2022 → 

Goal: Verify ability of 

HPK to deliver high # 

of high-quality 

sensors

❑ Pre-series: Approval from analysis of probe-

card data of HPK V2-full wafers + HPK-

internal pilot run → validate high mass 

production yield & testing

[2]
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Summary

❑ 8" sensor qualification & irradiation campaign has been largely successful

▪ Initial issues: low yield, high number of process splits

▪ Identified mitigation techniques for yield: Improved sensor handling @ HPK, sensor 

design optimization

▪ Identified 2 process variants w/ excellent oxide quality & interpad characteristics

▪ Reactor irradiations of 42 8’’ LD/HD-sensors for six target fluences from 6.5e14 to 1e16  

neq/cm2 was successfully conducted at RINSC

o The test results are positive, bulk radiation damage effects meet expectations & 

surface damage effects consistent w/ 6” experience

o Radiation hardness of 8" bulk found to be better to 6"

❑ Multi-geometry wafer designs

▪ Submitted designs in December 2020 → expect first deliveries in fall 2021

❑ Steps towards mass production

▪ First V2 prototypes due in fall ’21, validated by spring ’22

▪ V2 intended as basis for pre-series, expected to be validated by summer ’22 → choose 

good production process candidate based on V2 prototypes

▪ HPK-internal pilot run & pre-series lay ground for mass production



Back-up 1: Fluence & Dose in HGCAL @ 3 ab−1
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[2]
❑ HGCAL: ~27,000 hexagonal 8-inch 

silicon modules → ~6M channels w/ 

area of 620 m2

▪ Hexagonal sensor shape to 

maximize usable area of circular 

wafers while remaining tile-able

▪ 8’’ wafers: Reduced # of modules

to 6’’ wafers in trackers



❑ Neutrons: 

▪ Full 8’’ sensors: RINSC/BU → only facility for 

full 8’’ sensors

▪ Test structures (diodes, strips,…): JSI 

Ljubljana (SLO) & RINSC 

❑ X-rays: 

▪ Test structures (MOS, GCD, strips,…): KIT, 

INFN & CERN
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Back-up 2: Irradiation facilities

[2]

[5] M. Babeluk, Si Sensors WG meeting, Jun 22, 2021.

RINSC core

❑ 8’’ wafer w/ full

sensor & test

structures [5]
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Back-up 3: RINSC irradiation rounds 1 – 4  
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Back-up 4: RINSC irradiation rounds 5 – 11  
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Back-up 5: Full sensor CV/IV – ARRAY system

[2,6]

[6] E. Brondolin et al., NIM A 940 (2019) 168-173. 



❑ Reactor-irradiated MOS CV-curves reproduced 

by TCAD only by including Nf & both Nit,don,acc

@ Si/SiO2-interface

Timo Peltola - DPF2021, 13 Jul 2021
15

Back-up 6: TCAD simulated ρint - Nf & Nit,don,acc

Estimation of sufficient strip 

isolation [3]: ρint = ~100 x ρpoly = 

100 MΩ cm

TCAD:

D=23.5±1.9 kGy

T = -20ºC❑ Apply model to ρint-simulations @ 

similar conditions to measured ρint on 

slide 6 & for HGCAL p-stop param. →

similar values btw/ measured & TCAD

❑ ρint decreases w/ increased dose

❑ Sufficient isolation due to Nit, not 

isolation implants

100 MΩ cm

Type of 

defect

Level

[eV]

σe

[cm2]

σh

[cm2]

Density

[cm-2]

Deep donor EV + 0.65 1e-15 1e-15 2.3e12

Deep acceptor EC - 0.60 1e-15 1e-15 2.6e12

❑ Nit param. for D=23.5±1.9 kGy, f=4 kHz & 

Nf = 1.0e12 cm-2:

Nf=fixed oxide charge density,

Nit,don,acc=donor/acceptor-type interface trap density 

Work in progress

Work in progress
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Back-up 7: SSD group TCT+ -setup @ CERN

[7]

[7] P. Almeida, Si Sensors WG meeting Jun 15, 2021.



❑ 7-needle TCT measurements for all cells with regular 

neighbours as function of bias voltage

❑ First results on charge collection efficiency measurements 

with 300 μm full sensors irradiated to 6.5e14 neq/cm2 (80 min 

annealing at 60ºC)

❑ Status: Debugging of origin of signal fluctuation from cell to 

cell (differences in passivation, reflection, etc.)
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Back-up 8: 7-needle probe card - Full sensor CC/noise

[2]
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Back-up 9: V2 validation – Testing schedule

[2]


