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Silicon Test Diodes & Measurement Setups

3 active thicknessess t mt ‘(FZ)¢ 1t 1 ‘(RX), angb ¢ 1t ‘(EEPI)
Hexagonal silicon sensor cut fromrgh silicon wafers, remaining space for test structures
Neutron irradiation at JSI (Jozef Stefan Institute), Ljubljana, Slovenia

Leakage current and Capacitance vs Voltage (IV/CV) and
Charge Collection (CC vs Voltage, TCT using IR laser, 10640m)
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Campaign Overview & Goal of Study

CMS @
A Studies so far: performance of silicon diodes exposed to fluences accumulated until the A
endoftheHY | / LIKIF &S T (HEODR YKI RB yz6y ©S

A Try to mimic timeline of HLHC phase: Good scenario:
0 Run 4: Y fluence deliveréDl) In-between annealing has a beneficial or equal effect on
0o Long Shutdown 3: annealing Charge Collection Efficienay, s HF), Saturation Voltage
o Run 5: % fluence deliver¢dl SR) (@ vs HF) and Current related damage ratgf0 vs HF)
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A Compare HF and DI SR results

Campaign (Neutron Irradiated) Status Annealing Temperatures Fluence Irradiation
High Fluenc¢HF) Annealing done (180 annealing steps) v®J & ® Jhet Tt &t #m Bt | ¢81Q p v P® Q & @ Ta
Double Irradiation First Rour@I) Annealing done (4 annealing steps) cBIMThpHTI # | vBIQpP T T8 QL Tau
Double Irradiation Second Roufidl SR)| Data from 9 annealing steps (ongoing cBIWMT It # | ¢8IQp L PD Q@ TG

This project has received funding from the European Union’s Horizon Europe EUR®-LABS
Research and Innovation programme under Grant Agreement No 101057511. { oo™
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Charge Collection Efficiency

Max Andersson (CERN/Uppsala University)

Radiation Hardness and Annealing Studies of Double Irradiated Silicon Diodes




. _ Charge Collection Efficiencyg,.
Each line = one diode _
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Charge Collection Efficiency Ratio Plot
Subset 0f20cC Annealing @

Ratio > lindicates beneficial effect from first round of annealin
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A In-between annealing effect stronger for lower fluencesg ©7s i

Q 050 F

A Most sensorsatio > lexceptfort Q@ vfa o T T o8 025 |

Charge Collection Efficiency

20cC Annealing
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CCE HF @ 600 V

0.00 L

A Beneficial annealing region similar between DI SR & HF
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Charge Collection Efficiency
Ratio Plot vs Thickness/FluenccC, 4@C, 6@C

Similar observation as far it J #
across all temperatures

4
Except for HOm = g e
all sensordhaveratio > 1, indicating
beneficial effect from the
in-between annealing

© (DI SR/ HF) @ 600 V

Fluence and thickness dependencie
the higher the fluence, the smaller
the effect of the iRbetween
annealing

Mean CCE Rat

Uncertainty bars shows the
spread of the average ratio
over all annealing times
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Saturation Voltage [V]

Saturation Voltage @ 2kHz
20cC Annealing

Unable to fitcQp @ m'maQt Qpout'mtd 6 A AT AT T

Lower fluence beneficial effect from-retween annealing

EPI flatter for DI SR, less annealing effect after second rour s 3%

irradiation

Minima shifted earlier for DI SR, parts of defects already annealed
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Saturation Voltage

CMS E N
Ratio Plot vs Thickness/Fluen@)cC, 4@C, 6@C @
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A Similar observation as fay T J # =1 { i i !
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Leakage Current

Radiation Hardness and Annealing Studies of Double Irradiated Silicon Diodes

CMS




o [A/cm] @ 400 V

Leakage Current Studies

CMS
|deally extract leakage current damage rate at depletion voltage
Irradiated sensorsleakage current increasing after full depletisrsaturation voltage
changes with amount of radiation damage and annealing time _"_'t' o,
[
Use fixed voltage (@ considering HGCAL operating vala@eor 600V)A under/overestimate
Comparison between first and second round of irradiation not feasible at a fixed voltage
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A

a [A/cm] @ 400 V
O B N W A U1 O N ® O

Leakage Current @0cC Annealing

Similarwa between DI SR HFA OK comparison at fixed
voltage and only interestenh the ratioat operatingvoltage

Current related damage rate shows consistent result
between DI SR & HF

Ratios consistent around 1 within uncertainties

No observed fluence or thickness dependencies
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A No clear patterns for fluence or
thickness dependencies across all

temperatures

A Most of the sensors haveitio < 1
ycia

A A fixed voltage is used to ensure
comparability to the operational

exceptfor HO g

scenario
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Leakage current
Ratio Plot vs Thickness/Fluen&OcC, 4@C, 6@C
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Conclusions & Outlook

Small shift to earlier minima point for DI SR in saturation voltage
In-between annealing effect decreases at higher fluences with thinner sensors

Leakage current damage rate, similar between DI SR & HF

Continue with measurement of DI SR to reach reverse annealing region

Radiation Hardness and Annealing Studies of Double Irradiated Silicon Diodes
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In-between annealing seems to have a beneficial effect on the electrical characterisations and
collected charge




Annealing Parameters
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Updated Annealing Parameters gy @
i

A Update on the diodes irradiated to high fluence with neutroas'@ p w® ‘Q (¢ T )
C2NJ I RSOl Af SR TelNBraiBe/dédenddneyobihe AiealdDd timé constants
of silicon produced on-Bich wafers for CMS HGGAL FNRPY [ SSYy Il 5ASKf O0NR 5w5«

A Reminder: Main topics of the project
- Evaluation of annealing behavior at different temperatures-tye silicon sensors using IV, CV and
charge collection measurements
- Extraction of annealing parameters from the CV measurement results following the Hamburg model descrip
lel3
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Updated Annealing Parameters gy @
il

A Main findings of the study unchanged:
o Deviations from the #type based default Hamburg model values
- The annealing time constants are generally higher than expected, resulting in a slower annealing and a
minimum, especially for FZ sensors
- Temperature dependence of the reverse anneand.ower activation energy results in faster annealing at
lower temperatures than expected compared to standard@Qespecially for EPI sensors

A Visible dependencies of time constants, activation energy and frequency factor on material, fluence and

potentially sensor thicknes 48 SSYa y20 @GFt AR (2 dzaS || a2yS Y2RSH
I L O S ———
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Updated Annealing Parameters

A Main update: Revised calculation of the equivalent time estimation
- Initially calculated using established Hamburg model parameters

CMS

2

- Now, revised times are applied, based on parameters extracted in a first iteration with established paramett
- Improved prediction of the minimum (maximum) of the Saturation voltage (charge collection) dependence c
annealing time (using 5°6 annealing for this crosscheck)

A Further update: Extraction of parameters separated by material only (Initially also separated by fluence)

A Paper will soon be published!
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Updated parameters:

Activation energies of beneficial

and reverse annealing

EqaleV] | Egy [eV]

Floatzone

1.10 £ 0.04

1.25 £ 0.08

Epitaxial

1.01 £0.04

1.22 £ 0.05

NG

II\III
104

I\Iiosl I:ll-l06
5.5°C Annealing Time [min]

Hamburg model

1.09 £ 0.03

1.33 £ 0.03

/
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Silicon Detector for CMS HGCAIlg.

Ongoing preparations for the HIHC Phase 2 upgrade
10x higher luminosity than LHC harsh radiation environment

Replacement of CMS Endcap Calorimetersgf @ECEH) with High Granularity
Calorimeter HGCAJLA 6200 silicon sensors

Hexagonal modules based oftype silicon sensors in €EEand higfradiation
regions of CH

3 active thicknessess 1t mt ‘(F¥)¢ 1t 1 t(AZ), ang ¢ Tt ((HPI)
8-inch Si wafers cut into hexagonal shape® t @ ot test diodes

o Do To Do Do
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Timeline of HELHC —~

A HLLHC will start after Long Shutdown 3

2021 2022 2023 2024 2025 2026 2027 2028 2029
J|FIMAM|J|J|A|S|O|N(D|J|FMIAIM| ][] |ASIOND{]|FIMAM|]|J|A|S|O|N|D|J|FIMAM|]|]|A|S|OND|J|FMAM| 1| J|A|S|ON|D| I |FIMAM|J|J|A[S|O|N|D| J|FIM|AM| ]| ] |A|S|ON|D|J|FMIAM| 1| J|A|S|O/N|D| I |[FIM|AM| ]| ] |A|S|O|N|DJ
Run 3 [ Long Shutdown 3 (LS3)
2030 2031 2032 2033 2034 2035 2036 2037 2038

Shutdown/Technical stop
Protons physics

EYETS Ions
Commissioning with beam
Hardware commissioning

https://Ihc-commissioning.web.cern.ch/schedule/Litt@g-term.htm
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Uncertainties MS

A First Rounaf DInegligiblein-reactor annealing time

2l

A DI SR & HF4reactor annealing time from updated annealing time constants (slidezl118nk)

A Uncertainties: L —————
I End Cap.— 5.22¢ +21 | _________________ *
Annealing time:In-reactor (large) & annealing ovef5%) s | | ~ -
CCETemperature dependent & laser drift in intensfigF p: = :
v
@)
Tv+ £nd capacitance assumption & fit interVgl- H1% S
£ i
4 . . n (U
b)d 1°C & 10% fluence &p 1t | active thicknes§hf m n:": &
@)
— i
:I ///.’ A P B Lﬁm [ ;iﬁﬁﬂ!

0 200 400 600 800
Bias Voltage [V]
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https://indico.cern.ch/event/1507215/contributions/6539531/attachments/3079599/5450694/DRD3_Jun25.pdf
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Charge Collection Efficiency
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CCE [%] @ 600 V
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CCE [%] @ 600 V

Charge Collection Efficiency
40cC Annealing

A Similar observation
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CCE [%] @ 600 V
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A Similar observations as 20C
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Saturation Voltage
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Saturation Voltage @ 2kHz

A Saturation Voltage fit by using the plateau when the sensor is fully depleted.
If plateau is not seen, use end capacitance assumption

CMS

A Uncertainty from fitting all combinations with min 3 points within the slope interval am® Bf p® P&
¢ Pr o b error for plateau (endcap). Take max and min valueaserrors and mean a®

End capacitance assumption
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Saturation Voltage [V]

Saturation Voltage @ 2kHz

20cC Annealing
Unable to fitcAponniQtApomn it |

All EPI sensors from DI SR campaign flatter compare with HF

campaign

Lower fluences up to 6el5 have beneficial or equal effect fron,

in-between annealing
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Saturation Voltage @ 2kHz
40cC Annealing

A Unable to fitc A pourtirtl QtApommt |

A Similar observation as for the 20C data
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