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High Fluence Neutron
vs

Double Irradiation Neutron 
ςὩρυρȢυὩρφὲ Ⱦὧά



Silicon Test Diodes & Measurement Setup
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Å 3 active thicknesses:  σππ‘ά(FZ), ςππ‘ά(FZ), and ρςπ‘ά(EPI)

Å Hexagonal silicon sensor cut from 8-inch silicon wafers, remaining space for test structures

Å Neutron irradiation at JSI (Jozef Stefan Institute), Ljubljana, Slovenia

Å Leakage current and Capacitance vs Voltage (IV/CV) and 
Charge Collection (CC vs Voltage, TCT using IR laser, 1064nm)

8ò Silicon Wafer for 

CMS HGCAL

0.5cm

0.5cm



Campaign Overview & Goal of Study
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Å Studies so far: performance of silicon diodes exposed to fluences accumulated until the 
end of the HL-[I/ ǇƘŀǎŜ Ґ άIƛƎƘ CƭǳŜƴŎŜ (HF) ŎŀƳǇŀƛƎƴέ όlink)

Å Try to mimic timeline of HL-LHC phase:

Å Compare HF and DI SR results 

Campaign (Neutron Irradiated) Status Annealing Temperatures Fluence Irradiation

High Fluence (HF) Annealing done (15-30 annealing steps) υȢυЈ#ȟςπȢυЈ#ȟσπЈ#ȟτπЈ#ȟφπЈ#ςȢπὩρυρȢυὩρφὲ Ⱦὧά

Double Irradiation First Round (DI) Annealing done (4 annealing steps) ςπȢυЈ#ȟτπЈ#ȟφπЈ# υȢπὩρττȢπὩρυὲ Ⱦὧά

Double Irradiation Second Round (DI SR) Data from 9 annealing steps (ongoing) ςπȢυЈ#ȟτπЈ#ȟφπЈ# ςȢπὩρυρȢυὩρφὲ Ⱦὧά

o Run 4: ¼ fluence delivered (DI)
o Long Shutdown 3: annealing
o Run 5: ¾ fluence delivered (DI SR) 
Ґ ά5ƻǳōƭŜ LǊǊŀŘƛŀǘƛƻƴέ

Good scenario: 
In-between annealing has a beneficial or equal effect on 
Charge Collection Efficiency (ҧvs HF), Saturation Voltage 
(Ҩvs HF) and Current related damage rate, ‌(Ҩvs HF)

https://indico.cern.ch/event/1507215/contributions/6539531/attachments/3079599/5450694/DRD3_Jun25.pdf


Charge Collection Efficiency
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Charge Collection Efficiency
Subset of 20ϲCAnnealing
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Left part = First Round of DI (linear x-axis)

Right part = DI SR (darker, dashed lines) 
& HF (brighter, dotted lines) (log x-axis)

╒╒╔
╠░►►╪▀
╠◊▪░►►╪▀

First Round of DI lower radiation damage 
Ҧ Higher CCE

DI SR & HF higher radiation damage
Ҧ Lower CCE

Expected behaviour! 

Each line = one diode
Total of 20 sensors per campaign 



Charge Collection Efficiency Ratio Plot
Subset of 20ϲCAnnealing
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╒╒╔╓╘╢╡◄

╒╒╔╗╕░▪◄▄►▬▫■╪◄▄▀◄

Ratio > 1 indicates beneficial effect from first round of annealing

Average CCE ratio per sensor across all temperatures 
Ҧ  /ƻƳǇǊŜǎǎŜŘ Ǌŀǘƛƻ Ǉƭƻǘ vs thickness/fluence



Charge Collection Efficiency
20ϲCAnnealing
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Å In-between annealing effect stronger for lower fluences

Å Most sensors ratio > 1except for  τὩρυὲ Ⱦὧά σππ‘ά

Å Beneficial annealing region similar between DI SR & HF

8



Charge Collection Efficiency
Ratio Plot vs Thickness/Fluence 20ϲC, 40ϲC, 60ϲC
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Å Similar observation as for ςπЈ#
across all temperatures 

Å Except for  Ⱨ□▄ ▪▄▲Ⱦ╬□ , 

all sensors have ratio > 1, indicating 
beneficial effect from the 
in-between annealing

Å Fluence and thickness dependencies, 
the higher the fluence, the smaller 
the effect of the in-between 
annealing

300˃ m 200˃ m 120˃ m

Uncertainty bars shows the 

spread of the average ratio 

over all annealing times



Saturation 
Voltage
@ 2kHz
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Saturation Voltage @ 2kHz 
20ϲCAnnealing

Å Unable to fit ςὩρυσππ‘άǪτὩρυσππ‘ά6 ÁÂÏÖÅρπππ6

Å Lower fluence beneficial effect from in-between annealing

Å EPI flatter for DI SR, less annealing effect after second round of 
irradiation

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

EPIFZ

11

Measurement limit Measurement limit



Saturation Voltage
Ratio Plot vs Thickness/Fluence 20ϲC, 40ϲC, 60ϲC
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Å Similar observation as for ςπЈ#
across all temperatures except for 

Ј╒ Ⱨ□ ▄ ▪▄▲Ⱦ╬□ (HF 

sensor lower ╥▼╪◄) 

Å Thicker sensors with lower fluence 
has more beneficial effect from the 
in-between annealing, 
ratio < 1

Å Fluence and thickness dependencies, 
the higher the fluence, the smaller 
the effect of the in-between 
annealing

300˃ m 200˃ m 120˃ m

Outlier



Leakage Current
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Leakage Current Studies
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Å Ideally extract leakage current damage rate, ‌, at depletion voltage

Å Irradiated sensors: leakage current increasing after full depletion + saturation voltage 
changes with amount of radiation damage and annealing time 

Å Use fixed voltage (@ considering HGCAL operating voltage 400Vor 600V) Ą under/overestimate ‌

Å Comparison between first and second round of irradiation not feasible at a fixed voltage

♪
╘

╥ẗ♠▄▲

Overestimated ♪,

includes extra leakage current

Underestimated ♪,

volume not fully 

depleted

14
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Leakage Current @ 20ϲCAnnealing

15

Å Similar ὠ between DI SR & HF ĄOK comparison at fixed 
voltage and only interestedin the ratio at operatingvoltage

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

Å Ratios consistent around 1 within uncertainties

Å No observed fluence or thickness dependencies

15



Leakage current
Ratio Plot vs Thickness/Fluence 20ϲC, 40ϲC, 60ϲC
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Å No clear patterns for fluence or 
thickness dependencies across all 
temperatures

Å Most of the sensors have ratio < 1 

except for Ⱨ□ ▄ ▪▄▲Ⱦ╬□

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

300˃ m 200˃ m 120˃ m



Conclusions & Outlook
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Å In-between annealing seems to have a beneficial effect on the electrical characterisations and 
collected charge

Å Small shift to earlier minima point for DI SR in saturation voltage

Å In-between annealing effect decreases at higher fluences with thinner sensors

Å Leakage current damage rate, ‌, similar between DI SR & HF

Å Continue with measurement of DI SR to reach reverse annealing region



Annealing Parameters
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Temperature dependence of the annealing time constants

of silicon produced on 8-inch wafers for CMS HGCAL

Å Update on the diodes irradiated to high fluence with neutrons  (ςὩρυρȢυὩρφὲ Ⱦὧά )

CƻǊ ŀ ŘŜǘŀƛƭŜŘ ǇǊŜǎŜƴǘŀǘƛƻƴΣ ŎƘŜŎƪ άTemperature dependence of the annealing time constants 
of silicon produced on 8-inch wafers for CMS HGCALέ ŦǊƻƳ [ŜŜƴŀ 5ƛŜƘƭ όоǊŘ 5w5о ǿŜŜƪύ

Å Reminder: Main topics of the project
- Evaluation of annealing behavior at different temperatures of p-type silicon sensors using IV, CV and

charge collection measurements
- Extraction of annealing parameters from the CV measurement results following the Hamburg model description

Updated Annealing Parameters

https://indico.cern.ch/event/1507215/contributions/6539531/attachments/3079599/5450694/DRD3_Jun25.pdf
https://indico.cern.ch/event/1507215/contributions/6539531/attachments/3079599/5450694/DRD3_Jun25.pdf


Updated Annealing Parameters
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Å Main findings of the study unchanged:

Å Visible dependencies of time constants, activation energy and frequency factor on material, fluence and 
potentially sensor thickness ĄǎŜŜƳǎ ƴƻǘ ǾŀƭƛŘ ǘƻ ǳǎŜ ŀ άƻƴŜ ƳƻŘŜƭ ŦƻǊ ŀƭƭέ ŀǇǇǊƻŀŎƘ ŦƻǊ ƘƛƎƘ ŦƭǳŜƴŎŜǎ

Beneficial and reverse 
annealing time constants in 

dependence of the 
annealing temperature

o Deviations from the n-type based default Hamburg model values
- The annealing time constants are generally higher than expected, resulting in a slower annealing and a later

minimum, especially for FZ sensors
- Temperature dependence of the reverse annealing Ą Lower activation energy results in faster annealing at

lower temperatures than expected compared to standard 60°C, especially for EPI sensors 

Beneficial annealing 
constant ▌╪



Updated Annealing Parameters
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Å Main update: Revised calculation of the equivalent time estimation
- Initially calculated using established Hamburg model parameters
- Now, revised times are applied, based on parameters extracted in a first iteration with established parameters
- Improved prediction of the minimum (maximum) of the Saturation voltage (charge collection) dependence on the

annealing time (using 5.5°C annealing for this crosscheck)

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

Å Paper will soon be published! 

Updated parameters:
Activation energies of beneficial 

and reverse annealing



Thank you for your attention!
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Backup
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Silicon Detector for CMS HGCAL
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Å Ongoing preparations for the HL-LHC Phase 2 upgrade
10x higher luminosity than LHC Ą harsh radiation environment

Å Replacement of CMS Endcap Calorimeters (CE-E & CE-H) with High Granularity 
Calorimeter (HGCAL) Ą 620ά silicon sensors

Å Hexagonal modules based on p-type silicon sensors in CE-E and high-radiation 
regions of CE-H

Å 3 active thicknesses:  σππ‘ά(FZ), ςππʈÍ(FZ), and ρςπʈÍ(EPI)

Å 8-inch Si wafers cut into hexagonal shape ĄπȢυẗπȢυὧά test diodes 

In yellow: HGCAL 

8ò Silicon Wafer
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Timeline of HL-LHC

Å HL-LHC will start after Long Shutdown 3

https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm



Uncertainties
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link

Å First Roundof DI negligiblein-reactor annealing time

Å DI SR & HF in-reactor annealing time from updated annealing time constants (slides 19-21, link)

Å Uncertainties:

Annealing time: In-reactor (large) & annealing oven (Ғ5%)

CCE: Temperature dependent & laser drift in intensity Ҧ Ғр҈

╥▼╪◄: End capacitance assumption & fit interval Ҧ Ғн-4%

♪ȡ 1°C & 10% fluence & ρπʈÍactive thickness Ҧ Ғмп҈

https://indico.cern.ch/event/1507215/contributions/6539531/attachments/3079599/5450694/DRD3_Jun25.pdf


Charge Collection Efficiency
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Charge Collection Efficiency

20ϲCAnnealing

Max Andersson (CERN/Uppsala University)

Å ςÅρυσππʈÍ& τÅρυςππʈÍhigher CCE than the others

Å Seems to have similar optima for the beneficial annealing 
region 

Å Beneficial annealing from First Round seems to influence 
ǘƘŜ {ŜŎƻƴŘ wƻǳƴŘΩǎ //9 ǿƛǘƘ ǇƻǎƛǘƛǾŜ ŜŦŦŜŎǘ όwŀǘƛƻ Ƴƻǎǘƭȅ 
above 1)
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Å Similar observation as for 20C 

Charge Collection Efficiency

40ϲCAnnealing
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Å Similar observations as 20C

Charge Collection Efficiency

60ϲCAnnealing



Saturation Voltage
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Saturation Voltage @ 2kHz

Max Andersson (CERN/Uppsala University)

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

Å Uncertainty from fitting all combinations with min 3 points within the slope interval and πȢυϷȾρȢυϷ&
ςϷȾσϷerror for plateau (endcap). Take max and min value as ὠ errors and mean as ὠ

End capacitance assumption
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Saturation Voltage @ 2kHz

20ϲCAnnealing

Max Andersson (CERN/Uppsala University)

Å Unable to fitςÅρυσππʈÍǪτÅρυσππʈÍ

Å All EPI sensors from DI SR campaign flatter compare with HF 
campaign

Å Lower fluences up to 6e15 have beneficial or equal effect from 
in-between annealing
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Å Unable to fit ςÅρυσππʈÍǪτÅρυσππʈÍ

Å Similar observation as for the 20C data

Saturation Voltage @ 2kHz

40ϲCAnnealing


