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2024 luminosity upgrade of the LHC to the HL-LHC 
ATLAS: replace Inner Detector with all silicon Inner 
Tracker (ITk) ➜ Challenges: 
• Fivefold instantaneous luminosity 
• Tenfold increase in integrated luminosity (~3000 fb-1) : 

• Increased particle flux ➜ radiation damage ➜ need 
more radiation tolerant silicon
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Motivation: HL-LHC / ATLAS Inner Tracker 

Dose: inner strip layers

Radiation leads to : 
• Increase in depletion voltage 
• Loss of charge carries due to trapping 
• Higher leakage current

Move from current n-type bulk silicon  
p-bulk silicon for upgrade mandatory
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Motivation: HL-LHC run-time

• Expected runtime ~10 years 
• Shutdown for machine maintenance on yearly basis 
• Detectors will potentially not be cooled during these periods ➜ annealing 
• Annealing describes migration of radiation induced defects in silicon 
• Measurement standard: 80 min annealing at 60°C 
• Current annealing model based on n-bulk

• Understanding of annealing of p-type silicon bulk mandatory for HL-LHC 

Frederick Bordry
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Hamburg Annealing Model
• Temperature and time dependent  
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• Damage rate α proportional to leakage current

• Three annealing terms: constant, 
beneficial and reverse:
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Method and Devices under Test

• ATLAS12 Hamamatsu Photonics 
• Mini strip sensors (1x1 cm2)  
• p-type with n-type readout strips 
• 74.5µm pitch, 320µm thickness 
• Float-zone technology 
• Irradiated with 24 MeV protons to 

fluences between 5x1013 and  2x1015 

neq cm-2 

Measurements: 
• Charge collection using a 90Sr source  
• Leakage current  
• Impedance (capacitance) 
• Annealing two set of sensors: one room-temperature (23°C) (RT) one 

at 60°C
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Long Term Annealing at 60°C: 2x1015 neq 

 Charge collection: 
• Increase during beneficial annealing 

(<300 min)  
• Decrease during reverse annealing   
• Strong increase for t > 3000 min due to 

charge multiplication 
• corresponding behaviour found in 

ATLAS07 sensors

Leakage current: 
• Decrease during beneficial and reverse 

annealing   
• Strong increase in charge multiplication 

regime
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Long Term Stress : Signal Stability @ 1100V
2x1015 neq cm-2, 5000 min annealing 
at 60°C, sensor in charge 
multiplication 

Charge multiplication under long term 
bias: 
• Signal declines under permanent 

bias 
• Annealing: 80 min at 60°C 

recuperates CM 
• Stronger decline in following 

measurement 
• Resting of sensor only recuperates 

a fraction of signal 
• Leakage current and noise 

measurement follow the trend  

No reliable operation 
mode 
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Temperature Scaling Factor: RT vs 60°C

• Determine scaling factor between RT and 60°C annealing  
• Scaling factors between k=100/110 
• Literature value is k=325,  
• This indicates different annealing behaviour of p-type sensors 
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Temperature Scaling Factor: RT vs 60°C

Fluence[!"#$%&] 5e13 1e14 5e14 1e15 2e15

Scaling Factor k	 108 ± 8∗ 101 ± 15∗ 108 ± 12 101 ± 9 108 ± 8
• Smaller temperature factor may be attributed to: 

• Different oxygen concentration  
• Effect of moving from n-type to p-type leads to changes in defect annealing 
• Change in sensor properties 

Measure effective doping concentration using impedance measurements
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differences in the activation energy and half-life time of annealing process
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Impedance Measurements: 1x1014 neq 

• C/V profiles only accessible for low 
fluences 

• At higher fluences a strong dependency on 
frequency is found 

• Measure Neff after each annealing step for 
RT and 60°C sensors 

•  Access to annealing parameters k and τ 

500 min annealing at a 60°C

f=1000 Hz
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 Neff and Charge Collection: 2x1014 neq 

• Correlation between charge 
collection and Neff  

• Decrease of effective doping 
concentration during beneficial 
annealing, increase during reverse 
annealing (meaureument still 
ongoing) 

• More than 14 d of annealing at 
60°C (4 years at RT) 

• No clear sign of charge 
multiplication yet 



12

 Neff and damage parameter 

• Hamburg model describes Neff  and 
damage factor α 

• ATLAS12 anneal slower minimum 
at about t=150 min (was 80 min in 
Hamburg Model) 

• Factor k=100 between RT and 
60°C is reproduced  
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Conclusion and Outlook
• Long term study on annealing behaviour of p-type silicon up to 4d at 60°C 
• Hamburg Model with slight alterations describes sensor behavior 
• Smaller temperature scaling factor (O(100) vs. 325) between RT and 60°C 

annealing is found 
• This means sensors anneal faster at 60°C than predicted 
• Can not simply use measurement standard of 80 min at 60°C annealing 
• Extension: annealing sensors at 40°C and 80°C 

• Charge multiplication effect appears in long term annealing 
• CM signal dissapers over time, some recovery after further annealing 
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Backup slides
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Radiation Damage in Silicon Sensors 

Higher depletion voltage 
Due to change in doping concentration 
After high fluences: no full depletion possible 
Solution: different silicon material, modified 
detector geometry (3D, thin detectors) 

Higher trapping 
Liberated charge carriers get trapped at crystal 
defects 
Measured signal decreases  
Solution: modify detector geometry (3D, thinner) 

Higher leakage current 
More generation-recombination centres 
Higher noise, higher power consumption, 
thermal runaway 
Solution: cooling of detector

10.2 Radiation damage in Silicon Sensors
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Figure 10.10: E↵ective doping concentration, Ne↵ as a function of the received fluence, for standard and oxygen
rich float-zone material, irradiated with neutrons, pions or protons. []

70 4. Radiation Damage in Silicon Detectors

Fig. 4.10). The defects close to mid-gap Ei are responsible for the increase
in the leakage current (cf. Fig. 4.12, p. 72) and are contributing to charge
trapping (cf. Fig. 4.13, p. 74).

4.2.1 Change of the E�ective Doping Concentration

The change in the e�ective doping concentration Ne� alters initially lightly
n-doped silicon into e�ectively p-type silicon shown in Fig. 4.10 with impli-
cations on both the detector operation and design. For p+-n-n+ detectors
this has important implications in that the dominant junction migrates from
the strip side to the ohmic contact at the back-side of the detector—the de-
tector becomes e�ectively p+-p-n+. This results in a very small signal, if the
detector is not fully depleted, as illustrated in Fig. 3.7, p. 49. Even if the de-
tector can be operated at or above full depletion the scalar product between
the weighting field and the electric field in the detector is still small. An
additional complication is the need to operate at least at the full depletion
voltage Vfd since after type inversion the space charge region grows from the
back-side towards the strips. As long as the strips are not in the depleted
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Figure 4.10: Full depletion voltage Vfd for a 300 µm thick silicon sensor and
corresponding e�ective doping concentration Ne� for initially lightly n-doped
silicon as a function of the received fluence. Data from [Wun92]. The fluence
at which type inversion occurs depends on the initial doping concentration
[L+01]. For an initial phosphorus doping of approximately 5 � 1011 cm�3

the n-type bulk becomes e�ectively p-type after 2 � 1012 neq cm�2.

Figure 10.11: Full depletion voltage Vf d for a 300 µm thick silicon sensor and corresponding e↵ective doping
concentration Ne↵ for initially lightly n-doped silicon as a function of the received fluence.

is slightly temperature dependent and varies with 20 % to 30 % in the range from 220 to 294 K [216].
Furthermore a contrary annealing behaviour between �e and �h was found. Whilst �e decreases with
30 % during annealing, �h increases by the same amount under the annealing. So far no clear micro-
scopic mechanism responsible for the trapping has been found [217]. Trapped charges are also subject
to recombination with oppositely charged free charges, which leads to an additional charge loss.
Whilst trapping e↵ects have played a secondary role on previous silicon tracking devices, it will become
the limiting factor for silicon tracking detector operations at the HL-LHC. The impact can be evaluated
using mean drift distance le↵ = vdr⌧e↵ before being trapped, assuming a saturated drift velocity of
vdr =105 m/s. At a fluence of 1015 neqcm�2 the mean drift distance is le↵ ⇠ 200 µm, which is already less
than the standard thickness of 300 µm commonly used in tracking detectors. At the HL-LHC fluences
of up to 1016 neqcm�2 are expected, which result in drift distances of le↵ ⇠20 µm, e↵ectively limiting
the use of silicon sensors.
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10 Introduction to Silicon Detectors
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Figure 10.8: Fluence dependence of the leakage current IL for detectors produced by various process technologies
in di↵erent silicon materials, after an annealing for 80 min at 60 °C. [212]
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Figure 10.9: Annealing behaviour of the radiation induced change in the e↵ective doping concentration
�Ne↵ . [212]

10.2.5 Charge Trapping

Radiation-induced defects also act as trapping centres, in which electrons and holes are captured and re-
emitted after some time. This leads to a reduction in signal height. A decrease of the charge collection
e�ciency is found, if the defects have a large trapping cross-section and the detrapping times are longer
than the charge collection time of the amplifier. Charge carrier trapping is described by the e↵ective
trapping time ⌧e↵,e,h, which is inversely proportional to the concentration of traps and thus the equivalent
fluence �eq [214]

1
⌧e↵,e,h

= �e,h�eq (10.32)

where �e,h is a trapping-related damage parameter. The trapping constants are measured in FZ ma-
terial for fluences up to 10 ⇥ 1015 cm�2 at �10 °C. It was measured at 0.37 ⇥ 10�6 cm2/s for electrons
and 0.57 ⇥ 10�6 cm2/s for holes after neutron irradiation and to 0.54 ⇥ 10�6 cm2/s for electrons and
0.66 ⇥ 10�6 cm2/s after irradiations with charged hadrons (pions, protons) [215]. The trapping constant
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Dose: inner strip layers 16

	
 inner strip dose
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Motivation: Phase-II Radiation Environment

A Long-Term Annealing Study of P-Type Sensors Ulrich Parzefall 6

1700	MRad	,	2.3x1016n	cm
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-2	


