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Defining the Challenge, Designing the Approach
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Acceptor removal (→ lower gain → worse timing resolution) has been studied in 

detail for many years and is at the core of the LGADs' radiation hardness.

𝑁𝐴,𝐺𝐿 Φ = 𝑁𝐴,𝐺𝐿 0 𝑒−𝑐𝐴Φ

cA from M. Ferrero et al., An 
Introduction to Ultra-Fast 
Silicon Detectors (1st ed.), 
CRC Press (2021),
doi:10.1201/9781003131946
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Donor removal is now becoming very interesting as it plays a crucial role in the 
functioning of resistive LGADs and compensated LGADs.

Donor removal = change in sheet resistance → could impact charge sharing and 

degrade spatial resolution.
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Donor removal is now becoming very interesting as it plays a crucial role in the 
functioning of resistive LGADs and compensated LGADs.

  Wafer #  Thickness   p+ dose  n+ dose C dose

6 30 2 a 1
7 30 2 b 1
8 30 2 b 1
9 30 2 c 1

10 30 3 a 2
11 30 3 b 2
12 30 3 b 2
13 30 3 b 2 1.0
14 30 3 c 2

15 30 5 a 4

EXFLU1's split table [2c < 3a]

[a < b < c]

Active thickness 30 µm
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Extension of the Radiation Damage Model

“New University of Perugia” Radiation Damage Model

[1]

Torino analytical parameterizations

• Gain Layer (Acceptor Removal)

Npeak
A,GL(Φ) = NA,GL(0) ∙ e-c ∙ Φ

• Bulk (Acceptor Creation)

✓ if 0 < Φ ≤ 3e15 neq/cm
2

NA,bulk(Φ) = NA,bulk(0) + gc ∙ Φ

✓ if Φ > 3e15 neq/cm
2

NA,bulk(Φ) = 4,17e13 ∙ ln(Φ) – 1,41e15

[2] [3]

✓ Bulk damage → Traps concentrations dependence upon the
introduction rate η (defects concentration) and the fluence (~ η×Φ)

✓ Surface damage → Traps (NIT interface trap density) and oxide charge
(QOX) concentrations dependence upon the fluence as follow:

3E15 neq/cm
2

1E16 neq/cm
2

5E15 neq/cm
2

fittingfitting fitting

‘‘PerugiaModDoping’’
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✓ In collaboration with INFN Torino: calibration/extension of the previously developed models by comparing 
the simulation findings with measurements carried out on different classes of LGAD detectors.

✓ Comparison with experimental data, before and after irradiation (HPK2 production run, by HPK)

vOv [6] & Opt. vOv [7] avalanche models. Electrical contact area 1,25 x 1,25 mm2

[7] E. C. Rivera, Study of Impact Ionization Coefficients in Silicon 
With Low Gain Avalanche Diodes, IEEE TED 70, 2023.

[6] R. V. Overstraeten et al., Measurement of the ionization
rates in diffused silicon p-n junctions, SSE. 13, 1970.

• Torino analytical parameterizations

o Gain Layer (Acceptor Removal)

o Bulk (Acceptor Creation/Damage Saturation)

• “New UNIPG” TCAD Radiation Damage Model

‘‘PerugiaModDoping’’
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φ

φ

C-V, pre- & post-irr @ 298 K, 2 kHzI-V, pre-irr @ 290 K, post-irr @ 248 K

G-V, post-irr @ 248 KG-V, pre-irr @ 290 K

Reverse Voltage (V)Reverse Voltage (V)

Reverse Voltage (V)Reverse Voltage (V)

φ
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TCAD simulation of LGAD device - HPK 
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Defining the Challenge, Designing the Approach

Donor removal is now becoming very interesting as it plays a crucial role in the functioning of resistive LGADs and compensated LGADs.

A Measurement – Simulation Synergy to Quantify Donor Removal                      
at high initial concentrations (ND > 1015 atoms/cm3)

Van der Pauw test structures

A dedicated test structure for each implant under study to investigate donor and acceptor removal 
by examining the change in sheet resistance with irradiation with neutron (n) and protons (p).

EXFLU1 batch PGAIN and PPLUS test structures (TS) irradiated (n) and analysed

RSD2 batch NPLUS TS irradiated (n and p) and analysed; 

DC-RSD1 batch NPLUS TS irradiated (n) and analysed; 

NLGAD batch NGAIN TS will be analysed once FBK realises the batch.

Compensated LGADs

EXFLU1 batch samples offer an opportunity to study donor removal by reproducing in simulation the 
capacitance variation with irradiation.

These samples will also enable us to begin examining the interplay between donor removal and 
acceptor removal (How do the removal rates compare to each other?).
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Acceptor 
removal

EXFLU1 batch – Compensated LGADs

Donor removal - Change cD until experimental C-Vs are reproduced!
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EXFLU1 batch – Compensated LGADs

By exploiting the experimental acceptor removal coefficient                   
cA = 2.50⋅10-16 cm², agreement with C-V measurements is achieved 

using a donor removal coefficient cD = 6.50⋅10-16 cm². 

By exploiting the extracted cD (6.50⋅10-16 cm²) and the experimental  

cA = 8.26 · 10-17 cm² for the carbonated gain implant, a good 
agreement between measurements and simulations was achieved. 

M
o
sc

a
te

lli
 F

. 
e
t 

a
l.
 H

S
T
D

1
4



Page 11

cD extracted from compensated LGADs
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Van der Pauw test structure
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Van der Pauw test structure
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EXFLU1 batch - PGAIN
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Acceptor  removal

Acceptor removalAcceptor removal

EXFLU1 batch - PGAIN
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EXFLU1 batch — PGAIN — TCAD Measurements
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cA extracted from compensated PGAIN
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EXFLU1 batch - PPLUS
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PPLUS profiles before irradiation
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EXFLU1- Experimental data - PPLUS
M

o
sc

a
te

lli
 F

. 
e
t 

a
l.
 H

S
T
D

1
4

W6
W12
W15
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Sim vs meas – PPLUS - W6
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CA=1.0×10-16 cm2
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Sim vs meas – PPLUS – W12
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CA=0.8×10-16 cm2
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Sim vs meas – PPLUS – W15
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CA=0.6×10-16 cm2
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cA extracted from compensated PPLUS
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RSD2 batch — NPLUS
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𝒇 𝝓 = 𝑩 ∙ 𝒆−𝒄∙𝝓
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RSD2 batch — NPLUS
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NPLUS profiles before irradiation
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RSD2 NPLUS W3 — Neutron Proton 

1.2 ∙ 1015 1 MeV neq/cm
2

5.6 ∙ 1015 1 MeV neq/cm
2

3.6 ∙ 1015 1 MeV neq/cm
2

2.0 ∙ 1015 1 MeV neq/cm
2

Donor removal 
with 𝛷𝑛0

Acceptor creation 
with 𝛷𝑛0

Acceptor creation 
with 𝛷𝑛0

Donor removal 
with 𝛷𝑝+

M
o
sc

a
te

lli
 F

. 
e
t 

a
l.
 H

S
T
D

1
4



Page 29

RSD2 batch — NPLUS — TCAD    Measurements
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RSD2 batch — NPLUS — TCAD    Measurements
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New DC-RSD1 batch — NPLUS — TCAD    Measurements
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cD extracted from NPLUS
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Conclusion

Doping removal can be estimated via changes in sheet resistance under irradiation:

• For surface implants of opposite conductivity to the substrate: van der Pauw 

measurements alone are sufficient;

• For deep and/or same conductivity type implants: simulation is required to interpret van 

der Pauw measurements.

Preliminary analyses indicate:  

• Correlation between C-V and van der Pauw extracted removal coefficients;

• A more pronounced donor removal than acceptor removal.

New analyses (EXFLU1, RSD2, DC-RSD1, NLGAD) aim to strengthen and validate these results.

Thank you for your attention!
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