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Motivation
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• To study the radiation damage of LGADs for the HL-LHC MIP timing detectors of 

CMS and ATLAS

• To study the comparison between radiation damage introduced by neutrons and 

high energy protons

• A very limited literature on the study of 24 GeV/c protons on the devices from 

HPK-P2 and CNM-12916

• Comparison of the sensors from different productions: HPK-P2 and CNM-12916
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The Need for New Timing Detectors
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HL-LHC

Higher 
Energy

Higher 
pile-ups

Higher 
radiation 
damage

• Pile-up is one of the major challenges for tracking at the HL-LHC

• Timing information will be used to disentangle the overlapping events

• Radiation tolerance up to ~ 2.5 x 1015𝑛𝑒𝑞𝑐𝑚−2 for ATLAS – HGTD 

and ~ 1.5 x 1015𝑛𝑒𝑞𝑐𝑚−2 for CMS – ETL is required

• Time resolutions < 50ps per-hit for a MIP

Pile up ~ 50 Pile up ~ 200

Sofia Otero, PoS (2019) [1]
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FCC-hh
• Pile up mitigation ~ 1000

• Time resolution ~ 10 ps per-hit for a MIP

• Much higher radiation tolerance ~1017𝑛𝑒𝑞𝑐𝑚−2!!!

https://cds.cern.ch/record/2747755/files/untitled.pdf
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FCC-hh
• Pile up mitigation ~ 1000

• Time resolution ~ 10 ps per-hit for a MIP

• Much higher radiation tolerance ~1017𝑛𝑒𝑞𝑐𝑚−2!!!

ATLAS-HGTD and CMS-ETL will be using LGADs as timing detectors

https://cds.cern.ch/record/2747755/files/untitled.pdf


Low Gain Avalanche Diodes (LGADs)
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• Low Gain Avalanche Diode, a detector with:

• Internal charge multiplication

• Improved signal-to-noise ratio (SNR)

• Improved timing capabilities ( < 30ps) achievable with 

thin – LGADs (50µm)

• Low to moderate gain (a few 10s) provided by p+ multiplication layer

• Gain depends on:

• Doping profile and concentration of the dopant in gain layer (GL)

• Bias voltage 

• Temperature

• Producers:

CNM (Barcelona, ES), FBK (Trento,IT), HPK (Japan), IHEP-NDL and IME (China), Micron(UK), BNL(USA), 

CIS(Erfurt, Germany) ...
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Devices Under Test
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• HPK – Prototype2: 

• 1.3 x 1.3 mm2 pad-like LGADs with 48µm thick epitaxial layer.

• Gaussian profile doping -> deep.

• 150µm low resistivity support wafer

• CNM – 12916:

• 1.3 x 1.3 mm2 pad-like LGADs with 42µm thick FZ wafer.

• Narrow and highly doped implant, but also shallow.

• 300µm low resistivity Czochralski support wafer

• Neutron irradiation took place in TRIGA-II Reactor, JSI Ljubljana and the 

fluences are 4e14, 8e14, and 1.5e15 neq/cm2.

• 24 GeV/c Proton irradiation was carried out at IRRAD Facility, CERN and the 

fluences are 4.3e14, 1.18e15, and 1.55e15 neq/cm2 (Hardness factor = 0.62)

Sample Vdep [V] Vgl [V] Vbd (20°C) [V] Cend [pF] d [µm]

HPK-P2 61.7 54.5 145 3.6 48

CNM12916 42.8 39.4 80-100 4.2 42

Parameters of the LGADs used in this work
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CNM HPK

All devices were annealed after 

irradiation at 60˚C for 80 minutes



Reverse Current Damage Coefficient (α)
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• Volume considered:

• HPK2: (1.3x1.3) mm2 x 48µm

• CNM12916: (1.3x1.3) mm2 x 42µm

• Pad current measured after full depletion at 50V.

For Neutrons:

α = 1.14 x 10-18 A/cm-3 

For Protons:

α = 1.11 x 10-18 A/cm-3 

Reference:

α = 1.11 x 10-18 A/cm-3   [2] 
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Electrical Characterizations
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• Preliminary results of the sensors before irradiations

CNM – Run 12916 HPK – Prototype 2

Leakage Current

Capacitance

(E. Curras, EP-R&D 2021) [3]
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A set of devices from these were selected for irradiation

https://indico.cern.ch/event/1086561/contributions/4567896/attachments/2359369/4027181/EstebanCurras_EP_R%26D_seminar.pdf


Leakage Current 
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• Pad current increases with fluence. 

• Breakdown voltage increases with fluence, the samples can be operated at higher voltages.

• This is already an indication that the gain decreases with fluence. 

• Depletion voltage of the gain layer decreases, easy to see in the CV curves (next slide) 

• The impact of protons is greater than neutrons: can be seen in both CNM and HPK sensors.

• Current – Voltage characteristics after irradiation, measured at T = - 20°C
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Capacitance
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• End capacitance does not change with fluence.

• Full depletion voltage increases with the increase in fluence.

• Depletion voltage of the gain layer decreases: indication of less active boron in gain layer.

• The impact of protons is greater than neutrons: can be seen in both CNM and HPK sensors.

• Capacitance – Voltage characteristics after irradiation, measured at T = 10°C and freq = 1kHz.
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LASER Characterizations
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• Laser characterizations were carried out using Transient 

Current Technique (TCT) at SSD lab at CERN. 

• Pulsed IR-Laser (1060nm) with 250ps pulse width.

• Laser intensity ~ 1 MIPs

• Calculation of gain was carried out using the following 

equation: 

𝐺𝑎𝑖𝑛 𝑉 =
𝐶𝐶𝐿𝐺𝐴𝐷 [𝑉]

𝐶𝐶𝑃𝐼𝑁 [𝑉 ≥ 𝑉𝐹𝐷]
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Gain Measurements
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• PINs, unirradiated LGADs and irradiated LGADs were measured under same conditions.

• A reduction in gain is observed with the increase in fluence.

• TCT measurements taken at temp = - 20˚C

Su
m

m
ar

y 
   

 G
L 

D
eg

ra
d

at
io

n
   

  L
as

e
r 

C
h

ar
ac

.  
   

El
e

ct
ri

ca
l C

h
ar

ac
.  

   
D

U
T 

   
 L

G
A

D
s 

   
 M

o
ti

va
ti

o
n



Gain Measurements
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• PINs, unirradiated LGADs and irradiated LGADs were measured under same conditions.

• A reduction in gain is observed with the increase in fluence.

• LGADs from HPK-P2 show greater resistance to irradiation as compared to CNM-12916.

• TCT measurements taken at temp = - 20˚C

Gain ~ 5

Gain ~ 17
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Gain Measurements
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• PINs, unirradiated LGADs and irradiated LGADs were measured under same conditions.

• A reduction in gain is observed with the increase in fluence.

• LGADs from HPK-P2 show greater resistance to irradiation as compared to CNM-12916.

• Impact of 24 GeV/c protons (normalized to 1 MeV neutrons) is more than twice as that of neutrons 

for both HPK-P2 and CNM-12916. 

• TCT measurements taken at temp = - 20˚C

p: 4.3e14

n: 8e14

p: 4.3e14

n: 8e14
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Extraction of VGL
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• Three different methods to extract gain layer depletion voltage (VGL) are used in this work

The IV method

• The derivate of the pad current w.r.t voltage gives a peak around VGL 

• The maxima of peak can be obtained by Gaussian / Lorentzian fitting
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Extraction of VGL
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• Three different methods to extract gain layer depletion voltage (VGL) are used in this work

The IV method The CV method

• Plotting 1/C2 versus voltage

• The bend represents VGL
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Extraction of VGL
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• Three different methods to extract gain layer depletion voltage (VGL) are used in this work

The derivative method The CV method The TCT method

• Plotting charge collection versus voltage

• The bend represents VGL
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Extraction of VGL

27/06/2023 42nd RD50 Workshop – Montenegro 20

• Three different methods to extract gain layer depletion voltage (VGL) are used in this work

The IV method The CV method The TCT method

• Before irradiation, these methods are in good agreement with each other.

• After irradiation, the VGL extraction gets tricky.

• We averaged out the values of VGL obtained from all these methods. 
𝑉𝐺𝐿 =

𝑉𝐺𝐿 𝐼𝑉 + 𝑉𝐺𝐿 𝐶𝑉 + 𝑉𝐺𝐿 (𝑇𝐶𝑇)

3
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Acceptor Removal Coefficient (c) 
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• The gain layer depletion voltage at a given fluence is related to the acceptor removal 

coefficient ‘c’ by:

• Acceptor removal coefficient can be obtained by fitting this equation on the VGL curve 

versus fluence 

𝑉𝐺𝐿 𝜑 = 𝑉𝐺𝐿 0  𝑒−𝑐𝜑 

• GL fraction is calculated using the values of VGL obtained by the methods explained in 

previous slide, where:

𝐺𝐿 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑉𝐺𝐿 𝜑

𝑉𝐺𝐿 0
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Acceptor Removal Coefficient (c) 
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• GL fraction versus fluence

• LGADs from CNM-12916 shows higher values of ‘c’ as compared to HPK-P2, irrespective 

of irradiation type.

• This shows that degradation of gain layer also depends on shape, position, and 

concentration of the GL doping profile
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𝑉𝐺𝐿 𝜑 = 𝑉𝐺𝐿 0  𝑒−𝑐𝜑 



Acceptor Removal Coefficient (c) 
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• 24 GeV/c protons introduce damages in gain layer almost 2.5 

times higher than the neutrons, normalized to 1 MeV neutrons .

• ‘c’ value of LGADs from CNM-12916 is almost 1.8 times higher 

than the ones from HPK-P2 for both the proton and neutron 

irradiations.

c (10-16 cm-2) cn cp cp /cn 

CNM-12916 6.91 ± 0.05 17.1 ± 0.77 2.475

HPK-P2 3.85 ± 0.24 9.51 ± 0.51 2.470

cCNM/cHPK 1.795 1.798 -
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• 24 GeV/c protons introduce damages in gain layer almost 2.5 

times higher than the neutrons, normalized to 1 MeV neutrons .

• ‘c’ value of LGADs from CNM-12916 is almost 1.8 times higher 

than the ones from HPK-P2 for both the proton and neutron 

irradiations.
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This work

[5][4] [6] [7] [8]

https://ieeexplore.ieee.org/document/9945985
https://www.sciencedirect.com/science/article/pii/S0168900220310081?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900222001371?via%3Dihub
https://indico.cern.ch/event/896954/contributions/4106306/attachments/2146559/3618285/AHoward_RD50_Nov2020_ProducersComparison.pdf
https://indico.cern.ch/event/918298/contributions/3880598/attachments/2050927/3438310/RD50_2020_Gkougkousis.pdf
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• 24 GeV/c protons introduce damages in gain layer almost 2.5 

times higher than the neutrons, normalized to 1 MeV neutrons .

• ‘c’ value of LGADs from CNM-12916 is almost 1.8 times higher 

than the ones from HPK-P2 for both the proton and neutron 

irradiations.
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This work

Disclaimer!
The sensors in literature are not 

from the same production batches
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• 24 GeV/c protons introduce damages in gain layer almost 2.5 

times higher than the neutrons, normalized to 1 MeV neutrons .

• ‘c’ value of LGADs from CNM-12916 is almost 1.8 times higher 

than the ones from HPK-P2 for both the proton and neutron 

irradiations.

c (10-16 cm-2) cn cp cp /cn 

CNM-12916 6.91 ± 0.05 17.1 ± 0.77 2.475

HPK-P2 3.85 ± 0.24 9.51 ± 0.51 2.470

cCNM/cHPK 1.795 1.798 -
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• Neutron and proton irradiated LGADs  with different fluences from HPK-P2 and CNM-12916 were 

studied.

• The ratio of damage coefficient of protons to neutrons shows that 24 GeV/c protons damage the gain 

layer almost 2.5 times higher than the neutrons, when normalized to 1 MeV neutrons.

• CNM-12916 LGADs produced with a shallow gain layer doping profile presented more degradation

than the HPK-P2 LGADs produced with a deep and Gaussian gain layer doping profile.

• The acceptor removal constants (for protons and neutrons) gave a value for the CNM-12916 LGADs ∼ 

1.8 times higher than in the HPK-P2 ones.

• Time resolution measurements will be carried out in the next step.

• In future, the impact of long-term annealing will be studied. 

• The paper is submitted to JINST, here is the link: 
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