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The Challenge of the extreme fluence
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The Challenge of the extreme fluence

State of the art of silicon sensor performance in

hadron colliders:

> Precise tracking down to ~ 10 pm — 1 fCup to 2-10*° n,,/cm?
> Precise timingdownto~30ps — 5 fCup to 3-10% n,,/cm?

Towards thin silicon sensors with internal gain for harsh radiation environments

The goal

> Study of the property of silicon exposed at fluence > 1016
Neq/CM?

» Design of planar silicon sensor with internal gain able to
operate up to 5-10% n.,/cm?

» Estimate if such sensors generate enough charge to track
in space and time charged particles
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The Challenge of the extreme fluence

State of the art of silicon sensor performance in

hadron colliders:

> Precise tracking down to ~ 10 pm — 1 fCup to 2-10*° n,,/cm?
> Precise timingdownto~30ps — 5 fCup to 3-10% n,,/cm?

1E+19 f
1E+18 , I;CC-hh

1E+17 . HL-LHC
A

1E+16 |
5 LHC .7
,0’

16415 |
1E+14 | >
1643 | TEVATRON

1E+12

Maximum Fluence [cm™]

0,1 1 10 100 1000 10000
Concurrent Interactions

Towards thin silicon sensors with internal gain for harsh radiation environments

The goal
> Study of the property of silicon exposed at fluence > 1016

Neq/CM?

» Design of planar silicon sensor with internal gain able to
operate up to 5-10% n.,/cm?

» Estimate if such sensors generate enough charge to track
in space and time charged particles

The strategy to overcome the limit of 10'® n,./cm? will exploit

» The saturation of the radiation damage effect on dark
current and acceptor creation rate increase, and CCE
decrease

» Thin active substrate (20-40um)

» Extension of internal multiplication mechanism to increase
Signal to Noise Ratio, up to 5-10%/ n,,/cm?

The whole research program is performed in collaboration with FBK

19/03/2025 M. Ferrero, IFD 2025 - INFN Workshop on Future Detectors 2




o

Electric field

19/03/2025

Low Gain Avalanche Diode (LGAD)

n** electrode

p* - layer (~ 10'¢ atoms/cm?)

p bulk (~ 10*? atoms/cm?)

p** electrode

» LGADs are n-in-p planar silicon sensors with internal
moderate gain (20—30) controlled by the external bias

» The moderate internal gain is obtained by a gain implant (p*
- layer ) implanted underneath the n** electrode
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Low Gain Avalanche Diode (LGAD)

n** electrode

p* - layer (~ 10'¢ atoms/cm?)

p bulk (~ 10*? atoms/cm?)

o

Electric field

p** electrode

The standard LGAD technology loses much of its
capability of charge multiplication above a
fluence of 3E15 n.,,cm?, due to the acceptor
removal mechanism

» LGADs are n-in-p planar silicon sensors with internal
moderate gain (20—30) controlled by the external bias

» The moderate internal gain is obtained by a gain implant (p*
- layer ) implanted underneath the n** electrode

—Not Irradiated = —Irradiated at 1E16 n_eq/cm”2

The acceptor removal law
p*(D) = p*(0)eA?

in layer inactivation due to
=1-10% n,,/cm?

p* Doping density a. u.

Measurement

>~ ——————
Depth [a. u.]
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Compensated LGADs for extreme fluence

An Innovative design of the
gain implant based on
compensation mechanism
has been developed to
extend and preserve the
internal gain of LGADs up
to 5-10' n,./cm?

» Boron (B) Implant
» Phosphorus (P) Implant
» B-P effective doping

- Compensated LGAD
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Doping Density [a.u.]

Doping Density [a.u.]

n** electrode

Effective ---

pth [a.u.]

— Boronx5 F=0
— Phospx4 F=0
— Comp F=0

compensated - layer

p bulk (~ 1012 atoms/cm?)

p** electrode

Prediction of the effect of an
irradiation ¢ = 1-10' n.,/cm?

— Boron x5
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Compensated LGADs for extreme fluence

An Innovative design of the
gain implant based on
compensation mechanism
has been developed to
extend and preserve the
internal gain of LGADs up
to 5-10' n,./cm?

» Boron (B) Implant
» Phosphorus (P) Implant
» B-P effective doping

- Compensated LGAD

19/03/2025

Doping Density [a.u.]

Doping Density [a.u.]

— Boronx5 F=0
— Phospx4 F=0
F=0

— Comp

n** electrode

compensated - layer

p bulk (~ 1012 atoms/cm?)

p** electrode

AAAAA

Prediction of the effect of an
irradiation ¢ = 1-10' n.,/cm?
- = 1E16
A F=1E16
F = 1E16

The compensated LGAD
exploits the removal
mechanism of acceptors
and donors to engineer a
gain implant unchangeable

with radiation damage

11111111

Depth [um]
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Compensated LGAD - from 2022 to the present

The Proof of Concept

Funded by INFN CSN5

The first compensated LGADs sensors have
been released by FBK in 2022, in a
framework of the EXFLU1 batch

Concentration [a.u.]

Gain Layer profile
process simulation

Effective Doping
Arsenic

EXFLU1 batch
Split table
Wafer# | Thickness | p+dose n+ dose C dose

6 30 2a 1
7 30 2b 1
8 30 2b 1
9 30 2c 1
10 30 3a 2
11 30 3b 2
12 30 3b 2
13 30 3b 2 1.0
14 30 3c 2

~——Phosphorus x 4
Boron x 5
A, W 1E+19
A _,"/\\ ~ § 0
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\ | S0t 9
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N
nt o pt n %\ p
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Current-Voltage measurements

Current [A]
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Compensated LGAD - from 2022 to the present

Gain Layer profile EXFLU1 batch Current-Voltage measurements
The PrOOf Of CO“CEpt process simulation Split table on wafer
Funded by INFN CSN5 ;‘ ff:?'{vt"px'”j Wafser# Thicakoness p+2d:se n+c]i-ose C dose 1E-06 EXFLUl_Cjn;:,)enS'ated S
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p-in-n LGAD: focused on donor removal PRIN 2022, progetto
d. 2022RK39RF
studies ComonSens

Funded by AIDAinnova WP13

Wafer layout

'GRID: 2BR0R ¥ 20888

wafer scale

B\ - G

Batch in production

The released is expected in

summer 2025
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Compensated LGAD - from 2022 to the present

Gain Layer profile EXFLU1 batch Current-Voltage measurements

The Proof of Co ncept process simulation Split tabl on wafer
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Planar silicon sensors operativity up to 1-10'® n . /cm?

Macroscopic effect of radiation on silicon sensor:

» Dark current increase is smaller than expected Saturation effect of the
:> radiation damage

» Charge collection efficiency is higher than predicted
» Slowing down of the acceptor creation rate
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[emA2]

c_A

LGADs - Gain Removal mechanism

p*-doping of the

3E-15

3E-16

3E-17

3E-18

where ¢, is the acceptor removal coefficient
c, depends on the initial acceptor density, p*(0), and
on the defect engineering of the gain layer atoms

p*(®) = p*(0)-eA®

c, parametrization

" | better radiation
= I resistance

Not carbonated gain implant
Carbonated gain implant (CBL/CBH)

The acceptor removal mechanism deactivates the
with irradiation according to

Initial acceptor density [a. u.]
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Radiation
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Removal of
an acceptor

Creation of
a donor
complex

acceptor density, p*(0)

The acceptor removal coefficient depends on the initial

= lIs it possible to improve c, further?




Secondary lon Mass Spectroscopy — W15 (5-4)

Compensated LGAD — W15 5-4
SIMS vs Process Simulation

— Bsim

Investigation of p* (Boron) and
n* (Phosphorus)implants shape
through SIMS technique

Concentration [a.u.]

Depth [a.u.]

» Boron peak is shallower than phosphorus
» Boron peak is lower than predicted from simulation
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