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The Extreme Fluence Challenge

V. Sola 2
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Silicon detectors have been enabling technology for discoveries on par5cle physics at colliders 

→ CompleX will enable 4D tracking with planar silicon sensors up to the fluence of 5⋅1017 neq/cm2

CMS
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Present silicon fron-er
▻ Precise tracking down to ~ 10 µm → 1 fC up to 2⋅1016 neq/cm2

▻ Precise -ming down to ~ 30 ps      → 5 fC up to 3⋅1015 neq/cm2
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Silicon Sensors Working Principles

V. Sola 3

Requirements from state-of-the art electronics at hadron colliders
▻ Precise tracking → 1 fC
▻ Precise 9ming → 5 fC

NB: power budget at high-energy physics experiments has to be kept as low as possible

~ 200 µm

VFD << Vbias

Vbias ~ 200 V

Fully depleted
at low Vbias

Sketch of an n-in-p silicon sensor

Silicon sensors are the passive elements of the tracking 
detector system
Incident par7cles generate e-/h+ pairs that are collected 
to the electrode once a reverse bias is applied
The movement of the charge carriers induces a signal 
on the sensor electrodes, which can be read out by the 
electronics
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Silicon Sensors at Very High Fluences
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Planar silicon sensors can operate up to 1016 neq/cm2

Signals from planar silicon sensors become too small
➣ Non-uniformi7es in the electric field
➣ Impossible to fully deplete the sensors
➣ Collected charge independent from thickness

[doi: 10.1088/1748-0221/9/05/C05023]

Models of the radiaAon damage in silicon are validated All ~ 1016 neq/cm2

Mismatch between data and predic6ons arises at higher fluences
➣ Dark current increase is smaller than expected
➣ Charge collec7on efficiency is higher than predicted
➣ Increase of the acceptor states slows 

→ Hints of saturaAon of the radiaAon damage effects

[doi: 10.22323/1.373.0050]

http://doi.org/10.1088/1748-0221/9/05/C05023
https://doi.org/10.22323/1.373.0050
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Satura>on of the Radia>on Effects
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At fluences above 5·1015 neq/cm2 → Satura<on of radia<on effects observed

Silicon detectors irradiated at fluences 1016 – 1017 neq/cm2 do not behave as expected → They behave beAer

Leakage current satura-on
I = aVF

a from linear to logarithmic

Trapping probability satura-on
1/teff = bF

b from linear to logarithmic

Acceptor crea-on satura-on
NA,eff = gcF

gc from linear to logarithmic

y = 4,23E+13ln(x) - 1,43E+15
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[G.Kramberger et al.] [G.Kramberger et al.] [M.Ferrero et al.]
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The Advantages of Thin Sensors
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g = 0.02/cm

g ~ ln(fluence)

Full depletion voltage at F = 1017 neq/cm2

Thanks to satura<on effects, thin sensors 
can s<ll be depleted and operated at Vbias ≤ 500 V

VFD = e|Neff|d2/2e

SaturaAon Reduce thickness

What does it happen to a 20 µm sensor a<er a fluence of 5·1016 neq/cm2? 
▻ It can s.ll be depleted
▻ Trapping is almost absent 
▻ Dark current is low (small volume)

However: charge deposited by a MIP ~ 0.2 fC
→ This charge is lower than the minimum charge requested by the electronics (~ 1 fC)
→ Need a gain of at least ~ 5 in order to provide enough charge
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Towards the eXtreme Fluences – CompleX
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CompleX will design a new genera6on of silicon sensors
▻ exploit satura6on of the radia6on damage
▻ use thin substrates (20 – 40 µm)
▻ use internal gain to enhance the signal

→ CompleX will develop a new genera1on of planar silicon sensors 
with gain to operate in extreme fluence environments

Accurate modelling of silicon damage and sensor behaviour at very high fluences 
is necessary to design the next genera6on of silicon detectors

→ CompleX will extend the understanding and modelling of
      radia1on damage in silicon to the fluence of 5⋅1017 neq/cm2
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Low-Gain Avalanche Diodes
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LGADs are n-in-p planar silicon sensors
Operated in low-gain regime (20 – 30) controlled by 
the external bias
Cri7cal electric field  Ec ~ 20 – 30 V/µm
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Gain Removal Mechanism in LGADs

V. Sola 9

The acceptor removal mechanism deac7vates the
p+-doping of the gain layer with irradia7on according to

p+(F) = p+(0)⋅e-cAF

where cA is the acceptor removal coefficient
cA depends on the ini7al acceptor density, p+(0), and

on the defect engineering of the gain layer atoms
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Single Event Burnout  💥
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Once operated at high electric field, thin sensors fatally break 
if exposed to par.cle beams

The effect is called Single Event Burnout (SEB) and apply both 
to LGAD and PIN sensors

Death Mechanism:
▻ Rare, large ioniza.on event – Highly Ionising Par.cle
▻ Excess charge leads to highly localized conduc.ve path
▻ Collapse of the depleted ac.ve thickness
▻ Large current flows in a narrow path – Single Event Burnout

SEB consequence:
→ Impossible to operate irradiated thin sensors above the
      cri.cal electric field (ESEB)
→ The ESEB value is higher for thinner sensors

Localized melt and vaporiza<on of silicon

SEM picture                   [SSP group,UniTO]

[M. Ferrero et al., indico.cern.ch/event/1334364/contributions/5672087]

http://www.solid.unito.it/
https://indico.cern.ch/event/1334364/contributions/5672087/
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25 µm Thin LGADs
Measurements of charge collecAon efficiency (CCE) with an infra-red laser s6mulus 
show that sensors can be operated up to the highest fluences – 25 µm thick LGADs

▻ The LGAD mul.plica.on mechanism
     ceases exis.ng at ~ 5·1015 neq/cm2

▻ From 1016 to 1017 neq/cm2 the collected 
     signal is roughly constant

▻ For electric fields above 14 V/µm, 25 µm 
     thick silicon sensors undergo fatal death
     once exposed to par.cle beams (SEB)

V. Sola 11

→ Necessary to increase the radiaAon tolerance of the gain mechanism for 5E15 neq/cm2 and above

Laser intensity ~ few MIPs
T = –10ºC

Efield ~ 14 V/µm
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LGAD Engineering – State-of-the-Art 
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Thin sensors from the EXFLU1 batch of FBK are the 
sensors most resilient to radiaNon ever produced 

by the FBK foundry
The technology exploits defect engineering through 
carbon co-implanta7on in the gain implant region
→ A<er a fluence of 2.5·1015 neq/cm2, all sensors 
maintain a gain of about 10 up to the SEB limit

☠

☠☠☠

☠
Single-event
burnout
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State-of-the-Art Removal Mechanism in LGADs

V. Sola 13

The acceptor removal mechanism deac7vates the
p+-doping of the gain layer with irradia7on according to

p+(F) = p+(0)⋅e-cAF

where cA is the acceptor removal coefficient
cA depends on the ini7al acceptor density, p+(0), and

on the defect engineering of the gain layer atoms
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⇒ Is it possible to
improve cA further?

▲  thin sensors from the EXFLU1 batch
[R.S. White, 43rd RD50 Workshop (2023) CERN]
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https://indico.cern.ch/event/1334364/contributions/5672078/
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Towards a Radia>on Resistant Design
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Lowering cA
can extend the gain 
layer survival up to 
F ≥ 1017 neq/cm2

V. Sola 14

Higher the acceptor density,
lower the removal

1                                                   10                                                100

The acceptor removal mechanism deac7vates the
p+-doping of the gain layer with irradia7on according to

p+(F) = p+(0)⋅e-cAF

where cA is the acceptor removal coefficient
To substanNally reduce cA, it is necessary to
increase p+(0), the iniNal acceptor density
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Planar Silicon Sensors for eXtreme Fluences
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Doping Profile – Standard LGAD
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Irradia.on
F = 1×1016 neq/cm2  

––  Boron × 1  F = 1E16

 - - Boron × 1  F = 0

––  Boron × 1  F = 0

depth

EfieldEc
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Compensated LGADs for eXtreme Fluences
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Compensated LGADs for eXtreme Fluences
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Credit: oppnest.com

Doping Profile – Standard LGAD
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V. Sola et al.,
NIM A 1040 (2022) 167232

A compensated design
of the LGAD gain layer

Patent #102022000003359
Enhanced radiation resistance

via doping compensation
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Compensated LGADs for eXtreme Fluences
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Credit: oppnest.com

Doping Profile – Standard LGAD
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First produc7on of 
compensated LGADs

EXFLU1 batch released 
end of 2022

Proof
of concept
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First Compensated LGADs – EXFLU1

V. Sola 17

First compensated LGAD sensors have been released by FBK
in the framework of the EXFLU1 batch

Other R&D paths pursued by the EXFLU1 batch to extend the radia-on tolerance of the LGAD sensors:
   ▻  new guard ring design 
   ▻  decrease of the acceptor removal – carbon shield
   ▻  thin substrates (15–45 µm)

Design and preparatory studies have been performed in collabora7on with the Perugia group

→ The EXFLU1 wafers exited the FBK clean room at the end of 2022
[V. Sola, TREDI 2024, Torino]

https://agenda.infn.it/event/39042/contributions/221979/
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Compensated Gain Layer Design – Split Table

V. Sola 18

3 different combina6ons of p+ – n+ doping: 2 – 1, 3 – 2, 5 – 4 

  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

[ a < b < c ]
Ac7ve

thickness
30 µm
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Compensated LGAD – I-V on wafer

V. Sola 19

Simula:on

3 – 2

2 – 1

5 – 4

1E-12

1E-11

1E-10

1E-09

1E-08

1E-07

1E-06

0 50 100 150 200

Cu
rr

en
t [

A]

Reverse Bias [V]

EXFLU1 – Compensated LGAD 2–1 – I-V 

 W15 PIN
 W5
 W6
 W7
 W8
 W9

1E-12

1E-11

1E-10

1E-09

1E-08

1E-07

1E-06

0 50 100 150 200

Cu
rr

en
t [

A]

Reverse Bias [V]

EXFLU1 – Compensated LGAD 3–2 – I-V 

 W5 PIN
 W5
 W10
 W11
 W12
 W13
 W14

1E-12

1E-11

1E-10

1E-09

1E-08

1E-07

1E-06

0 50 100 150 200

Cu
rr

en
t [

A]

Reverse Bias [V]

EXFLU1 – Compensated LGAD 5–4 – I-V 

 W5 PIN
 W5
 W15

p+ × 2, n+ × 1      
p+ × 3, n+ × 2           
p+ × 4, n+ × 3           
p+ × 5, n+ × 4           

× 4
× 5

Effective Doping

n+ p+ n                  p

1E+19

0

-1E+19

Co
nc

en
tr

a)
on

 [a
.u

.]

Depth [a.u.]

1E-17

1E-16

1E-15

1E-14

1E-13

-250-200-150-100-500

Da
rk

 C
ur

re
nt

 [A
]

Reverse Bias [V]

Compensated LGAD – Simulated I-V

 p+ x 1
 p+ x 2, n+ x 1
 p+ x 3, n+ x 2
 p+ x 4, n+ x 3
 p+ x 5, n+ x 4



Joint Instrumenta.on Seminar – DESY Hamburg – 28.06.2024

IR Laser S>mulus on Compensated LGAD
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TCT Setup from Par/culars 
Pico-second IR laser at 1064 nm
Laser spot diameter ~ 10 µm
Cividec Broadband Amplifier (40dB)
Oscilloscope LeCroy 640Zi
Laser intensity ~ 4 MIPs 

x

y

z
Laser s7mulus on

LGAD-PiN structures

𝐆𝐚𝐢𝐧 =
𝐐𝐋𝐆𝐀𝐃
< 𝐐𝐏𝐢𝐍>

→ Not trivial to operate compensated LGAD sensors
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Secondary Ion Mass Spectroscopy – W15
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▻ Boron peak is shallower than phosphorus
▻ Boron peak is lower than predicted from simula6on
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SIMS Profile & I-V – 5–4
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→ The simulated I-V reproduces the trend of the measured I-V from W15
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I-V from Compensated LGAD – Irradiated
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[F] = neq/cm2

TF=0 = + 20ºC
TIRR = - 20ºC
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IR Laser S>mulus on Compensated LGAD
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TCT Setup from Par/culars 
Pico-second IR laser at 1064 nm
Laser spot diameter ~ 10 µm
Cividec Broadband Amplifier (40dB)
Oscilloscope LeCroy 640Zi
Laser intensity ~ 4 MIPs 
T = -20ºC

Laser s-mulus on a 
LGAD-PiN structures 

before and aSer 
irradia-on

𝐆𝐚𝐢𝐧 =
𝐐𝐋𝐆𝐀𝐃

< 𝐐𝐏𝐢𝐍	 𝐍𝐨	𝐆𝐚𝐢𝐧>x

y

z

→ Good gain behaviour of the compensated LGAD sensors aSer irradia-on
→ Even in compensated LGADs, the usage of carbon mi<gates the acceptor removal
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Strategies to Inves>gate Donor Removal
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A p-in-n LGAD batch will be used to study the donor removal coefficient, cD

Donor removal has been studied for doping densi7es of 1012 – 1014 atoms/cm3 

We need to study donor removal in a range 1016 – 1018 atoms/cm3

p-in-n LGAD

p++

n+

n

n++

By means of the TCAD simula6on, the donor removal is 
extracted from the C-V characteris6cs of the compensated 
LGAD sensors
Exploi6ng the experimental acceptor removal coefficient 
cA = 2.5⋅10-16 cm2, agreement with C-V measurements is 
achieved using a donor removal coefficient cD = 6.5⋅10-16 
cm2

[A. Fondacci et al., agenda.infn.it/event/37033/contributions/227539]

https://agenda.infn.it/event/37033/contributions/227539/
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b Par>cles on Compensated LGAD
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b Setup
Oscilloscope: LeCroy 9254M (2.5GHz - 40Gs/s)
HV Power supply: CAEN DT1471ET
UCSC Board + Cividec Broadband Amplifier (20dB)
Time reference: Photonis MCP-PMT – st ~ 15 ps
b source: Sr90 – ac`vity ~ 37 kBq
T = -25ºC
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3–2 compensated LGAD from W12 irradiated to
2.5E15 neq/cm2 has been tested with beta par-cles

→ Good <ming performances of compensated LGAD 
sensors irradiated to 2.5E15 neq/cm2 

W12
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The CompleX Flow
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CompleX work packages:

 WP1 – Sensor design and produc6on

 WP2 – Sensor irradia6on

 WP3 – Tes6ng and data analysis

 WP4 – Modelling of radia6on effects

itera9ng over 3 9mes

🎯

CompleX
Workflow

The pathway
to Extreme 

Fluences

Simulation
& Design
WP1

Production
WP1

Testing
WP3

Testing
WP3

Irradiation
WP2

Modelling
WP4
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The CompleX Team
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CompleX work packages:

 WP1 – Sensor design and produc6on

 WP2 – Sensor irradia6on

 WP3 – Tes6ng and data analysis

 WP4 – Modelling of radia6on effects

Fondazione Bruno Kessler 

INFN

Torino University
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The CompleX Objec>ves
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CompleX objecAves

(i) Extend and develop a radiaAon damage 
model able to describe silicon behaviour, 
including satura6on effects, under 
irradia6on up to 5⋅1017 neq/cm2

(ii) Design LGAD silicon sensors that provide 
a charge of ~ 5 fC per parAcle hit up to 
fluences of 5⋅1017 neq/cm2

(iii) Define a produc6on process to build cost-
effec6ve radia6on-tolerant detectors 
through the p–n dopant compensaAon

CompleX work packages:

 WP1 – Sensor design and produc6on

 WP2 – Sensor irradia6on

 WP3 – Tes6ng and data analysis

 WP4 – Modelling of radia6on effects
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The CompleX Strategy
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Precise TimingPrecise Tracking

Worst Case Scenario

CompleX Target

Intermediate Scenario
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F = 1·1017/cm2

Gain = 5 – 10
F = 5·1016/cm2
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Lower operating 
temperature
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collection

Thickness 
optimisation

Defect engineering
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The CompleX Outcome
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The CompleX Impact

V. Sola 5E17

▻ Fundamental advance in silicon detector understanding 
 up to the fluence of 5⋅1017 neq/cm2 

▻ Enable the design of silicon 4D tracker detectors for future 
 high-energy and high-intensity hadron collider experiments

▻ Boost the technology in all extreme radia9on environments
e.g. monitoring at nuclear fusion reactors

▻

▻

▻

🎯
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