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Silicon Sensors for Extreme Fluences

eXFlu — INFN grant for Young Researchers (project duration: 2 years)
Presented at TREDI2020 [http://indico.cern.ch/event/813597/contributions/3727861/]

eXFlu goals:

= study radiation damage in the fluence region 1 -10-10*® n.,/cm?
= design silicon sensors able to efficiently operate up to 1-10*" n.,/cm?

Full depletion voltage at ® = 10" n,,/cm?
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The idea: use thin LGAD sensors (20 — 35 um thick) to provide 1 fC of charge
= when new, internal signal multiplication from the gain layer
> with radiation, signal multiplication progressively moves from gain layer to bulk region

More details available at l.infn.it/exflu
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PREDICTIONS

Collected charge from irradiated LGAD - WF2
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Work in progress with the Perugia group [T. Croci, A. Morozzi, F. Moscatelli, D. Passeri]
to simulate thin LGAD behaviour up to extreme fluences

Perugia model precisely describes behaviour of thin n-in-p sensors up to 1E16 n.,/cm?
[A. Morozzi et al., doi:10.22323/1.373.0050]

— Does it predict thin LGAD performances up to 1E17 n.,/cm??
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Data above 1E16 n.,/cm? suggest some optimism:

> I. Mandic et al., TREDI 2020
> J. Vaitkus et al., this Workshop

— To get the target charge, we need to operate extreme irradiated thin sensors at V,,,, ~ 700 — 900 V
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FIRST THIN WAFERS FROM FBK

Wafer #| Thickness| Depth |Dose Pgain|Carbon| Diffusion

5 25 Standard CHBL
6 35 Standard CHBL

Just arrived in Torino

2 thin wafers have been produced at FBK
(within UFSD3.2 production)

> epitaxial substrates
= 2 different wafer thickness: 25 and 35 um

> 9 different inter-pad strategies (types)

[Ref for types: https://indico.cern.ch/event/855994/contributions/3637004/]
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[V ON THIN LGAD

FBK Thin Wafers — IV LGAD Single Pad
5E-07
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[V ON THIN LGAD — ZO0OM

FBK Thin Wafers — IV LGAD Single Pad — ZOOM
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—35um = Good electrical behaviour
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/ = Dark current increase due to internal gain
3608 e = On thinner sensors, the same reverse bias

Current [A]
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CV ON 25 um WAFER — Low p

It is difficult to precisely control resistivity of thin epitaxial substrates
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CV ON 35 um WAFER — High p

It is difficult to precisely control resistivity of thin epitaxial substrates
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[I. Pintilie et al. (2005) doi:10.1016/j.nima.2005.10.013]
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CV ON 35 um WAFER — High p

It is difficult to precisely control resistivity of thin epitaxial substrates
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[I. Pintilie et al. (2005) doi:10.1016/j.nima.2005.10.013]

The 37th RD50 Workshop — Zagreb Online —19.11.2020




BREAKDOWN ON THIN PIN SENSORS

On UFSD3.2 wafers, there is a row with no gain layer implantation

The breakdown has been studied on 5 PiN-PiN structures
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BREAKDOWN ON THIN PIN SENSORS

On UFSD3.2 wafers, there is a row with no gain layer implantation
The breakdown has been studied on 5 PiN-PiN structures
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BREAKDOWN ON THIN PIN SENSORS

On UFSD3.2 wafers, there is a row with no gain layer implantation
The breakdown has been studied on 5 PiN-PiN structures
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BREAKDOWN ON THIN PIN SENSORS

On UFSD3.2 wafers, there is a row with no gain layer implantation
The breakdown has been studied on 5 PiN-PiN structures
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GUARD-RING DESIGN FOR THIN SENSORS

~ 500 um
n*t - >
e | iInfninin i
GR depletion . .
SI;etch TOt region — R&D on guard-ring structures is mandatory
0O Scale

For UFSD3.2 PiN sensors, before irradiation Vg5 > 500 V
When new, Vg on PiN occurs at a higher bias than V;p due to gain and do not limit sensor operation
— UFSD3.2 guard rings work nicely before irradiation

Once irradiated at 1E17 n.,/cm?, guard rings need to sustain ~ 800 V over a thickness of ~ 25 um
— Is it possible?

Guard-ring needs a new design for extreme irradiated thin substrates:
= How many rings do we need on ~ 25 um thick structures?
= How far should be the pad from the physical sensor edge?
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NEXT STEPS

> Irradiate thin UFSD3.2 sensors up to 1E17 n.,/cm? and measure the irradiation

effects on thin substrates
Full depletion voltage at @ = 10'7 n,,/cm?

> ° ° ° . . ° ° 700 7

Optimise the g.aln layer and gu:i\rd ring design ol " Already produced
for the next thin wafer production s00 | ' _

. o _ _ N [ /Y5 Inthe next production
15, 20, and 30 um thick epitaxial wafers in production = 400 | )/
— 15 & 20 pum thick substrate requested p = 75 Q-cm > 300 | )/ Swee‘t_f:'?.?:c  g=0020om
— 30 um substrate requested p > 200 €2-cm (intrinsic) 2001 ! ~

100 | % : et ——g ~ In(fluence)

Thickness [um]
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NEXT STEPS

> Irradiate thin UFSD3.2 sensors up to 1E17 n.,/cm? and measure the irradiation

effects on thin substrates
Full depletion voltage at @ = 10'7 n,,/cm?
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Thank you for your attention
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EFFECTS OF RADIATION ON SILICON SENSORS

Irradiation results in 3 main effects:
= Decrease of the collected charge due to trapping effects
> |Increase of the dark current

= Change in effective doping
— increase of the reverse bias to operate the sensor
— distortion of the electric field inside the sensor

Irradiation models developed in the fluence range 10'* — 10> n../cm? predict
standard silicon detectors (~ 200 um) are almost impossible to operate

new VFD << Vbias D~ 1 : 1015 neq/cm2 VFD ~ 0.5 Vbias D~ 5 1015 neq/cm2 VFD >> Vbias
200 um — 200V 200 pm — 500V — 750V
ﬂ ﬂ
Fully depleted at low V. Fully depleted at high V;,s Partially depleted at very high V.
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SOME OPTIMISM — SATURATION

At fluences above 5-10*> n.,/cm? — Saturation of radiation effects observed

Acceptor-like defect creation

40 . 12
120 | 11 eholes 4 3E+14 #-So.um.nn-p - =
. ] - - g=0.02/cm -
— 100 . M electrons 9 pes
3 . .E.o.s — ---g=0.03/cm i .
- ~— @ - -7
§ 80 =06 g S Log. (55 um n-in-p) i ,../'
3 g F . "5 o
g 60 | ] =04 ] = P - PSS s .
% 0 ] - 1 1E+14 e
3 40 | ] PR e y = 4,23E+13In(x) - 1,43E+15
[ @ ] 0.2 Bn=4.7+1.0/cm T
20 o . ’ B, = 3.5+0.6/cm Pt
r o(-23°C) =3.48 - 10%%/cm? 1 0 - : : : i 0E+00 W=
0 e 0 5 10 15 20 25 30 0 SE+15 1E+16
0 50 @, ml,?socm.z] 130 200 @, [10* cm?] Fluence [ne/cm?]

[G. Kramberger et al., [G. Kramberger et al., [M. Ferrero et al.,
doi:10.1088/1748-0221/8/08/P08004] doi:10.1016/j.nima.2018.08.034] 34 RD50 Workshop, Lancaster, UK]
Leakage current saturation Trapping probability saturation Acceptor creation saturation
| =aVD 1/tesr = PO N eff = 8D
a from linear to logarithmic B from linear to logarithmic g. from linear to logarithmic

Silicon detectors irradiated at fluences 10'® — 107 n.,/cm? do not behave as expected — They behave better
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WHY SATURATION?

e, o ®
Possible explanation: = E.‘.‘A:b;
The distance between two atomes, —— || : O i..
the so-called Silicon radius, is - Q%—-——.—-—‘:
r = 1.18 -10° cm o~ ©

. . . Probability that a circle withr =1.18-10% cm
The probability that a circle of radius rg; o0 is crossed by radiation
has been crossed by a particle becomes 1 = <7

. o\° //
at 10'¢ particles/cm? > . S/

= /
16 : 2 S 4 /
Above 106 particles/cm?: 2 P
damage happening on already damaged Silicon o 2 [
) : .

mlght be dlfferent 1,00E+14 1,00E+15 1,00E+16 1,00E+17

Fluence [particles/cm?]
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GO THIN

Full depletion voltage at ® = 10'7 n,,/cm?

_ 2 ;
Vip = e[ Ngg | d?/2¢ ol ,
600 | ,
/ \ _ 500 | ’/
2. 400 | K
° ° [a] i
Saturation Reduce thickness < 300 | /" Sweet spot
200 I Pt - -g=0.02/cm
Thanks to saturation effects, thin sensors e L AT e 9~ In(fluence)

can still be depleted and operated at V,;,. < 500 V o 10 2 3 a0 50 e
Thickness [um]
What does it happen to a 25 pm sensor after a fluence of 5-10¢ n,,/cm??
= |t can still be depleted
= Trapping is almost absent
= Dark current is low (small volume)

However: charge deposited by a MIP ~ 0.25 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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HOW THIN?

To efficiently record a hit, electronics require al least 1 fC

MPV charge from a MIP crossing silicon ~ 75 e-h/um
52 um thick — 0.52 fC

. 0.52 fC
25 um thick — 0.25 fC Collected charge after irradiation [T = -20°C]
1,4 ;
—_ i 52 um n-in-p sensors
5 1.2
S, I it & NEW
° ° ° ° (<) —_
Signal multiplication b = 8E14/cm2
S - cm
by a factor of 5-10 kS 1-SE15/cm2
. £ ~TBE15/cm2
IS nEEdEd % ~1E16/cm2
(&
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SENSOR CHOICE

Impact ionisation occurs when E, 4 > E. = 250 kV/cm

— How to get internal multiplication of 5-10? Stable gain if:
1) Eg,4 > E, for a short distance

2) This length is controlled by applied V.
depth . depth e depth e
T  eesssssssssss—— T pe—— 1 =
| p"'
I |
I I |
| p ! p ! p
| | |
| D mm—— | |
Efea Ec P ST p™ Efea Ec P
n-in-p n-in-p LGAD
p~102¢cm3 p~10"“cm3 p~102cm3, p*~10'%cm3
E..q above E, Difficult to precisely ; Ef‘er']d abc;ye &
over long distance control E¢ 4 or short distance
well controlled by V..
AVALANCHE RISK OF AVALANCHE
¢ SKO ¢ CONTROLLED GAIN
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IRRADIATED LGAD

particle

depth
A

.
|

<

Eﬁeld
new irradiated

= Start with a thin LGAD, 20 — 35 um thick (to be optimized)

. 15 __ &, 15 2. \ai : : H : : Collected charge for 45um and 52pum
> 2-10%5 - 5-10%° n.,/cm?: with increasing fluence, the gain layer is deactivated i i irradiated at 3615 neofcr?

= 5.10%> — 10 n,,/cm?: compensate the decrease power of the vl o
gain layer by shifting the multiplication region to the bulk I RE ST — s2um P2
= 106 — 1017 n.,/cm?: rely solely on bulk multiplication el
— Does bulk multiplication exist at these fluences? i

0 100 200 300 400 500 600 700 800
Bias [V]
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GAIN LAYER RADIATION TOLERANCE

UFSD suffer for gain reduction due to irradiation
FBK used both Boron and Gallium as gain layer dopant, and added Carbon in the gain layer volume

12 r B+C: more radiation
resistance y = 9.9E-01e21E16x ¢ W6 B+C - <CV>
§ 1 ...............,“.“6' -l |
S e, y = 9.7E-01e276-16x  + W15 Ga+C <CV>
£ os | 0 ", By e
z O, R y = 9.8E-01e 1% 5wy 1p <cv>
% 0.6 O | “ O | “a
© o\ % y = 1.OE+00e* 51 o wg g <cv>
T / 0"
° y = 1.0E+00e®5¢16x 0 W14 Ga <CV>
0.2 Ga: less radiation »
resistance { \ B: Standard (HPK, FBK,
o 2 i P n.-n; i 1 A A Al‘l; i 2 Al nnnn; CNM) LGAD prOdUCﬁOﬂ
1.0E+13 1.0E+14 1.0E+15 1.0E+16

Fluence n_eq/cm2

= The usage of Carbon double the radiation hardness of UFSD
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GAIN LAYER RADIATION TOLERANCE

UFSD suffer for gain reduction due to irradiation
FBK used both Boron and Gallium as gain layer dopant, and added Carbon in the gain layer volume

12 r B+C: more radiation
‘ resistance y = 9.9E-01e21E16x  * W6 B+C - <CV>
§ 1 .u..-..'..-.....-......“.-..“”.é' /
E (‘, y= 9.75-012'2'7"15' +» W15 Ga+C <CV>
= 0.8 0 L NNy
S On, @ = 9.8E-01e* !
LN | AN Y Future R&D
% . o ....‘.,__ J 1.2 )
© N y = 1.0E+00e"5* l:
04 r / : b oal
o e 1 ¢ e——
© y = 1.0E+00e®5 2 a
0.2 + | Ga:lessradiation . 8 0s | o i,
resistance : \ B: Standard (| g s ° ;:;'.';”---..
o M A A L 2 ..; " Ly 2 PU N ..; CNM) LGAD | T_: 0.6 F OA
1.0E+13 1.0E+14 1.0E+15 1.0E+16 S Y
Fluence n_eq/cm2 04 0%k
= The usage of Carbon double the radiation hardness 02 |
[
0 ey
1.0E+13 1.0E+14 1.0E+15 1.0E+16
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GAIN LAYER RADIATION TOLERANCE

Goal: retard multiplication transition from
the gain layer to the bulk region

Acceptor removal coefficient

Acceptor removal: 3E-15 R&D within
. RD50
NA,Eff = NA O'ECCD -NO Carbon
Adding carbon protects boron from removal & Cabont T o
Different carbon concentrations have 2 Catbong . = .. Rl TS
: , . 2 3E-16 [ e ===
different impact on boron protection g e e
8 T - .* = =
. . . ©) P A e, Lt —
— Gain layer engineering to extend 5
its contribution to 5-10%° n,./cm? e 5 S
3E-17 : ' ' ' ' E—
1E+16 1E+17
Initial acceptor density [cm-3]
Possible? [M. Ferrero et al., doi: 10.1016/j.nima.2018.11.121 ]
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GAIN LAYER RADIATION TOLERANCE

Goal: retard multiplication transition from
the gain layer to the bulk region

Acceptor removal:
_ D
Npeff = Nao€

Defect engineering and different gain layer
implantation strategies will be investigated

C'Npo=60cm? — <10 cm™

for N, o = 10" atoms/cm?

Gain layer implant

Boron concentration [atoms/cm3]

A\

/ \
/ \
/ \
! \
! \

R&D effort with
FBK foundry

——Shallow - NEW

----Shallow - 5E15/cm?2
——Medium - NEW

"Medium - 5E15/cm?2
——Deep - NEW

----Deep - 5E15/cm2

ble? Depth [a.u.]
Possible:
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ACCEPTOR DOPING EVOLUTION WITH &

Np,eft(@) = 8D + Ny (0)-e®

Effective acceptor doping evolution

1E+17 3

:_\
: -\\\ Gain layer
1E+16 \ '\\ doping evolution
. —gc*fluence
\
\

—gsat*fluence . /

1 E+15 — n++
F —Acc Rem -NO C
[ =——AccRem-C : P

m—

NA,eff(q))

w7 TN p

1E+13 : / _p++
/ \ Bulk

1E+12 e e , R doping evolution

1E+14 1E+15 1E+16 1E+17

Fluence [n,,/cm?]
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GAIN SIMULATION ON THIN PiN

To nicely reproduce data, a quenching factor on bulk
gain need to be introduced (Massey model is used)

G < ea(E,T)*d

o X e—(a+b*T+c*(Z))/E

Using data on charge multiplication in PiN and the
measured bulk doping, a value of c can be determined

c=2+10"1v/p

[N. Cartiglia, https://indico.cern.ch/event/
812761/contributions/3459057]

Charge [fC]

Charge [fC]

WF2 - HPK at fluence 1.5E15, 3E15, and 6E15 neq/cm2

20
+ HPK Type 3.16E15 —WF2 Type 3.1 6E15
15 | ® HPKPIN 3E15 —WF2 PiN 3E15
= HPK PIN 1.5E15 —WF2 PiN 1.5E15

10

0.5 |
] * Bt —
0.0
400 450 500 550 600 650 700 750 800
Bias [V]
WF2 - HPK at fluence 1.5E15, 3E15, and 6E15 neq/cm2
20
+ HPK Type 3.1 6E15 ~——WF2 Type 3.1 6E15 Gain quenched
® HPK PIN 3E15 —WF2 PiN 3E15 Gain quenched o

1.5 | = HPKPIN 1.5E15 —WF2 PiN 1.5E15 Gain quenched

10

05 |

[ H L]
0.0
400 450 500 550 600 650 700 750

Bias [V]
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SHOT NOISE

It is crucial to study the interplay between irradiated thin sensors and the electronics

25 pum thick, 50 x 50 um?, Gain =5, T = -30°C

200 - k=0.2, BW = 100 MHz For LGAD sensors, shot noise is given by
— = Total noise _ 2
S 150 | Oshot = \/ZCI(Isurface + IbulkG F)Af
= —Shot noise
[}
S 100 | . G =gain

F ~ G* = excess noise factor (0 < x< 1)

50 | Af = bandwidth interval

25 pm thick, Gain =5, T =-30°C

1E+13 1E+14 1E+15 1E+16 1E+17 k=0.2, BW =100 MHz .
Fluence [n,,/cm?] 120 ¢ @ = 1E17 n,/cm? Assuming
i — 100 I squared
. : 2 - ixel
Shot noise is compared to RD53 chip performances S wp pixets
[https://rd53.web.cern.ch/] 2 O
S a0t
— To further reduce the shot noise it is possible to decrease 2 |
the detector operating temperature and the pixel size 0 2 . 4 s e 7 s s w0

Pixel Side [um]
S,
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eXFlu PROJECT

la

INFN awarded for funding the Silicon Sensor for Extreme Fluences (eXFlu) project!’]
to develop, produce, irradiate and study thin silicon sensors (V. Sola as PI)

The eXFlu project aims to

— Optimise the design of thin silicon sensors

— Measure the onset and the magnitude of saturation effects in thin sensors
— Map the shift of multiplication from the gain layer to the bulk

— Study the signal multiplication mechanism in highly irradiated sensors — does it
disappear at very high fluences?

— Collaborate with colleagues to extend radiation damage models (RD50, Perugia, ...)

[*] Award funding for one over six projects presented by young researchers in the fields of research and technological development
carried out by the Institute (Announcement N0.21188)
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eXFlu IN A GLANCE

> |nvolved institutes:
INFN Torino and FBK

> \Work Packages:
WP1: sensor simulation and design
WP2: sensor production
WP3: irradiation (n, p,  ...)

WP4: laboratory characterisation and signal analysis
WP5: beam test

> Total budget:
~ 130k euro
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eXFlu EXPECTED OUTCOMES

> [Measure silicon properties in an unexplored region of radiation fluences
> Study of saturation of radiation effects in thin silicon sensors
> Understanding of impact ionisation mechanism in highly irradiated sensors

> Contribute to building models for very irradiates silicon detectors

= The ultimate goal is to pave the way for the design of silicon sensors able
to efficiently record charged particles up to 10'’ n,,/cm? and beyond
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eXFlu TEAM

The eXFlu project consists of 2 Research Units: one centered on the sensor design,
irradiation and test (INFN — Torino) while the other on the sensor fabrication (FBK)

> INFN, Torino

> Valentina Sola (Pl), particle physicist expert both in data analysis and detector R&D,
involved in the development and characterisation of Ultra-Fast Silicon Detectors, actively

participating to laboratory and beam tests, organisation of irradiation campaign, and
supervision of students

> Simona Giordanengo, researcher at INFN Torino; Ennio Monteil, technician at the Physics
Department of the University of Torino; Marta Tornago, Ph.D. student at Torino University
> FBK, Trento

> Maurizio Boscardin, senior researcher at Fondazione Bruno Kessler in Trento; Giacomo
Borghi, researcher at Fondazione Bruno Kessler in Trento

— The team includes a diverse composition of expertise, well fitted to the project
— The project can rely on a fully functional laboratory
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eXFlu BUDGET TABLE

i

ltem First year Second year Total (Euros)
Cost per unit (Euros) | Units | Cost per unit (Euros) | Units
Wafers (Epitaxial) 80 25 2.000
Wafers (Si-Si DWB FZ) 300 20 6.000
LGAD Production 30.000 1 30.000 1 60.000
Chiller 30.000 1 30.000
Irradiation 3.000 3.000 6.000
Bump-bonding 10.000 10.000
Read-out boards 400 10 4.000
Travel 3.000 10.000 13.000
Total 74.000 57.000 131.000
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eXFlu TIMELINE

I
I March 2020
[ >
I
| | | | | | | | |
Sensor Design | | | | Sensor Design | | | | |
| | | |
| | | | |
1 | I I |
Irradiation : : : Irradiation :
[ ] ] I [ ]
Laboratory Test : Laboratory Test

Bump Bonding

|
|
|
|
|
|
|
|
|
|
|
|
|
4

l
|
|
l
|
l
|
|
l
|
l
|
|
l
|
l
2

10 12 14 16 18 20 22 24
[months]
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COOL SYSTEMS

A key aspect of eXFlu project is to be able to perform measurement on irradiated
sensors at low temperatures

— Preparation of cold setups in progress

MPI TS200-SE Manual Probe Station Votsch VCL4010 Test Chamber Particulars Large Scanning TCT setup
with temperature range from -40 to +300°C  with temperature range from -40 to +180°C  connected to Lauda chiller down to -20°C
will arrive soon in Torino Laboratory available in Torino Laboratory available in Torino Laboratory
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TRACKING AT FUTURE HADRON COLLIDER

Next generation high-energy and high-intensity hadronic collider — FCC-hh

FCC-hh reference detector Running conditions:
4 s i - > Pile-up per bunch
ol / // crossing ~ 1000
8F Barrel Muon System = Vertex region
b G, ~ 44 mm, o, ~ 165 ps
7 Outer Endcap = .
Muon System > Average distance

/ AN _
T | between vertices at
z=0is 125 um

Radiation Shield n=25

4
| Endcap .
3 h Muon Syst — Tracker requirements:
| my =
s ’ g ¢ > Gpp=7.5-9.5um
EMCAL Barrel (EMB A0 B 2 il .
B 5 4 [ HoALEndap 4 P il > Low material budget
i Forward Tracker !! é § H NIayers = 12
. 9—5 e :: .m > Effective pile-up =1
12 13 14 15 16§ 17 18 19 20 21 22 23 24 25 26 G. = 5 pS
.=
The tracker [http://cds.cern.ch/record/2651300]
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RADIATION BUDGET - TRACKER VOLUME

Fluence foreseen at L, = 30 ab™? Courtesy of M.1. Besana

1 MeV neutron equivalent fluence [cm'2]

0123 456 7 8 91011121314 1516 17
Z [m]
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