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Introduction

Position sensitive silicon detectors are an indispensable ingredient of any collider experiment mostly as tracking
detectors, but also for calorimetry (becoming the main user of silicon — CMS-HGCAL)

Physics requirements in terms of integrated luminosity and the resulting particle fluences are ever escalating

e for LHC 10* n,,/cm? considered extremely difficult — “Silicon strip detectors (near the beam pipe)
> design was 730/fb @14TeV... appear to be limited to...< 102 .the 10°?

~x20 © HL-LHC takes it to nx1016 ne,/cm? (vertex) or even 107 n_,/cm? (FW calo) Sgrrllég ig;)ld be optimistic.” (PSSC Summary Report

o 4000/fb @14TeV
/o @ \ “Can silicon operate beyond 10*>neutrons cm=2?” Nucl. Instr.

~x600 - FcCis dreaming of towards 10% n_./cm? for the tracker & Meth. A 501 (2003), p 138
° 30/ab @100TeV

1 MeV neutron equivalent fluence

;{E - — 2-0cm o . . . o, . .
N | OATLASITK | Apart from particle physics similar conditions in:
107 L] z200m:1.6510° : I
2'%F 2= 140 cm : 1.68:10°° 30005/fb ——2=300cm »Beam monitors (therapy beam monitoring, physics experiments)
E 22300 cm: 2.1&10?5
% - L A—— » Instrumentation for ITER (fusion reactor) required radiation
51015 SRR R .......................... ::;zﬁzmljﬁ:g: ................................. hardness Compa rable or even |arger than that Of HL_LHC
§ - 5 5 Luis F. Delgado-Aparicio, Burning-plasma diagnostics: photon & particle detector
z L 1220 om : 2.10510" development needs, 31th RD50 Workshop
= : z= 140 cm : 2.69x10™
1015 i . ................................. z=3000m444x1u“
o s “Extreme” starts at fluences ~101® cm™2

100
radius from beamline (cm)
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What should future sensors do?

»We don’t only require excellent position resolution and detection efficiency even at the harshest
conditions, but also excellent timing resolution (4D tracking) as well (see nicolo’s talk on Tuesday)
» much better/simpler pattern recognition, ghost rate reduction

» better and faster tracks/physics reconstruction, better tracking algorithms

» less CPU power ( improved cost and energy efficiency )

> effectively more Iuminosity Effective pile up — number of vertices compatible with reconstructed tracks
Eff. pile-up = 1: Indication for unambiguous primary vertex identification

»|n addition we want: 8 10
. ! - =1GeV/c, no timi
»Very small material budget 2 10°k P ~1GoVic 6.25p5
) o ¥ E| = p =1GeV/c, 5t-5ps
» Low power consumption ) & [ pL=5GeVic, no timing
S 1 02 fa] momemenme p,=10GeV/c, no timing }
3] E| ®m CMSPh2: PU=140, p.=1GeVi/c, no timing|
3‘1:’ - e ,8t=25ps |"
105. .................................................................................
# < L 2
! / E : :
-+ 4+ -+ 4+ - j [ P o
I / L e, T - S
+ + Timin -k F (g o e e
¥ A8 sl 40 years from now ...
+ + pe :h T s A PR SN R I
0 1 2 3 4 5 6
n
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Sensor design — a key to radiation hardness "™

Charge collection (highly geometry dependent) is given by:

I — q\_/’E S. Ramo, Proceedings of I.R.E. 27 (1939) 584.
w
tint iint - _
Q(tint) = Z v'lle,hdt =Go Z I EXp(— ):ue h E- EWdt
e—hpairst=q 2—h pairs = Tetf .e,h

i '-i;“\“" --q-.--_-s ------ ;;-; ------- - ------ 1
' ¥ - g4 s

VEY — | | 33+

L
' H S N oo S R A

Planar detectors:

> n*t-p

» thin sensors

» defect engineered ([0],[C])
> GAIN

3D detectors

1. ) Choice of readout side — always where
the field is high unless you can over-
deplete!

2.) “collect” carriers with Iarger wr
product —i.e. electrons, n*-p readout

3.) Optimize geometry for trapping
dominated environment 74<<t, .,

thin planar sensors perform better than
thick at the same voltage

4.) Separate generation path from drift 3D
detectors

5.) GAIN (LGADs, irradiated silicon)

Optimize S/N not only S (charge)!

17/09/2021 G. KRAMBERGER, DETECTORS FOR HIGH RADIATION AND EXTREME ENVIRONMENTS, PSD12, BIRMINGHAM, 2021
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Radiation damage

Influence of defects on the device properties — depleted region ) . )
E . Remember that manifestation of the energy levels in a

¢ \ / electmns/‘ semiconductor is very dependent on temperature.

T 7 Gonor — The damage is measured in 1 MeV n equivalent fluence

— (holds for generation)
— /\ holes
EV acceptor
. After Irradiation
charged defects Trapping (e and h) generation Uu=1
= Nest » Vaep — CCE = leakage current
e.g. donors in upper shallow defects do not Levels close to

midgap depleted/active
most effective

and acceptors in .
P contribute at room

lower half of band
gap temperature due to fast
detrapping FZ n-Si (native oxide)
300 MeV pions
non-depleted 102F e T ® s iradites
o Q O 80 C annealed 510 min.
26 GeV protons (non-corr.t,)
101 3 % B as -iradiated
/ U = Q O 80 C annealed 70 min.
E w 1 00 i g reactor neutrons MCz n-Si
C ’a % Q surfaces passivated with therm.SiO
= A as -irradiated
electrons E:’L; 10 il Dn /s 80 C annealed 1440 min.
e (@] g
10-2 F 4l E
/\
holes 1 0-3 £ E.Gaubas = E; E
EV P 27t RD50 workshop, 2015 e
1 0 1 1 1 1 1 1
11 12 13 14 15 16
Non-depleted region: decrease of 10" 10" 10 10(cm12? 10
recombination time and increase of resistivit TRV Y.
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Radiation damage — good old LHC times ™™

Radiation induces mostly negative space charge.

|Nore| = ge * Pog + Npa(t) + Npy(t) 1 _A—I
eff c eq :ﬁe,h(r’t) (Deq . \Y '(Deq

T
stable damage ff.e.h .
10 T T T T ) T T T - ' ' ' ' ' ' ' I ' 10° — T T T T
A Carbon-enriched (P503) 1 ! 5L 24 GeV/cproton irradiation e -tvpe FZ - 7 to 25 KQcr
&b m Stundwd (p5)) Carbonated 1600 a 0.5 - * n_type F7 - 7KOc "
' <~ Oxdiffusion 24 hours (P52) — - . 102 N n-type m
g 8 -0 Odifusion 48 hours (P54) ; P p o F @ n-type FZ -4 KQcm E
~ - Oddiffusion 72 hours (P56) 1500 = = 04r o data for electrons B E O n-type FZ - 3 KQcm
—C G. Lindstroem for RD48/ Nucl. Instr. and Meth. A 466 (2001) 33. g_ o o data for holes Eﬂ i 5 10_3 m p-type EPI - 2 and 4 KQcm
— p E
N
- 4 ~ 80 - 4 v n-type FZ - 780 Qcm
Z“" 300 E g 02F . > 10 o ntype FZ-4100cm
= - P & % A n-ype FZ - 130 Qem
1200 s 1075 4 ntype FZ-110Qem |
Oxygenated > ﬁ 0.1 iy e n-type CZ - 140 Qcm
N l(X) E [MMeii; Dater O Kresel, PAD thesis 2004, Ui Doromd] | + p-type EPI - 380 Qcm
T T V¥ B ie=s iy Ve v Y 71 £ Ay e a
0 - Z 0 210" 410" 610" 810 10V 10 10 0% 10 10
0 l 2 3 14 g' 5 t_ 1 ﬂ (D - (I)eq [Cm ] [MAM sl PED Thesis]
(D24 GeV/e proton [10 ¢ ] particlc Hucnce - eq [Cm ]
T.J. Brodbeck et al., Nucl. Instr. and Meth. A455 (2000) 645.
J. Weber et;L, IEEEI';'rans.INS 54(6) 22007)'12701. T t | t d .t .
s e 35 200 11120 wo tools to reduce it:
. . G. Kramberger et al., Nucl. Instr. and Meth. A 481 (2002) 297-305. .
Huge effort invested in RD48 and . Lot et al, kIt and et 4518 2009 4. » cooling — 2x every 7°C
RD50 to understand the damage on BAFCminvie) | 24evprotons | reactorneutrons » annealing
. . (average)
mlcrOSCOpIC level' Electrons 53+£07 (3506
Holes 6.6+£08 (471
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In general Hamburg models works fine at LHC — good agreement for leakage current, Neff and CCE, but

CMS Preliminary 2017
m g 0 2 4 6 10 15 20 25 30 180 L } T T ] T T T T T T
Sensce radus It ) . _‘rlvlvlTTrIrﬁTr] T T ]TﬁTrT T IT“[ L B r]_‘

Somp : O T T T ] T T T
C I~ . : =
1801 = L ; - 12) o o . =
g E . :":::m % Simulated fluence [1 MeV neutron equivalent . cm® . 103 : @ 160 ATLAS PrellmmaryATL-lsl\ig}é 782?;3;/-2({)?/4 ; =

‘ - 10-23 - —4 o -
gF |moae Hamburg rpodel fit 5 250}~ C. Barth, 31t RD50workshop, 2017 &~ 440f Pixel barrel -
§140 :— ® 3445 / g E « Prediction E g 120 Data Prediction —:
2120 T 200 + Measurement = 3 : ::z:: (1) 2 f:g : 5
; - ° L ] -4 =
gtoo'— 2 . g elayer2 -iis [ E
w = _

- 150— -1\ s
Ky * - inner barrel . \ :
60 100~ p-n sensors = E
‘°; P. Collins, 31stRD50 workshop, 2017 E TIB Laver 1 : o
nE b2 ary o ' 3 =

0: W lzw - l?ynl A 1éol LA 12&1 R 1 . Lﬂ‘o‘z ; . 2I0 . A 1 4'0 . : . elo . k . 810 . . L 150 : 3 A ] A L I A A l L :

! Mz"fv"w fluence Integrated luminosity [fb™] 4000 6000 8000

Integrated Luminosity [pb]
Linear extrapolation from low fluence data for standard float zone detectors (2:101® cm-2)

o Current: /., = 0.8 A/cm3 @20°C

> 0.4 mA/cm? for 300 um thick detector @ -20°C
> Depletion: N = 4x10** cm™

° FDV =30kV
° Trapping T ;= 1/8 ns = 125 ps

° Q= Qy/d vy, T~ 80 e/um 200 um/ns 1/8 ns = 2000 e in very high electric field (>>1 V/um)

Looks much like Mission Imeossible, but ...

17/09/2021 G. KRAMBERGER, DETECTORS FOR HIGH RADIATION AND EXTREME ENVIRONMENTS, PSD12, BIRMINGHAM, 2021
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3D CNM, 50x50 pm? 1E, d=230 pm, 0°, 10ToT@20ke’ 3D CNM, 50x50 um? 1E, d=230 um, 1.0 ke’, 0° tilt
— 1077 L B o
2 JELaanee{‘a/ T 13 P09 § ] 1‘. T 1 P —— ! =i
& Qb : g .................... - L %é _____________ sl T _:_ ________ |
~ 8 — . = = . A . = m o=
o F . - E i 0.98 - : 150 um ; . -
= F e . ] . . : .
g o Z | 1 s | HPK25x100 & . .
- [#] = 10" negjem’ 7 0.92 E i ; S [®] = 10" n,Jem? B S 0.96 Bitten 25x100 ‘ g " o
5E . —e— ®= 0, W3-E 3 oo s : : _ 3 A - = ‘ - - ‘
= 3 0.9F ol eet i} —e— ®&=0,W3-E . © . =
JE | R 0= 5 WRCLKT1 ] - )y zg’;ge e = o= 5W3C, KITT] E . oy
g —+— &= 5, W5-C2, KIT1 é 0.88F AlULo. ... I - L —a— =10, WA-E, KITZ] - 0.94 = -
3 : —*— ®=10, W4-E, KIT2 NoAnnJ —»— =10, W4-C1, PS1_: T ] 1 . R
- ‘ —a— =10, W4-E, : : : . 1 i - ® M595, Bitten, 0.86 x 10'® cm™
DI P — owee e PO9009 /o estewactpsi] i _ = W08, Bt with bia dot, 035 10" o
1 - o =14, W4-C1,PS1 ] v =25, Wa-C1, PS3 ] a—=3C__=ac . Bt
s - b gmn Wa.O1, PS4 ' ; " Mo, iden 20 » 10" cm?
% 20 40 60 80 100 120 140 160 180 200 220 oY) AT IR IV IRV VA SIS PN NS PR PR ‘ _ .. ‘ ‘ ]
Voltage [V] 0 20 40 60 80 100 120 140 160\)3&3?[\3]20 ~o 100 200 300 400 500 600 700 800
vbias [V]
] ] . . '
There are several reasons why the grim projections didn’t
materialize — the nature was kind to us:
»trapping probabilities saturate it took us a decade to gain
>the electric field is present in the entire device — “active bulk” _ understanding about those
o effects and we are still learning ...
» charge multiplication

17/09/2021 G. KRAMBERGER, DETECTORS FOR HIGH RADIATION AND EXTREME ENVIRONMENTS, PSD12, BIRMINGHAM, 2021




o® s
... Ljubljana
@ Slovenia

Trapping gets smaller than extrapolated — nothing is linear everywhere
o defect formation is not linear (2"¥ order processes?)

° high electric field in a device may influence (de)trapping times which become position dependent

W. Adam et al 2016 JINST 11 P04023 (CMS collaboration)

':",; —Kramberger et al, > ‘TE
= 100 (B=5.6) o\# = 100 \'g,’ +
s & = §
W Swariz et al. & o g
*E 80 & =il :fxl/ Lai
ﬁ O R.Eber f §_ f% ﬁz&e'ﬁﬂ“h: Ve TtV T
N m Il
t e _ & [ 3 60 g . A~250 um for
o ® this study 0 & i
8 & + ‘ + lerarmberger et al saturated drift
(7] =0,
40 ' 1.7 ns 40 'm i -2
/ F' 4 . St velocities at 3e15 cm
’ t !
20 : 20 i
* & this study
" g
0 0
0 10 20 30 0 10 20 30
fluence [10™ cm neq) fluence [10' em? neq]

At already 3e15 cm the trapping seems to be 3x smaller than projected from lower fluences.
The main obstacle is a direct measurement on the trapping probability with TCT which works only up to few 1014 cm-2.
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. . . . . . G. Kramberger et al., IEEE TNS, VOL. 57, NO. 4 (2010) 2294. -
Edge-TCT allows for studies of velocity/charge collection profiles in heavily r eroe T - L e
. . — ‘é > Www.particulars.s1
irradiated sensors y =
e generation current accumulates, increasing p and n in opposite directions through SCR = e[ G\ o imptant callconnected 10 HV via common bias i)
— “double junction” — dynamic configuration dependent on temperature annealing i oz - | b
time . %ﬁ L= Ielectrons
« electron and hole traps, contributing to space charge 2 EEE iy i neion
*]OE.‘G
p+ implant
- Neutron irradiated ATLASO7 mini detector Nef t<0 y=W _‘T_ T O SCALE
£t Vbias=0 V Dee=1x10"® c2 -
= r Viias=100 V e N .50
F | o o
1.5— as™
- V hias=400 V A A
- Vae=600 V IEl >< .
- Vo700 v Full depletion voltage doesn’t
T V=800 V P e i i i i
i determine active field region
osl at high fluences.
L neutral
i i bulk
0 1 1 I | N I | | 111 1 | 1111 | | I I - | | N I | I 111 1 | 11 1 : :
0 50 100 150 200 250 300 | |
G. Kramberger et al., JINST 9 P10016(2014). ¥ (depth) [um] y y
act back

» whole detector volume is active (velocity in the saddle - 30% of v,,)
» the high field region penetrates deeper in the detector than predicted (saturation of g_?)
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100000 R e
(1)t
0008 I S e N O
s R L 1
High @ large N » High E !mr.)act' o0l I
e high v ionization PR / - |
g 1 "1" B
dN, =N, -a- dx " o::
Electrons undergo multiplication in 0001 1o Seae Eectanic 1370) G808
electric fields >25 V/pm OO0 e SeotelElctronca33(1950) 05 715, |
0.00001 — —
. 1 15 2 26 3 35 4
CCE > 1 observed for all types — larger in segmented 140 um thick Electric Field [10° Viem]
detectors due to “field focusing” device
50000_|||||||||||||||||||||||||||_ 27-|-[v];|.|.[r‘xi
= 3 L A 5x10"n, cm?, 300um, -25°C .
45000 = = 24 | © 5x10°n_ cm?, 140um, -25°C Strip sensors i02 i
— 40000E3D P-type detector E [ & 510" n, om?, 1400m, -50°C
2 - —e— unirradiated = 21 [ & 5x10%n, i, 300ym, 50°C [ é |
£ 35000 = ~ > i
% 10000 = : 1><10'I5S E g 181 De=5%1015 cm? 26 MeV p) 5 5 . 3 9 T'?at behaviour was the
E’; = 2x10 = % 15| C Casseetal, NIMA 624,200, p401-404 & € : ¢ | trigger for CNM to start
5 25000 E 5 | IR SPULICRE S LGADs. Implementation
o 20000 5 = o 12} Total ionised charge é & s + iRt | .
3 = g SO S | - of the gain by the
& 15000 = S 9F 5 3 s :
= ' s S | g 3 1 300 um thick process.
= 10E E or i 2 device |
= E : i :
50005 M. Kc'ihlerl, IEEE—TNS58| (2011) 3370.| | | g 3 Estimated maximum signal _
% 50 100 150 200 250 0 200 400 600 800 1000 1200 1400 1600 1800
Bias Voltage (V) Bias (V)
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Performance at FCC-hh levels ~107 cm™

161:“)0_||||||||||||||||||||||||||||||||||

| #2488-7 429353 29355 M29356 x 29359 . % 310 cm"é = 9000 I. Mandicé et al. 2020 JINST 15 P11018
— 14000 - G. Kramberger et al., - ] 8000 --- 2.5el16 .
o - JINST 8 P08004 (2013). X . &0 P
g 1200 | . X : S 7000 ---5.7e16
S0 | k=26.4el/V,b=-0.683 4o, E S
. : . - § 6000 lel7
E 8000 ¢ .‘g‘a ? e : S so00 75 um epidiode -
S 6000 | p 2 L S 4000
] .‘%p 2:10% em ] 5
2 4000 ] Jaet P : =i
2 : a s g o B Bo¥e % owome] 3000
r § ¢t _ mg mond gowp & oy ¢ .
2000 f g § o om Bi B o » Bea 8-10% cm? 2000
¥, YT oo
0! T T T T T T T T T T T |1|'6.|1“| qu - 1000
0 200 300 600 800 1000 1200 1400
bias voltage [V] 0
0 200 400 600 800 1000 1200
Decrease of mobility and saturation of the trapping: Bias (V)
_ _ ~ A//P. B b = k-¢pb.v
A=At A= Vo T4V, T, ™~ (LBt 1y, B) V/D- D, Qrean_75um
Signals of several 1000 e!
- = — fe.pb.
A<<D -> Q=Ap=k®*V k =44 el/V, b =-0.56,

Q - k-CDb-V (®in 1e15 n/cm?, Vin volts)
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Forward bias vs Reverse Bias

Mean charge (el)

17/09/2021

All measurements, different annealing times

forward bias reverse bias

7000 12000

Dots — reverse bias

6000
Squares — forward bias
taoee 2.5e16
5000
2000 _ w0 Annealing
2 Omin—=10000 min
&
3000 o
5 o 5.7el16
o
2000 o
2 4000 X
I. Mandic et al. 2020 JINST 15 P11018 ]
1000 A<E 1el7
T=-10°C 7
2000
0
0 200 400 600 800 1 000 1 20C
Bias (V) °
1as -1 200 -900 -600 -300 0 300 600 900 1200
Bias (V)

» the difference in collected charge for forward and reverse bias voltage disappears at high fluences
» lower current in reverse bias = can go to higher bias voltages and outperforms forward biased samples
» Annealing of detectors has no effect on operation -> the space charge region is very small

In a certain sense the silicon is becoming easier to work with .... much less parameters to control.

G. KRAMBERGER, DETECTORS FOR HIGH RADIATION AND EXTREME ENVIRONMENTS, PSD12, BIRMINGHAM, 2021




>50 l.lm ep|taX|a| LGAD - nOt LGAD anymore at eXtreme ﬂuences (see https://indico.cern.ch/event/719814/contributions/3022499 )

» Collected charge compatible with 75 um — devices (small difference in thickness) ,
more on extreme fluences from Valentina

— 8000 —_
2 ---Formula 2.8e16 P ‘é_ >00
& 7000 ---Formula 1lel7 e — 450 28216 50 um
@ - -Formula 3e17 7 S :
< . L 400
© 6000 ~-2.8e16 50 um 5 =1e17 50 um
5 -=-1e17 50 um O 350
S 5000 —--3e17 50 um /" 300 . *3917 50 um_
4000 250
200
3000
150
2000 100
1000 50
0
0 0 200 400 600 800 1000 1200
0 200 400 600 800 1000 1200

Bias (V) Bias (V)

»The sensors can stand the 1100 V (<22 V/um>) and are operational — at lower fluences they break down much earlier! Clearly
impact ionization heavily affected by high fluences -> its understanding is one of the main goals for future R&D

» Does Single Event Burnout (destructive breakdown of thin sensors due to high energy deposits) affect the performance in the
same way as at low fluences (see G. Medin’s talk in this session)
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>50 l.lm ep|taX|a| LGAD - nOt LGAD anymore at eXtreme f|uenceS (see https://indico.cern.ch/event/719814/contributions/3022499 )

» Collected charge compatible with 75 um — devices (small difference in thickness)

— 8000 -
L ---Formula 2.8e16 ) '§_ 200
& 7000 ---Formula 1lel7 non-irr. .~ = 450 +2.8e16 50 um
@ - -Formula 3e17 _—_——t——m———=r 5 '
< . L 400
© 5000 —4-2.8e16 50 um " 5 =1el17 50 um
§ -=-1e17 50 um O 350 201750 : s —
- — - — +3e um n.marl sensor after i
S 5000 —-3el17 50 um - 300 . m — dimensions are few
4000 250 > it i i) Ll e
200
3000
150
2000 100
1000 >0
0
0 0 200 400 600 800 1000 1200
0 200 400 600 800 1000 1200

Bias (V)

Bias (V)

»The sensors can stand the 1100 V (<22 V/um>) and are operational — at lower fluences they break down much earlier! Clearly
impact ionization heavily affected by high fluences -> its understanding is one of the main goals for future R&D

» Does Single Event Burnout (destructive breakdown of thin sensors due to high energy deposits) affect the performance in the
same way as at low fluences (see G. Medin’s talk in this session)
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Operation of 3D sensors at ~10'/ cm™

Simulation with known damage parameters Measurements of 3D - Strip sensors irradiated to
D e FCC-hh fluences using TCT/Alibava/CCE setups

50 pm

° -1017 em-2 : :
5 (Deq_lo cm M. Manna et al., NIMA 979 (2020) 164458. »Simulation and
N M. Manna et al., 35" RD50 workshop,2019 measurements are roughly
L =35 pm .
" compatible
200V, -20°C, 0° ] —
=15. 1014 cm3 : >
N.=1.5-10"* cm so00l| ® 1e17] Q= 21-5—"«!- OF 1 Lt seedms -thatdfor 3D sensors
Teffe = Terrn = 100 ps ® 317 the radiation damage at

®,,>10'7 cmis not too
severe!

400041 open markers

70005 30004 simulation

Charge [e]

40 w00 g - O » A great benefit of much
3 5000 2000+ . N 7 smaller voltages required —
2 o 1000, :/ ] avoiding the danger of
25 . ] operation close to the
20 3000 n t T T T T T T T L T T T T T . T N T T brea kdown-
. - 0 25 50 75 100 125 150 175 200 225 250
2000 &
10 g Voltage [V]
5 1000 §
% 5 10 15 20 25 30 35 40 45 50 Signals around few 1000 e !

x [um]
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Mobility at extreme fluences

Edge-TCT measurements in forward bias allow extraction of mobility — actually sum of mobilities

a\ 20077 I I I I I I I I I I I I | g 2000
£ T 1. Mandié et al., 32" 50 Workshop, Hamburg, 2018 3 o
£ 180~ e E 1800 . I. Mandi¢ et al., 32" RD50 Workshop, Hamburg, 2018
= 160:ﬁ — 0 = :
D - m o 1600 —} .
o - - 3 : Marko Mikuz et al., TREDI2016, Paris
>  140- =] 1400 0
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80" / // — ] 800 |
i / //, " DRaM 2\ . 600 o e,
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40“/ vl ® = 3e16, =560 céVs - w0 | , IO
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00% 2 4 | | | 6 0\ | | 8 | | | 10 0
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E (V/um)
Fluence (1e15 n/cm?)

Silicon becomes much “slower” at lower fields, but the saturation velocity is assumed to be the same:
» Larger bias voltages required (linear dependence of collected charge on bias voltage)
» Higher resistivity due to lower mobility
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Trapping times at extreme fluences M
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but our life is more complicatingin4D "~

The problem at any silicon detector is that the signal is small, but our requirements are even
more demanding — we want to measure the precise timing with them, < 30 ps

g =91 ~ 9n_"p 2 2 2
J ‘ﬂ S S/N Oty _wa * Glf +% CFD or ToA/ToT compensation
Tp
f btw~°wﬂ
: : Effectively the time resolution is
| */' usually dominated by one
' o o % < e component:
b £ > 4 > Landau fluctuations in LGADs
d * ,*Gm.cm(U-Wf) > Weighting field/distortion in 3D
| ] |
v v :
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Planar sensors at extreme TluenCes e
**ATLAS HGTD TDR
In order for the planar sensors to fulfil the requirement high gain in very thin sensors would be required!
(see V. Sola’s talk)
O;- Jitter (T,= teollection) G- Landau fluctuations
" 40 % F
= g saturated drift velocity in _ -5;-1003— 100 ps (GT)* ]
bg 35:— ?lllcé)%pgsn%;:)lose to RT Em:igg: 6 gni— LGADS ~10 pS S
.3 ENC20 & w0 0j<< 0y o) ~_ (almost?)
25— _ d\d o= atoy o0, (5, ..,) wf ~ . .
S Smrv=G Pen(d) coF MPV _ impossible
208 i (segmentation i Si planar
- T = . .
*T lcadwithel0 g~ B 0= pitch/thickness) P
T — S/N wE 80 pm LGADs technology
S S &+ 50 um LGADs**
e ————————————— - *35 um LGADs
50 100 150 200 250 300 102060 80" 400 420 740 160 180 200

thickness [um] thickness [um]

~1000 e in 50 um detector at 1000 V
teollection” dominated by trapping ~0.5 ns
We need gain or/and extremely low noise — very difficult to see how now!

(speed requires power and that is hardly not a option)
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Solving the problem of acceptor removal o

g 103 :mcumplete - Pad ledeS -
deepGL o _ 2 rémoval B HV-CMOS |
o 5 HL-LHC prototypes .« npk-p2-w2s/28 g o _ o Epidiodes |
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E 0 . L g E 10-14 ..............
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"5 o ¢ o Y o S RSSO >
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L e
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| e (gv] L3 R SN SN S
10 e g 4w 0 -
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0.00E+00 2.00E+15 4.00E+15 N (cm 3)
reactor neutrons @ [ cm?] eff.0
Np = NA,o - N, ‘(1_eXp(_C‘(Deq))
» Acceptor removal is a problem for LGADs — reduction of gain higher resistivity

» can we introduce/find mechanism to suppress the acceptor removal so that increase of required bias would used to compensate impact ionization
» C-infusion in GL improves the situation, but the use is still limited to 3e15 cm™
» Can we replace B with something else that is much more resilient (RD50 projects Al, In...) — we know Ga is not any better.

»Can we rely on deep levels that will give rise to the gain (see V. Sola’s talk) after the gain layer doping is lost at extreme fluences
» lots of unknowns simply because all the silicon parameters is difficult to measure

» The problem with deep defects is that their occupation is a strong function of free carrier concentration — quenching of gain
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3D — detectors

There are two approaches taken so far:

see Nicolo Cartiglia’s tflky'

»Column 3D detectors (different patterns) oy

»Trench 3D detectors ( web.infn.it/timespot/)

Inclined tracks — cell size/thickness problem !

iy 300— Biasing electrod
& F 13 ps for 4 um wide columns v T ey e
> 250
=] = =
. . VE=e0V  ~10-14 ps for TrenchBD
~ bias
2001 0 V=100V .
- v
150: -20°C ] not fully efficient for fully efficient at
100 v . all @ at 620
; . I
o _ D _220C G\ v' (theoretical limit) X (requires smaller cell)
ol I .-9'0- " Capacitance (;) X v" (a factor of ~2 better)
cell size [um] Fill factor X (not for all ¢ at 820) v
rise time(speed) v (shorter drift) X
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3D — detectors e

* 55x55 um?pixels

* 150 um active thickness

* Collection electrode 135 um deep

50x50 um? pixel

/ 285 um thick
%%ﬁ g Important development of ASIC in CNM - 3D detector
T o 28 nm technology with simulated
and theoretical limit of jitter
— around ~10 ps.
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What about other materials? "e® soun

» For extreme fluences and tracking (4D) applications diamond and SiC are next to silicon regarding the required speed

»SiC was tested in early days of RD50 and was shown not to outperform silicon, but progress has been made recently

» Radiation hardness of diamond is on par with silicon in A(D):
» Less generated charge by factor of three requires thicker material

» thicker material adversely affects the timing applications
» Impact ionization is difficult to achieve (similar impact ionization for e and h) and requires extreme fields
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F.Bachmair et al., Nucl. Instr. and Meth. A786 (2015) 97.

3D diamond detectors are a very
promising detectors considering lower
capacitance, very narrow electrodes, no
leakage current, but scalability, cost,
availability ...
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Conclusions

»Silicon is far more resilient material than we imagined and will likely remain the material of
choice

» the damage exhibits saturation and is not as severe as projected from lower “LHC” fluences

» gain due to radiation induced space charge
» “active bulk”

»Small cell size 3D devices were shown to work with ASICs up to ~3el6 cm2and planar pixel

detectors up to 2e16 cm™ IMPOSS'BLE

»Measurements of charge show few 1000 e even as high as 3e17 cm2 although for timing
applications the required performance will be extremely difficult to achieve — it is still early
days ... clearly matching electronics will be at least equal if not much bigger challenge

>t is crucial to understand all the fundamental properties of heavily irradiated silicon — main I’M POSS'BLE
R&D for the future (mobilities, trapping, recombination, impact ionization ....)

»New ideas will be important and may become possible and/or mature over the years:

» “Marriage” of LGADs and 3D (either by trench filling, careful substrate selection with small
interelectrode distance allowing charge multiplication without special processing of gain layer)

» “Marriage” of CMOS and 3D.
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