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Introduction | NDL g cnmi: 'D(

. P gl = By o FONDAZIONE
BROOKHFAEN e qulS BRUNO KESSLER
LGAD Technology NATIONAL LABORATORY — 4975
HAMAMATSU \J7-
PHOTON IS OURBUSINESS QPTELEDYNE
Teledyne e2v

v" Invented at CNM, initially considered for tracking by IFAE, proposed for timing by UCSC
v HPK, CNM, FBK, MiCRON, BNL (USA), NDL (China), CiS, Teledyne (UK)

v" Requires precise diffusion control

LGAD R7859/W5 - N well over P well (L4L2) for layer thickness:
| v Thin highly doped n-well layer
E N well e e (~ 1 _ 15 },Lm)
£ \ - v Gain layer ~2 um
- SO v' p-stop ~3-3.5 um
. JEp— i“\wiw- — v’ Different gain layer  species
£ e . ”W“ . Possible:
— <« “\ v Boron (standard)
Cathode oxidek = gllicon — = Mthdamp = = 7 . v' Gallium
v Boron +Carbon
pit
QW > 4" Si—on—S.i wafers (High Resistivity ~2 kQecm) Standard Boron
» 50 um thickness on 250 um support wafer
» Different implantation species Boron + Carbon Spray
> Single diodes of active area 0.7 x 0.7 mm Gallium
| e » 5 Neutron and proton fluences tested up to
eI o 6x10%n,/cm?
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‘Infroduction lli

E. - L. Gkougkousis: - 17t Trento workshop (2022)
“Detailed process characterization of carbonated LGADs through
Secondary lon Mass Spectroscopy”

Doping Profiles - Carbon
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https://indico.cern.ch/event/1096847/contributions/4742738/

sInfroduction IV

E. - L. Gkougkousis: 28t" RD50 Workshop, Torino)

Post-lrradiation Doping Profiles

ADVACAM P-SPRAY 6¢10'%/cm?, 90keV, 300nm

16421
& LE+20 \/
£
9 ——11B Neutron Irradiation
w
£ 1E+19 E ——11B Pre-Irradiation
o
] 11B Proton Irradiatio
c 16418 k|
o E
©
T 18017 \/
7}
(8]
c
8 1E+16

1E+15 -

0.0E+00 5.QuF02 1.0e+03 1.5E403 2.0E+03 2.5E+03 3.0E+03

Depth (nm)

ADVACAM P-SPRAY 6¢10%?/cm?, 90keV, 300nm

1.E+18

——11B Neutron Irradiation
——11B Pre-Irradiation

11B Proton Irradiation

1.E+16

Concentration (atoms/cm?)

6.0E+02 8.0E+02 1.0E+03 1.2E+03 1.4E+03 1.6E+03 1.8E+03 2.0E+03

Depth (nm)

“Neutron Irradiated doping profile evaluation”
June 2016

SiIMS on irradiated boron implanted structures
with high sensitivity

High (> 2 kOhmxcm) and low resistivity
samples (< 2 Ohmxcm) p-type substrates tested
under both proton and neutron irradiation (high
resistivity is non-oxygenated, low is oxygenated)
Up to fluences of 1x10% n./cm? no dopant
redistribution was observed

Boron DOES NOT diffuse (even as interstitial)
under standard operation in sensors, neither does
phosphorus

LGAD R7859/WS5 - P Stop, C-Stop(L1)

2 ——11B Post-Irradiated
e * 7075 ——11B Pre-Irradiation

1E+16 =T
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https://agenda.infn.it/event/11109/contributions/7070/

Radiation Effects |

The Hamburg N Model

G. Lindstrom et al., NIM A 466(2001) 308-326
“Radiation damage in silicon detectors”

Radiation damage modeling
7 dNEon(t
£ Acceptor Introduction dNace. (8) = gc, X Doy (t)
'G_J dt A q
g bomor Introduction | Ve (®) _
< onor Introduction 5 X Peq (D)
S ~dt
©
a dNJEM(t
2 Acceptor Removal %() = —cc, X Poq(t) X NGETH(T)
©
E dNgon, (1)
S Donor Removal — = X @pq () X Ngéi(t)
Short term . dNZhort.(¢t)
annealing Acceptor Reduction o = ga X Peq(t) — ka(T) X NSEOTE (1)
Max lon
Max Introducible Acceptors ANgcc. g( £) = g, X D, (1) — ky(T) X NMax.long. )
Long term dt Y ed Y ace.
annealing AN (1)
i acc. _ Max.long.
Acceptor Introduction i = ky(T) X Ngoe (t)
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https://inspirehep.net/literature/604346

 Radiation Effects Il

E. - L. Gkougkousis: TIPP2021, May 2021
“Comprehensive technology study of radiation hard

LGADs”

Four main disruptive mechanisms: Substrate
I( 1. Reduced primary charges induced in substrate / 1/T =L XD The ROSE
: 2. Acceptor re-introduction rate o Npet. =ga X @ collaboration

e e e e e /

Gain Layer

|(3. Reduced active implant through acceptor removal . Ng,=fxNge

I'4, Reduced mobility within gain layer through trapping » antig:ia::‘::‘::‘o:clcaer:g rt:’eam"oval
{

Acceptor removal, Defect Kinetics (simplified © )

Integrated | |
ion vacancy Substitutional B,C interstitial

: Rad+3is->Sii+|33->:Bi+o->Bioi

: C?l(f C\Pl 7 J.Rad +Si, 5Si,+ C, > [C;+ 0 > CO,

| Q—@:‘”?ﬂ © Oo‘*ﬁf;’%)o |
ntersfitigl j\%\i? ,b | | j\%t};ﬁ;\ : Gain layer
{ . |

|
|
I Charge
O (:) O de-activation | trapping
Interstitia too many I Can be engineered
Face centered Interaction with Interstitial Substitutional B, C . itial | b .
Cubic Si (2-atom incoming Diffusion Replacement Interstitia S_’ | y oxygen trapping
base) particle . cannot modify
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https://indico.cern.ch/event/981823/contributions/4293572/

‘-The Leakage Current Transition Method (LCT) - |

f(V) _ 0] E. - L. Gkougkousis et al.: “Comprehensive technology
= {ld study of radiation hard LGADs”
. . . . dV J. Phys.: Conf. Ser. 2374 012175
v" Probe active implant via depletion voltage

v Additional p-implantation gain layer creates secondary depletion region

1.0 mm active area Metal

0.7mm p-type implant //
o ——

Passivation

v Mott-Schottky equation - leakage current variation at gain layer " )
depletl on g'l-;a;nel git:‘agr- p-st ek _g
P
v" Form of |61/6V| at depletion point corresponds to dopant transition function . - R S—
convoluted with instrument resolution (Gaussian X Gaussian) \ / - :
v" Depletion voltage determined Gaussian fit at depletion voltage for -10°C, - v/
20°C & -30°C
Neutron Irradiated, Wafer 3 CNM 11476, |61/6V| Pad GR diode
1,0E-10
! fluence - Independent
L \ . . w
: Gaussian fit for an 0
1,0E-09 f\x Z 30 °C
| 7 temperature T=—10°c Vd,T;
S-. & —-30 C W3¥11 - 3el4 . . Vd —
< 10608 \ | ——-30CW3Y10-Teld - Uncertainties Ny
> 6V — 30 CW3Y12 - 1el5 . d J
<L 1| 15v ——-30 CW3X18 - 3e15 ZSTImGTe from
° R propagation on fit
: | 1 20V
1,0607 © . oV, =V +V
_’H>’ 25V Slgma d \/ d,sys d,stat
1,0606 £ : SRS - Fluences up to 3-101 Average of fit Standard
' i deviation of V
0 -20 -40 -60 -80 -100 2 + Sigma d
Bias Voltage (V) neq/cm in p and no /
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‘-The Leakage Current Transition Method (LCT) - |

120%

._.
o
2
X

Active Gain Layer Implant %

0% L
1E+12

Active Implant - Proton & Neutron Irradiated

80% [
60% [
40% [

20% |

Galium Protons

A Carbon Neutrons “Rap.

o Carbon Protons %“1‘.\

A Galium Neutrons \\.‘:\

o "r,
A 3,
o

3
Boron Neutrons :\
Boron Protons i
----- Carbon Fit ‘:‘
----- Gallium Fit K
----- Boron Fit “‘\\é %
‘.
L L L L L R A | L |====.u
1E+13 1E+14 1E+15

Fluence (N/cm?)

Acceptor Removal

Linear dependence assumption between V and active implant
Normalized exponential reduction fit model on gain and Vg

G(%) = e Cc®
Linearity hypothesis tested with independent C,and Cg fits —
full compatibility
Constraints imposed on initial values to reflect charge
measurements

Results

Compatible acceptor removal coefficients between all
implants

Slight Ga advantage in p* irradiation (23 GeV/c PS), higher

184 _ mass reduces displacement probability in coulomb-only
= A= Carbon Voltage =&~ Gallium Voltage = A~ Boron Voltage ) . .
+ ——@— Carbon Acceptor ——#— Gallium Acceptor —&— Boron Acceptor (far-fIE|d) InteraCtlons
;§ * Quasi-identical performance for neutron irradiated (fast ~
g s | 10MeV neutrons)
2 * Identical gain layer de-activation for all dopants with
§ fluence
Acceptor Removal Coefficient
1E-16
Combined Neutron Proton ) € \ UarY (8.25 i 0-80) xlo-ls
Irradiatin T
rraciatin fype Boron + Carbon  (9.33 £0.78) x10'%
Boron (9.69 + 1.04) x107%¢
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The other side of the coin - FBK Carbonated

Initial acceptor removal

M. Ferrero et al.: “Radiation resistant LGAD design”
NIMA, Volume 919, 1 March 2019, Pages 16-26

1.2 g e
rMOnIRIRIEn emeaiesne swene ¥ Carbon is directly implanted at the gain layer
g 5 W——— gk L ——— only Wlth comparab!e concentrations
£ .l Rl ™y v' An improvement is seen on the acceptor
> v ‘ y =9.8E-01e*781%  x W1BLD ..
< S R removal coefficient by a factor of 2
© .6l ; ; : y=9.9E-01e 5416 4 W8B
? » =1.0E+00e71616x  w W14 Ga .
i | ; i What does this mean?
02 | . .
v"lrradiated Implants v Carbon only helps in
s arm | amm do not diffuse (to acceptor removal when
Fuence [n_eq/cm2] the nm level) close to boron
\ J
12 prloti::nlirradi::ion -no NI|EL Y
1 e y=10E+00e 1 AW BsC Acceptor removal
§ ol AR Enare is a local process
E 06 “U\‘ -&7E-
R Wil v' The fact that proton and neutron
g g TIPS s irradiations fit in the same curve
| means that this is a point defect
1.E+413 1.5'014 N 1.E'+15 1.E‘+16 SenS|t|Ve effect
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https://reader.elsevier.com/reader/sd/pii/S0168900218317741?token=6784B2793586FBB0F94E1CF043AA4760A9C0CDD540A785AE49DEB3FE9D2B98E282F42DFA0D7A6799803420FA7FBCC7F8&originRegion=us-east-1&originCreation=20230313160658
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjClp7jzNj9AhUbT6QEHeF0CP4QFnoECAoQAQ&url=https%3A%2F%2Fiopscience.iop.org%2Farticle%2F10.1088%2F1742-6596%2F2374%2F1%2F012175%2Fpdf&usg=AOvVaw2ivpE_5k3cHOU0kNN0fggd

e Radiation Hardness

Gain Layer Engineering

v" First approximation: gain equivalent to charge in

arallel plane capacitor: x
P p p - G(E, T,0,d) « e@(ET0)+d
d: distance (gain layer thickness) o(E,T, ¢) impact ionization coefficient
a function equivalent to inverse of mean free path (1/1) d = length of high E field
v Inirradiated silicon, A depends on fluence, temperature
and field

v Higher fields mean shorter distances to acquire same

Kinetic energy Mobility neutronis

. ’E‘ [T T 1T | LI | TTTT I TTTT | T T TT I TTTT | TrTTT I TTT1TT]
v" Presence of scatterlng centres has to be Compensated e180— M. Mikuz et al., 26th Vertex, Las Caldas, 2017 =
S -

. - - ° = - _

with higher fields ap E 160~ =

de I R ; C .

p 8110 g140— =

/| n - — =

A multiplication length vs Efield 0’ e }12[}_— - B - —

10 ¢ f nO’ - ) - - I —

> —w «LGAD @ k50K The position of the GL determines t 100 :_ I - _:

Bullc’ P p e field working point: the deeper it is, 80— . - - 1

E the lower the field is - A — Now-wadisted(mode]) | 7

% . 60 ¥ —4— 5e15 niem® —

] S soF ) :,*‘ —— 116 niem? 3

Deep Gain Layer (DGL) — = . { ( - 1 5616 n!cmE E

Shallow Gain Layer (SGL) 20 i é / I 1617 I"IJ'CI'TIE —:

0.1 . - . . . k o Sl I | | [ | | [ | [ | | Lo I I | [ I [
1.0E+05 156405  2.0E+05 256405  3.0E+05  3.5E+05  4.0E+05  4.5E+05 0 1 2 3 6 7

EField [kV/cm] Electric field [V/am]
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Comparative Current to Gain Method (CG2C) - |

1.0 mm active area ; Metal

Passivation

v’ Acceptor removal only gives information about active —t el M )
dopant, not gain Koot iy piypeBulk | §

v" Gain also depends on trapping levels & doping profiles a -

v’ Effects after irradiation for different defect concentrations \ / i 3

v" For same amount of acceptor removal, different gain /

Metal

reduction expected

- 1 . GR diode
Before Irradiation |, After Irradiation
Geometry factor Gain Current i Geometry factor .
\ ! \ Gain Current
— 1 =
Pad Leakage Current Ig)a_do =95 X X[G(ev, T, 0)] ! Lyga(®) = 5 X (IE;DR Ot ad) X[G(ev, T, CD)]
1
. : =f(V,®)
Guard Ring Leakage [®=0 _ !
Current GR — !
. . E ted substrat
If we divide the two then: xpected substrate
current increase
(V CD) _ Ipad Normalize with f(CD) ~G(8V T CD)
f ’ - IGR uneradicated f(CD _ O) » E

1. GR and pad on same substrate, all non-gain related irradiation effects can be normalized
2. Assumption that differences between GR n-type implant and pad n-type implant have minimal
effects
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Comparative Current to Gain Method (CG2C) - |l

v Igr/lpap linear at the semi-log plane
v" Gain Coefficient probed by slope of linear fit

E. - L. Gkougkousis: “Review of neutron irradiated 6” Sol LGAD
sensors CNM 11486”
35t RD50 Workshop, November 2019

v Different fits per temperature, reputed at -10 °C, -20 °C and -30 °C

Aee
e, o,
" gy, W iy
-10 € W3Y11-3e14 — 20 € W3Y11-3e14 —30 € W3Y11-3214 Neutron Irradiated Of/'o/;’ 'O/Q,;
-10 € W3Y10-Te14 —-20C W3Y10-Te14 —-30 C W3Y10-Te14 CNM 11478, Wafer 3 yﬂe‘. é;/
-10 € W3Y12-1615 —-20C W3¥12-1e15 —-30CW3Y12-1e15
--10 C W3X1B-3e15 =20 C W3K18-3815 =30 C W3XK18-3&15
-10 CW3Y17-5e15 —-20C W3Y17-5215 —-30 L W3Y17-5215
L
100,0 \ pad/ — |4
=mxa
-
- ._-P""---‘,..--""r.- e
3 e x 6
T =TT o----oIiEsTo---zooooooo) (3 implants,
= , FEEEEC e i n and p irradiated)
G=1 o b e e - -
1 f No gain
i
oL | |
0 -100 200 -300 400 500 -600 -700
Bias Violtage (V)
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https://indico.cern.ch/event/855994/contributions/3636943/attachments/1946950/3230575/RD50_CNM11486.pdf

Comparative Current to Gain Method (CG2C) - lli

Effective Gain (%) from | ,4/lgz - Neutron Irradiated

120%
100% ;;:: ____________ A Carbon
~-:::‘_:\ "--\‘ A Galium
E\i 80% - \‘\:\ N A Boron
v N ‘\
.g NN - N e Carbon Fit
u LAY N
O 60% [ N N - Gallium Fit
[ - ‘\ \‘\ \
> : Y AR Boron Fit
‘uu'; 40% | NN N
- A A
L 5,
L Al \
20% [ ‘\b - \"L
0% L Ll P iann]l P ﬂ *———-*--B——----r —————
1E+12 1E+13 1E+14 1E+15 1E+16 1E+17
Fluence (n.,/cm?)
Effective Gain (%) from |1 ,4/lg - Proton Irradiated
120%
[ g Carbon
100% Feone.. .
TR o Galium
—_ L ‘**e‘;""\ o0 Boron
X 80% NN .
c _ \\“\‘ \\ ----- Carbon Fit
© X W - i i
O 60% [ N \,“ Gallium Fit
4 _ '\‘\\‘ NV N R Boron Fit
o — L \-‘
E 40% r “‘.\“ “\‘ J
= LAY [=] *
L r @a“ \\‘ ', 2
20% [ \ -
- “‘ “.“ - | Ll -'.. ;"
: o T TS ﬂ---_ -ﬂ"
0% Lo e R Ty T - ks i
1E+12 1E+13 1E+14 1E+15 1E+16 1E+17

Fluence (n.,/cm?)

Acceptor level introduction rate

»
—c(D
eff(cb)_ effo = N (1—e )+9c
\‘ ‘
Effectlve dopant Removable dopant Gain extraction

concentration v constant
Initial dopant concentration

Gain Reduction Coefficient
Irrad. Type C+6C
Gallium

n° (3.01+0.9)x 10

p* (2.02 £0.11) x 10"
Boron + Carbon

n° (257+1.1)x 10"

p* (1.37+0.24) x 10"
Standard Boron

n° (2.25 +0.39) x 10

p* (2.25+0.28) x 10"

Results

* Gallium and Boron perform similarly

* Carbon + Boron is up to 2 times better in proton
and up to 7-8 times better in neutron irradiation

* Significant variation with implant type

* Gain reduction coefficients are up to 10 x the
previously estimated acceptor removal

13 / 3/ 2023 E. L. Gkougkousis ULITIMA 2023 13



Collected Charge |

3 ¢
o B
. . Q
v’ Each point corresponds to MPV of Landau x Gauss fit on 5k recorded events & S
v' Measurements repeated for -10°C, -20°C & -30°C (see the backup) 3 32
v Gallium yields always 20% less charge for same voltage, carbonated 20% more ,3,, a
3 O
o) - =h
Collected Charge - B, Ga & B+C at -30°C @
— 1 0_13 Boron lel4 nﬂq/cmz, neutron Carbon 1el4 nﬁq/cmz, neutron Gallium lel4 ngq/cmz, neutron
O —=— Boron 6el4 nﬂq/cmz neutron ==-==--- Carbon 6el4 nzﬁq/cm2 neutron g Gallium 6el4 ngq/cmz neutron
® P Boron lel5 nr,,_Jq/cm2 neutromn o Gallium lel5 neq/cmz neutron ——— Boron 3el5 neq/cmz neutron
9 —— Roron un-irrad., wwwweae Carbon un-irrad., v e Gallium un-irrad.,
_cCU ’ ——— Boron lel4 n,_,q/cmz, proton ---=x--= Carbon lel4 neq/cmz, proton e e Gallium lel4 nm/cmz, proton
o I Boron 6el4 nﬂq/cm2 proton Carbon 6el4 ;rﬁzﬁq/cm2 proton Gallium 6el4 rt,a,q/cm2 proton
8 { ==--e--= Carbon 6el5 .rﬁzfq/cm2 proton
D
g T.Tj T T
Q 4
O W Jl"# % M
& il ..‘ 43‘3 A
i 071 4 . “,“r’ .‘.‘ / /
: o . yd 3
A L o )/ y / \“ o o .
T y ﬁ|‘ - / // " Amplification
N Lk y ‘\\s;‘\‘ ~\“°\‘\\\ — y
| v Lol T s from bulk
1 gremmentt 1 ‘ | T 1 il I e l //_\
------- S P S
et
i 0715 | | | \ | | | | \ ! \ ! \
100 200 300 400 500 600

Bias Voltage [V]
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Time Resolution

E. - L. Gkougkousis: “Acceptor removal and gain Reduction in
proton and neutron irradiated LGADs”
36t RD50 Workshop, June 2020

01 02 03 04 05 06 0.7 08 09
forn DUT,

CFD Level optimization

o DUT, [ps]

— 1 00 T T T —r———| —*— Boron unirrad --«- Carbon unirrad -+ - Gallium unirrad —
S - -
8 = -30°C Boron teid n Carbon 1etd n Gallium fetdn | - -
_ — Boron 6eld4 n Carbon 6e14 n Gallium 6efdn |_ 7] O, L= O . — o
o 90 -t Boron 1e15n Carbon 1e15 n Gallium 1e15n | (Dut) CFDyj \/ ( TOt) CFDij ( Ref) CFD;
= 7 —&— Boron teldp --&- Carbon lel4p & - Gallium teld p m L. . . .
80: i —a— Boron 6e14p --a- Carbon 6e14p i~ Galllum 6e14p | 2D optimization plot — 0.5% binning
704 =B x10°°
: T : DD E _\ T T T T T T T | T T T T | T T T T | T T T T ‘ T T T T | T T T T ]
6 0 — 4 — % = 1.4 —— Boron unirrad  --»- Carbon unirrad --#-- Gallium unirrad | —
= ay - o & B - :;Ooc Boron 1e14 n Carbon 1e1d n Gallium tet4n | _|
= : -, - (@) 8 ~ b Boron 6e14 n Carbon 6el4 n Gallium 6e14 n 7
50—-* PR SV S T s 121 Boron 1e15n Carbon 1e15n Gallium te15n |~
E wa 44T 9 T —& Boron 1e14p --&- Carbonteldp & Galliumletdp |
40 -~ g ... e, I ... _— - —ﬁ_Iﬁ-ﬂ—__E _—_ i' - 1 —i— Boron 6e14p  --i-- Carbon 6eldp & Gallium 6e1dp | __|
— . ) L _|
- - £ - —
208 ] o 084
- J 2 C ]
20F - o I ]
= - 0.6 ]
100 g - e
0 I I | I I | [ I | I I I I | N I | [ I | : :
100 200 300 400 500 600 02F -
Bias Voltage [V] T 3
] ) 5 5 5 5 5 0 100 200 300 400 500 600
Time Resolution:  o{, = Ofimewaie + Ofitter T Oonversion T OClock Bias Voltage [V]
2 2 o o 5 0 o 0
52 o2 trise TDCpin Fived Term L S!mllar behaylor in terms of signal shape on all implants
pist. ¥ Olandan 57y 12 57 psec 2. Time resolution follow charge trend
3. Charge vs ot identical for all gain layer variations
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Signal Analysis

The importance of Bandwidth

LGAD 1 - Waveform as Recorded

e W

- = = 95% point = = =90% point
002 — - - -80% point - = = 70% point — /
- = = 60% point
LGADL1 - Total FFT 001
1E+01 -
— Original Waveform —Smouthed - Gaussian % 000 [ ‘ ‘
—Optimized E l ‘ “ l ‘
'71001 L ‘ ____ Jl l_l ‘ 1 A | N
16400 | -S9O ) I{l ™ T30 T | ___ — i }l |=" 'l{‘ CEIETY
2 | 1 B e i it o e | e L e e e | ==F = =
2 \‘“ Wl el et gty ittt i oot ettt Sttt - bt ettt et i
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Signal Analysis

FFT

v FFT vs Voltage presents an asymptotic

Asymptotic point ~

behavior towards a frequency
v' Asymptotic frequency depends on
fluence and remaining gain
v' Signal frequency increases with voltage
and decreases on the onset of
multiplication

~

CNM 10478, Wafer 4 (Boron) - Signal Frquency (Primary FFT Harmonic)
16408 —e—\W451022 Unirrad (-30C) —e= W451022 Unirrad (-20C) «+«@-+ WA51022 Unirrad (-10C)
+ W451095 1e14 n (-30C) W451095 1e14 n (-20C) 'W451095 1e14 n (-10C)
—e—\W451016 6e14 n (-30C) —e- W451016 6e14 n (-20C) ---@-- W451016 6e14 n (-10C)
W451068 1e15 n (-30C) W451068 1e15 n (-20C) 'W451068 1e15 n (-10C)
W4LG07 3e15n (-30C) W4LG07 3e15 n (-20C) WA4LGO07 3e15 n (-10C)
—&—\W451067 1el4 p (-30C) — & W451067 1e14 p (-20C) -+ W451067 1e14 p (-10C)
—a—W451064 6e14 p (-30C) — &~ W451064 6e14 p (-20C) ..&-- WAS1064 614 p (-10C)
—&—\W451099 1e15 p (-30C) — &~ W451099 1e15 p (-20C) 2-- WA451099 1e15 p (-10C)
" —&—W4LG05 3el5 p (-30C) — &~ WA4LGOS5 3e15 p (-20C) -+&+- WALGO5 3el5 p (-10C)
:'E . —+—\W451021 6e15 p (-30C) — &~ W451021 6e15 p (-20C) e+ WA51021 6e15 p (-10C)
= aka
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3 r's 4 »
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-
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Asymptotics move to high
and higher frequencies as

250 MHz CNM 10478, Wafer 4 (Boron) - Charge vs Signal Frequency
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e
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gain decreases and fluence
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High Frequency noise, sensor in breakdown
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* Sensor Stability

Dark Rate

v" All sensors with gain
present dark rate at
high field values

v Dark rate events result
out of thermally
induced electron-hole
pairs drifting picked up
by the field

v Random in nature, 10
follow a Poisson
distribution

v" An inverted s-curve
study for each sensor Cad 4 e | |
defines the stable Tl PP Sl A N et s

region or the 0 100 200 300 400 500 600 700
acceptable level of shot Bias Voltage [V]

noise.

10*

T T T T T T T T | T T T T | T T T T | T T T T | T T T T | T T T T
: —a— Boron unirrad Boron 1eld4 n Carbon 1e14 n

Gallium Tei1d n Boron 6el1d4 n Carbon 6e14 n

: Gallium 6el4d n Boron 1e15n Gallium 1e15 n
------------------------- | —k— Boron 1e14 p --d- Carbon 1eldp & Gallium 1eld p
: —&— Boron 6eldp  --k- Carbon6eldp & - Gallium 6e1d p

10?

Autotriggering rate [Hz]
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* Stability vs Threshold

Dark Rate

HPK - P2ZW25 L17P12, Room Temp.

1B+06 77—V 7TV VT 7T 7V T T 7T T T T T T T T T T T T T T T
g 1.8fCTrigger (10mV) -—— 2.2fCTrigger (12mV) | i !
Threshold effect tei05 |~ 27CTrgger (IS mV) 3L Trigger (17mV). =7 7270y
3.6fC Trigger[{20 mV) -——— 4.5fCTrigger (25 mV) __: I
e Un-irradiated HPK P2  ipsgq [T SAfCTrigger (30mV) - - - Breakdown _ / ]
N : |
« Breakdown ~156 V o TP SN N SR S S/ /A S ]
« Measured at room temp 0 o
. G 1B+ e e - o Fs—————1
» Different Constant threshold = r
triggers (1.8 — 5.4 fC) applied N R S B A L U
- Bayesian Uncertainties oo b b AT ]
- Max saturation rate 230 kHz |
1E-01 i : L o
HPK -P2W25 L17P12, Room Temp. -120 -125 -130 -135 -140 -145 -150 -155 -160
1E-05 : Bias Voltage (V)
—%—I.EfCTriggt%r(IOmV) i
L omemmeme Leakage Current effect
S St
5 _f_ajﬁfcmz;,,zom\,, ; = Sensor far from breakdown
¢ esemgeesm = |eakage current not demonstrate
8 ——5.4fC Trigger (30 mV! | . .- ..
§ b e i significant variation
| } ; } ; ; ; = Stationary leakage current at
O ST R RO E R R I exponential rate increase,
' 1E-01 1E+00 1E+01 1I;r:ik e (lHE:(}B 1E+04 1E+05 1E+06 breakd Own Over 1e5 H Z
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e Efficiency

Head Room

» Measurements with radioactive *Sr source Sensor not in breakdown
» Define stable operation points satisfying the Mean field inside sensor < 13.4 V/um
following conditions: Autro-trigger rate < 1% of source trigger

MIP Relative Efficiency, CNM 10478 - Carbon Diffused, n Irrad.

ses@.. CNM 10478 W551003 6e15 n, -10C
==8==CNM 10478 W551003 6e15 n, -20C
—&— CNM 10478 W551003 6e15 n, -30C
<e+®.. CNM 10478 W551004 3e15n, -10C
—=o—-=CNM 10478 W551004 3e15n, -20C
=t— CNM 10478 W551004 3e15n, -30C
---@-- CNM 10478 W551009 1e15 n, -10C
==o==CNM 10478 W551009 1lel5n, -20C
e CNIM 10478 W551009 115 n, -30C
«+e@e+ CNM 10478 W551008 6e14 n, -10C
= 8= = CNM 10478 W551008 6e14 n, -20C
== CNM 10478 W551008 6e14 n, -30C
«+2@.. CNM 10478 W551005 1e14 n, -10C
==o==CNM 10478 W551005 1e14 n, -20C
—e— CNM 10478 W551005 1e14 n, -30C
«es@.. CNM 10478 W551013 Unirrad, -10C
= === CNM 10478 W551013 Unirrad, -20C
—— CNM 10478 W551013 Unirrad, -30C

100%

80%

60%

Relative Efficiency

40%

20%

0%

Diatance from Max. Operating point (V)
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*Single Event Burn-Out

COTOSTrOphIC failure

Catastrophic breakdown events occur at mean bias voltages of ~ 12 VV/um for planar structures
» Effect observed on LGADs and planar pixels after irradiation

High energy deposition close to a tap cluster creating a highly localized field variation which leads to
high gain

* Observed in SPS test beams in 2017 and verified by lasers at ELI beamllnes
2 ’:’ﬁf : =
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*Future developments

HAB = Half Activated Boron

« Stop O, boron deactivation
pathway by increasing amount of
non-activated boron.

» Bi will capture the Oi before it
encounters a substitutional boron

» Extremely promising first results

K. Hara et al.: “Improvement of timing resolution and

radiation tolerance for finely segmented AC-LGAD sensors”

Trento 2023

Compensation

* Increase boron concentration but
add some type of n-implant to
maintain N4 to acceptable levels

+ If C, < C,additional acceptors
are disengaged to participate to
the Neff with irradiation

» First results not promising

Current [uA]

60
« HAB 3e1s

100 LI

! Reference non-irrad ﬂ

90 . +  Reference 6e14 ¥
I ®  Reference 3e15

80 ' ﬁ
L

70 <_'-I HAB non-irrad .

nondirrad . HAB cets

50

40

30

< 6E14 n/cm?

20

3E15 n/cm?

10
B—
,,,,, i I T T
00 100 200 300 400 500 600 700
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.
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@
=
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(&) 3el5
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C ion 2 5B+1.5P
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3 Compensation 1.58+0.55P 6e14
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t . Compensation 1.58+0.55P 3e15
1 0—4 E . Compensation 2.58+1.5P 315
v b Py ey by Py b by gy
300 400 500 600 700
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107, 100 200
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M. Moll: “Displacement Damage in Silicon Detectors

*Future devel t s
uture aeveiopments EE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 65,NO. &,

RemOVC” Coefﬂcien'rs v" Removal coefficient dependent on initial acceptor

concentration
1077 3 v Almost complete removal for high N, ~ 40 % removal
5 L 1 A - - - -
- for high resistivity substrates
1oL ] Acceptor removal part
N U NG (@) = ge X Pog —If)X Nopr (0)(1 — e €4Peq.
o 1 "VC.\ Feq. 9c eq. eff.
107 1250em - very high [O] 3
5E v 800Ckm - high [O4] —: W W l
A 25KQcm - 125Ccm - standard [O;]
10718y e e Sl Re-Introduction rate g Original doping Acceptor Removal
Neg [em™] /> 0 primarily acceptor introduction concentration Coefficient
“oefticl v <0 primarily donor introduction
) Acceptor Removal Coetficient p y Removable Eraction
('\‘I_‘ 10_ 7 | ll! N T ”1 | T "1 HI; | ,,I Iﬂi T !,“ N I f T IF 1“] N |” B
= I , ';::qm; emm 't S Active Implant - Proton & Neutron Irradiated
© — ...... — .........A;..1..55555;%_37:.ﬂ_7lszgg.33:e.os..... _ 120% -
I xed R0
0 A k%7 % Eloo% ? ------------------------------
© F ok
- p— o r A Carbon Neutrons “Sep.
: g 80% o Carbon Protons %“1‘.\
: @ r A Galium Neutrons \‘\“\
107" S E 60% [ o Galium Protons K |
N c E A Boron Neutrons .;\
B g a0% [ o Boron Protons * g
T T T v [ |====- Carbon Fit .
2 " - - Gallium Fit .
)/Q(' ----- Boron Fit N %
_____________________________ f S| | ~
11 IIIIi 1 1 L1 \\I\i 1 L1 11l 1 111 \\I\i 1 1E+12 1E+13 1E+14 1E+15 1E+16
10" 10™ 10" 10'° Fluence (N/cm?)

N_;(0) [em?]
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E. — L. Gkougkousis: “Parametric process optimization for Indium,

*Future developments
Alternative dopanfts e eneerihor

Boron - Indium Integral Variation (%)

v" Radiation damage lead to acceptor removal
though defect kinematics

v" Modify gain layer implants to generate beneficial
defects for gain (gain regulation):

Indium Permutations

® Lithium co-implantation:
* Boron with Lithium co-implantation
demonstrates better neutron radiation

hardness
® Replace Boron with Indium
® Indium higher mass and lower reaction
cross-section expected to generated less O,
defect clusters 400 500 600
Boron Permutations
v" Implantation energy and doping profiles already Doping Profiles
Optimized Via TCAD Simulations ;.;E‘ T T T T Boron 50nm 6¢e13cm-2 40keV 140min
g 7Xi\\ Indivm 50nm Sel4em-2 340keV 210min
. . . . . £
e Lithium co-implantation ONLY on p-implant layers g LI\
«  Lithium is n-type but in low doses should not impact p layer & ‘\'\\
* Proven to improve radiation hardness of solar cells after g \\
. e 10" 1\
1MeV neutron irradiation © i
* Lowers annealing temperature when implanted in substrate !
* Defect engineering at low temperatures E. Oliviero et Al. 10° \,.\,.
(link) %
* Original Solar cell study Weinberg et Al. (link) AN S s e

Depth (um)
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 Conclusions

Thoughts and discussion

Three methods of radiation hardness:
1. Active Gain Implant: No measureable improvement wrt differentimplants

2. Effective Gain Estimation: Gallium-Boron behave similarly
Carbon up to 2x better in neutrons / protons

3. MIPs Charge collection: 20 % improvement in required bias for Carbon
20 % degradation for Gallium

e
Consistent with defect kinetics theory and an exponential field -gain dependence
Results consistentin all temperatures (-10°C, -20°C, 30°C)

No degradationin leakage current

* 15% degradation on available headroom in Carbon samples
* 15% degradation in stability of Carbon samples

* No effecton signal properties, efficiency, noise or timing

* Inand Li co-implantation as next steps on defect engineering

13 / 3/ 2023 E. L. Gkougkousis ULITIMA 2023

25



Bt Y Sy
?E IS Nl. E ,

5 3
r "5 3 ’
.1 " o af R /
- Vs —T=—
: RS d .. & »
& 5 A > vy
o, Iy \:'. X ol
5 o S - -4 &
.55 &1 s z
> 3 2 —, G e
B 'y . “
: ’

AND HIS NAME IS

"Backup BACKUP

AND THERE IS ONLY ONE
THING WE SAY TO BACKUP . -

'NOT TODAY -

13 / 3/ 2023 E. L. Gkougkousis ULITIMA 2023 260



Standard Candle Process

Concentration (atoms/cm?3)

e

LGAD R9089 Gallium SiMS

=

—Wafer 9- L4

- Wafer 10 - L4
=Wafer 10 - L4+2

-+ Wafer 11- L4

—=-Wafer 12 - L4

T7

el
Ml L[] |I|II|I|II| '

‘

\

Pkl

<\

New process optimization require standard profile as a
reference

Use Secondary lon Mass Spectroscopy (SiMS )profiles
form LGAD gain layers

Target Boron and Gallium process (well understood)

Accuracy of 1e15/cm3

Gallium Nominal Parameters
Nominal Dose Anealing Temp Anealing Time Implant. Energy

[atoms/cm?] [°cl [min] [KeV]
1,00E+14 1100 180
1,00E+14 1100 100
1,00E+14 1100 100 195
1,00E+15 1100 180
1,00E+15 1100 100

Target optimization parameters

v'Implantation energy

o e } v Implantation dose
v" Screen oxide layer thickness
Metallization . . .
layer Silicon Substrate v Diffusion Time
Oxide layer v Tilt Angle
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Carbon Calibration Profiles

Carbon Calibration Profile

[ ] L ] [ ] [ ] [ ] L ] 1E+22
Se nSl-I-IVI-I-y O p-I-I I I | IZOTIO n 3 ——100pm size, 33um anal., 150um diaf., OV off.
) ——100pum size, 8um anal., 150um diaf., OV off.
5 \ 80um size, 8um anal., 150pum diaf., OV off.
1 1 H H H f — m size, anal., m diaf., OV off.
v" The implant concentration is estimated in each case e | Ny A
fol IOWi ng - ’ EW 50um size, 8um anal., 50um diaf., OV off.
€ ——50um size, 8um anal., 150pum diaf., 50V off.
7 Cal % ——38h of Cs pre-sputtering
l £
C = RSF X S ,
i&al. 8 1E+18 |
ical *O/RSF 1 \? T A
8C = || 7gr XORSF | + | xX—=\| +[RSFX 5 X Lete .
Ly M igal. (if,,al') l-cal. 0 500 1,000 1,500 2,000 2,500 3,000
i M d Depth (nm)
de
v Without any additional optimization, a St R Cor S|MS
can be achieved ReSO car pon estimate resolution form o
v" The resolution increased for smaller raster A n_ 1

sizes while maintain same beam intensity,
resulting in higher observant signal intensity

Beam Parameters Abrasion Speed  Scaling Factorx Sensitivity

v (nm/sec) RSF (atoms/cm S (atoms/cm?®)

v D ide of such h hiaher abrasi 100pm size, 33um reg., 150pm dia., OV off.  4.35+0.20 (2.77+0.06) x 10 (4.85+0.11) x 10'®
ownslde ot such an approach NIGNEr abrasion 44w size, 8um reg., 150um dia., OV off.  4.43+0.21  (3.61+0.08) x 10§ (1.80 +0.01) x 10"

speed, lees points 80um size, 8um reg., 150um dia., OV off. 6.93+0.34 (2.62+0.06)x 10’} (1.480.005) x 10"

v" |In essence this is the equivalent in 60um size, 8um reg., 150um dia., OV off. 12.11+0.65 (1.82+0.04) x 10° (7.89 £ 0.02) x 10
.. . ; ; 22 16
measurement terms of statistical smoothlng of 50um s!ze, 8um reg., 150um fjla., 0V off. 14.64 +0.84 (1.45+0.03) x 1022 (7.44£0.01)x 10 ;

. 50um size, 8um reg., 50um dia., OV off. 15.55+0.91 (1.05+0.02)x10 1.78 £ 0.002) x 10
profiles. : . N 2194 71 + 0 03) x 1016

8 h Cesium Pre - Sputtering 16.79+1.02 (6.04 * 0.14) x 10*

v" Points recorded every 17 nm, limit of feature
size one can probe for achieving such
resolution
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Carbon implant simulation- a7,

7

Complex Cluster and BIC’(@ron in’rers’ri’rioﬁ models

v Boron activation model:
v" Boron activation is mainly interstitial driven

v BIC (Boron Interstitial Cluster) model simulates the process via clustering reactions:  B; I;+ V/I = B I; 4/ B |, 4
Bil;+Bl =By, Iy

v User demined cluster sizes to consider: B, Bl Bl,, B,l,, B;l;, B;l,
v" Reaction rates can be set by user for each reaction (eg 0.3 x 10-19)

v" Carbon activation model:

v" The Carbon Cluster or Neutral Cluster Model sets initial cluster concentrations to 0 unless in
amorphous regions

v' No charged clusters are considered, solutions to ~ Af;j+1< AL, AL+Al< A L AL+ Ve AL,
v" For Carbon, the following dedicated clusters are computed: C,l,, C,l,, C,l3, Ccls, Ccl,

v Boron/Carbon activation/deactivation models:
v The ComplexCluster Model considers cluster formation between dopants and Vacancies / Interstitials in Si
v" Such process can be described generally as: n,xImp.A + n,xImp.B + n;xV/1 + nxe” —» A, B, (V/1)ng+nge:
v" In the carbon/boron case, the simplest reaction to consideris: ¢+ B + ] — BCI + e
v Afinal charge of 1.0 is expected in such a case
v For the moment using the Initial concentration as provided after MC implantation by Crystal Trim
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Comparative Studies - Efficiency

Boron Implanted Gain Layer - Triger Frequency - Neutron Irradiated

;_;; 1.2 T
= -
3 i
b3
g .
o —1
= T

bl i
0.8 -

0.6 -

0.4 . . 3 2 .

Teld n,fem’, neutron, -10°C Teld n,fom’, neutron, -20°C —=— leld n,jom’, neutron, -30°C

0.2 Geld n,fom’ neutron, -10°C —w=— Geld n, fom’ neutron, -20°C  —s— 6el4 n,jom’” neutron, -30°C

’ —— lelS n,jom’ newtron, -10°C  —=— Iel5 n,jom’ newtron, -20°C —s— Iel5 n,jom’ neutron, -30°C

0 —+— un-irrad., -10°C —s— un-irrad., -20°C —— un-irrad., -30°C
_Dzlu.‘i\..m..x....J..ll.l.ll‘ik.axw”
] 10 20 30 40 50 60 70
Collected Charge [q]
Carbon Implanted Gain Layer - Triger Frequency - Proton Irradiated
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3 E , i
k] 11— # e —4
S L “‘ —
g E .
08— —
06— 1
04— —]
02 - —— un-irrad.. -10°C —*— un-irrad.. -20°C —— un-irrad.. -30°C -]
= leld n_jen’, proton, -10°C leldn,_jem’, proton, -200C ~ —— leld n,_jom’, proton, -30°C | —
C beldn, jom’ proton, -1°C  —=— beldn, Jom’ proton, 2FC  —=— beldn, jon’ proton, -30°C | _|
o 1]
P B R ST I I 3 [

02 5 10 15 20 2
Collected Charge [q]

Efficiency (%)

Efficiency (%)

Carbon Implanted Gain Layer - Efficiency vs SNR - Neutron Irradiated

1.2
11—
08—
06—
0.4 O . leid n_fem’, neutron, -10°C leid n fom’, neutron, -20°C —s— lel4n,_jen’, neutron, -30°C
' X
= 18 beld n, o’ neutron, -10°C  —w— beld n,fom’ neutron, -20°C  —s— 6el4 n, Jont’ newtron, -30°C
0.2 C - s lelS n, Jfom’ newrron, -10°C  —w— lelSn, jom’ neutron, -20°C  —sw— lelS n,,Jent’ newtron, -30°C
e —+— 3el5 n,Jom’ neutron, -10°C  —=— 3el5 n_fom’ neutron, -20°C  —— 3el5 n, fem’ neutron, -30°C
C 6ei5 njom’ neutron, -10°C = 6el5 nfom’ neutron, -20°C  —— 6elS n font’ newtron, -30°C
0— —— un-irrad,, -10°C —— un-irrad., -20°C —— un-irrad,, -30°C
7 O B B N P PR L
10 20 30 40 50 60 ) 70
Signal to Noise Ratio
Carbon Implanted Gain Layer - Efficiency vs SNR - Proton Irradiated
1.2
1
08— | 0 S~
C \ Iry
C r Wy
06— &q
r .
04— ——— un-irrad., -10°C —=— un-irrad,, -20°C —— wn-irrad., -30°C
= leid n,fent’, proton, -10°C leld n, fent’, proton, -20°C —— leld n jent’, proton, -30°C
- 6eld n.fem’ proton, -10°C —=— 6eld n, fem’ proton, -20°C  —=— 6eld n,femt’ proton, -30°C
02— TelS n,fent’ proton, 10°C  —=— el 5 nfom’ proton, 200C  —=— el n,fom’ proton, -30°C
~ 3el5 nfom’ proton, 10°C —=— 3el5 n,fom’ protan, 20°C  —— 3elSn, fewt’ protan, -30°C
- 6ei5 n,Jem’ proton, -10°C —— 6el5 n,Jem’ proton, -30°C
0 j
nys P I \ I
0

20 40

100
Signal to Noise Ratio
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Phosphorus Test structures

Cis n-in-n 109/cm? @130keV. b 5N
CiS n Implant 10*°*/cm?, 130keV, 100nm (o \
r ~ LE421 G?I@ /\
——31P Post-lrradiation 4 y
v Flueﬂce 'Df IOED’ ‘Fg L ——31P Pre-Irradiation
2 >
ng/cm E 1F+1
< v' Thermal neutrons % =
v' Cooled during S
storage and g e
transport g .
S 1o
. o

OLOE-+HDD 506402 1.0E+03 1.5E+03 20E+03 256403 30E+03

Depth (nm)

* The bopping profile o the neutron irradiated samples seems
unaffected

* Agreement within uncertainties

* Higher detection limit due to timing constraints induces
deviations at lower part of the profiles
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Radiation Effects

Acceptor removal, Defect Kinetics (simplified © )

p-type silicon BB,
BiO;
: » Incident particle hits silicon atom and created Vacancy (V) and
BCs , Interstitial Silicon (Si.)
':::f;l"et—- vV + = Si; Propagates and can transform substitutional Boron/Carbon to B;/C;
(interstitial),
: = B,/C,can form several defects, but the most prominent in high
CCs | resistivity silicon is:
G, CP. . Si.+ B, > B, +0 > B0, Change type of final
n-type silicon . - o . defects but not
CO; r Sii+Cs>Ci+ 0> Li0i amount of active
implant
| | | | A I Ly + Since B; and C; both compete for the same Si;, if we introduce more
100 200 300 400 500 600 700 Carbon we would expect to from less B,0; defects and more C,0;

* If we exchange Boron with a less mobile (heavier) atom (Ga), then we

Temperature (K)
should also enhance C,O; defects instead of Ga,0;
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'The Derive qnd F“. Mei-hod a I Gkougkousis V., RD50 Workshop Talk, November 2019:

£
O/) = dlp || oImmptypoimpant L~/
. . . —_— += . H —_—
v' Probe active implant by depletion voltage dpq”'/ . G : g
Stop Ring p-type Bulk 5

v Additional p-implantation gain layer creates secondary depletion region j

v' Mott-Schottky equation - leakage current variation at gain layer depletion \ /X o f
v' Form of |a’/aV| at depletion point corresponds to dopant transition function convoluted o X

with instrument resolution (Gaussian X Gaussian) .
v Depletion voltage determined Gaussian fit at depletion voltage for -10°C, -20°C & - GR diode
SOOC . W5S1005 1e14 n, BUEV } -30 oC
T e s mwms'mw o o v ZT=—10 oc Vd,Ti
: S ‘ nr
Neutron Irradiated, Wafer 3 CNM 11476, | 81/6V| Pad : ) RS L g

o : | - / [— | oVy = \/Vd.sys + Vastat
- f x& ! —ocwait et 7 Average of fit ~ Standard
i‘mms \ —30CW3Y10 -7el4 we S sigma deviation of
= ——-30 CW3Y12 - 1e15 i p e Vy
g- 1] — 30CW3X18 - 3e15 —

10807 T . .

- Independent Gaussian fits for each temperature
- Uncertainties estimated from propagation of fit sigma

woeos ) | I w = 00 - Fluences up to 3:10% n,,/cm? in p* and n°

Bias Voltage (V)
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https://indico.cern.ch/event/855994/contributions/3636943/attachments/1946950/3230575/RD50_CNM11486.pdf

The Derive and Fit Method - Il

120%

L
i S RO
[ Carbon Neutrons 5=,
L “\
L S

=
o
=}
=

80%

Active Gain Layer Implant %

0%
1E+12

60% |
40%

20% [

Acceptor removal - Proton & Neutron Irradiated

A SELL
o  Carbon Protons T - R N
. T o T
A Galium Neutrons x \}‘_;:
o Galium Protons * \
A Boron Neutrons I\
»
o Boron Protons *
\
----- Carbon Fit :\\
----- Gallium Fit g

N
————— Boron Fit :;’.‘.\% é
‘-

1E+13 1E+14 1E+15

1E+16

Linear dependence assumption between V, and active implant
Normalized exponential reduction fit model on gain and Vg,

G(%) = e Cc®

Linearity hypothesis tested with independent C,and C; fits — full

compatibility

Constraints imposed on initial values to reflect charge measurements

Results

Acceptor Removal Coefficient

) Irrad. Type C 6C
Fluence (N/cm?) Compatible acceptor removal Gallium
coefficients between all implants :
Combined 8.25E-16 7.98E-17
Acceptor Removal ) )
EB Slight Ga advantage in p* irradiation ~ n°irradiated 8.28E-16  1.16E-16
oo e TR (23 GeV/c PS), higher mass reduces ~ p”irradiated 1.41E-15  1.88E-16
3 - : : displacement probability in Boron + Carbon
“é coulomb-only (far-fie|d) Combined 9.33E-16 7.78E-17
§ ”,/ interactions no irradiated 8.85E-16 8.76E-17
g > . . p*irradiated 1.70E-15 2.23E-16
g 27 Quasi-identical performance for Standard Boron
g e Z . . -
£== CF i neu:ron irradiated (fast ~ 10MeV Combined 9.69E-16  1.04E-16
" neutrons) n® irradiated 8.19E-16  1.35E-16
Comblhed Nestron Proton Identical gain layer de-activation p*irradiated 1.96E-15  1.60E-16
Gain Layer Type .
for all dopants with fluence
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The Derive and Fit Method - Ii

Active Implant - Proton Irradiated

Active Implant - Neutron Irradiated

120% 120%
100% 100%  frommmmmmmmmmmmmm e I L
[ L T ey
Ngow | S Rogge [ o,
c [ [ o Carbon RN b= A A Carbon %,
o N i i @ F . N
S 60 | o Galium NS S 60 | A Galium
€ F o Boron DO T £ r 4  Boron =,
P | mm—- Carbon Fit ‘Q:.‘:\ & v i Carbon Fit K
Z40% [ |--mm- Gallium Fit N & Z40% o f--eee Gallium Fit b}
. Rt \\ [ . " Y
2 [|----- Boron Fit \:\\\; £ [ |----- Boron Fit e‘,%
20% | N, 20% [ %
b NG % [ %,
0% L : : e 0% © | | . ead
1E+12 1E+13 1E+14 1E+15 1E+16 1E+12 1E+13 1E+14 1E+15 1E+16
2
Fluence (n.,/cm?) Fluence (n.g/cm?)
Gain Depletion - Proton Irradiated Gain Depletion - Neutron Irradiated
-50 -50
45 i_ 1
: 40 £
35 o Carbon ‘\\é 35
2 30t o Gallium R 2 3 ¢ 4 Carbon T
g’n E o Boron RN g’n £ A Gallium
W o5 b 8 o5 f
s b | Carbon Fit RN = £ 4 Boron .
20 | W 20 | ; -
S SN Gallium Fit N = -2 : Carbon Fit ‘=£\
1 F N as b Gallium Fit e
15 I Boron Fit DY - £ ° \um. ‘ 'f )
10 b DA 10 [ L0 Boron Fit W
£ ‘\‘\“\'9‘ L E W+
0 N L . M b o C i M L LT
1E+12 1E+13 1E+14 1E+15 1E+16 1E+12 1E+13 1E+14 1E+15 1E+16

Fluence (ngg/cm?)

Fluence (n,,/cm?)
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Comparative Studies Il - Stability

t t,"
SINT T )

n

1 X 1000
Self-trigger Rate:

Median of several rate F\tr?g L(\+F

_ #k+1)=2.] trig [(#r+1)+27
measurements F trig — 5

Self-trigger time: | ATy, =

Uncertainty on trigger rate:

~0 _ (Nover + 1) x (Nover + 2) (Nover + 1)2
OFtrig (%) ‘j Nt x(N+3)  (N+2)?

Efficiency is a binary magnitude, Bayesian approach implemented

L,

Sigmoid Darg rate Fit: Rpark rate =

<

Max, recordable 50% of maximum Baseline trigger rate
rate voltage point (noise, radioactivity)
Inst. saturation
point

Dark Rate @ 750V, CNM 11486 1el15n

# 6f events

15 [
10 [
o b AN I |I||||

012 3 45 6 7 8 9 10111213 14 1516 17 18 19 20 21 22 23
¢.(sec)

Sensors with |ntr|n3|c gain present dark rate
at higher biases

Brownian thermal electrons following
Poisson distribution

As gain increases, the amount of charge
necessary for an event to cross trigger
threshold decreases

Shot thermal noise increases with voltage
Evaluation performed at the 2 fC threshold

v" Values estimated from Poissonian fit on

event frequency distribution (1000 events)
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‘Breakdown Voltage

Function of acceptor

removal, exponential

to fluence and voltage
plus alinear term

SE+15 5E+16

Current Multiplier v Measure total leakage current (-10°C, -20°C, -30°C) _
Simple Boron (W4), Neutron Irradiated - Total Current v" Select a stable VOItage range where behaviour follows eXponentlal
1,0E-04 =
Loeas | a\ \! | v" Define common for all temperatures stable voltage range, after
B () Sy Voo 27 depletion and much before breakdown
2 [ / 1 P P
Faoos ol o———f AT TTTT v" Perform exponential fit requesting R? > 99% (same range as in the
5 - gain reduction fits - same constraints)
e ﬂ»‘ v/ Calculate the multiplier with respect to the expected current
oo e o e v Define breakdown in multiplier— value (Is it really exponential??)
-10C, W451068-1e15n — =-20C, W451068-1e15n ——-30C, W451068-1e15n
-10C, W451017-3e15n — =-20C, W451017-3el5n ——-30C, W451017-3e15n cD: )
- -10C, W4S1102 6elsn  — - 20C, W451102 6el5n  —— 30C, W451102 Geldn Un—|rrad|ated: Ipad = I X enkT — 1 X G(e T)
-350 -450 -550 -650 -750
6 Jias Voltage (V)
L _ B >
\I\e’i“o Irradiated:  Ipgq(P) = (Ipad +ad) x|G*(e”,T, P)
Exponential Fit: I[=b- mV Proton Irradiated Sensors Fit Range Neutron Irradiated Sensors Fit Range
Acceptance Criteria: R? > 999, [—e—start voitage | |
—@—Stop Voltage
—h.mV S g0 fooo IO N T e 1 lls
Expected current: Lhorm = b -m" - S R S i
L Ipad +1 GR g ?S_Rsfs_llpng_s)asio_a_sj_ ‘_36,
Current Multiplier: M(V) = |[——— E: s
ILnorm | @ pd A e 1
[ Breakdown: Vbrw - M(V) >2 ] 1E+14 1E+15 1E+16 1E+17 5E+13 5E+14
Fluence (cm?) Fluence (n,/cm?)
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‘Breakdown Voltage

v" Independent fit for each temperature
v" ldentical fit regions across all temperatures
v Identical fit regions for same fluence across all three implants

Constraints

Simple Boron (W4), Neutron Irradiated - Current Multiplier

Carbonated Boron (W5), Neutron Irradiated - Current Multiplier

Gallium (W6), Neutron Irradiated - Current Multiplier

10,00 12
: [ 1T I
-10C, W451095-1e14n  — --20C, W451095-1el4m ——-30C, W451095-1eldn -10C, W551005-1eldp — --20C, W551005-1eldp ——-30C, W551005-1eldp -10C, W651007-1el14n — --20C, W651007-1e14n ——-30C, W651007-1e14n
2,00 -10C, W451016-6eld4n — --20C, W451016-6el4n ——-30C, W451016-6eldn I -10C, W551008-6el4p — --20C, W551008-6eldp ——-30C, W551008-6eldp 10 -10C, W651012-6e14n — --20C, W651012-6eldn ——-30C, W651012-6e14n
-10C, W451068-1e15n — --20C, W451068-1e15n ——-30C, W451068-1el5n 3 -10C, W551009-1e15p — --20C, W551009-1e15p ——-30C, W551009-1e15p
8,00 N § 8L -10C, W651009-1e15 — --20C, W651009-1e15: ——-30C, W651009-1e15
-----10C, WASI017-3e15n  — --20C, WAS1017-3e1Sn  ——-30C, W4S1017-3e15n f ----10C, W551003-3e15p — =-20C, W5S1003-3e15p ——-30C, WSS1003-3e15p eon en en
= 700 -10C, W4S1102-6e15n  — --20C, W451102-6e15n -30C, W451102-6e15n 70 ----10C, W551004-6e15p — --20C, W551004-6e15p ——-30C, W551004-6e15p . -10C, WE51006-3e15n  — --20C, WE51006-3e15n  ——-30C, W51006-3e15n
3 3 T
2 500 a 6 -
= = i
3 F
32 s00 2 st 6
= . E
3 3
o 400 E, 4
= E 4 a
3 100 3t
2,00 2 o o ——
2 b o g — ————
1,00 10 o
0,00 0 0 = L . P ) i
20 -120 -220 . -320 -420 -520 -620 -720 o -100 -200 -300 -400 -500 -600 700 0 -100 -200 -300 -400 500 -600 -700
Bias Voltage (V) Bias Voltage (V) Bias Voltage (V)
Simple Boron (W4), Proton Irradiated - Current Multiplier Carbonated Boron (W5), Proton Irradiated - Current Multiplier Gallium (W6), Proton Irradiated - Current Multiplier
10,00 T 10 I 2
-10C, WA451067-1e1d4p — --20C, W451067-1e14p —— -30C, W451067-1e14p -10C, W551038-1e1dp — --20C, W551038-1e1dp ——-30C, W551038-1e1dp -10C, W651028-1e1d4p — --20C, W651028-1eldp ——-30C, WE51028-1eldp
9,00 -10C, W451064-6eldp — --20C, WdS1064-6eldp —— -30C, WaS1064-6e1dp 9 -10C, W551036-6e1dp — --20C, W551036-6e1d4p ——-30C, W551036-6eldp -10C, W651036-6e14p — --20C, WES1036-6e14p —— -30C, WE51036-6e14p
500 -10C, WA451058-1e15p — --20C, W4S1058-1e15p -30C, W451058-1e15p s -10C, W551115-1e15p 20C, W5S1115-1e15p ——-30C, W5S1115-1e15p 10 -10C, W651026-1e15p — --20C, WES1026-1e15p —— -30C, WE51026-1e15p
R S 10C, WAS1025-3e15p — --20C, W451025-3e15p —— -30C, W451025-3215p -----10C, W551075-3e15p — --20C, W551075-3e15p ——-30C, W551075-3e15p -~---10C, W651025-3e15p — --20C, W651025-3e15p ——-30C, W651025-3e15p
700 -----10C, W4S1021-6e15p — --20C, W4S1021-6e15p ——-30C, W4S1021-6e15p 7 -----10C, W551100-6e15p — =-20C, W551100-6e15p -30C, W551100-6e15p 5 s -----10C, W651032-6e15p — --20C, W651032-6e15p —— -30C, W651032-6e15p
s 5
2 600 s ° =
= > 3
2 s 5 s =] L
o - T
S 400 g 4 5
= = E a [
= =1 3
S 30 3 3 s
2,00 2 2 - Ly ——
1
1,00 —
o o " L L L . .
0,00 0 -100 -200 -300 -400 500 -600 -700

220 -320

Bias Vaoltage (V)

-420 -520 -620 =720

Bias Voltage (V)
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‘Breakdown Voltage

Model

Breakdown Voltage

AN

variation)

Breakdown of PIN

Un-irradiated breakdown

voltage

4
Vo = (Vnax — VO)(1 — e—c(b) + Vo

Breakdown Voltage (-30 °C) - Combined

800
- [ a carbon Neutrons =
700 [
F o Carbon Protons a. ;——;;%_- -ooooooo]
-600 [ | 4 Gallium Neutrons /“},4 ‘% "
[ | © Gallium Protons /*l’/,'m
-500 E A Boron Neutrons Y 4
400 F o  Boron Protons /l ,"w
L &
[|===-- Carbon Fit / ,o'
300 £ e Gallium Fit Ja,
Eo|----- Boron Fit ,"‘H,’ﬁ
200 [ P
: )‘i
-100 E
o E
1E+12 1E+13 1E+14 1E+15 1E+16

Fluence (n.,/cm?)

Carbon and boron are compatible
Gallium presents higher breakdown voltage (most possibly due to process

v" All implants compatible with sigmoid approach

v Highest breakdown voltage after irradiation independent of gain— exclusively
process dependent

Breakdown Voltage

Breakdown Voltage

Breakdown Voltage (-30 °C) - Neutron Irradiated

700 |
600 [ A Carbon
F A Gallium
500 ¢ A Boron
400 [ | Carbon Fit
----- Gallium Fit
300 ¢ |- Boron Fit
-200
-100
0 u \ | |
1E+12 1E+13 1E+14 1E+15 1E+16
Fluence (n.,/cm?)
Breakdown Voltage (-30°C) - Proton Irradiated
800 :
r (=]
=700 - a Carbon | e :é: ____________
E ey
o Gallium s B Ld
-600 K
r o Boron ’,'..'
r Ly
500 £ feeee. Carbon Fit J,"-‘
/4
400 £ |- Gallium Fit l,’/:'
- /
Fo|===-- Boron Fit ,"r'
’J
(=]
0 L u \
1E+12 1E+13 1E+14 1E+15 1E+16

Fluence (n.,/cm?)
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* Introduction il

Timing Concepts

: L 2 _
Time Resolution:  o{yt = Ofimewarx + Ojitter T+ Oconversion + OClock

~~ ~ N

2 2
2 (TDCbin> Fixed Term

Lrise N 2Dist. T Olandau
S/N ~dv/de V12 ~ 5-7 psec
% N v, 2
[S/t;h_]RMSOC avl < thr ] )
rise dt RMS S/trise RMS
Where: S signal Fast time resolution:
N noise v Maximize slope (large fast signals)
V,, CFD threshold v" Minimize noise to minimize jitter
t. rise time v" Implement time walk correction (CFD, ToT, ToA, ect)
e v" Uniform field with to minimize distortion term

Thin silicon sensors with internal gain
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Noise and S/N Ratio

; 0.005:| T T T T 1T | T T | T 17T | T T T | T 1T ‘ T T T_] Z 200 [T T 11 T 11 T T ‘ T 171 ‘ T 171 | T T 1 | T T 1]
— — —s— Boron unirrad --e - Carbon unirrad e Gallium unirrad - A _ - - : L n
Q ().0045E o Boron Te14 n Carbon Te14 n Gallium tetdn  |-—] @ 180F e g""’" :H;Td - 2’:2" ;m;rfd b z:f.”m :m;:“ ]
g = =-30°C Boron 6814 n Carbon 614 n Gallium 6e14n | c -30°C Bomn 6‘: iy n C;ban se " n Ga"'_”m sz s g
C Boron 1e15n Carbon 1e15n Galtium 1e15n | u oron Geis n roon berdn um ]
Z 0.004% —& Boronteldp - Carbonieldp & Gallium tetdp | 160 Boron te15n Carbon 1e15n Gallium 1e15n \-—
E 4 Boron6eldp & Carbon6eldp & Gallium 6e14 p E - —&— Boron 1e14p --4- Carbonieldp i Gam:um 1el4p .
00035 = ] 1 40 3 —&— Boron 6e14p --u-- Carbon 6eldp i Gallium6eldp | —
0.003 ] 120F ]
S . u A ]
0.0025F 1 100F ; -
0.002] 80} 1;/ 7 -
00015; “"u ai _ .......... — e ; 60: .': A :
S e DA E 1 51 Db et SN R o N 3752 5 Iy W SR S IR T WY ) /| .
0-001: #ill ‘r,é.__” 13- : i T ‘T T I l - 40: ' 1 ;‘/ i) /TJ- ; (l‘i n
0 :I 1 1 | | | - 1 1 1 1 L1 1 | | | - 1 1 1 L1 | - 1 1 - _I 1 L1 | i | 1 | 1 | | 1 1 1 1 1 1 1 ‘ 1 1 1 1 | 1 | 1 1 . L1 1 1 ]

100 200 300 400 500 600 0 100 200 300 400 500 600
Bias Voltage [V] Bias Voltage [V]
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Collected Charge - Boron

CNM 10478, Wafer 4 (Boron) - Collected Charge
—e— W451022 Unirrad (-30C) = &= \W451022 Unirrad (-20C) ---@-- W451022 Unirrad (-10C)
W451095 1e14 n (-30C) W451095 1e14 n (-20C) W451095 1e14 n (-10C)
—e— W451016 6e14 n (-30C) - W4S1016 6e14 n (-20C) ---®-- W4S1016 6e14 n (-10C)
1,0E-13 | W451068 1e15 n (-30C) W451068 1e15 n (-20C) W451068 1e15 n (-10C)
i W4LG07 3el5 n (-30C) W4LG07 3e15 n (-20C) W4LG07 3e15 n (-10C)
- o —=— WA451067 1e14 p (-30C) — &= WAS1067 le14 p (-20C) -+-&-- WAS1067 1e14 p (-10C)
®) i {| —A&—W451064 6e14 p (-30C) — A= W451064 6e14 p (-20C) ---A-- W451064 6e14 p (-10C)
0] |
)
S
(¢4}
_C L
O
id A
é &
1,0E-14 1‘
i .A'"
- Ah A AfClimit
A‘/ﬁ 'ﬁ
: %4
1}0E_15|||I||I||||I||||I|||\|||I||||\|||
0 -100 -200 -300 -400 -500 -600 -700 -800
Bias Voltage (V)
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Collected Charge - Boron + Carbon

1,0E-13

Charge (C)

1,0E-14

1,0E-15

CNM 10478, Wafer 5 (Carbon) - Collected Charge

—e— W551013 Unirrad (-30C) —e= W551013 Unirrad (-20C) ---
W551005 1e14 n (-30C) W551005 1e14 n (-20C)
—e— W551008 6e14 n (-30C) —e- WS5S1008 6e14 n (-20C) -
W551009 1e15 n (-30C) W551009 1e15 n (-20C)
W551004 3e15 n (-30C) W551004 3e15 n (-20C)
—a—W551038 1e14 p (-30C) —a4- W551038 1e14 p (-20C) ---
—&— W551076 614 p (-30C) —a- W5S1076 6e14 p (-20C) -+

e .. W551013 Unirrad (-10C)
W551005 1e14 n (-10C)
e - W5S1008 6e14 n (-10C)
W551009 1e15 n (-10C)
W551004 3e15 n (-10C)
&-- W551038 1e14 p (-10C)
&-- W551076 6e14 p (-10C)

A 4fC limit
A

Y

-100 -200

-300

-400 -500

Bias Voltage (V)

-600

-700 -800
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* Sensor R&D
LGADs — Charge collection

v" Unirradiated gain tuned to be identical for boron/gallium/carbon implanted sensors

fro accurate comparison

v" Irradiated Carbon infused sensors present higher charge at lower HV
v Gallium implanted sensors are 10% worse than standard process boron

v’ Carbon is 20% better across the spectrum with respect to boron

CNM n-irradiated, Boron vs Carbon - Collected Charge
—e— \W451022 Unirrad (-30C) == WA451022 Unirrad (-20C)  ---@.- W451022 Unirrad (-10C)
W451095 1e14 n (-30C) W451095 1e14 n (-20C) W451095 1e14 n (-10C)
—e— W451016 6e14 n (-30C) — e WA451016 6e14 n (-20C) ---@-- W4S1016 6e14 n (-10C)
10E-13 - W451068 1e15 n (-30C) W451068 1e15 n (-20C) W451068 1e15 n (-10C)
! r WA4LG07 3e15 n (-30C) W4LG07 3e15 n (-20C) WA4LG07 3e15 n (-10C)
° —e— W551013 Unirrad (-30C) =—e= W551013 Unirrad (-20C)  ---®-- W551013 Unirrad (-10C)
le | —e—W551005 1e14 n (-30C) —eo- W5S51005 1e14 n (-20C)  ---®-- W551005 1lel4 n (-10C)
%) : i | —e—W551008 6e14 n (-30C)  —e- W551008 6e14 n (-20C)  ---e-- W5S1008 6e14 n (-10C)
‘q‘:’ | —o— W551009 1e15 n (-30C) = o= W551009 1e15 n (-20C) ---®:- W551009 1e15 n (-10C)
ED 1 —e— W551004 3e15 n (-30C) - @ = W551004 3e15 n (-20C) ---@-- W551004 3e15 n (-10C)
[0}
=
Q
1,0E-14
o 9—9:9
1,0E-15 L
0 -100 -200 -300 -400 -500 -600 -700 -800
Bias Voltage (V)
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Collected Charge - Gallium

CNM 10924, Wafer 6 (Gallium) - Collected Charge

—e—\W651021 Unirrad (-30C) — &= W651021 Unirrad (-20C) --@+- W651021 Unirrad (-10C)
W651007 1e14 n (-30C) W651007 1e14 n (-20C) W651007 1e14 n (-10C)
—e—\W651012 6e14 n (-30C) — o W651012 6e14 n (-20C) ---®-- W651012 614 n (-10C)
1,0E-13 |- W6S1009 1e15 n (-30C) W6S51009 1e15 n (-20C) W6S51009 1e15 n (-10C)
r W6S1006 3e15 n (-30C) W651006 3e15 n (-20C) W6S1006 3e15 n (-10C)
- —&—\W651023 lel14 p (-30C) — & W6S51023 leld p (-20C) ---&-- W651023 leld p (-10C)
i —&—\W651036 6e14 p (-30C) — & W651036 6e14 p (-20C) ---&-- W651036 614 p (-10C)
S
= i
20
= |
c
@]

1,0E-14

4fC limit
AAA
)
1,0E'15 T T I T T N | T IR T N | | R T | L T I A N N B | 1
0 -100 -200 -300 -400 -500 -600 -700 -800

Bias Voltage (V)
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Dark Rate

Concepts & Methods

Dark Rate @ 750V, CNM 11486 1e15n

v Sensors with gain present dark rate at ~ *;
high enough voltages

v Dark rate events result of thermal o
movement and random in nature .
v" Follow the Poisson distribution "

10 F
5 F I
*ERNENE I ‘I‘l.l.l‘l‘l‘”-‘-‘

Quantification 0

ATtrig. (sec)

v" Study the time between consecutive self-triggering
v Use mean of 4 events (3 values) to reject cosmic background

n—1,ptrig mtrig
j:1(Tj+1 ’1} )

Self-trigger time: AT, = ~

: 1
1 . R;rig = '
Sclf-trigger Rate: AT%rigg

13/ 3/ 2023

E. L. Gkougkousis ULITIMA 2023

012 3 45 6 7 8 9 1011121314 151617 18 19 20 21 2223

46



Signal Evolution with bias in LGADs

N. of events (%)

Signal FFT - 1e14n, -30C

0.6/ ﬂ 40V
- — B0V
B — 60V
(15:— — 70V
B 80V
B 90V
0.4_— 100V
I T 110V
0.3 |
0.2f
0.11- A
O_I . II\TI\NT\T“T_VQ_-:: e L L Ix108
oY 100 200 300 400 500 700
Frequency (Hz)

13/ 3/ 2023

E. L. Gkougkousis

ULITIMA 2023

47



* Main Development Points  ~
Inter-pad region |

“no-field” region

o 3

» Deeper JTE implant with respect to multiplication layer
» Effective no-field region created next to the boarder

------------------------------------------------------------------------------------------ > As Voltage increase and gain field become more signiﬁcant,

= = _§ = = “no-filed” region decreases
> Effect will never completely disappear

» In a perfect approach, JTE would be:
> exactly as deep as gain layer

> concentration gradient tuned to match gain layer

Nominal IP Voltage Measured IP IP efficiency (%)

45 103.0+1.3 2,2
25 um 50 91.8+1.3 10,1

60 69.2+24 17,4

40 111.9+4.9 14.8
15 um

60 70.2+4.8 29.4
45 um 120 68.4+4.6 55.1

13 / 3/ 2023 E. L. Gkougkousis ULITIMA 2023 48



* Geometric efficiency

Inter-pad region, I-LGADs

>
>

Approached based on non-segmentation of gain layer

Double sided process with NO possibility for support

structures (thin Sensors extremely difﬁcult)

A\

Multiplication layer multiplies carriers

Two contribution signal, primary electron collection and
subsequent multiplication of holes

Distance between two signals Clepencls on drift time,
thinner sensors (<50um) should be usable for time

3,0+ 9 T T
; T=20°C l 8 T=20°C
25 Low dose [—°—200V| | 1 Low dose
? strips width =112 pm ‘ —4—300 V 73 strip width = 112 pm
i thickness = 300 ym | —v—400V thickness = 50 ym
2,04 o500V 6.
s ) —sov ] g
=3 700V E
2 5. 300.um.. == S84 50 um
c c 4 Y
E . ] | & ,i )
5 | ¥
© 3° , ,e‘?'(?}fi
i 21 v’& [
1. :h-wuh:
0H Bl 43 0 B ‘%n&m EAE IS R I L
0 5 10 15 20 25 30 35 40 45 50 55 60 o 1 2 3 4 5 6 7 8 9 10

Time (ns) Time (ns)

P+ Extraction
Ring

P+ Extraction
Ring

N

L

G, [ps]

\\)P‘-sm ;V

JTE p-type (r) substrate

N' Electrode

Typical pulse duration ~ 10 —

times of equivalent thickness

LGAD

Very good for timing, bad in
SNR terms

Need too go to SO pm thick
devices for any realistic

applications

20

e T .

30—
? | |~ ILGAD k=20
4 PiN k=20

i | ® ILGAD k=40

-~ PiN k=40

20

25,_ - S S / sl e i1 GAD K=30
0.

I [P S TP I NI TR PP T
02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065

1/SNR (via 0)
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* Inter-pad area

Inactive regions

P Metal
Passivation 1.3 mm

| /
?D _.c; ,,,.I;Iil.._/‘_ T i
‘/ . . . . . 2 . T | ;Q"
High Field region in the gain layer S cundRngpswp N o P_tprMump"ca"on e |3
. . - High
v' Field needs to be controlled in pad edges o p-type FZ.
where values increase due to geometry p— Low p ;é’
5 p-type CZ 3
v' Introduction of electrical isolation implant JTE .
. . . . etal
(Junction Termination Extension)
v’ Typical JTE geometries introduce 50 — 150 um
. . . . Virtual GR p-stop JTE Metal pads
inactive area between adjacent gain layers _—
v Dead area varies with field (bias voltage) in a 'é>'5
non-linear way (see next slide) S . el -  pixel2
B psubstry
v" Overall fill factor reduction at 1mm pads: &
g ‘ Max G nominal Max G
JTE size  Fill Factor reduction L " no-gain region :
o
50um ~10 % 5 o
150pm ~30% r————
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* Inter-pad area
Inter-pad region, Ti-LGADs

» Approach based on removing JTE completely

el e e

. e . Laser characterization
» Using trenches as electron diffusion barrier = EEN]
and field containment (JTE and p-stop) & ****- K L
S = TI-LGAD
» DRIE trenches comparable to SIPM 2 Trench
25000
processes ~ I um thick, filled with oxide - :
20000 m Effective
» Relatively understood process 150001 inter-pad
a STD-L.GAD  ~38um
» Based on the distance from the edge an 10000 1Trench 9+ 1lum
. . . . 5000* , 2Trenches 7+1um
opposite polarity signal present on adjacent B
d (probably depend h depth of A" amTim AT
a roba ependent on trench dept =R . | - : '
P <P y P P > 20 40 60 810 100 1210 140
um
(a) 35 um from mid gap (b) 65 um from mid gap (c) 25 um from mid gap
- +“10°° ; < - 10°* - < :10‘ %
- £ = £ E . r
: 3 B T A 3
° 1g ° 0.5 ’M 1; 0°'5E 2 '
/AN I 78\ i
-05 _ .-'/ //’ — 1 -05 \_ ' ~ -1 '0'5: g3
/ — 2 -1 — 2 -1 r = e
| -l Y T - P S S S —r—— ' :‘. " - ’ 1109
"""""""" T ‘1‘%};1;;2‘] - O 02 04 08 08 1 12 1%"1;.[2] - © 02 04 06 08 1 12 '%ma"(g]
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* Inter-pad area e —

Deep Junction LGADs

> Based on the non-segmentation of the gain region

-

20-50 pm

Ohmic contact

> Move the gain Iayer away from the surface and deeper into Ground plane
the substrate Electrodes
/ \ Gain region
> Requires not one but two implants ina relatively deep

region (~ 5 m) from surface

> Top implant has to be lower concentration than deeper "
gain implants, leading to deposition rather than

impanation techniques

Status and issues

> Opposite sign signal on adjacent pad

Electrode
w 10
Low-field region . » Only theoretical simulations from L
High-field region =" ‘i UCSC, BNL WlH WOrk on a process £ °
g gion =" g
2 —_— e ———
» Susceptible to crosstalk, but = e S T

. . 5
Low-ficld region dependent probably on gain layer e

b : 37 G‘ . f t B

p051t10n1ng E ain uniformity

"""""" ~ » Increase in process complications iz |
- 0

- 50 60 "0 w0
Mip position [um]
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implantation Parameters — Energy 1

S oo Implantation energy ﬁ Stopping Power
Gallium Indium -
[Ar] 3d"%s%ap' [Hel 2522p' [Kr] 4d'%s25p" High energy Low energy regime
Post-Transition Metal Metalloid Post-Transition Metal EIECtroninSﬂQﬂping power nuclear stopping power
(ionization) (elastic scattering)
icstopp|ng — — —— — — — — — — — — — — — — — — — — — — — — — w—
glect®® inSi
POWe“ Electronic only Stopping Power in Silicon (SRIM)
1E+04 - . . . . . .
ll: Electronic stopping power (ionization) consistency
% v Varies with incident particle dose

1403 ¢ v Typical doses in range of 1012 cm2 — 10> cm2

v" Simulate with:

=  Real time implementation of SRIM (2013 version)
= Implantation in pure 1Si
=  No delta-ray assumption

1E+02

Electronic Stoppig Power (MeV cm

Boron @ 1e12/cm2 Indium @ 1e12/cm2 Gallium @ le12/cm2 =  Four different implantation doses tested (1012, 1013, 104, 10%°)
£ 1801 E Boron @ 1e13/cm2  ——Indium @ 1e13/cm2 Gallium @ 1e13/cm2 ] Energy range 1 keV — 1MeV
[[| —Boron @ 1e14/cm2 ——Indium @ 1le14/cm2 ——Gallium @ 1el14/cm2 .. . .
— _ _ v No variation for any of the three implants in the dose rate of
L.| ——Boron @ 1e15/cm2 ——Indium @ 1e15/cm2 ——Gallium @ 1e15/cm2 )
Interest
1E+00 R A
1E-03 1E-02 1E-01 1E+00

Energy (MeV)
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* Mobility & Trapping

I T I T I T I
24 GeVie proton irradiation T

<
h
|

=
s
—

e data for electrons
o data for holes

0.3

=
]

{} . I . I . ] . ] .
0 210" 410" 610" 810" 10P

Inverse trapping time 1/t [ns™']
=
]

particle fluence - @, [cm™]
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* Mobility & Trapping

Neff o

Dynamic Model

Radiation damage modeling

%) t

% Acceptor Introduction Ngee(t) = gc, X f Deq.(T)0T

— 0

e t

e Donor Introduction Ngon () = gcp, X f Dy ()07

8 0

— _ t

IS Acceptor Removal NEEM(t) = f., X Nogr.(0) (1 — e Ccalo ‘Peq.(r)ar)
c t

S Donor Removal NZE™(£) = fop X Nosr (0) (1 — e~ %p o %q.(r)ar)

Short term , J‘ qbeq_(r)af/ 1 — e—ka(TDx8t |
annealing Acceptor Reduction N;Chcorr (t) = ga tiq 5t ( NP ) + Ngcflgrt.(ti_l) x e ~ka(Ti)x5t
_ f ®,, ()01 1 — e~ ky(T)xdt

Max Introducible Acceptors Naﬂzgx 10"9-(,:[,) — ti-q €4 ¢ % ( ) ) + N{:’égx lcmg.(ti_l) % e ~ky(Ti)x8t
Y\4i
I long.
Long term Naoed'(£) = Ngor? (ti—g) +
annealing . o Introduct ftil_ldjeq. (T)af/
cceptor Introduction St Cky (Tt
T) x X (ky(T) X t+ it —1) +

gy(T) Ky (T) ( y (1) e )

N{ivéfczx Eong.(ti) x (1 _ e—ky(T)t)
13 / 3/ 2023 E. L. Gkougkousis ULITIMA 2023 55



	Diapositive 1
	Diapositive 2
	Diapositive 3
	Diapositive 4
	Diapositive 5
	Diapositive 6
	Diapositive 7
	Diapositive 8
	Diapositive 9
	Diapositive 10
	Diapositive 11
	Diapositive 12
	Diapositive 13
	Diapositive 14
	Diapositive 15
	Diapositive 16
	Diapositive 17
	Diapositive 18
	Diapositive 19
	Diapositive 20
	Diapositive 21
	Diapositive 22
	Diapositive 23
	Diapositive 24
	Diapositive 25
	Diapositive 26
	Diapositive 27
	Diapositive 28
	Diapositive 29
	Diapositive 30
	Diapositive 31
	Diapositive 32
	Diapositive 33
	Diapositive 34
	Diapositive 35
	Diapositive 36
	Diapositive 37
	Diapositive 38
	Diapositive 39
	Diapositive 40
	Diapositive 41
	Diapositive 42
	Diapositive 43
	Diapositive 44
	Diapositive 45
	Diapositive 46
	Diapositive 47
	Diapositive 48
	Diapositive 49
	Diapositive 50
	Diapositive 51
	Diapositive 52
	Diapositive 53
	Diapositive 54
	Diapositive 55

