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Antroduction & LGAD Technology

Centre Nacional de Microelectronica IMB

V Inventedat CNM, initially consideredor trackingby IFAE, proposedor timing by UCSC
V HPK, CNM, FBK, MiCRON, BNL (USA), NDL (China)
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V Requiregrecisediffusion controlfor
layerthickness
V Thin highly doped n-well layer
(~1i 1.5em)
V Gainlayer~2em
V  p-stop~3-3.5em
V Differentgainlayerspeciegossible

V Boron(standard)
V Gallium
V Boron+Carbon

U n € -orfShwafers (High Resistivity A2 &m)
U 50> Ythickness on 256 Ysupport wafer EB’@mn
U Different implantation species Boron +@Gelsbarsspyaly
: eifid ] Single diodes of active area 0.7 x 0.7 mm Gallliumm
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Antroductinn d Use in HEP

A HeT s M
SENSOfS
A 15x 30 LGAD arrays of 1.3 x 1.3 nim A ThiN LYSO Crystal +SiPM layer in the barrel

U 10% max estimated occupancy (120 mm radius)
U Reduced (~ 20dm interpad regions
U Low sensor capacitance (~2pf)

(BTL), LGADs in the end caps (ETL)

A 30psecMIP timing up to |d|<3.0
(LGADs at 1.6 <q| < 3.0

A Radiation requirements up to2A 1*5n,/cn? for
LGAADS

. 5A10 :
50 em thick sensors on 3@0n Solwafers, slim edge

A Operation temperatur@0°C (CO, cooling)
A 0, =357 70psecper hit
A Radiation tol%y/afce t

design
A Operation at30°C

Geometry
A 2 disks per side, 2 sensor layers per disk
A 24<|dq| < dn<@®<64ch

- e
>I\J
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MRadiation Effects

Four mainddisruptivermechanisms foraitradiated LGADS : Substrate
{ 1. Reduced primary charges induced in substréteduced lifetime) —" o Pt T B therose |
:\2. Acceptor reintroduction rate . 0 g OB collaboration ,'
_____________________________________________________ Gain Layer
|{ 3. Reduced active implant in gain layer through acceptor removal y 0 o A :
:\ 4. Reduced mobility within gain layer through trapping > ??J;rzggggg? :::gi:/;?i‘i‘f:g;‘;ig?fﬁ

va o Integrated
cangy Suibstitutional B(C interstitial

Rad + Si MSi + B,MB, + O MB,0,

RadiEtion

o & © ~ | Rad + Si IS + Cﬁpi + O HCo,
© G?O :\ :
0O 1K : Gaiin llayer ,  Charge
o 0 c Ay ,@ 1 ) A 1 .
== ! de-activation , trapping
© Interstitial : too many ' Can be engineered
Facececentered Interaction with Interstitial Sulbstitutional B,C ! interstitials ! by oxvaen trapbin
CubicsSi{Atom incoming particle Diffusion Replacement i ; i y 0xyg PPINY
base) . cannot modify |
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Mart | - The Active Gain Layer

Substrate
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Gain Layer
|{ 3. Reduced active implant in gain layer through acceptor removal / §) o A :
| |
I 4 I
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Arhe Derive and Fit Method

Gkougkousis V., RD50 Workshop Talk,

November 21019

f(p) Q d’p X 1.0 mm active area Metal
V Probe active implant by depletion voltage dpq7 Passivaton ,‘ 07 pype mplary 7
V Additional pimplantation gain layer creates secondary depletion region gﬁ;;ne' g,u,,;rﬂ' i vapeiukd | §
V Motti Schottky equation I'h leakage cutrent variation at gain llayer depletion a— -
V Formof| j |atdepletion point corresponds to dopant transition function convoluted x \ VA S £ 1
with instrument resolution (Gaussian X Gaussian) \ M/ X
V Depletion voltage determined Gaussian fit at depletion voltagd @C, -20°C & -30°C o’
GR diode
Neutron Irradiated, Wafer 3 CNM 11476, | 61/6V| Pad
1,0E-10
[ fluence - Independent Gaussian [ :
: f fit for temperature :
1,0E-09 [ (L)
- ! v — - Uncertainties \
< 10608 \ —-30 CW3Y10-7e14 estimated from ( )
> B R —-30CWavLZ-Le1s propagation on fit 1o JOR  Qf
= 15V ——-30 CW3X18 - 3e15 .
= ! | — sigma / o
1,007 | 11 / 20V ; Standard
1 25V - Fluences #p |t oAvepgqly >anda
. k sigma deviation Of\/y
: N /C M? in p* and n°
1,0E06 © ; e e e e et
0 -20 -40 -60 -80 -100
Bias Voltage (V)
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https://indico.cern.ch/event/855994/contributions/3636943/attachments/1946950/3230575/RD50_CNM11486.pdf

Arhe Derive and Fit Method - I

Active Implant - Proton & Neutron Irradiated A Linear dependence assumption betweeg ®¥nd active implant
P
] A Normalized exponential reduction fit model on gain ang V
ol e o e R S “ .
f_é_ r A Carbon Neutrons iﬁ‘ s O ID Q
£ 80% ¢ o Carbon Protons %“};\ . . . . . .
g 4 Galium Netrons ‘*;;% A Linearity hypothesis tested with independef and G fits ¢ full
E A :0ron Eeutrons ;;: com patl bl I |ty
© o o oron Protons . . - ay
o AR p— Carbon Fit A Constraints imposed on initial values to reflect charge measurement:
= Fo| - Gallium Fit *
g 20% ; ..... Boron Fit %{;‘% RreSUItS

0% L i L A Compatible acceptor removal coefficients between all implants

1E+12 1E+13 1E+14 1E+15 1E+16
Fluence (N/cm?) A Slight Ga advantage irf pradiation (23 GeV/c PS), higher mass
Acceptor Removal _reduces_ displacement probability in coulorohly (farfield)
o & Carbon Volt A Galli Volt & B Volt InteraCtlonS
L - arpon Voltage - allilum Voltage - oron Vaoitage

e —e— Carbon Acceptor  —e—Gallium Acceptor —e— Boron Acceptor A Quasiidentical performance for neutron irradiated (fast ~ 10MeV
g neutrons)
S 115 ¢ A Identical gain layer deactivation for all dopants with fluence
S Acceptor Removal Coefficient
= _ Gallliunm (8.25i0.30))"10'16

le16 - - Boron +Gerbal  (9.838+0.78) x10°

Combined Neutron Proton
Irradiatin Type Boron (969:': 1.04 x10'15
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Mart Il - Effective Gain

Substrate

- - - - -=----=--=-=---=—-"-"---"-“-"-"-"-"-="-"- -~ “~"°“---~"""-"-""-"°" oo, L.~ -/-=/-=/7== e
| 4 |
|
1 2. Acceptor reintroduction rate . L g OB ,'

______________ Gain Layer
|{ 3. Reduced active implant in gain layer through acceptor removal p 0 o A :
| 4. Reduced mobility within gain layer through trapping ,, Gain reduction larger than anticipated

from acceptor removal (~factor of 3)'
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AGR Vs Pad Method - | [t kshop Talk, November S T A

.
<
[V

wrl g

p-type Bulk

V Acceptor removal only gives information about active dopant, not gain Sop R
V Gain also depends drapping levels & doping profiles - e —
V Effects after irradiation for different defect concentrations \ /
V For same amount of acceptor removal, different gain reduction expected

wrl 0o¢

Before Irradiation After Irradiation

Geometry factor | Geometry factor GR diode
Gain Current \ Gain Current

Kiho)

Pad Leakage Current O ] [8 ("AMh )] O ®B) { O e E:(‘Hh}h )]

Guard Ring Leakage g O O
Current O &)
If we divide the two then: SXpecied substiate
~ 0 Normalize with QB ) Y <7 \JA
L X YB
QOOHS) ‘ ‘O ‘ uneradicated QQ h )

s m

1. GR and pad on same substrate, all-gam related irradiation effects can be normalized
2. Assumption that differences between GiR/pe implant and pad-type implant have minimal effects

271512021 E. L. Gkougkousis 10
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IGR Vs Pad Method - |l

V Ig/lpap linear at the serrlog plane
V Gain Coefficient probed by slope of linear fit

. . A
V Different fits per temperature, reputed 3 °C, -20°C and-30°C o 260y
%% A 0/-0 ,
Qof. //'
-10 € WaY11-3214 —20 £ W3Y11-3214 — 30 WaY11-3214 Neutron [rrad ia‘tEd /obb,; ?0/0/)&
——-10 € W3Y10-Teld — 20 € WIY10-Teld —-30 € W3Y10-Teld CNM 1147 B, Wafer 3 y‘oes /
.10 C W3¥12-1815 —— .20 C W3¥12-1e15 ——.30 C W3¥12-1e15
——.10C W3IX1B-3&15 =0 CWIX1E-3215 =30 C W3IX]1B-3e15
-10 € W3Y17-5015 _ —20C w:m-s..e 15 —30 :_wm:--ms f “\\“‘ |=_=|= u |=
1000 | \ | 7 = =|
o ) //
g
= ;
_2 100 . x 6
G =110 L35

Bias Voltage (V)
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IGR Vs Pad Method - Il

Effective Gain (%) from | _4/lgg - Neutron Irradiated

120%
100% fzm==mmemmeeol__ A Carbon
I “:::\‘;\ Tl A Galium
X 80% — \“‘:\ ™ A Boron
A} \\ \\
.% L “ AN R I Rt Carbon Fit
O 60% 1 \ N - Gallium Fit
w \
= r Y Vo m——— Boron Fit
S a0% NN N
- \ \
A AY \
= ¢
L \
2% | el
[ - T AN AR B
L T ===t B e e iyt
0% Lol RN | L |||||# ! *_._Huul
1E+12 1E+13 1E+14 1E+15 1E+16

Fluence (n.,/cm?)

Acceptor level introduction rate

Neff(q)) = Nefr, — Nc(1 — B_C?) + g P

\
Effective dopant
concentration

Initial dopant concentration

'y
Removable dopant

Effective Gain (%)

120% [
! 8 Carbon
100% foo__ .
SEERIrea. o Galium
! ‘.*;:ﬁ" o Boron
o ~
80‘9’6 - Qi'} \\‘
X ‘\\\\ NG - Carbon Fit
r L
60% | ‘n‘,\‘\ A1 Gallium Fit
h N - Boron Fit
L LAY
40% P \"\‘ A ;
i \‘\\ L = | '
[ q.‘ ‘\‘_ . 1
20% | W, mh e | LU o,
: e w e
0% L e i o 7 B ".':E'.TF." “““ O
1E+12 1E+13 1E+14 1E+15 1E+16
2
Fluence (n.,/cm?)

»

Gain extraction
constant

Effective Gain (%) from 1,,4/lgs - Proton Irradiated

Gain ReductiorCoefficient

Irrad. Type Ctl /
Gallliumm

n° (3.01+0.9)x 10

p (2.02+0.11)x 10"
Boron +Garban

n° (2.57+1.1) x10*°

p (1.37+0.24) x 10
Standiat Edeson

n° (2.25 +0.39)x 104
p* (2.25+0.28)x 10

A Gallium and Boron perform similarly

A Catbon+sBeransisppto 2rtimes:better jnqroton
and up o 78 times lbetieriin meutroni ircadiation

A Significant variation with implant type

A Gain retluctionceeétiicients are pptoolOtkdhe
previously @stimatethaceeptoraiemonal
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Mart 1ll - The Actual Gain

. Reduced primary charges induced in substréteduced lifetime

1
2. Acceptor reintroduction rate

['3. Reduced active implant in gain layer through acceptor removal

'"4. Reduced mobility within gain layer through trapping

Substrate

S Py K
UL g OB /I
GalnLayer

.6 0 A \

|
Gain reduction larger than anticipated
from acceptor removal (~factor of 3)'
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Spacers ' M4x20 screws

ACollected Charge - |

6 30 N Y L L L L L L L |_ ggsr _)6'_ ggy _)6'_ 2827,.

=, —+— Boron unirrad --+- Carbon unirrad -+ Gallium unirrad | _|

% '3 O)C = Boron le1l4n = Carboniel4n = Galliumieldn |~ Y Y

E 25 e Nireiee| —— Boron 6e14 n »- Carbon 6el14 n w - @Gallium 6el4 n i Emaxz 0.46 MeV Emax: 2.28 MeV

.(CJ Boron 1e15n Carbon 1e15n Gallium 1e15n || T, =288y T, = 64 h

- —&— Boron 1e14p --&- Carbon 1e1dp & Gallium 1el4p |—

2 | ' | ] Hm 4,

8 — source support back * 500 absol‘b
N e

15 _ urn S r
; s o — /
—{ Trigger
3 ” - DUT
s . —
u o — Aluminum support assembly
» . (reduced size)
‘" 5 . " | , - Minimum charge baseplate
B VN S Y U Y GO s NN N S S -
51 P i I H; -| for good timing
Ak = g u Lo ke = . = R .
2fc il Ve i i g“"'{‘&f"f't'“ 5" from noise »
| | I I | | | 11 | | | I | | 111 1 | | L1 1 | | L1 1 ] . T -’\L

00 200 300 400 500 600
Bias Voltage [V]
A Beforeiirradiationsall-implantsi yielekexactly same gagharge

’ i e: "0 G
A With fluenceiincrease: _ _ . _ igh frequencySiGe (~2GHz) amplifier
A Cathonatetsensors require 20%4ess: bias forsame gain A Meansensor amplifier noise < 1.5 mv

A Gallius implanted sensors-equire’20%-mare bias forsame gain 5000recordedeventsperpoint

271512021 E. L. Gkougkousis 14



ACollected Charge

> 100 L Boron unirrad --#-- Carbon unirrad -+~ Gallium unirrad —
o — —m— Boron 1le14n --m- Carbon 1el4n w - Gallium 1e14 n T
— s -2 ... —#- Boron 6el4n --m- Carbon6eldn -m- Galliuméeldn |
© 90 : ‘ 3C Boron 1e15n Carbon 1el15n Gallium 1e15n _
— ' —&— Boron 1e14p --i- Carbon 1e14p i - Gallium 1e14p -
80 :_ ..................................................... & Boron6eldp - Carbon 6e1dp - & - Gallium 6e1d p _:
70— —-
60 =

50

40

30
20F .
1 0 : .................................................................................................................................................................... _:
0:||||i||||i||||i||||i||||i||||i||||:

100 200 300 400 500 600
Bias Voltage [V]
; : . 2 __ 2 2
Time Resolution: Otot = Otimewalk + thtter + Oconversion

2
Opist.

2
+ Ul?andau (S/_N) (

tTI.SE

V12

Gkougkousis V., RD50 Workshop Talk, June 21320

TDCyin

)2

6 DUT, [ps]

CFED._Leveloptimization
(UDut)CFDij = \/ (GTot)CFDij N (GREf)CFD

S ELEZ
2 2
2D optimization plot; 0.5% binning

A (D) 0.1 02 0.3 04 05 06 0.7 0.8 09
(@)) 9
C x10
CU E _I 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 ]
D: - —a— Boron unirrad --#- Carbon unirrad - Gallium unirrad |—
36 —— Boron 1teldn --m- Carbon leldn m - Gallium 1e14n |
U o —m— Boron 6eldn --m- Carbon 6eldn W - Gallium 6eld n —
i J—
I 0 Boron 1e15n Carbon 1e15 n Gallium 1e15 n -
- e
\ o —4— Boron 1el4p --&- Carbon leldp -4 - Gallium 1e14p .
— _
j_:l — —4— Boron 6e1ldp --&- Carbon6eldp -4 - Galliumé6el4dp |_|
v [} : g g g g —
£ ]
® L e e |
0
(o
0.2 T B —
+ O.CE‘.IOC} 0 _I | | | | | | | | | | 1 | | | | 1 | | | | 1 | | | | 1 | | | 1 1 | | ]
100 200 300 400 500 600

W

Fixed Term
~ J-7 psec

Bias Voltage [V]

1. Similar behavior in terms of signal shape on all implant:
2. Time resolution follow charge trend
3. Charge vsit identical for all gain layer variations

2715172021
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https://indico.cern.ch/event/918298/contributions/3880598/

AComparative Studies |

0 Leakage Current

. Simple Boron (W4), Neutron Irradiated - Pad Current (lcll B) presents a 33 % |ncrease
Established though fits orrgaon regions
1,0E-05 . .
2 Behaviour unchanged up torlg¢d®?in proton and neutron
T 10606 — : :
5 irradiated
S 1oeor |
1,0E- g . . .
| Consistent behavior with temper&h@,(20°C,-10°C)
1,0E-08 | -10C, W451095-1e14n - =-20C, W451095-1el14m ——-30C, W451095-1el4n
-10C, W451016-6el4n — =-20C, W451016-6el4n ——-30C, W451016-6e14n . . . .
10C, WASI0B8-Te15n  — --20 WaSI068-LelSn  —-30C, WASI068Le1sn Leakage current increase in Gallium implanted samples bt
! | -10C, W451017-3e15n — =-20C, W451017-3e15n ——-30C, W451017-3e15n .
166 WISIOR et _— 206, WASHIGE 6elSn_ — 30C WAStio et traced back to process issues
50 -150 -250 350 -450 550 650 750
Bias Voltage (V)
Carbonated vs Standard - Pad Leackage Current
Carbonated Boron (W5), Neutron Irradiated - Pad Current 4.0
1,0E03 ¢ C A -10CNeutron o -10CProtons
B ‘g 35 F A -20C Neutron o -20CProtons
10604 , é 20 é -30C Neutron -30C Protons
B Vi = — = = Carbon/Boron Ratio
T10E05 ! // ~= :1.9 25 ¢
£ : / 7 e o I
= g - o 20 | —i—
E l> B v__\_,-.-.—-"-";"‘— ey —,____— 4(.6 - ] X
5 1,006 i e ", — _— — S s | = EE
o s - E . T N ey P | = = = = - - - -
e 8 ol : )
1,08-07 f -10C, W551005-1e1d4p — —--20C, W551005-1e14p —— -30C, W551005-1e14p ~ Tt ¢
-10C, W551008-6e1dp — =-20C, W551008-6el4p ——-30C, W5S1008-6el14p _8 05 _ 2
W -10C, W551009-1e15p — --20C, W551009-1e15p —— -30C, W551009-1e15p =~ F y=1.3775(R*=0.017)
LOE08 ) -10C, W551003-3e15p — --20C, W551003-3e15p ——-30C, W551003-3e15p 00 E , , , | , , , , | , , , ,
-10C, W551004-6el15p — --20C, W551004-6e15p ——-30C, W5S1004-6e15p ’ OE+00 SE+14 1E+15 2E+15
+ + + +
10e05 " e e Fluence (n.,/cm?)
0 -100 -200 -300 -400 -500 -600 -700 €q
Bias Voltage (V)
271512021 15
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AComparative Studies Il & Efficiency vs Headroom T A ——

Boron Implanted Gain Layer - Efficiency - Neutron Irradiated

= 12 = -V.. -
9‘.*; - 7 Headroom ;\Max VbIaS at 100%:-efficiency
= - ] .. .
Yoos ] U ~100 % efficiency for Carbon + Boron for 1el15
08 . ne/Cm= at neutron irradiation
04— bt .
L T ————— _ .- - .
0.2 leld n,w/«'m:, neutron, -10°C leld n,w/«'m:, neutron, -:20°C  —— leld n,w/«'m:, neutron, -30"C u -~ 1 OO % effl C I e n Cy at 1 el# m 2 fo r B O ro n O n Iy
B beld n, H/«'mz neutron, -10°C = Geld n, H/«'mz neutron, -20°C ~ —*— 6¢l4 n, H/«'mz neutron, -30°C B . . .
— lel5 Jl“‘/(‘m:‘ neutron, -10°C - lel5 Jl“‘/(‘m:‘ neutron, -20°C~ —— lel5 Jl“‘/(‘m:‘ neutron, -30°C — Se n SO rS at p roto n I r rad I atl O n
0 - 3els n”,/’('.'u" neutron, -10°C —=— 3el5 n”,/'('.'u" neutron, -20°C~ —+— 3el5 n”,/’('.'u" neutron, -30°C ]
"‘ un-irrad., -10°C —=— un-irrad., -20°C —— un-irrad., -30"C
S R T- R R Y
T\ . .
> Headroom [V] 0 Boron only at 3etiy/cm? neutron is close to a 100
A\ Carbon Implanted Gain Layer - Efficiency - Neutron Irradiated

N lel4 n“/cm". neutron, -10°C lel4 n(.‘/('m"‘ neutron, -20°C —— lel4 n,/un". neutron, -30°C % , b ut m O re Val i d ati O n po i ntS n e e d e d

6el4 n, /ml" neutron, -10°C - 6eld n“/z'm: neutron, -20°C —— 6el4 n, /cm: neutron, -30°C
lel5 n“/vm: neutron, -10°C —=— lel5 n“/cm: neutron, -20°C —— lel5n, q/cm: neutron, -30°C
1:2 3el5 n“/un" neutron, -10°C  —w=— 3el5 n“/(m: neutron, -20°C —— 3el5 n, ‘/(m: neutron, -30°C
—— 6el5n, ‘/cm: neutron, -10°C =— Gel5n, ,/(‘m: neutron, -20°C 6el5 n, ‘/cm: neutron, -30°C

. == - == 3 U Boron only sensors provide larger headroom at 10(
‘ efficiency that Boron + Carbon combination

|

Efficiency (%)

In best case scenario (boron at3ef® neutrons)
no safety factor available

thl I\I M\ Mll‘l
c:

0 50 100 150 200 250 300 350
Headroom [V]

271512021 E.L. Gkougkousis ‘ 16
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AComparative Studies Il - Stability

10*

[ [ [ [ | [ [ [ [ I [ [ [ [ | [ [ [ [ | [ [ [ [ I [ [ [ [ | [ [ [ [
—a— Boron unirrad Boron 1eld4 n Carbon 1e14 n

Gallium 1e14 n Boron 6e14 n Carbon 6eld n
-BCPC Gallium 6e14 n Boron 1e15 n Gallium 1e15 n
-I 03 :_ ......................... ...................... —&— Boron 1e14 p --&- Carbon 1e14 p ~&- Gallium 1e14 p
— —&— Boron 6el4 p --&- Carbon 6e14p & Gallium 6el4 p

T T T

102

Autotriggering rate [HZz]

7) SRR A T O

10— -—1-1—&#;‘__:—:1—*& ................ ‘ ........ - 1 ﬁ ........................ - e —]
L 1 1 1 | I 1 1 | | L 1 1 1 | L 1 1 1 | Il 1 1 1 | L1 1 1 | L 1 1 1

0 100 200 300 400 500 600 700

V Carbon presents the most unstable implementation with respect to dark rate Bias Voltage [V]
V Boron is the better solution across the board with higher stability points

2715172021



fOutlook & Lithium, Indium

49 114.818

Doping Profiles

Boron 50nm 6el3cm-2 40keV 140min

In

Indium

Indium 50nm Sel4cm-2 340keV 2 10min

E
A Indium doped gain layers et s £
A No acceptor removal improvement anticipated g
A Idea from thin solar cell community, (DRhezet. al.,link) and space g
applications S
A Demonstrated to have larger radiation resistance in electron
radiation
A Because of higher atomic mass, should be less mobile (in theory,

TN T TN TN N T Y T T O
6 8 10 12 14

LIN} O0AOS gAfft 0S RAFFSNBYIXDO

Depth (um)
A Lithium ceimplantation ONLY on-inplant layers Boron S0 nmscreenoxide, 6e13cnt at 40
o _ _ keV with 140 min diffusionttime
Lithium is ntype but in low doses should not impact p layer Indium 50nm screenoxide 5e14 en? at 340
Proven to improve radiation hardness of solar cells after 1MeV neutron keV with 210 miin diffusionttime

irradiation
Lowers annealing temperature when implanted in substrate
Defect engineering at low temperatures E. Oliviero et|flk)

Original Solar cell studi/einberg et Al.l{nk) RD30 foundel! Fhsjent RDED2021-03

To Po o o Do
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KConclusions

A Three methods of radiation hardness:
1. Active Gainimplant: No measureable improvemenmtrt different implants

2. Effective Gairr Estimation: GalliumBoron behave similarly
Carbon up to 2x better in neutrons / protons

3. MIPsChargecollection: 20 % improvement in required bias for Carbon
20 % degradation for Gallium

Consistent with defect kinetics theori and an exponential figain dependence
Results consistent in all temperature@cC,-20°C, 30C)

A No degradation in leakage current

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

A No effect on signal properties, efficiency, noise or timing

A In and Li camplantation as next steps on defect engineering

2715172021
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Antroduction 8 LGAD Technology CAMV:

Centre Nacional de Microelectronica IMB

1.3 mm active area
Passivation . - ~
1 mm p-type implant el

y o ‘T_:Lwhf V Inventedat CNM, initially consideredor trackingby IFAE, proposedor timing by
SE::MI giu:gm N i JTE RS §S UCSC
PPy mtiplestion pre . V  Secondanp implantundercollectionelectrodantroducingmoderategain (10 -50)
’ l ¢ V Upto35em thicknesson Sol or waferto waferbonding(typically 50 em)
e T3V HPK, CNM, FBK, MiCRON, BNL (USA), NDL (China)
) “.Ill N Y ——————_———————
LGAD R7859/WS5 - N well over P well (L4L2) V  Requiresprecisediffusion control for layer
] thickness
g —118 —31p V  Thin highly dopedn-well layer(~ 17 1.5em)
E — V  Gainlayer~2em
=3 \ e V  p-stop~3-3.5em
g A "%«w b V Differentgainlayerspeciegossible

h V  Boron(standard) x
o M vV Gallium k_

oxide: silicon Depth (nm) - V' Boron+Carbon — | e

’DW n € -orFSAwafers (High Resistivity A2 &m) Standtart ERosen

u

U 50> Ythickness on 256 Ysupport wafer
U Different implantation species

U Single diodes of active area 0.7 x 0.7 mm

Boron +Gasbarspyay ¢nabastinBdpc
Gallliuwm

| .
L ~
mm

2mm
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MRadiation Effects

p-type silicon BB,
BiO
BiCs
parice— v *(Si)
C,Cq
C, C,—Ps"—g

n-type silicon

| | |

CiO;

l

100 200 300 400 500 600 700

Temperature (K)

A

A

Acceptorrremoval) Befect Kineticsr(simplified

Incident particle hits silicon atom and created Vacancy (V) and
Interstitial Silicon &i,)

Si; Propagates and can transform substitutional Boron/CarboyGo B
(interstitial),

B./C, can form several defects, but th®Stprominent in high
resistivity silicon is:
Si + BB, + O MB.0, Changer fypeofifiaal

or . defects hut mat amaun
Sh+ GG + OTBCO, of active iimplant

Since Band G both compete for the sansa, if we introduce more
Carbon we would expect to from 1eB©, defects and mor€ O,

If we exchange Boron with a less mobile (heavier) atom (Ga), then we
should also enhan&&O; defects instead dbg0,
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Arhe Derive and Fit Method

Gkougkousis V., RD50 Workshop Talk, November 2C19

f ' 1.0 mm active area : ota
(p) > a, Passivrtion 0.7mm p-type implant (/ Metal
Ve i : Lagy ————— Tt e T —————
V Probe active implant by depletion voltage op gl B | g
.. . : . : : Stop  Ring o phpebut |
V Additional pimplantation gain layer creates secondary depletion region TR )
V Motti Schottky equation I'h leakage cutrent variation at gain llayer depletion | \ / Buried oxide ;8’
V Form of| j | at depletion point corresponds to dopant transition function convoluted e / :
with instrument resolution (Gaussian X Gaussian) o
V Depletion voltage determined Gaussian fit at depletion voltagd @ec, -20°C & -30°C GR diode
W5ES1005 1e14 n, SUEY r
T T e B W
L E
Neutron Irradiated, Wafer 3 CNM 11476, | 61/6V| Pad s f \
1,0E-10 z ’ ] ~ ] ~
[ " fluence — - tw \/w h W j
— 7 ——-30 CW3VY11-3e14 .-:*’ Average of fit S.ta.ndard
§1oms \ E ——-30 CW3V10 - 714 J k sigma deviation Ofvy
> e ——-30 CW3Y12 - 1el5 i = -
‘% 1 |~ 15v —— 30 C W3X18 - 3e15 —
1,06-07 : 1 ’/V 20V . .
: 25V - Independent Gaussian fits for each temperature
; / - Uncertainties estimated from propagation of fit sigma
LoE0S - 20w . aw - Fluences #p,/ctmdin@ dntl 6°
Bias Voltage (V)
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Arhe Derive and Fit Method - I

Acceptor removal - Proton & Neutron Irradiated

A Linear dependence assumption betweeg ®¥nd active implant

3 120% ¢ A Normalized exponential reduction fit model on gain ang V
F e e T 11 ]
Lé_ S r A Carbon Neutrons a'%c*-.‘;c;\ O I3 Q
= °or o Car_bon Protons & % s S i . . ) ] ) .
S oo L | o conmerotons R A Linearity hypothesis tested with independefand G fits ¢ full
S| e N compatibility
- Carbon Fit 8 A 1 1 1Nt
PR corbon b W Constraints imposed on initial values to reflect charge measurements
So20% [ | Boron Fit :%‘l—"“
© % $ Results A iCi
0% L RN S NV L 1 ' cceptor Removal Coefficient
1E+12 1E+13 1E+14 1E+15 1E+16 . Irrad. Type C 1/
Fluence (N/cm?) A Compatible acceptor removal
coefficients between all implants  =ompined 8.25E16  7.98E17
Acceptor Removal . . .. : : ' '
SE15 [ = A Slight Ga advantage i pradiation n’irradiated 8.28E16 1.16E16
= A= Carbon Voltage - A~ Gallium Voltage - A~ Boron Voltage (23 GeV/C PS), h|gher mass reduceqp+|rrad|ated 141E15 188E16
E —&— Carbon Acceptor ~ —@—Gallium Acceptor —@— Boron Acceptor d|Sp|acement prObablllty |n . Boron + Carbon
2 coulombonly (farfield) interactions ~ Combined 933616 7.76¢17
g B _ n°irradiated 8.85E16  8.76E17
2 A Quasiidentical performance for o* irradiated 170E15  2.23E16
S neutron irradiated (fast ~ 10MeV Standard Boron
& % _____ == neutrons) Combined 9.69E16  1.04E16
e A ldentical gain layer deactivation n°irradiated 8.19=16  1.35E16
Combined Neutron fOI’ a” dOpantS W|th ﬂuence p Irradlated 196E15 160E16
Gain Layer Type
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Arhe Derive and Fit Method

Active Implant - Proton Irradiated

Active Implant - Neutron Irradiated

120% 120% |
100% Fecocoocoooomommoan. 100% |fmmmmmmmmmmmmmm e .
C STesmag i Rt T
o L ‘t‘:-'::"c- o [ eeq
= go% [ RS = 80% [ e,
b= [ o Carbon o, = [ A Carbon KN
%’_ so% | o Galium \\\\‘\“\\ LDU_ 0% 7 A Galium “\‘,
E ? r O Boron \\\\\:\ E ° r A Boron \\‘
q_, Eo|----- Carbon Fit Y U o Carbon Fit \“
2 40% [ |- Gallium Fit N 2 40% [ |--m-- Gallium Fit
L . \ \ L . \
< E e Boron Fit \‘:‘\“\\ & . Boron Fit \‘\\\\\
20% RN % 20% | % %
L RN L %
0% C L Ll | L L | F‘;E-Léﬂl_l_\ 0% C | R ] Lo ) R I ‘.."q.._LL
1E+12 1E+13 1E+14 1E+15 1E+16 1E+12 1E+13 1E+14 1E+15 1E+16
2
Fluence (n.q/cm?) Fluence (n,/cm?)
Gain Depletion - Proton Irradiated Gain Depletion - Neutron Irradiated
50 50
45 F 45
40 F -40 -
.35 F a Carbon \‘i .35 g o
> 30 F o  Gallium ‘;\\\\ = 30 ¢ A Carbon
g"u - F o Boron RN g:’n » E A Gallium
- [ Y - C
= Eo|----- Carbon Fit R = F 4 Boron
O 20 © 20 F [---e- i
> A P Gallium Fit W > g Carbon Fit
- N\ 45 b |ee--- Gallium Fit
A Boron Fit W 15 : allium H
-10 F ‘f‘\“\ 10 [ L Boron Fit
o ‘:\:\ E
5 F 5 F
0 F L L L s * T 0 g Lo Ll
1E+12 1E+13 1E+14 1E+15 1E+16 1E+12 1E+13 1E+14
Fluence (n,,/cm?) Fluence (n.,/cm?)
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ACharge at

-20°C and -10°C
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Collected charge [fC]

—&— Boron unirrad
Boron 1e14 n
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Carbon 1e1d n
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Carbon 1e15 n

&~ Carbon 1eld p

~#- Gallium unirrad
Gallium 1e14 n
Gallium 6e14 n
Gallium 1e15n
ke Galfium 1e14 p

—&— Boron 6eld p

Collected charge [fC]

& - Carbon 6el4d p

- Gallium 6e14 p

T T T 1T T 17T 1T 7 17 T 1T 1T T T T 1T T T T T T T
—=— Boron unirrad --+- Carbon unirrad -#-- Gallium unirrad | |
Boron 1eld n Carbon 1eld n Gallium Te1d n |
................................................ Boron 6e14 n Carbon 6e14 n Gallium 6e14n |_|
Boron 1el15n Carbon 1e15n Gallium 1e15n |~
—4— Boron 1e14p --&- Carbon 1eldp & Gallium feldp |-
R S . —&— Boron 6e14p --&- Carbon 6eldp & Galliuméeldp | |
| | | | | | | | | | | | | | | B
400 500 600
Bias Voltage [V]

L1 | |
500
Bias Voltage [V]

] | |1
600

2715172021

E. L. Gkougkousis

28



AGallium Leakage Current

Punch through
regions

t(A)

Curr
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AComparative Studies Il - Stability Dark Rate @ 750V, CNM 11486 1e15n

| | B Y Y s
Selftrigger time: | n¢ : §
D X 1©00 E 20
Self-trigger Rate: & ne | “J
. " - (5]7 LB IIlIlIIIIluI_A_IIIII_
Medlan Of Several rate O O 012 3 45 6 7 8 9 101112 13 14 15 1617 18 19 20 21 22 23
”n (I_I ) (I_I ) AT, (s€C)
measurements O e
G V Sensors with intrinsic gain present dark rate

higher biases

V Brownian thermal electrons following
10 b j(h p) (@ Q P) Poisson distribution
(h

h h -
o @0 (o V As gain increases, the amount of charge
Efficiency is a binary magnitude, Bayesian approach implemented necessary for an event to cross trigger
Rinax threshold decreases

Sigmoid Dark rate Fit: Rpark rate = 1 +2CxWs0%3V) T RpaseLing V Shot thermal noise increases with voltage
V Evaluation performed at thef@ threshold

Mayx, recordablerrate  50% cofrmaximum Baselinetirigger rate V Values estimated frorlﬁoissoniariit on event
Inst. saturation gpoint voltage point (noise, radioactivity) . . .
frequency distribution (1000 events)

Uncertainty on trigger rate:
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AComparative Studies - Efficiency

Boron Implanted Gain Layer - Triger Frequency - Neutron Irradiated Carbon Implanted Gain Layer - Efficiency vs SNR - Neutron Irradiated
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Mreakdown Voltage

Current Multiplier

Exponential Fit: 'O @A

Simple Boron (W4), Neutron Irradiated - Total Current
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V Measure total leakage curreat@C, -20°C, -30°C)

V Select a stable voltage range where behaviour follows exponential
law

V Define common for all temperatures stable voltage range, after
depletion and much before breakdown

V Performexponentialfit requestingR2 O 99% (samerangeasin the
gainreductionfits - sameconstraints)

V Calculatethe multiplier with respecto the expectedurrent

V Define breakdown in multiplien value (IS it really exponential??)

_ _ o o ( ) e Function of acceptor
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Mreakdown Voltage

V Independent fit for each temperature
V Identical fit regions across all temperatures
V Identical fit regions for same fluence across all three impla

Current Multiplier

Carbonated Boron (W5), Neutron Irradiated - Current Multiplier
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