Technology and Instrumentation In Particle Physics
TIPP - 2021

=S R&D

| - =
AW, S

Institut de Fisica d'Altes Energies

Comprehensive technology study of radiation hard LGADs

CERN
\ Evangelos —Leonidas Gkougkousis?!, Lucia Castillo Garcia?

/ / Sebastian Grinstein?, Victor Coco?

1CERN
?Institut de Fisica d'Altes Energies

TRIUMF, Vancouver — May 27%, 2021



Overview

o JIutroduction

* Radiation effects

F Active Gain Llayer — Act J 1

(: " 2lloetive _‘—_ ______ ] 3 complementary methods of
l — e_”ﬁtieﬁal‘ _Ait 17_ — — > radiatiF:Jn hardne:s evaluation
[-_ Collocted Charge -Act 7T |

 Comparative studies

e QConclusgions

27 / 5/ 2021 E. L. Gkougkousis



‘Intfroduction - LGAD Technology m e

Centre Nacional de Microelectronica IMB

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

LGAD R7859/W5 - N well over P well (L4L2) v' Requires precise diffusion control for

layer thickness:

_______ — N well . )
____________ E —118 —31p v' Thin highly doped n-well layer
1 \ (~1-1.5um)
IS S P well

v' Gain layer ~ 2 um
v’ p-stop ~3-3.5 um

T

Concentration (a
v -
\

. 7 i ~ =~ v Different gain layer species possible:
:::::::::_k A oo \'\WW ‘”“” w Hi“‘ “H _t v Boron (standard)
e Sim - LKL | v’ Gallium
oxide silicon Depth (nm) v" Boron +Carbon
i

QW » 4” Si-on-Si wafers (High Resistivity ~2 kQecm)

» 50 um thickness on 250 um support wafer Standard Boron

> Different implantation species Boron + Carbon Spray

e » Single diodes of active area 0.7 x 0.7 mm Gallium

2mm
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-Iniroducﬁqn — Use in HEP

xS HET cvs M2
D€ensors
* 15x30LGAD arrays of 1.3 x 1.3 mm? = ThiN LYSO Crystal + SiPM layer in the barrel

» 10% max estimated occupancy (120 mm radius)
> Reduced (~ 20) um inter-pad regions
»  Low sensor capacitance (~2pf)

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

= 30 psec MIP timing up to n|<3.0
(LGADs at 1.6 <|n| < 3.0)

= Radiation requirements up to 2¢10* n.,/cm? for

= QOperation temperature -30 °C (CO, cooling)
= o,=35-70 psec per hit

LGADs
= Radiation tolerance to 2.5¢10%° neqlcm2 ) _
= 50 um thick sensors on 300 um Sol wafers, slim edge
Geometry design

= 2 disks per side, 2 sensor layers per disk
= 24<n<4.0,12cm<R<64cm

=  QOperation at -30 °C
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https://indico.cern.ch/event/981823/contributions/4293573/
https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf

Radiation Effects

Four main disruptive mechanisms for irradiated LGADs : Substrate
¢ T T T T 2 -
I 1. Reduced primary charges induced in substrate (reduced lifetime) » 1/T = XD The ROSE :
l ] , llaborati
1 2. Acceptor re-introduction rate o Ny =G X FoTaperEen ,'
Gain Laye
|( 3. Reduced active implant in gain layer through acceptor removal » Ng, = NGOe‘C‘D :
' 4. Reduced mobility within gain layer through trapping . Gain reduction larger than anticipated |
'\ from acceptor removal (~factor of 3) /'

Acceptor removal, Defect Kinetics (simplified © )
vacancy Integrated - !

Substitutional B,C interstitial |
Rad + Si; > Si. + B, > B, + 0 > B0,

Radiation

o & © | Rad + Si; 5Si; + C, > C; + 0 > C,0,
e ° X : . :
o TR T : ’_‘(@i AL | Gam.lay(.er | Charge
O el :} - (:) _ E de-activation E trapping
o . _Interstitial too many i Can be engineered
Face centered Interaction with Interstitial Substitutional B,C ! interstitials ! b : )
Cubic Si (2-atom  incoming particle Diffusion Replacement i ! i y OXYgen trapping
base) . cannot modify |
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Part| - The Active Gain Layer

Substrate
- - - - - -7/ - ---------------"----"-"-"--"-""-"--"-""-""-""-"-"°-/~"-~"°‘*°~""~‘“~"“~"=-"/""=”"=-""”"=-"== I
| / |
: !
Lo e e e— l__ J

Gain Layer
|{ 3. Reduced active implant in gain layer through acceptor removal / Ngo, = NGOe‘C‘D :
| |
I 4 I
N e e o o e e e e e e e e e o o e e e e o o e e o e e e o e e e e o e e e o e e o e e e e e e e e e e /7
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'The Derive qnd Fi.l. Me.l.hod . I p Gkougkousis V., RD50 Workshop Talk, November 2019:
(p) Q d’p 1.0 mm active area
v" Probe active implant by depletion voltage dllq7 Psaliation [ ozmm e iy 7
v Additional p-implantation gain layer creates secondary depletion region hannel g,un;rﬂ' vapeiukd | §
v" Mott-Schottky equation > leakage current variation at gain layer depletion a— -
v’ Form of |91/, at depletion point corresponds to dopant transition function convoluted : \ VA it &
with instrument resolution (Gaussian X Gaussian) | M/ X
v" Depletion voltage determined Gaussian fit at depletion voltage for -10°C, -20°C & -30°C o’
GR diode
Neutron Irradiated, Wafer 3 CNM 11476, | 61/6V| Pad
1,0E-10
; N fluence - Independent Gaussian [ $30°C
I{* fit for temperature T=-10°C " &Ti
1,0E-09 - Vd —
p C n
_.:;_ C d — 30 CW3Y11 - 2e14 - UncerTalnTleS \\ T
Zoros \ —-30 C W3Y10 - 7e14 estimated from 4 N
= |_— —-30 CW3X18 - 3e15 .
= : | sigma o
1,0E07 [ 1T / ZUV
L 25V 15 Average of fit Standard
- Fluences up to 3:10 : deviation of V.
2 . . 0 k sigma eviation o U
: ne,/cm?in p* and n
1,0E-06 ; 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

The De

rive and Fit Method - I

Active Implant - Proton & Neutron Irradiated

120% [

100% feo-nn-

_________________
L T
-
a

60% [

B

2

x
T

Active Gain Layer Implant %
o
x

-
L A Carbon Neutrons 553 s
80% r o Carbon Protons %“1“\
L A Galium Neutrons \;“\.\%
o (%
A s
o

‘\

Boron Protons i
----- Carbon Fit “‘
LAY

Galium Protons
Boron Neutrons

0% L

----- Gallium Fit *
----- Boron Fit ‘;\
A %1

s
Ll ! Lo L . TS|

1E+12

1E+13 1E+14 1E+15 1E+16

Fluence (N/cm?)

Acceptor Removal

1E-14

— & Carbon Voltage — A~ Gallium Voltage — & Boron Voltage

—&— Carbon Acceptor —®— Gallium Acceptor —#— Boron Acceptor

Removal Coeeficient
=
m
=
w

1E-16

Combined Neutron Proton

Irradiatin Type

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

G(%) = e ¢6?®
Linearity hypothesis tested with independent C,and C; 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 mass
reduces displacement probability in coulomb-only (far-field)
interactions

* Quasi-identical performance for neutron irradiated (fast ~ 10MeV
neutrons)

* Identical gain layer de-activation for all dopants with fluence
Acceptor Removal Coefficient

(8.25 + 0.80) x10%®
Boron + Carbon (9.33 £ 0.78) x10%®
Boron (9.69 + 1.04) x10°%®
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Part Il - Effective Gain

Substrate
72 o -
| y,
|
1 2. Acceptor re-introduction rate o Npee. =G XD

Gain Laye
|( 3. Reduced active implant in gain layer through acceptor removal / Ngo, = NGOe_Cq’
' 4. Reduced mobility within gain layer through trapping , Gain reduction larger than anticipated

from acceptor removal (~factor of 3)
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*GR Vs Pad Method - | P g g7 "

. <t
] I8!

wrl g

t
p-type Bulk
P

v" Acceptor removal only gives information about active dopant, not gain

v" Gain also depends on trapping levels & doping profiles N gz o ¥
v’ Effects after irradiation for different defect concentrations \ / 5
v For same amount of acceptor removal, different gain reduction expected
Before Irradiation After Irradiation diod
Geometry factor Geometry factor G.R U
Gain Current \ Gain Current
D

=f(V,®)

Pad Leakage Current chazdo =95 X X[G(ev, T, 0)] i Lyga(®) = 5 X (13’R=°+ad>) X[G(ev, T, q’)]

Guard Ring Leakage [@=0 _ IGR(CD) _ Ing:O + ad
Current GR —
If we divide the two then: E’;Eﬁ::ﬁf i:i':::::e
I — f(P)
pad Normalize with ~ V
f(V' CD) = i uneradicated G(e ) T; CD)
GR f ((I) — 0)

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

27 / 5/ 2021 E. L. Gkougkousis 10
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*GR Vs Pad Method - I

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

I
GR

: - A
v" Different fits per temperature, reputed at -10 °C, -20 °C and -30 °C o 260y
%, 0’0/
Qof. //'
-10 € W3¥11-3e14 —20 C W3Y11-3e14 —-30 € W3¥11-3214 Neutron Irradiated loflb,; ;bp/o,)&
——-10 C W3¥10-Tel1d ——-20 C W3Y¥10-Teld —-30 C W3Y10-7e14 CNM 11478, Wafer 3 y‘oes /
-10 € W3¥12-1615 —— .20 CW3¥12-1e15 — 30 C W3Y12-1e15
——-10C W3IXK1B-1e15 — 0 C W3IK1E-3e15 =30 C W3IK18-3215
-10 € W3Y17-5e15 —— .20 C W3¥17-5e15 —.30 C W3Y17-5e15 f “\\
1000 | / Hx :;;;
,.c A /
g
10,0 .
N X
G=110

Bias Voltage (V)
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*GR Vs Pad Method - Il

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

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

120% 120% Gain Reduction Coefficient
100% ;z: ______________ A Carbon 100% i_‘::__“ ° Carlbon Irrad' Type - C x 6C
....::-,::::: ---‘_\\ s Galium [ -H:::::“-.. o Galium Ga"|um
= so% s Boron = so% | @ Boron n° (3.01%0.9) x 10™
£ i ‘\: ! ™ N R Carbon Fit = i h ‘\‘\ ----- Carbon Fi p+ (2.02 £0.11) x 10
8 60% L ‘\‘ " ‘\‘ _____ Gallium Fit 8 60% N “‘,\“ ““ “““ Gallium Fit —
v r A _ o i LA ] Boron Fit Boron + Carbon
Z 2 N I Boron Fit = N g (2.57 £1.1) x 10°%°
G a0% | Y \ S ao% | N r n TR L
£ | N . £ % N° ) p* (1.37+0.24) x 10
o | N “ [ ! K -
20% | . w_ 20% 1 W s e | [ =, Standard Boron
u.‘ TR, ----::-,--,,‘.‘-,,,‘,,““ L " = emmmm—=ggeTT - ' -
o | v, s 7 T o | e e M S n’ (225 +039)x10™
1E+12 1E+13 1E+14 1E+15 1E+16 1E+17 1E+12 1E+13 1E+14 1E+15 1E+16 1E+17 p* (2.25+0.28) x 10
Fluence (n.,/cm?) Fluence (n.q/cm?)
Acceptor level introduction rate Results
X * Gallium and Boron perform similarly
— _ _ ,—CcD . - .
Neff (@) = Neffo Nc(1 e - ) + 9P * Carbon + Boron is up to 2 times better in proton

\
Effective dopant

Gain extraction

and up to 7-8 times better in neutron irradiation

concentration

Removable dopant

e Significant variation with implant type

constant
Initial dopant concentration * Gain reduction coefficients are up to 10 x the
previously estimated acceptor removal
27 / 5/ 2021 E. L. Gkougkousis
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Part lll - The Actual Gain

Substrate
- - T P 2 -
1 1. Reduced primary charges induced in substrate (reduced lifetime) y 1/T = XD :
I . . I
1 2. Acceptor re-introduction rate y Nyt =G XD ,

Gain Laye
I{ 3. Reduced active implant in gain layer through acceptor removal / Ngo, = NGOe_Cq’ :
' 4. Reduced mobility within gain layer through trapping ) Gain reduction larger than anticipated :
'\ from acceptor removal (~factor of 3) ,

27 / 5/ 2021 E. L. Gkougkousis 13



Collected Charge - |

w
o

6 | | I | | | I | | I | I | I I | I | I I I I | I | I 1 | I | I I
=, - 0 —s— Boron unirrad --*- Carbon unirrad -+~ Gallium unirrad | _|
Q ~ '30 C w Boron 1et4n = Carbonieldn = QGalliumieldn |~
g 25—/ \ . ..| = Boron6etdn = Carbonbeldn = GalliumGe1dn |
.(CJ B Boron 1e15n Carbon 1e15n Gallium 1e15n |_|
- = —&— Boron 1e14p --&- Carbon 1e1dp & Gallium 1el4p |—
9 20 __ ...m|—%— Boron 6e14 p --k- Carbon 6eldp & Gallium6el4p |
U - H : : 2 : —
Q B | | | = 7
© = ., -
o — | e -
1 5 S S s e ................................. e Sy s _
~ i K i ; ; o i i
= ¢ : — Trigger
&/ 4 L - DUT
5 o L0 -
: - 'Ar U] = [ | : « _®
_ - ‘. / , i _| Minimum charge
5— A e -| for good timing
2fc -t T “ """" é““““é“““"é' """" “‘ - 5 o from noise
0 _I - | [ I | | | I — | 11 1 | | 1 1 | | | I | | [ ]

00 200 300 400 500 600
Bias Voltage [V]
» Before irradiation all implants yield exactly same gain — charge
* With fluence increase:
* Carbonated sensors require 20% less bias for same gain
* Gallium implanted sensors require 20% more bias for same gain

Spacers M4x20 screws

Ysr =+ Y >z

e

E._=0.46MeV E,=2.28 MeV

max—

T,,=288Yy T,,=64h
source container 9
0
Hm /
source support back * 500 abso

y
Hm g Oer /

Aluminum support assembly

baseplate (reducedsize)

» High frequency SiGe (~2GHz) amplifier
* Mean sensor + amplifier noise <1.5 mV
« 5000 recorded events per point

27 / 5/ 2021 E. L. Gkougkousis
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Collected Charge -

CFD Level optimization 2 os
£o. 8
— 100 —r— | —*— Boron unirrad --- Carbon unirrad -+ - Gallium unirrad |— _ 2 _ 2
3 - | ~m Boron 1el4n = Carbonteldn = Galliumleldn | — (CTDut)CFDU- - (GTOt)CFD[j (O-Ref)chl.
'E' 90 - —m— Boron 6eldn --m- Carbon 6eldn m - Galliuméeldn |
— Boron 1e15n Carbon 1e15 n Gallium 1e15n - 1 1 1 — 0, 1 1
- 5 —&— Boron 1e14p --i- Carbon 1e14p i - Gallium 1e14p - 2D Optlmlzatlon pIOt O'SA) blnnlng
80 :_ ................ .............................. & Boron6eldp - Carbon 6e1dp - & - Gallium 6e1d p _:
- é é : : - 0.1 0.2 0.3 04 05 06 0.7 0.8 09
= = gJD x10"
60 __ ........................ __ C 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 ]
E E C - —a— Boron unirrad --#- Carbon unirrad -#-- Gallium unirrad |—]
50 N R T T T . . e T . (a'sl 36 —i— Boron 1e14n --m- Carbon leldn = Gallium let4n _
- i - -k gk T @) @ —®-— Boron 6e14n  --m- CarbonGeldn = - Gallium6etdn |
— R Ao T <0 Boron 1e15n Carbon 1e15 n Gallium 1e15n | _|
40 I . S I OO Y S SO | | kﬁ.u_.; g — 3 Q
— . - - N 9 —4— Boron 1el4p --&- Carbon leldp -4 - Gallium 1e14p ]
= ; — — — —4— Boron 6e1ldp --&- Carbon6eldp -4 - Galliumé6el4dp |_|
30 P —_—d v I (0] : g g . . —
- _ - E -
20 :_ _______________________ ________________________________ ________________________________ __________________________________________________________________________ _: g O O OO OO OSSO OO SO |
- : i
1 0 T —
0 :I L1 | [ | [ | [ | L1l | L1 | [ :
100 200 300 400 500 600
Bias Voltage [V] - =
0.2 A e e e e e s —
] 4 . 2 _ 2 2 2 B 5 : : : : : -
Tlme Resojutlon- Jtot _ o-timewalk + letter + O.ConUeTSion + O’CIOC} 0 | | | | | | | | | | | | | | | | | | | | | 1 | | | | 1 | | | 1 1 | |

—~

2 2
02. n 02 (trise) (TDCbin>
Dist. Landau S/N \/ﬁ

v

<~

Gkougkousis V., RD50 Workshop Talk, June 2020:

100 200 300 400 500 600

Bias Voltage [V]

W

Fixed Term
~ J-7 psec

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

6 DUT, [ps]
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https://indico.cern.ch/event/918298/contributions/3880598/

Comparative Studies | - Leakage Current

Lo . Simple Boron (W4), Neutron Irradiated - Pad Current > (IC/IB> pI’€S€I’1tS 133 % Increase
10602 ¢ » Established though fits on non-gain regions
1,0E-05 . .
3 » Behaviour unchanged up to Iel5 n, q/ cm? in proton and neutron
€ 10806 - — . .
: irradiated
1,007
| » Consistent behavior with temperature (-30°C, -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 . . . .
oros 10C, W4S1068-1el5n  — --20C, WaSI068-1elsn  ——-30C, WAS1068-1e1sn > Leakage current increase in Gallium implanted samples but effect
’ ‘ -10C, WAS1017-3e15n  — --20C, W4S1017-3e15n  ——-30C, WA4S1017-3e15n
Loe10 ~-10C, WASL102-Gelsn _ — --20C, Was1102-6elon _—— 30C, Ws1102-6elsn 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 - E 20 é -30C Neutron -30C Protons
p — B — — — Carbon/Boron Ratio
<C 1,0E-05 /'l // /// ::9 25 F
L0805 ¢ Z =
= AP A — - ® 20 [ —t—
g10E06 1“‘A R A I e — T E L |:§:|
51,0606 - - - — —_— —_— c i
T 15 F
S g €-¥ --------- = SR ===
1,08-07 f -10C, W551005-1e1d4p — —--20C, W551005-1e14p —— -30C, W551005-1e14p — 10 ¢ ¢
-10C, W551008-6e1dp — =-20C, W551008-6el4p ——-30C, W5S1008-6el14p _8 05 ; 2
W -10C, W551009-1e15p — --20C, W551009-1e15p —— -30C, W551009-1e15p <2 F y=1.3775(R*=0.017)
1L.OE08 ) -10C, W551003-3e15p — --20C, W551003-3e15p ——-30C, W551003-3e15p 00 . , , , , , | , , , ,
-10C, W551004-6el15p — --20C, W551004-6e15p ——-30C, W5S1004-6e15p OE 00 SE+14 1E+15 2E+15
+ + + +
1,009 Fluence (n.,/cm?)
0 -100 -200 -300 -400 -500 -600 -700
Bias Voltage (V)
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Comparative Studies Il - Efficiency vs Headroom

Gkougkousis V., RD50 Workshop, November 2020:

Boron Implanted Gain Layer - Efficiency - Neutron Irradiated

= 12 - -

9‘.‘; - ] Headroom = Vmax Vbias at 100% efficiency
g 1

;‘%

0.8—

> ~100 % efficiency for Carbon + Boron for IelS

HIII

06 = n, q / cm? at neutron irradiation
04— -
0.2 r leld n”/('m", neutron, -10°C leld n”/('m", neutron, -:20°C  —— leld n”/('m", neutron, -30°C | | > ~ IOO % efﬁclency at I c I 5 n /sz for Boron Only
B Geld nm/('m:' neutron, -10°C ~ —=— 6el4 nm/('m:' neutron, -20°C~ —— 6el4 nm/('m:' neutron, -30°C B . . . eq
0 - lels nm/('m"mwrnm. -lo'c - lel5 nm/('m"mwrmn. 20°0C —— lel5 nm/('m"mwrmn. -30°C e sens OI‘S at Proton 1rradlat10n
— “— 3el5 n,‘,/wu" neutron, -10°C ~ —=— 3el5 n,‘,/wu" neutron, -20°C ~ —— 3el5 n,‘,/wu" neutron, -30°C -
- \r un-irrad., -10°C —=— un-irrad., -20°C —— un-irrad., -30"C n
i 6 ‘i I I [ I [ I 1 1 1 I 1 I 1 1 I 1 1 I I [
. XC 50 100 150 200 250 .
G
o™ ' N ~ Headroom [V] » Boron only at 3elS n, /cm? neutron is close to a 100
Q \ Carbon Implanted Gain Layer - Efficiency - Neutron Irradiated i o ) ) q )
Gt vt e G ——— st esron, 7€ —— e e ] Jo, but more validation points needed
—— lel5 n,,/cmz neutron, -10°C —=— lel5 n‘.(/cm" neutron, -20°C —— lel5 n“/cmz neutron, -30°C
—_ 1:2 ~— 3el5 n,.(/(‘m" neutron, -10°C —=— 3el5 n“/un: neutron, -20°C —— 3el5 n“/('m" neutron, -30°C
é = —— Gel5 n“/('m: neutron, -10°C = Gel5 n“/(m: neutron, -20°C 6els ll"/(‘"l: neutron, -30°C
> —— un-irrad., -10°C —=— un-irrad., -20°C —— un-irrad., -30°C .
2 » Boron only sensors provide larger headroom at 100 %
S . . .
5 efficiency that Boron + Carbon combination

» In best case scenario (boron at 3el5 n, C‘{/ cm? neutrons)

no safety factor available

Jll\ll\|l|illllllllhil|

1 Il 1 1 Il 1 1 1 1 | 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 \ 1 1 1 1 | 1 1 1 1 ‘ 1
0 50 100 150 200 250 300 350
Headroom [V]
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Comparative Studies Il - Stability

10*

—a— Boron unirrad

Gallium 1e14 n
o
-30 C Gallium 6e14 n

T T T

10° ¢

Boron 1eld4 n
Boron 6e1d n
Boron 1e15n

......................... —h— Eﬂrﬂn 1&14p‘ - - - Carbﬂﬂ TETJP

Carbon 1e1d n
Carbon 6eld n
Gallium 1e15 n
-4 Gallium 1e14d p

102

Autotriggering rate [HZz]

1(}‘ PR . S A

= —&— Boron6e14p  --&- Carbon 6e1d p

7) SRR A T O

~-4&- Gallium 6el14 p

ﬁ ........................ e — e —]

0 100 200 300

400 500 600 700

v’ Carbon presents the most unstable implementation with respect to dark rate

v Boron is the better solution across the board with higher stability points

Bias Voltage [V]
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QOutlook - Lithium, Indium

49 114.818

In

Indium
[Kr] 4d'%5s25p'

b Indium doped gain |ayers Post-Transition Metal

No acceptor removal improvement anticipated

Idea from thin solar cell community, (D.J. Paez et. al., link) and space
applications

Demonstrated to have larger radiation resistance in electron
radiation

Because of higher atomic mass, should be less mobile (in theory,
practice will be different....)

e Lithium co-implantation ONLY on p-implant layers

Lithium is n-type but in low doses should not impact p layer

Proven to improve radiation hardness of solar cells after 1MeV neutron
irradiation

Lowers annealing temperature when implanted in substrate

Defect engineering at low temperatures E. Oliviero et Al. (link)

Original Solar cell study Weinberg et Al. (link)

Concentration (atoms/cm*)

Doping Profiles

Boron 50nm 6el3cm-2 40keV 140min

Indium 50nm Sel4cm-2 340keV 2 10min
10‘7
10"
10‘5

1 1 1 1 1 1
10 12 14
Depth (um)

Boron 50 nm screen oxide, 6e13 cm™ at 40
keV with 140 min diffusion time
Indium 50nm screen oxide 5e14 cm™ at 340
keV with 210 min diffusion time

RD50 founded Project: RD50-2021-03
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https://www.sciencedirect.com/science/article/pii/S0040609016303765

Conclusions

e Three methods of radiation hardness:

1.
2.

Active Gain Implant: No measureable improvement wrt different implants

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

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

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

No degradation in leakage current

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

No effect on signal properties, efficiency, noise or timing

In and Li co-implantation as next steps on defect engineering

27 / 5/ 2021
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Introduction

Radiation
effects

Gain Layer
Depletion
Gain

Extraction

Collected

Overview

 LGAD Technology
« HEP Applications — ATLAS & CMS

* Primary Mechanisms
» Acceptor Removal

(. TheDerive &Fitmethod |
\-_Gain layer de-activation _ _ _ _ __ __ _
r- The GR vs Pad method ]
*__Removal Coefficients and substrate re-introduction rates  _
r- Charged Particle measurements ]
I « Performance after neutron-proton irradiation I
* Gain modelisation

-

« 3-method evaluation

Leakage current across all spices
Efficiency studies in different spices
Stability across different implants

Lithium — Indium
Conclusions and Outlook

3 complementary methods of
radiation hardness evaluation
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‘Intfroduction - LGAD Technology m e

Centre Nacional de Microelectronica IMB
1.3 mm active area
Passivation - -
1 mm p-type implant
- -

s ?ﬁ-—:—ﬁ—i——l v Invented at CNM, initially considered for tracking by IFAE, proposed for timing by
N J 4

Gl G - s | £ UCSC
"™ . v Secondary p implant under collection electrode introducing moderate gain (10 -50)
l 5 v" Up to 35 um thickness on Sol or wafer to wafer bonding (typically 50 um)
e s v HPK, CNM, FBK, MiCRON, BNL (USA), NDL (China)
ell over P well (L4L2) v" Requires precise diffusion control for layer
thickness:
—118 —31p v Thin highly doped n-well layer (~ 1 — 1.5 pm)

v' Gain layer ~2 um
v’ p-stop~3-3.5um

v Different gain layer species possible:

B !
N WW’MW l v" Boron (standard) 7[
o M v Gallium k_

v Boron +Carbon

.|. ' ¥ " 7 DE+03 3 DE+03 A0FH 6.0F+03 ry
oxide ' silicon Depth (nm) —_— Anode

Concentration (atoms/cm?)

Standard Boron
Boron + Carbon Spray (not confined)
Gallium

Mu » 4” Si-on-Si wafers (High Resistivity ~2 kQecm)
5 » 50 um thickness on 250 pum support wafer

‘ . » Different implantation species

_ 5 » Single diodes of active area 0.7 x 0.7 mm

2mm
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Radiation Effects

p-type silicon B.B.
B,O,
B,C.
oV +(Si,
CiCs
C, C,—Ps"—g

n-type silicon

| | |

CO,

l

100 200 300 400 500 600 700

Temperature (K)

Acceptor removal, Defect Kinetics (simplified © )

Incident particle hits silicon atom and created Vacancy (V) and
Interstitial Silicon (Si;)
Si; Propagates and can transform substitutional Boron/Carbon to B,/C;
(interstitial),
B,/C; can form several defects, but the most prominent in high
resistivity silicon is:
Si. + B, B, + 0 & B,O, Change type of final
. defects but not amount
SitC 2 Ci+ 0> CO, of active implant

Since B, and C; both compete for the same Si;, if we introduce more
Carbon we would expect to from less B,O; defects and more C,O;

If we exchange Boron with a less mobile (heavier) atom (Ga), then we
should also enhance C,O; defects instead of Ga,0O;

27 / 5/ 2021
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Gkougkousis V., RD50 Workshop Talk, November 2019:

The Derive and Fit Method - |

f ' 1.0 mm active area : eta
(p) > d[ PassivrtiO" 0.7mm p-type implant K/ Metal
. . Lagy ——e T S
v" Probe active implant by depletion voltage ' o I g
-~ _ T _ _ oy el Y opesuk | 3
v Additional p-implantation gain layer creates secondary depletion region g
v" Mott-Schottky equation > leakage current variation at gain layer depletion \ / Buried oxide ‘f
v" Form of |a’/aV| at depletion point corresponds to dopant transition function convoluted Mm,/ :
with instrument resolution (Gaussian X Gaussian) AW
v" Depletion voltage determined Gaussian fit at depletion voltage for -10°C, -20°C & -30°C GR diode
e i 0y
AR L e ety ZT=_10 oc a,T;
! Vd =
/ \ nr
Neutron Irradiated, Wafer 3 CNM 11476, | 61/6V| Pad f \
1,0E-10 —_—
[ N fluence 6Vd - \/Vd,sys + Vd,stat
— ﬁx& —-30 C W3Y11 - 3el14 ;’ Average of fit S,talj]dard
E‘lomg \ ——-30 CW3V10 - 714 o k sigma deviation of VU
> e ——-30 CW3Y12 - 1el5 i = -
% P |~ 15v —— 30 C W3X18 - 3e15 —
1, : Sall 20v . .
= """ v - Independent Gaussian fits for each temperature
: | - Uncertainties estimated from propagation of fit sigma
Hoeee 0 20 -40 -60 -80 -100 - Fluences Up to 3'1015 neq/cmz in p+ Gnd no
Bias Voltage (V)

24

27 / 5/ 2021 E. L. Gkougkousis


https://indico.cern.ch/event/855994/contributions/3636943/attachments/1946950/3230575/RD50_CNM11486.pdf

The

Derive and Fit Method - I

120%

R
r | TTtmsag,,
r Carbon Neutrons e

N
o
(=]
2

80%

Active Gain Layer Implant %

0% L

60% [
40% |

20% |

Acceptor removal - Proton & Neutron Irradiated

A Fa
» s
a Carbon Protons T 1D s
. 1
) T S
A Galium Neutrons T \\;
o  Galium Protons % |
A Boron Neutrons NN
s
o  Boron Protons *
\
----- Carbon Fit :~
----- Gallium Fit Y
s e
----- Boron Fit r&.“\% %
‘\
1 .‘:
L LT 1

1E+13 1E+14

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

G(%) = e ¢6?®

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

compatibility

Constraints imposed on initial values to reflect charge measurements

Results

Acceptor Removal Coefficient

1E+12 1E+16 _ Irrad. Type C 6C
Fluence (N/cm2) Compatible acceptor removal

PP — coefficients between all implants Combined 8.25E-16 7 98E-17
SE-15 [ Slight Ga advantage in p* irradiation n’ irradiated 8.28E-16 1.16E-16
= A= Carbon Voltage - A~ Gallium Voltage - A~ Boron Voltage (23 GeV/c PS)’ h|gher mass reduces p+ irradiated 141E'15 188E'16

E —@&— Carbon Acceptor =@ Gallium Acceptor —®— Boron Acceptor d|5p|acement probab|||ty in Boron + Carbon
= coulomb-only (far-field) interactions ~ Combined 9.33t-16  7.78E-17
3 - _ n® irradiated 8.85E-16  8.76E-17
= Quasi-identical performance for o* irradiated 1.70E-15 2.23E-16

% — neutron irradiated (fast ~ 10MeV Standard Boron
= Fo=====c= neutrons) Combined 9.69E-16  1.04E-16
e Identical gain layer de-activation n’ irradiated 8.19t-16  1.35E-16
Combihed Neukron Btofon for all dopants with fluence p”irradiated 1.96E-15 1.60E-16

Gain Layer Type
27 / 5/ 2021 25
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The Derive and Fit Method - i

Active Implant - Proton Irradiated

Active Implant - Neutron Irradiated

120% 120%
100% Eeeeenccmmceencnsanann, 100% fe-mmmmmmmmmmmmmmee kol
L hl S L TTees
R gow I T R g | e
o 80% RN o~ 80% ‘e*
b= [ o Carbon o, = [ A Carbon KN
(41 = . CRSRY o r . W,
— F o  Galium AR — F A @Gal ¥,
2 60% F N 50 | alium ;
£ r o Boron L £ r 4 Boron %
q_, Eo|----- Carbon Fit “:\:\\ o I Carbon Fit \“
E 40% | |----- Gallium Fit \\‘\\\\ E 40% [ |----- Gallium Fit %
. A Y \
< []|-==-- Boron Fit RN g [|----- Boron Fit Y
r \ L N
20% XN 20% | %
[ N % i X
0% C L Ll | L L | F‘;E-L@l_l_\ 0% C | R ] Lo ) R I h PSS
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 45
40 F -40 -
35 [ o Carbon ‘\“‘i s b <3
> 30 7 o  Gallium ‘;\\\\ = 30 ¢ A Carl?on
g"u F o Boron RN i E A Gallium
© B @ 25 [
= E |- Carbon Fit W, = i 4 Boron
Q20 b | Gallium Fit R g 20 £ feeee- Carbon Fit
F VY C . .
15 B[ Boron Fit W 215 F | === Gallium Fit
F R £o|----- Boron Fit
10 F W 10 |
r \:\\ C
5 F 5 F
0 E Ll Ll Ll e L 0 £ Ll Ll
1E+12 1E+13 1E+14 1E+15 1E+16 1E+12 1E+13 1E+14
2 2
Fluence (n,,/cm?) Fluence (n.,/cm?)
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Charge at -20°C and -10°C

0.005
0.0045
0.004
0.0035
0.003
0.0025
0.002
0.0015
0.001
0.0005
0

Noise [V]

E —s— Boron unirrad - - Carbon unirrad
----------- 300C Boron 1e14 n Carbon 1e14 n
= : Boron 6e14 n Carbon 6e14 n

Boron 1e15n Carbon 1e15n
—&— Boron 1eldp --a- Carbon 1e14p
—&— Boron 6eldp --i-- Carbon 6eld p

L3

4 Gallium umrrad
Gallium 1e1dn -

Gallium 6ei4 n
Gallium 1e15n

-~ Gallium Te1dp |
& Gallium 6ei14 p

100 200 300 400

500

600

Bias Voltage [V]

S/N

2001

180

160
140

1201
1001

80

601
401

20

—i— Boron 1efdp --&--
||~ Boron 6e14p --a-

—a— Boron umrrad -, Carban umrrad "=

Boron tei4 n Carbon 1el4 n
Boron 6el4 n Carbon 6e14 n
Boron 1el5n Carbon 1e15n

Carbon 1eldp k-
Carbon 6e14p k-

Gaﬂmm unirrad

Gallium tetd4n |~

Gallium 6e14 n

Gallium 1e15n |-

Gallium 1e1d4 p

Gallium 6el4p |

100

200

300 400 500

600

Bias Voltage [V]
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Boron 1e14 n
Boron 6eld n
Boron 1e15 n

—4— Boron 1eld p
—&— Boron 6e14p --&- Carbon6eldp & -

Carbon 1e14 n
Carbon 6e14 n
Carbon 1e15n
--& - Carbon 1e14 p

—=— Boron unirrad --%- Carbon unirrad -#» -

Gallium unirrad

Gallium 1e1d n
Gallium 6e14 n
Gallium 1el5n
Gallium feld4 p
Gallium 6e14 p

| | |
400

1 1 | 11 1 | | 11
500 600
Bias Voltage [V]

Collected charge [fC]

30

25

20

15

10

—&— Boron unirrad
Boron 1e14 n
Boron 6el14 n
Boron 1e1S n

—&— Boron 1eld p

--#- Carbon unirrad
Carbon 1e1d n
Carbon 6e14 n
Carbon 1e15n

i~ Carbon 1e14 p

~#- Gallium unirrad
Gallium 1e14 n
Gallium 6e14 n
Gallium 1e15n
~i Gallium 1e14 p

—&— Boron 6el14 p

& - Carbon 6e14 p

~a- Gallium 6e14 p

IIiI
500

| | | 1
600
Bias Voltage [V]
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*Gallium Leakage Current

Punch through
regions

t(A)

Curr

1E-03

1E-04

1E-05

1E-06

1E-07

1E-08

1E-09

Galium (W6), Neutron Irradiated - Pad Current

-10C, W651007-1el14n --20C, W651007-1el4n

-10C, W651012-6e14n — =--20C, W651012-6e14n ——-30C, W651012-6e14n
-10C, W651009-1e15n — =-20C, W651009-1e15n ——-30C, W651009-1e15n
-10C, W651006-3e15n — =--20C, W651006-3e15n ——-30C, W651006-3e15n

—-30C, W651007-1el4n

-100 -200 -300 -400 -500
Bias Voltage (V)
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Comparative Studies Il - Stability

n—1,mtrig trig
. LT -T )
Self-trigger time: | AT;.;, = : / J;i /
_ 1 X 1000
; . Férig — ]
Self-trigger Rate: AT::rigg

Median of several rate

F trig | (#k+1)=2 * Firig M(#k+1)=27]

Firig =
measurements trig 5 v
Uncertainty on trigger rate: L,
6Ft’1g(’%) — (NOVQI‘ + 1) X (NOVGI' + 2) _ (NOVGI‘ + ]2~)2
(N+2)x(N+3) (N+2) v
Efficiency is a binary magnitude, Bayesian approach implemented
, , , _ Rmax
Sigmoid Dark rate Fit: Rpark rate = AR +(RpaseLine v
v
Max, recordable rate  50% of maximum Baseline trigger rate |/

Inst. saturation point voltage point (noise, radioactivity)

Dark Rate @ 750V, CNM 11486 1el5n

# 6f events

15§
10§
o b A ‘ IILLLJLL..L

012 3 456 7 8 910111213 14151617 18 19 20 21 22 23
ATtrig. (sec)

Sensors with intrinsic 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

Values estimated from Poissonian fit on event
frequency distribution (1000 events)
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Comparative Studies - Efficiency

Boron Implanted Gain Layer - Triger Frequency - Neutron Irradiated

Carbon Implanted Gain Layer - Efficiency vs SNR - Neutron Irradiated

g 2 . S ]
s i s :
8 11— P g 1 i i — i .
@ E T Q0 _ P — %ﬁ;}—;ﬁ. —
2 — 1 O L B ———— - ]
= 1 = '
w E | w C <l
0.8 — 0.8~ i ; é n
C 0 - w "Frae;
N 7 C ; Tiat
06— — 0.6 XL i eo
04— ? 2 2 0.4 lel4n q:/fm" neutron, -10°C leld n, fem®, neutron, -20°C  —+— leldn q/fm.2 neutron, -30°C
= leld n_Jem”, neutron, -10°C leld n_jem’, neutron, -20°C  —w— leld n_Jem’, neutron, -30°C — “ N i S ’ “ N T
— — 6el4 n,fem’ neutron, -10°C -~ —=— Geld n,Jom® neutron, -20°C —4— 6el4 n,fem’ neutron, -30°C
0.2 =l Geld n"/t'm! neutron, -10°C  —=— 6eld l'i',,,w/rm3 neutron, -20°C —w— 6eld rr,q/:'nr‘ neutron, -30°C 0.2 — —— JelS "«/f’"z neutron, -10°C~ —a— Jel§ "rt/””z neutron, -20°C  —— lel5 n‘,q/cmz neutron, -30°C
Tk e lel5 n,jom’ neutron, -10°C~ —wu— lel5 n,jem’ neutron, -20°C~ —w— lelSn ‘/mr‘ neutron, -30°C T T FelSngk em’ neutron, -10°C . —a— 3el5 ""4/””1 neutron, 20°C. . —a— Jel5 n.k em” neutron, -30°C
= - : 6el5 n,q/fm" neutron, -10°C  —w— 6el5 n"’/z'mg neutron, -20°C ~ —+— 6el5 nl,q/fm2 neutron, -30°C
0 __ —— un-irrad., -10°C —&— un-irrad., -20°C —«— un-irrad., -30°C 0 | —*— un-irrad., -10°C —a— un-irrad., -20°C —— un-irrad., -30°C
_02—] 1 PO R [ RO TR T S S T P IS R SR S N T S | T S TR I T SR SRR | X10-15 _02_' L L 1 I L 1 1 L 1 1 L 1 1 L 1 L 1 ]
0 10 20 30 40 50 60 70 10 20 30 40 50 60 70
Collected Charge [q] Signal to Noise Ratio
Carbon Implanted Gain Layer - Triger Frequency - Proton Irradiated Carbon Implanted Gain Layer - Efficiency vs SNR - Proton Irradiated
s - 1.2
< 1.2 n S F
) - ] 3
— R ™ty S e -
[ N S E— S— — §E e ~ :
g r e ae ‘ B g T _ ,
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" o8 1] Y08l o
- ] L ”.red~
L. - — /a t
0.6/ — 17 06— eq
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04— 04—
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‘Breakdown Voltage

Current Multiplier

Simple Boron (W4), Neutron Irradiated - Total Current
1,0E-04 -
1,0E-05 3
g [
£ 1,0606 -
= ;
5
L] =
1,06-07 {/
-10C, W451(I!95—lel4n — =-20C, W451095-1eldm  ——-30C, W451095-1eldn
1.0E-08 -10C, W451016-6e14n — =-20C, W451016-6eldn —-30C, W451016-6eldn
’ -10C, W451068-1e15n = =-20C, W451068-1e15n —-30C, W451068-1e15n
-10C, W451017-3el5n — --20C, W451017-3e15n —-30C, W451017-3el15n
-10C, W451102-6e15n — =-20C, W451102-6el5n ——-30C, W451102-Gel5n
1,0E-09 — —
-150 -250 -350 -450 -550 -650 -750
6 ias Voltage (V)
8)
‘tl\ggeg\
. . — 74
Exponential Fit: [=b-m
Acceptance Criteria: R? > 990,
— Vi s
Expected current: Inorm =b-m o
(1]
Ipad + 1 GR %
Current Multiplier: M(V) = 2
Inorm

[ Breakdown:

Vi = M(V) >2 ]

AN

v
v

Un-irradiated: 13, ad = I X (enkT — 1) x G(eV,T)

Irradiated:

700

Measure total leakage current (-10°C, -20°C, -30°C)
Select a stable voltage range where behaviour follows exponential

law

Define common for all temperatures stable voltage range, after
depletion and much before breakdown
Perform exponential fit requesting R? > 99% (same range as in the
gain reduction fits - same constraints)
Calculate the multiplier with respect to the expected current

Define breakdown in multiplier value (Is it really exponential??)

Proton Irradiated Sensors Fit Range

600

500

400

300

200

100 |

0

—&—Stop Voltage

—8—Start Voltage ]

____________

1E+14

Fluence (cm2)

1E+17

pad(cb) — ( pad +O(CD) X

Bias Voltage (V)

Function of acceptor
removal, exponential to
fluence and voltage

G*(e¥, T, ®)

plus a linear term

600

500

400

300

200

100

S5E+13

Neutron Irradiated Sensors Fit Range

y = 86,259In(x) -261
R? = 0,9583

B L

y = 72,322In(x) - 226
R? = 0,9848

-~ r-wor---r

SE+14 5E+15
Fluence (n,,/cm?)

5E+16
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‘Breakdown Voltage

v" Independent fit for each temperature

v" Identical 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 10 12
' E E I I
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800 | -10C, W451068-1e15n — --20C, W4S1068-1e15n —— -30C, W451068-1e15n s [ -10C, W551009-1e15p — --20C, W551009-1e15p ——-30C, W551009-1e15p A WESTOOSAESS) =5 AR WS IIOSAEESH ol
E -10C, W451017-3el5n — --20C, W451017-3el5n ——-30C, W451017-3el5n r -10C, W551003-3el5p = =-20C, W551003-3e15p ——-30C, W551003-3e15p
L 7,00 | -10C, W4S1102-6e15n  — =-20C, W451102-6e15n —— -30C, W451102-6e15n L 7k -10C, W551004-6e15p — --20C, W551004-6e15p ——-30C, W551004-6e15p - -----10C, W651006-3e15n  — --20C, W651006-3e15n -30C, W651006-3e15n
2 E £ T 2 [
8 600 [ ' 2 s =
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3 so00 | s s S st
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o 400 [ S 4 &
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3 300 | 3 3 3
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Bias Voltage (V) Bias Voltage (V) Bias Voltage (V)
Simple Boron (W4), Proton Irradiated - Current Multiplier Carbonated Boron (W5), Proton Irradiated - Current Multiplier Gallium (W), Proton Irradiated - Current Multiplier
10,00 10 12
00 ¢ I
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‘Breakdown Voltage
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