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‘Damaged sensor list

Unrecoverable sensors (SPS Testbeams)

bl ({j.'

Manufacturer Run Wafer Structure Rad. Fluence Species Groﬁ: ded Di::j(ige Annealing  Conditions

CNM 10478 W4  S1017 3el5 n no Pad 0 min Pion beam

CNM 10478 W4 51058 lel5 p no Pad 0 min Pion beam April 2018 Test Beam

CNM 10478 W4  S1102 6el5 n no Pad 0 min Pion beam

CNM 10478 WS5 S$1036 6eld p yes GR 0 min Pion beam

CNM 10478 W5  S1075 3e35 p yes GR 0 min Pion beam June 2018 Test Beam

CNM 10478 W5 S1117P 6eld p yes GR 0 min Pion beam

CNM 10924 W6  S1028 leld p yes none 0 min Pion beam

CNM 10924 W6  S1026 1lel5 p yes GR 0 min Pion beam September 2018 Test Beam

CNM 10924 W6  S1025 3el5 p yes GR 0 min Pion beam

Sensors at CNM for further investigation
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*Visual inspection

Post-mortum opftical microscopy and conditions

Oorm al L (&) rbOn 23 iy m

1028 HETD

April 2018, 120GeV pion beam
Rate issues @ 620V, -30°C, N,
(neutrons 3e15 n.,/cm?)

September 2018, data taking
Rate issues @ 220V
-20°C, N, / -30°C completed

i (protons 1e14 n.,/cm?)

g September 2018, data taking
Rate issues @ 590V
-20°C, N, / -30°C completed
(protons 1e15 n.,/cm?)

June 2018, 120GeV pion beam, | &
Rate issues @ 620V, -30°C, N,
(protons 6e14 n.,/cm?)

April 2018, 120GeV pion
beam ,Rate issues @ 620V
-30°C, N,
(neutrons 6e15 n,,/cm?)

June 2018, 120GeV pion beam, | =
Rate issues @ 600V, -30°C, N, |
(protons 3e15 n,./cm?) =

Died during alignment

W5S81075 W5S1117P

April 2018, 120GeV pion
beam, Rate issues @ 580V
-20°C, N, / -30°C completed

(protons 1e15 n,,/cm?)

June 2018, 120GeV pion beam \
Rate issues @ 600V, -30°C, N, | -
(protons 6e14 n_,/cm?) =

' September 2018, data taking
Rate issues @ 590V -30°C, N,
(protons 3el15 n,,/cm?)

W4S1058 WA4S1102 WA4S1017

W551036

;

_/

GR grounded - GR Discharge
GR not grounded - Pad Discharge
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*Visual inspection

Post-mortum opftical microscopy and conditions

Mag 100K X 10 pm Aperture No. = 6 EHT = 3.00 kV Signal A =SE2 FIB Imaging = SEM Time :15:11:2

FiB Lock Mags = No | 1 Aperture Size = 120.0 ym WD = 5.1 mm FIB Probe = 30KV:50 pA  Date :24 Jan 2019 CNMIMB & ICN
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Sensors damaged during test beam

Lab vs testbeam maximum voltage limits

Nor? Test Beam Lab
Neutrons 3e15 n,/cm? 620V — 660V
Neutrons 6e15 n,,/cm? 620v — 570V  Stopped because of auto triggering
Protons 1el5 n,./cm? 580V — 660V
caro"
Protons 6e14 n . /cm? 600V —> 660V
Protons 3e15 n,,/cm? 600V —— 660V
Q’;\\\“\ U
rrotons 1lel4 n . /cm? 220V — 210V Stopped because of auto triggering
Protons 1e15 n,./cm? 590 V — 520V Stopped because of high leakage current
Protons 3e15 n,,/cm? 590V @—_, 510V Stopped because of periodic discharges
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Rate Issue

Lab vs Testbeam

Lab measurements — 2°Sr source

Test beam measurements

Radiative losses (Brem mainly) ignored

Energy loss in 50u m Si

Ny e~ W77 140 GeV p~,negtive polarity 939 keV electrons:
or _ . . =~ 0511 MeV - -y =2
“—~—’ “—~— 40 GeV p~,positive polarity .
or 40 - 140 GeV pions:
Erma= 046 MV Eg,= 2.28 MeV 160 GeV p~,positive polarity
T,,=288y T,,=64h ’ Myion = 120 MeV — B -y ~ 333 — 1333
] 1.00 =y & T
v" Multi-energetic electron spectrum v" SPS pion beam 095 F-oooof b [ £
v E_. at2.28MeV v" Quasi-monochromatic beam 000 k[ Byrm 2 =
v’ Average energy ~ 939 keV from %Y decay | ¥ 1% energy dispersion e \\'f'--,, """"""" e E
5 0.80F--------- o B O ET TE T P 3
v Average energy ~ 188 keV from 29Sr decay 5 S omsE N a-ﬁg;g“‘“tif’f,;i‘ié‘; E
7 — F A um 3
cosq 0.014— — SpectGeV :;: 0_702_ .......... \ \ .................. 160 pm (37.4 mg/em 3
C:!‘: \ 0‘012__ e ruT Sa' 0.65 f, ,,,,,,,,,, \\| ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 8 Oum (187 mg/cm g
1 r —— secondary 8mm abs. o : o —— =
= ne e 0.60;— ---------- A N —_T Taeal =
g N 0.0081- 222’ """"" | """" \//I """""""" Bv’""3'57' '
| o 03 1 3 10
§ c',:ns: MME By (= /m) /
2 1 0.004—
1 [Redsd l“m: 0,65 of a MIP 0,630f a MIP
0,01+ ’ :_
c.00 . 0 e 00 800800 10001200
= Extrapolated energy depg@sition at 50 mu Si
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= 107
*Rate Issue
5
] 3
v Normalized Landau MPVs to N, o
harge in 50 um Si v' Garfield++, 5k events for 50um
T T I T T T l T T T l T T T
] Incoming beam  Electrons fQ
—— "Sr electrons ]
n 90
—— 160 GeV pions . > 3891 0,62 , O A T N o [;11
140 GeV pions || 160 GeV mt*/-/0 3310 0,53 Gawmm Proton 7 rmdoated \ ¢
40 GeV pions | 140 GeV m*/-/0 3300 0,53 Fluence Acceptor removal Coeff. Voltage Temp (°C) *°Sr Charge (Q)

o
@

80 GeV pions
e p——— e 40 GeV it/ 3288 0,53 leld 220 -20 5,58E-15
' ' ] lel5 2,02E-14 590 -20
] 80 GeV mt*//0 3293 0,53 6e15 590 -30

- Carbon Proton Irvadiated

PPy N N S . |

Fluence Acceptor removal Coeff. Voltage Temp (°C) °°Sr Charge (Q)

- R, 6el4 600  -30 2,74E-15
t _ ’
] 500]:‘8 Q’Sp 3el15 1,37E-14 600 -30 2,16E-15
1 1 T — — —— sll > .
2000 4000 5000 Boott;eposﬂ;gog?]arge (192)000 I‘féce d@Q{YOf\ 100 Bo"o“ p"oto“ Jrrad'ated
l”‘l}lg le'b; Fluence Acceptor removal Coeff.Voltage Temp (°C) 2°Sr Charge (Q)
v" For an 1 x 1 mm? sensor corresponds to max iy 1lel5 2,25E-14 580 -20 2,40E-15
instantaneous charge introduction rate of: Boron Neutron Irradiated
S
Rc =G X Qprim. X Rev. LGAD ) Fluence Acceptor removal Coeff. Voltage Temp (°C) *°Sr Charge (Q)
trigg 3,00E+15 620  -30 1,92E-15
_ 2,25E-14
132.5pC/s < R, < 662.5pC/s (Gainof 5 here) 6,00E+15 620  -30 ><
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‘Depletion Voltage e E——— -

Pad |97/,,| Estimation ol [
v Gain layer only present in pad region (GR region implanted with diffused n) . -- \ a 7 Buﬂjr
v" Additional p-implantation gain layer creates secondary depletion region _ M/ Q
v" Mott-Schottky equation > rapid leakage current variation at depletion cr di’;de
v d-function form of |a’/aV| at depletion point — convoluted with instrument resolution (Gaussian) -
approximated by narrow width Gaussian Gkougkousis V., RD50 Workshop Talk, November 2019:

v" Depletion voltage determined by mean of Gaussian fit at depletion voltage

v' Performed at -10°C, -20°C & -30°C with independent fits on each temperature > 90 Gaussian Fits

Neutron Irradiated, Wafer 3 CNM 11476, | 61/6V| Pad Gain depletion Voltage

1,0E-10
: Fluence (n,/em?) -20°C -30°C
1,0E-09 f& unirrad. -34 -34
= ’ E —-30 CW3Y11 - 3e14 3el4d 25 225
Zior0s \ ——-30 CW3Y10 - 7e14
> eV —-30CW3Y12 - lel5 7el4 -20 -20
% //// 15v ——-30 C W3X18 - 3e15
roe07 //// 20V lel5 -15 -15
1L 3e15 6 6
10606 E - R 5e15 0 0
0 -20 -40 -60 -80 -100

Bias Voltage (V)
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https://indico.cern.ch/event/855994/contributions/3636943/

‘Breakdown Voltage

1 1 100C -20°C -20°
Current [\/\U|T|p||er v Measure total leakage current (-10°C, -20°C, -30°C) |
1,0E-04
R law
rorcs | v" Define common for all temperatures stable voltage range, after
_ " depletion and much before breakdown
< r . - - -
= 10606 - v" Perform exponential fit requesting R? > 99% (same range as in the
5 gain reduction fits - same constraints)
Loe07 {7 > v’ Calculate the multiplier with respect to the expected current
e 100 waskOSR desdn 200 WASLOS Lelam 300, Was109-lesin v' Define breakdown in multlpller- value (Is it really exponential??)
-10C, W451068-1e15n — =-20C, W451068-1e15n ——-30C, W451068-1e15n
-10C, W4S1017-3e15n  — --20C, W4S1017-3e15n  ——-30C, W451017-3e15n ( ) vV Function of acceptor
Lok0o mc \,\If4s|1102-:3el15n — —-zoc,lwlﬂ,snolz-slelsn Il—-aolc, ?u’\.'=151|102|-6€|.-15n . Un-irradiated: I ad = I X enkT — 1 X G(e , T) removal, exponential to
‘ 150 250 350 -450 -550 -650 750 fluence and voltage
0 ias Voltage (V) . U plus a linear term
\\I\ex‘(\ Irradiated: Lyga(P) = (e pad Otad) x|G*(e", T, d)
Exponential Fit: I - b * mV Proton Irradiated Sensors Fit Range Neutron Irradiated Sensors Fit Range
700 600 T Ll
Acceptance Criteria:  R?% > 990 o0 —e—Start Voltage | |
v _ —e—stop Voltage RPN P CoTTTTTTTTT
— i S 500 Fo----m o T e e 1 = R®=0,9583 '
Expected current: Lyorm = b-m’i o ‘?ﬂ 400 fommmmmmmmmoes 1 AT kbbbt
8 400 - mm e e e e A - b m - m - mm— - - Ji !
I + I S 95 525_1In()(} 3043,7 T .~ U ___]
ad GR > _Rz09393 ____ > !
Current Multiplier: M (V) = p[ g L S A L L
norm Sl > i R YT e
200 fom o T 1 100 F-----z - ---- i ol bt
[ Breakdown: VbT’W - M(V) >2 ] C:)I_E+lfl 1E+I-15 lEI+16 1E+17 %E-H_?, SE-:.j_q SEiI-lS SE+16
Fluence (cm2) Fluence (n,,/cm?)
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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
3 -10C, W4S1095-1el4n — --20C, W451095-lel4m ——-30C, W451095-1e14n F -10C, W551005-1eldp — --20C, W551005-1eldp ——-30C, W551005-1e1dp -10C, W651007-1e14n  — --20C, W651007-1eldn  ——-30C, W651007-1eldn
900 ¢ -10C, WAS1016-6e1dn  — --20C, W451016-6e1dn  ——-30C, WAS1016-6e14n il -10C, W551008-6e1dp — --20C, W551008-6eldp ——-30C, W551008-6eldp ol 10C, W651012-6e1dn  — --20C, W6S1012-6e14n  ——-30C, W651012-6e14n
800 | -10C, W4S1068-1e15n — --20C, W4S1068-1e15n ——-30C, WA451068-1e15n N -10C, W551009-1e15p — --20C, W551009-1e15p ——-30C, W551009-1e15p A WASTOODRENSH =B DO WSO « s SOC IWESHOOSEIRA
E -10C, W451017-3el5n — --20C, W451017-3el5n ——-30C, W451017-3el5n r -10C, W551003-3el5p = =-20C, W551003-3e15p ——-30C, W551003-3e15p
. 7,00 | -10C, W451102-6e15n — =-20C, WA51102-6e15n ——-30C, W4S1102-6e15n . 7F -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 =
= F | = =
=] F 3 =
S soo0 | s s S st
€ E 2 =
o 400 [ S 4 &
@ i o o
= E E =g
3 300 | 3 3 3
200 - ——— — — — 2
i 2 f——=
1,00 | 1
O,UO L L L I L L I L L L I I L I L L I I I L I I L 1 I I L 0 0 — 1 n 1
-20 120 220 320 420 520 -620 720 0 -100 200 2300 -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 (W), Proton Irradiated - Current Multiplier
10,00 10 12
00 I
E -10C, W451067-1el4p — --20C, W4S1067-1eldp —— -30C, WAS1067-1eldp -10C, W551038-1eldp — --20C, W551038-1eldp —— -30C, W551038-1eldp _ -10C, W651028-1e14p — --20C, W651028-1eldp ——-30C, W651028-1eldp
9,00 F -10C, W451064-6e14p — --20C, W451064-6e14p ——-30C, WAS1064-6eldp 9 -10C, W551036-6el4p — --20C, W551036-6eldp ——-30C, W551036-6eldp -10C, W651036-6eldp — =--20C, W651036-6el4p ——-30C, W651036-6eldp
.00 E -10C, W451058-1e15p — --20C, W451058-1e15p ——-30C, W451058-1e15p 8 -10C, W551115-1e15p — --20C, W551115-1el5p ——-30C, W551115-1el5p 10 -10C, W651026-1el15p — --20C, W651026-1el5p ——-30C, W651026-1el5p
E -10C, W4S1025-3¢15p — --20C, WA4S1025-3e15p ——-30C, WAS1025-3e15p -10C, W551075-3e15p — --20C, W551075-3e15p —— -30C, W551075-3e15p i -10C, W651025-3e15p — --20C, W651025-3e15p ——-30C, W651025-3e15p
. 7.00 F -10C, W451021-6e15p — --20C, W451021-6e15p ——-30C, W451021-6e15p . 7 -10C, W551100-6e15p — =-20C, W551100-6e15p ——-30C, W551100-6el5p 5 s [ -10C, W651032-6e15p — --20C, W651032-6e15p ——-30C, W651032-6e15p
00 [ : ) ; 5 [
] E 2 — [
= F = =
g : £ ° b=
-_— L =] 3
3 : > s s 6
F - -
- E c [=4
5 F o 4 7]
bt E = = 4
!5 F 6 3 =1
] E s}
2 2
1
0 0
-100 -200 -300 400 -500 -600 -700 0 -100 -200 -300 -400 -500 600 -700
20 -120 220 o3 -420 520 -620 -720 Bias Voltage (V) Bias Voltage (V)
Bias Voltage (V)
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‘Breakdown Voltage

Breakdown Voltage (-30 °C) - Neutron Irradiated

-700
. . -600 | A Carbon
MOd el Breakdown of PIN Un-irradiated breakdown voltage a Gallium
/ T % -500 A Boron
o
= aa L |- Carbon Fit
S -400 |
— —cP > I
V -_ (V S V ) 1 J— e ) _I_ V = [ | Gallium Fit
b max O ( O g -300 £ | e Boron Fit
©
g
Breakdown Voltage (-30 °C) - Combined S -200 -
-800 &5 :
A Carbon Neutrons a 100 B
-700 |
- 0 Carbon Protons ST" ;—-;_:%—_:_E;:::::;: 0 i i | |
o -600 | 4 Gallium Neutrons /ﬁo" a & 1E+12 1E+13 1E+14 1E+15 1E+16
g 500 & 0 Gallium Protons /, ’:’o < Fluence (neq/sz}
o A Boron Neutrons ! ﬂ
z Boron Prot CAw
_ L o oron Frotons y, .
% N Carbon Fit S Breakdown Voltage (-30 °C) - Proton Irradiated
2300 |- Gallium Fit ad 800 '
M . s ﬂ' r =]
g 200 [ L Boron Fit /’;,’” -700 r o Carbon | L iemmmmmmm e ———————
o ':i r . /"QL_H-——---E{---&----_.___
_ :_ _____________ e ":’::' i -600 F o Gallium ,I"O'
100 |=mmzzzzzzzzozziil-- o o Boron K
0 n : : : % 500 F feee-- Carbon Fit ’,’::"
1E+12 1E+13 1E+14 1E+15 1E+16 i w00 b | Gallium Fit
Fluence (neq/cmz) % ----- Boron Fit ,,':,'
v/ Carbon and boron are compatible g0 e
v Gallium presents higher breakdown voltage (most possibly due to process 2 200 | /.;fff"
variation) -100 ool e
v All implants compatible with sigmoid approach T
/ - - - - - - _ - 0 14 1l L 111l Lol
nghestgreak((jjomf[n voltage after irradiation independent of gain — exclusively (12 (e1a .y tEe1s I
process dependaen Fluence (neq/cmz)
18 / 2 / 2021 E. L. Gkougkousis
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‘Were our sensors in breakdown?

Iy = g et W
=) 5] =) n =)

Distance from depletion Current

o
n

0,0

Breakdown Line

Boronw Vewtrons

Total W451017 - 3e15 n.,/cm?

T [ Nermal

B Dead

Distance from depletion Current

3,0

2,5

2,0

15

1,0

0,5

0,0

efrom depletion Current

Total W451102 - 6e15 n,,/cm?
3,0

r | nNormal
[ | Dead

-250 -450
Bias Voltage (V)

Total W651028 - 1e14 n.,/cm?

] Normal
B Dead
A R R R
-20 -70 -120 -170 -220 -270
Bias Voltage (V)

Boron Protons

Total W4S1058 - 1e15 n,,/cm?

-650

w
[=]

~
wn

] Normal
B Dead

Distance from depletion Current

0,0 L L L

-70 -270 -470
Bias Voltage (V)

Galliun Protons

g »
" [}

g
[}

Distance from depletion Current
=y
k=

o
n

o
=)

Total W651026 - 1e15 n,/cm

[T Normal
B Dead

-280
Bias Voltage (V)

2

-680

-670

3,0

2,5

2,0

1,5

1,0

Distance from depletion Current

0,5

0,0

Carbon Protons

Total W551075 - 3e15 n,,/cm?

30 ¢

1 Normal
B Dead

Distance from depletion Current

40 240
Bias Voltage (V)

-440

Total W651025- 6e15 n.,/cm?

[l Normal
B Dead

-300
Bias Voltage (V)

-500

-100

-700

-640

ot w
%] =]

g
=}

Distance from depletion Current

Total W551036 - 6e14 n,,/cm?

] Normal
B Dead

-240
Bias Voltage (V)
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Stability Estimation

Model

dJ b -mViti — p . mVYi
Analytical derivative: | —
W451017 - 3e15 n,,/cm? dV 1. V- —V:
LOEOR : Exponential Fit: [ = b - m" AJ L I | l';ll |
: T Actual Derivative: _ 1Tit1 L
LOEOS | Stable Region AV ; |Vi+1 — Vll
g R e e S NP C oy
B B e 0D For all points N inside fitting region
= Rl
10807 7= = T T T R / \\
rocos | e Stability defined as average deviation, _ 1 dI Al
; - - 30CGR 30C pad between estimated and real S = N W — W
jor0s e I 0000 derivative: N i i
0 -100 -200 -300 -400 -500 -600 -700
Bias Voltage (V) _12
Standard deviation of Stability ZN |S — S|
05 =
< N 4
For each other point outside of fitting region
dJ AJ v" Probe local stability with respect to
v |, AV‘i normal deviation
D = v’ Sensitive only to local variations
o
a y v" Not dependent on breakdown, only
on point to point instabilites
18 / 2 / 2021
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Stability Estimation

Pad W451017 - 3e15 n,,/cm?

Boron Veutrons

Pad W451102 - 6e15 n.,/cm?

Boron Protons

Pad W451058 - 1e15 n,/cm?

Pad W551036 - 6e14 n,,/cm?

Carbon Protons

Pad W551075 - 3e15 n ,/cm?

20 30
[0 Normal 18 —_
B Dead ) OF 5
§15 g v [ Normal
° ] = Bl Dead
o v £ 3 2 20
£ £ T 2 ] Normal 2
2 2 g 12 = B Dead
@ eal >
3 e 2 £ 2
E < 210 o E 15
£ E £ (= [}
o 3 5] E c &
4= E = 23 2 c
o E o} = k] 2 10
Se 3 B
' e 3
S 4 o
8 >
2
0 4 0
-50 -250 -450 -650 -100 -300 -500 -700 -100 -300 -500 -700 -100 -300 -500 -700 -50 -250 -450 -650
Bias Voltage (V) Bias Voltage (V) Bias Voltage (V) Bias Voltage (V) Bias Voltage (V)
Pad W651028 - 1e14 n,,/cm? Pad W651026 - 1e15 n.,/cm? Pad W651025 - 6el5 nEq/cm2
30 20 40
18 [ Normal
2 2 16 ©
= c -
= = o 30
% 214 £
220 8 | 3
E 12 & 25
° £ by
215 910 £ 20
7] 2 o
£ 2 8 S
<1 g e
§ s 8
E: 2 c 1
‘g o4 2
g s ] 5o
a 2 >
v
a
0 . TR 0 : 0
70 -170 -270 -80 -280 -480 -680 -100 -300 -500 -700
Bias Voltage (V) Bias Voltage (V) Bias Voltage (V)
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Stability Estimation

LGAD Morality

v" Decrease of the instability point associated

35 0 Gallium Protons (—
. ; ! Carbon Protons with a breakdown behavior with fluence
e S VT { —o— Boron Neutrons | increase
s BE T { —#— Boron Protons |- v’ Fit demonstrates almost linear behaviors for
”E 20 fFo O — T — same type sensors | |
T e S S v" With a less than 10 o allowed point one is
5 : ! ! relatively safe, but this leads to decreased
% o S [ bias voltages
I [T v" More points necessary for additional study
o b b v" Relatively high fluence sensors reach high
SE13 SE+14 SEF15 SE+16 Instability points sooner than lower fluence

Fluence (n.,/cm?)

with respect to their estimated breakdown
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Additional Ideas and next steps

S\,ﬂ’\ moN

A first study of test beam damaged sensors is presented

An association with local HV stability is explored and shown to decrease
with irradiation

Damaged sensors are proven not to be in breakdown at damage point

An association with introduction rates is made but durther studies
necessary

Dedicated “sensor series” for mortality studies
Beam studies might be necessary (more than laser or 20Sr)

If polarization or trapping effects, one should be able to prove with CVs
or varied frequency lasr

18 /2 / 2021
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