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(7Y Motivation CMS
) HL-LHC .
IF(A gt B The new HL-LHC upgrade environment:
s30T ety
e e « CMS and ATLAS detectors will be upgraded
— —
Ay (Phase Il - HL upgrade) 1 _
ne o * Integrated luminosity = 3000 fb? (~10x times
e more than Phase 1)
e * Pile-up = 200 (4x times more than Phase 1)
e mw * Timing will help resolve all collisions
CONSTRUCTION INSTALLATION & COMM. |||| PHYSICS i o E'TL T'hermal Screen
Timing with silicon detectors: .—l\m«w - BESle

+2: amiiclockwise LHC
beam direction

* Track timing, with the new Endcap Timing Layer (ETL): Assign
the “time stamp” to the track.

» Disentangling Primary vertex reconstruction will lead to higher
effective luminosity

Endcap Timing Layer (ETL): 1.6<|n|<3.0
 Silicon sensors with internal gain (LGAD)
* Surface: ~14 m?
- Radiation tolerance up to 1.5x10%* neq/cm2 at |[n|=3.0

o Fluence is less than 1x10*° N, Ilcm? for 80% of the ETL area
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ETL Mounting Bracket
Disk 2, Face 1

Disk 2 Support Plate

Disk 2, Face 2

HGCal Neutron Moderator

lb: ETL Support Cone
11: Support cone insulation
12: HGCal Thermal Screen

Scheme of
one of the

two parts of

the ETL



(7Y Samples Description CNM CMs

IF(A CNM-IMB Run 15246: 6" ATLAS-CMS.

Epitaxial Wafers, shallow junction, some with carbonated gain
layer, 55um active thickness and 525um handling wafer.

Sensor sizes: 1x1, 2x2, 5x5, 16x16 & 16x32 of 1.3x1.3mm?

* CNM fresh detectors measured before and after neutron
irradiation (0.6E15, 1E15 & 1.5E15 [n_/cm?] @ Ljubljana).

E

= = ; T P-Sto Channel

% Collector Ring JTE Multiplication Layer p Siopper

, High resistivity epitaxial wafer
i : E
m =
w0 Low resistivity epitaxial wafer

w3
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Samples Description FBK

CMS

FBK UFSD4 Production.

« Consisting on carbonated and standard gain layer wafers,

2 layouts for interpad regions: Type 9 (Double p-stop) and
Type 10 (GuardRing-Grid), Shallow and Deep Drive-In
configurations. 55 pm active thickness.

 UFSD includes single pad, 1x2, 2x2, 5x5 & 16x16 array.

* This study focused on Wafers for Carbonated and

Shallow Drive-In Gain layer.

FBK_2022v1_1x2 W7 - Non-irradiated

Gain Layer
Wafer Group| Wafer # DI Dose Carbon Diffusion

1

2

3 3 Shallow 0.98 1 CH-BL

3 4 Shallow 0.98 1 CH-BL

4 5 Shallow 0.98 0.8 CH-BL

4 é _Shallow 0.98 0.8 H-BL

4 | 7 Shallow 0.98 0.8 CH-BL

4 I hm&& =

a_ | 9 Shallow 0.98 0.8 CH-BL

5

5

6 12 Deep 0.75 0.6 CL-BL

7 13 Deep 0.77 0.6 CL-BL

8 14 Deep 0.77 0.6 CL-BL

8 15 Deep 0.77 0.6 CL-BL

9 16 Deep 0.79 0.6 CL-BL

9 17 Deep 0.79 0.6 CL-BL

S 18 Deep 0.79 0.4 CL-BL
28/02/23

FBK 2022v1 1x2 W7 - Non-irradiated
FBK 2022v1 1x2 W7 - Non-irradiated
FBK 2022v1 2x2 W7-8 - Irr 1E15
FBK_2022v1 2x2 W7-8 - Irr 1.5E15
FBK 2022v1 2x2 W9 - Irr 1IE15
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Electric Characterization, CV (Fresh) |cws
IF(A Carbonated, CNM, RT Standard, CNM, RT

= 800 —=- CNWT023 W8 _DZ13, 100 H] = 600=" —=~ CNWIT023 W10 D213, 1.000 KRz
%‘ - —i— CNM1023_W8_D226, 100 Hz "'a + —— CNM1023 W10 D226, 1.000 kHz
= F —= CNM1023 W8_D228, 100 Hz| = r —— CNM1023 W10_D228, 1.000 kHz
o 700 -~ CNM1023 W8 D241, 100 Hz| &) L —a- CNM1023 W10 D241, 1.000 kHz
= —-=- CNM1023_Wa D243, 100 Hz 500 —= CNM1023_W10_D243, 1.000 kHz
E CNM1023 W8 D259, 100 Hz r CNM1023 W10 D259, 1.000 kHz
600— CNM1023 W8 D265, 100 Hz r CNM1023 W10 D265, 1.000 kHz
F —~ CNM1023 W8_D275, 100 Hz| L —#— CNM1023 W10_D275, 1.000 kHz
s00E - - CNM1023 W8 D277, 100 Hz| 400 - w - CNM1023 W10 D277, 1.000 kHz
E -3-CNM1023 W8_D292, 100 He| C -3- ONM1023 W10_D292, 1.000 kHz
F -+ - CNM1023 W8 D294, 100 Hz = -3- CNM1023 W10_D294, 1.000 kHz
400 \ -9 - CNM1023_ W8 D307, 100 Hz| 3000 -%- CNM1023 W10_D307, 1.000 kHz
300 : -
F \1"‘ 200
2005 L . .
c C Main Diode: HV
100 i - 100 . i
B n GR: biased HV
of | - e s e ey ok , BackSide: Ground
0 10 20 30 40 N 0 10 20 30 40 50 Temperature: RT
Bias voltage [V] Bias voltage [V]
=) £l - ORMT023 W5_D215, To0Hz = F =~ CNWT023_W1D_D213, 1.000 KHz Frequenc)’- 1000 Hz
2 C: —— CNM1023 W8 D226, 100 Hz = 70 —i— GNM1023 W10_D226, 1.000 kHz
) e S —+ CNM1023 W8 _D228, 100 Hz = —— CNM1023_W10_D228, 1.000 kHz
&} F 2 -&~ CNM1023 W8 D241, 100 Hz &) = —o- GNM1023 W10_D241, 1.000 kHz
i G —5=- CNM1023 W8 D243, 100 Hz 60F —=- CNM1023 W10 D243, 1.000 kHz
60 CNM1023_W8_D259, 100 Hz, F CNM1023_W10_D259, 1.000 kHz
F CNM1023 W8 D265, 100 Hz C CNM1023 W10 D265, 1.000 kHz
C —~ CNM1023 W8 D275, 100 Hz s0C ~ R —4— GNM1023 W10_D275, 1.000 kHz
S50 -w.CNM1023_ W8 D277, 100 Hz F AN - % - CNM1023 W10_D277, 1.000 kHz
F -5-CNM1023 W8 D292, 100 Hz C Mg N - - GNM1023_ W10_D292, 1.000 kHz
F - - CNM1023_W8_D294, 100 Hz F B |- #- CNM1023_W10_D294, 1.000 kHz
40 -%- CNM1023 W8 D307, 100 Hz 40 LN - - CNM1023 W10_D307, 1.000 kHz
r E SN
C -
301 30F '3
r - -
F C "
201 20F
C C A
10 F )
C lﬂ_ %
C H H H = “Hlg %
0 ZOOMY. b ] HZ200M. L Ty
29 295 30 305 31 315 32 325 33 295 30 30.5 31 31.5 32 32,5 33
Bias voltage [V] Bias voltage [V]
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Electric Characterization, IV (Fresh) [cwus
IF(A Carbonated, CNM, RT Standard, CNM, RT

Elﬂ_" [ [ CNM 1023 W8 D213 HV o104 [ CNM 1023 Wio D213 AV
= = —..—g:m 1023 xs g;;‘ :: = E |-« CNM 1023 W10 D228, HV f
= i il 1023_Ws \ = =
E‘lﬂ—s [ |-e-cNM_1023_we_D238, HV i 105 "'g:m 1023 xm EgM’H: ;
= E |-= CNM_1023_W8_D243, HV '5 E - 1023 W10 D259, H ;
&) F CNM 1023 W8, D255, HY 8] E |- CNM_1023 W10_D265, HV %
‘gnlﬂ_ﬁ — CNM_1023 W8 D259, HY gaulo_ﬁ ; CNM_ 1023 W10 D275, HV !
_E E |=CNM 1023 W8 D285 HV j‘u § CNM 1023 W10 D277, HV N
g0 |-+ oNmo1020 we D269, HY F C |-—oNm 1023 wio D2gz, HY H
3 1077 |- CNM 1023 W8 D277, HY 11077 &—|-+ - CNM_1023_W10_D307, HV :
= £ [* CNM_1020_W6_D25é, Hv = E |-# CNM_ 1023 W10_D315, HV
£ o[ |-= onm 1023 ws Dats Hy g E -2
108 E _g [ | CNM_ 1023 W10 D323, HV A
E 107" =|-%.cnm 1023 Wi D325, HV v'” h
- = N ’
10" E 10~° L ’ .
o g Main Diode: HV
107 = 1o | B . i
c 107" = gl GR: biased HV
10 g S S P R AN WA I AR A BackSide: Ground
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 .
10” Bias voltage [V] Temperature: RT
= = CNW_1023_W8_D213, AV = F [ CNM_1023_W10_D213, AV Comp”ance: 100 uA
- 17_'--CNM 1023 W8 D217, HVY '3025’_ —— CNM 1023 W10 D228, HV
S [ |-+ CNM_1023 We D228, Hv Z UL |- oNM_1023 W10 D241, HV
S [ |-~ CNM 1023 W8 D238, HV b [ |-e- CNM 1023 W10 D259, HV e
5 0.8 |5 CNM_1023 we D243, Hv 2 [ |-= onNmM 1023 W10 D265, HV ZC)O rr] yzﬁw
o Uor CNM 1023 W8 D255, HV O 0.2 |- CNM_1023 W10 D275, HV
& L CNM_ 1023 W8 D253, HV % r CNM_1023 W10 D277, HV : 1
! L |=# CNM 1023 W8 D265, HV g [ |~ CNM_1023 W10 D292, HV
S 0.6 |-+ ONM 1023 W8 D269, HV ; 3 L |ew. CNM 1023 W10 D307, HV
- L [-% CNM_1023 Wg_D277, HV = 0'15,_ -z CNM_1023 W10 D315, HV
E L [-# CNM_1023 W8 D294, HV 'g E |=#: CNM 1023 W10 D323, HV
£ 047 -% CNM 1023 W8 D315, HY - T |-# CNM 1023 W10 D325, HV
E C
L TR Y
- Zoom - IR e
r g
_HZ’E L v A
e
0.2 0.05 w7 R
L]
R R TR H =
Ul Se22 00000 e S I N R A O W oo o e oo o g e g
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Bias voltage [V] Bias voltage [V]
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(1Y Acceptor Removal: IV CMs

IF(A Carbonated, CNM, -25° C Standard, CNM, -25° C

%107 X
E 0.3¢ E 0.3 C —a— CNM_1023 W10 _D228_0BE14, 26006+ 14
E F E | —«— CNM_1023_W10_D259_06E14, $=6.00e+14
o | .1 S SR ST SRR R S £ 02s5H CNM_1023_W10_D275, ®=1.00e+15
50 5 7T —e— ONM_1023 W10_D202, d=1.008+15
4] = o [l —fF— CNM_1023_W10_D323, &=1.50e+15
02F 0.2H CNM_1023_W10_D325, P=1.500+15 -
[ [=— cNM_1023_Wa D238, 4-=6.00e+14 o Vgl Cal C u Iatl 0 n
C CNM_1023_W8_D255, #=1.00e+15 0.15 ~ . .
0.15 - | e~ oNM_1023_wa_D259, =1.008+15 =k ] Using “automatic”
N R oisasd B, 2y 4 N: g | variable kbd[1], based on
1= 1023 W8_D315, o1 508e1 : ) e . = KD
C / ,;/;/ - P the derivative of
003 i 0.05F }/ 7o current[2], to identify
. - C —e depletion transition from
OJ__ £ S TH: M R | L L L ﬂ:_g*nmw 1 P S B S L1 L | gain Iayer to bulk_ (See
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Bias voltage [V] Bias voltage [V] BackU p)
—— _1 i) | }_( , =6 +14
5 10— — 10| —— CNM_1023_W10_D265_DGE14, ®=6.00e+14
5 9 F |—=— CNM_1023_W8_D238, $=6.00e+14 g E g:m_:ggg_m: g_g:;;}, tl g$+:: dI V
E = CNM_1023_W8_D255, +=1.000+15 = 9§ o CNML1025_W10_D325, oot 50415 K (I \% ) — r
= 8 £ —— CNM_1023_W8_D259, d=1.00e+15 ﬁ P CNM_1023_W10_D325, d=1.50e+15 R ) -
7 F | —=— CNM_1023_W8_D268, #=1.50e+15 g l d V I
E CNM_1023_W8_D315, ®#=1.50e+15 7 E
6F 6C I [1] Marcos Fernandez
= = 16" Trento Workshop on
i 5; Advanced Silicon Radiation
= 4= Detectors, 17th Feb 2021
3t 3E [2] N. Bachetta et al.
2F oy E https://doi.org/10.1016/S0168-
E e 2- s 9002(00)01207-9
1 T i : iE Py o Other methods to calculate
. <P RV ST I ' S . : "
L m i 39 25 T o R Vgl, see: V. Gkougkousis, 35
Bias voltage [V] 0 25 30 RD50 workshop, 2019.

Bias voltage [V]
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[ 1Y Acceptor Removal Constant CMS

JAG: Carbonated, CNM, -25° C

Igl-0.5*slgl:Fluence/1e14 {sensor.Contains(tsel)}

V_, (from Ipad) [a.u.]

gl

Entries 9

Mean 6.993

- Vl0) 26.97 + 0.90

10F- | Std Dev 5381 | T —

[ I c 0.02439 + 0.00401 ...................... _____________________ .....................

'} I | 11 1 | 111 | 11 1 | 11 1 | 11 | | 11 1 | 111 |

0 2 4 6 8 10 12 14

Fluence/10™ [neqfcm"‘]

c[ 10 cm?]=2.4

Standard, CNM, -25° C

gl-0.5"sIgl:Fluence/1e14 [senso_r.Gontains(lse_l)}

htemp_px
: : : : Entries 8
25 ................ .................. ..................... .............. Mean 5936 |-
Std Dev 5.483
Y| ..................... .............. V,(0) 28.9+1.0 |.
: 0.06397 + 0.00529

V_ (from Ipad) [a.u.]

gl
TTTT

Cc

T — S— S M S S— S—

) AN S W S W N

'} 1| | | | 11 | 1| | | | 1| | 11 | | 11 | | | 1| | 11 1 |
o 2 4 6 8 10 12 14 16

Fluence/10" [neqfcm"‘]

c[10'* cm?]=6.4
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Acceptor Removal Constant CMS

Not all C-constants
were calculated with
CNM standard / /o = . the same method

c[10'* cm?]=6.4

8 | :
acceptor removal constant ;
~N 6 | o ’
- . Data compilation by
© . G. Kramberger. |
o : .
@ I [
) ! ;
o 2 :
1
1
1
¢ :
1

N R qx | '“& R Y N : Caveat:
¢ 1 :
1
1

huge improvement for
CNM Carbonated the C-enriched GL

c[ 10 cm?]=2.4
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| F(A SourceMeter Keithley 2410

3-Stack DUTs:
CNM-1023:

CIVIDEC
W10 Standard Current Amplifier
W8 Carbonated

2GHz, 40dB

Radioactive Source Setup

CMS

Oscilloscope Tektronix MSO 7404C
25GS/s, BW=4GHz,

Triple-Coincidence Trigger
Threshold level -10mV

Oscilloscope Yokogawa

28/02/23

5GS/s, BW=1GHz
Triple-Coincidence Trigger
Threshold level -10mV
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'Y Devices Under Test, CNM samples

IF(A

Irradiation [n_/cm?] W8 Carbonated W10 Standard Carbonated
(Single diodes) (Single diodes)

Non-Irradiated 2 3 3
0.6el5 2 2 -
1.0el15 2 2 2
1.5el15 2 - 1
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7Y Charge Collection

iE(A Carbonated, CNM, -25° C Standard, CNM, -25° C

-Q50/(100*50)*1e6 {Vbias==260} -Q50/(100*50)*1e6 {Vbias==260}
F ' htemp 50 L htemp
8 o ) Entries s 8 i Entries 650
L ean . L
- I Std Dev 7.966 = 40f Mean 25.66
F x? / ndf 40.96 / 43 L Std Dev 9.061
v 40F EYFFTNEESEC PP 2N r— ¥?/ ndf 56.92/ 44
© | [ MPV 236+0.2 ] © 0f Width 08237401722
@ 30 i AT U8 T 203 | @ | MPV 214303
= r )\ GSigma __ 2.41+0.32 e b . Krca TB 2T 0.7
= 2f I by " - L\ GSigma 3.536 + 0.314
c g c u/ W
2 " ke 2T %
D-T.J'H—n r—j L ...\&.g‘:]_\mmn—-mwﬂm - I - N nlmm PRI B ‘..‘mmnmnm.ﬂ\ [N I
0 10 20 30 40 50 60 70 80 10 20 30 40 S50 60 70 80
Q(2.5 ns) at 260V [£C] Q(2.5 ns) at 260V [{C]
-Q50/(100*50)*1e6 {Vbias==600} -Q50/(100*50)*1e6 {Vbias==680}
ﬂ 0L htemp ﬂ ol htemp
LLI E ( Entries 704 LIJ F Entries 696
o 60 1l Mean 14.7 - L Mean 9.623
50: Std Dev 5.424 80 i Std Dev 6.212
ho é l xi.: ndf 51.02 / 36 geo) r ¥2 / naf 26.85 / 32
Q 4 _Width __ 08624 +0.1040 D oof Width 0,5487 + 0.0630
- c [ MPV 11.66 £ 0.15 =
30: o - r MPV 6.952 + 0.104
._E : i gre.a T06 3107 'E wf — RS ETT0
m 200 J\|’ I Sigma 1.872 +0.194 (U L y GSigma 1.194 + 0.125
- ﬁ | = 2
S 101 L S r
ﬂiJ L ||W7ﬁﬂﬂ—nrlllnl L Lian L ﬂ_l\l P b=/ S Lombh e i a | io TR
(1 10 20 30 40 50 6 70 (] 10 20 30 40 50 60 70
Q(2.5 ns) at 600V [fC] (2.5 ns) at 680V [fC]
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Collected charge: Integral
of the Waveforms.

Most Probable Value Of
Landau+Gaus Fit.
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[VM Charge Collection vs Fluence, CNM [cs

IF(A

Carbonated CNM, -25° C Standard CNM, -25° C

25

—l— CNM-WE-D207, Unirrad, -250
—l— CNM-WE-D253, Unirrad, -250
—— CNM-We-D238, 6E14, -250
—— CHM-WE-D217, 6E14, -25C
—il— CNM-Wa-D259, 10E14, -25C : :
—l— CHNM-WE-D255, 10E14, 280 e e . ............................... P
— @ — CMNM-WE-D315 15E14, 250 :

—E— CNM-WE-D2E9, 15E14, -25C

—&— CNM-W10-D302, Unirrad, -25C
—— CNM-W10-D287. Unirrad, -25C
—&— CNM-W10-D228, BE14, -25C
—— CNM-W10-D253, BE14, -25C
—&— CHNM-W10-D277,10E14, -25C
—— CHNM-W10-D275, 10E14, -25C

20

15

N 20 S PR PRSP NS

...........................................................................................................................................................................

0. 6E15

.......................................................................................................................................................................

MPV Collected Charge [fC]
MPYV Collected Charge [fC]

10

1.5E15 i
“, 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 i 1 | 1 .l} _ L | 1 L 1 L | 1 L 1 L | 1 L 1 L I 1 I 1 I I 1 I i I I
200 300 400 500 600 700 200 300 400 500 600 700
Bias Voltage [V] Bias Voltage [V]

Carbonated CNM samples comply with the low
fluence requirement up to 1E15
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(1Y Time Resolution vs Fluence, CNM

IF(A

Carbonated, CNM, -25° C Standard, CNM, -25° C

CMS

80

o, Lps]

= 80

o
M :
=
-
=
o
ITI:
.
3
Ips]

;'I' ! o 70

SN bt — T — W
60

T — R R IS — 40

IIII|IIII|IIII|IIII

Ve e e o B e B S

- '
30F LA R ' g 1El5 ............ - 0

CHM-W10-D287. Unirrad, -25C
CHM-W10-D228. BE14, -250
CHM-W10-D259. 6E14, -25C
CMM-W10-D277. 10E14, -25C

C : ®  CHMWE-D207, Unirrad, 250G
- B CNMW8-D253, Unirrad, -25C ; ' :
20— B @  CMM-W8-D238 6E14,-25C |, oo b b o | S
C : B CNM-WE-D217, 1DE14, -25C : : :
- : #  CNMWB-D259, 1DE14, 250 : ; ' g
) (]| A S— B CHMWE-.D2S5, 10E14,-25C ... b ... - [ S R
C : §  CNMWE-D315, 15E14, -25C : : 11 :
- : B CHNM-W8-D269, 15614, -25C : ; ;
= l

CHM-W10-D275. 10E14, -25C

“, 1 | 1 1 1 1 I 1 1 1 1 [ 1 1 1

Bias Voltage [V]
Time resolution of the carbonated CNM samples
complies with the low fluence requirement up to 1E15.
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1 | 1 1 1 1 1 1 i ! | ! 1 1 1 1 1 1 1 1
200 300 400 500 600 700 200 300

Bias Voltage [V]
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[ 1Y Charge collection comparison

IF(A Carbonated CNM vs Carbonated FBK

CMS

MPYV Collected Charge [fC]

—&— FBK-1x2-D18 DE14, -250
—— FBK-1x2-019 0E14, -250
—A— FER-2x2-W7 0E14, -30C
—&— FBK-2x2_49 10E14, -250
—f— FBK-2x2_WT 10E14, -300
—f— FBK-2x2_WT 15E14, -300
—#— CMM-W8-D207, Unirrad, -250
—l— CNM-W8-D253, Unirrad. -250
—&— CNM-W8-D238, 6E14, -250
—l— CMNM-W8-D217, 8E14, -250
—#— CMNM-W8-D259, 10E14, -25C
—l— CMM-W8-D255, 10E14, -25C

—il— CMM-W8-D315, 15E14, -25C

—ll— CMM-W8-D263, 15E14, -25C

300 400 500 600

700
Bias Voltage [V] Carbonated FBK LGADs

comply with the
requirements at the
highest fluence
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7Y

IF(A

28/02/23

Time Resolution comparison

Carbonated CNM vs Carbonated FBK

é FBE-142-D18 0E14, -250

8’" e ............................... ............................... ........... i:l ............ ....... |;| FBK-1x2-D19 0E14, -250

o, [ps]

FBH-2x2-WT 0E14, -300

FBH-Zx2-49 10E14, -25C

; ; ; ; : ; A
70 — S S ________________ * ___________ - 5
ﬁﬂ:— ............ #i .......................... ‘ﬁ .............................. ..... * ; _________________ +$§ _______ A FBK-202°WT 10E14, -30C

* é FBH-2x3-WT 15E14, -300

5 = ; ' : :
5“ o T mm oo - ——————————————— é—————-———-------%"% ----- ‘Tr‘%“‘ “““““ i’"’"’;"’ § CNM-Wa-D207, Unirrad, -250
g : g : N i 1-5E15 i CHM-W8-D252, Unirrad, -250C

i CMM-WE-D217, 10E14, -250C

S 5 06E1S | F s

- § : : : : : ; B CNM-W8-D255 10E14, -25C

- . A '&ﬁ E CMNM-Wa-D238, 6E14, -250C
YR 5 S _ %%‘5‘{,01515 ___________________ !

[ E—— _______________________________ _______________________________ ___________________ _____________ _______ #  CNMWsD31S, 15E14, 25C

i CMM-WE-D269, 15614, -250

1 1 1 I | 1 | | I | 1 1 1 I | 1 1 | I | 1 1 | I 1 1 é | I |
0 200 300 400 500 600 700

Bias Voltage [V] Carbonated FBK LGADs

comply with the time
resolution requirements
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28/02/23

Conclusions

Radiation tolerance study completed for CNM and FBK LGADs
productions.

Acceptor Removal Constant of Carbonated samples with respect
to the Standard samples was reduced by more than a factor of two,
on CNM LGADs.

CNM Carbonated LGADs comply with CMS radiation tolerance
requirement up to a fluence of 1E15 [n /cm?]. This is the first CNM

production in achieving these specifications.

FBK Carbonated LGADs comply with CMS requirements at all
irradiation fluences.

efren.navarrete@cern.ch - 18th Trento Workshop
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THANK YOU
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IF(A
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BackUp
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| Electric Characterization (Fresh) |cws

IF(A

IV Mapping Single pad diodes &

D326 D326
D325
D323 |p3zep Carbo natEd D324p Standard
D321 D322P D322p
D318 D319P D320 D319P D220
ey 33/49
D311 D312P D313 D314 D312P D313 D314
D308P D309 D310 D308P D309 D310
D302 D303P D304 D305 D306 D303P D304 D305 D306 | OK. but step on IV before breakdown |
D297 D298P D299 D300 D301 D298P D299 D300 D301
D292 pzozp  |EESNNIN 0295 D296 Dzo3P  |D294  |p2os D296
w oz Dew om0 om vwwe  ome om0 om Eatybeaiownince  1/49
D282P D283 D284 D285 D286 D281 D282P D283 D284 D285 D286
D276P EE o2: D279 D280 B o250 B o2 D279 D280
D270P D271 D272 D273 D274 D270P D271 D272 D273 D274
D268P D268P =104 L
D266P D266P = E [+ CNM_1023_We D277, HV
Danap Datan é E CNM_1023 W8 D226, HV
o _5 - CNM_1023_W8 D307, HV
D262P D262P =107 =
D260P D260P 5 F
D254P D257 D258 D254P D255 D256 D257 D258 1070 L
D247 D248P D251 D252 D248P D249 D250 D251 D252 E E
D241 D242P D245 D246 D2a2p D243 |D24s D245 D246 g .r
D236 D237P D240 D237P D238 D239 D240 =107 =
D231 D232P D235 D231 D232p D233 D234 D235 E E
D227P D230 D226 pazre  |GEZEI D220 D230 10t
D222p D223 D224 D225 D221 D222P D223 D224 D225 E
D218p D219 D220 D217 D218P D219 D220 107 L M
D214P D215 D216 B o214p D215 D216 E Y S
D211P D212 D210 D211P D212 10 - i
D208P D209 D207 D208P D209 07 e
D205 D206P D205 D206P E ’
D203 D204P D203 Lo b b v b baaaa b,
D202

ok

D204P
50 100 150 200 250 300 350

oo 27 measured ooz 22 measured Bias voltage [V]
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Electric Characterization

Characterization summary (88 sensors measured fresh)

w38 W10 W8 w10
Single 12 12 27 22
sensors
2X2 12 13 9+/+1 16+2+3
Sensors

28/02/23 efren.navarrete@cern.ch - 18th Trento Workshop 22



IF(A

28/02/23

Current [A]

Current [A]

Carbonated, CNM, -25° C

Electric Characterization, IV Irradiated

Standard, CNM, -25° C

x107

S
-

W10, non-carbonated

Current [A]

e
=
®

e
S

| —e— CNM_1023_W10_D292, &=1.00e+15

I\Il\li

—m— CNM_1023_W10_D228_06E14, $=6.00e+14
—u— CNM_1023_W10_D259_0BE14, $=6.00e+14
—%— CNM_1023_W10_D275, ®=1.00e+15

—=— CNM_1023_W10_D323, #=1.50e+15
CNM_1023_W10_D325, #=1.50e+15

sl Bl - :
e A b e A -
v Lo T T by Lo s by g Lo a by

=Y

100 200 300 400 500 600 700 800 900
Bias voltage [V]

T TTTTT

Current [A]

T T TTIT

T 11T

[

T TTTTT

x10°~
0.1 » "
- W8, carbonated { f
0.08 J !
0.06— - [—=— CNM_1023_W8_D217, #=6.00e+14 ’V}
- |—— CNM_1023_W8_D238, 4:=6.00e+14
™ i |~+— CNM_1023 W8 D255, d=1.00e+15 f
004__ | —e— CNM_1023_W8_D259, d>=1.00e+15 )
. /
L | |—=— CNM_1023 W8_D269, d=1.50e+15 y
- CNM_1023_W8_D315, d=150e+15 J)'
0.02 g
B 4,‘;5’
R PR |
[ e e e R e e ;
i T A I M Nl I i T S o 08 e [ I 18
100 200 300 400 500 600
Bias voltage [V]
107 4
5
107 E
Q78 [
g Ry —=— ONM_1023_WB_D217, 4-6.006+14
W0 g —«— CNM_1023_W8_D238, =6.00e+14
E —=— CNM_1023_W8_D255, b=1,00e+15
- & —e— CNM_1023 W8_D259, d=1.00e+15
10-8 :_g —=— CNM_1023_W8_D269, #=1.50e+15
= CNM_1023_W8_D315, b=1.50e+15
1 - § ool o L.l 11 1111 I - L1l
0

[
=
-

100 200 300 400 500 600 700
Bias voltage [V]

—m— CNM_1023_W10_D228_06E14, #=6.00+14

—&— CNM_1023_W10_D259_06E14, d=6.00e+14

—%— CNM_1023_W10_D275, #=1.00e+15

—e— CNM_1023_W10_D292, d=1.00e+15

—=— CNM_1023_W10_D323, #=1.50e+15
CNM_1023_W10_D325, ®=1.50e+15

RS NS N W WS A A W A

)

100 200 300 400 500 600 700 800 900
Bias voltage [V]
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Typical Waveform

Voltage [V]

(TN e S 4
—0.02 V\ /4
—0.04 \ /
~0.06 \ /
—m}sE \ I" I iated
o \ II\IO -Irradiated C
01 \/Bdb oline Noise =
—0.12}
S A S S ST
Time [ns]

ne-Shot
3mV

Call1

CMS

RiseTime DUT1 [ns]

Collection Time ]]l..'T1 [ns]

5
Bias Voltage [V]
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IF(A

28/02/23

BaseLine Noise Bias Dependence

Carbonated, CNM -25°C

S o[ ® WeD207 Unimad, 25C [ T
= =L B W3-D253, Unirrad, -25C
‘;‘ - # Ws-D23s, 6E14, -25C
L gL W oweDzimeEte 25C | L
E | @ ws-D2ss, 10E14, -25C
= B Wa-D255, 1DE14, -25C
3 8__ i W DTS, 1B 4, 20 | e
L B Was-D269, 15E14, -25C
3_(,__ ........................................................................................................................................................................
34
3_2__ ................ .................................. .............................. ............................... s R
3
- | | L | |
300 400 500 600 700
Bias Voltage [V]
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IF(A
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BaseLine Noise Bias Dependence

Carbonated CNM & FBK, -25° C

FEk-1x2-18 DE14, -25C

= | | | |0
S — S —— ool S pi -8 DE14, 250
E o | @ weDzo7, Unirad, -25C
@ B B W8-D253, Unirrad, -25C
=z — B  we-Dzis 6E14, 250
= 0 000 NS NS WE-D217 EE14 250
z — We-Dz5g, 10E14, 250

‘Wi-DE55, 10E14, 250
‘Wa-D315, 15E14, 250
‘We-Dasa, 15E14, 250

e E e

38 S

36 F o T 7 S VI _—

A =L T ...AE15 . 15E15

PO - SR S o

300 400 500 600 700
Bias Voltage [ V]
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7Y Spurious Pulses Amplitude vs Vbias |cus

JAG: Carbonated CNM vs FBK, -25° C

: : : ©  FBK-1x2-D18 OE14, -25C
.................................. .................................. ....................... 0 FBK-1x2-D13 0E14, -25C
FBK & W8-D207, Unirrad, -25C
.................................. .................................. ....................... i Wa-0253, Unirrad, -25C
OE 15 # W8 D238 6E14, 25C
.................................. .................................. ....................... B Ws-D217. 6E14, -25C

i i i B wa D255 10E14, -25C
S SSREN FOTSSSR — e e #  We-D315. 15614, -25C
@ we-D269, 15E14, -25C

_j ____________________________________________________________________ 1E1515E15

Amplitude (Spureous signals) [mV]

| I l l I
................. T T e 70{]
Bias Voltage [ V]
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(1Y Spurious Pulse Rate at Operating Vbias

[F(A Carbonated CNM, -25° C

Example of waveforms of
thermally triggered

Operating Spurious pulse

Spurious pulses: Fluence  jiage (50ps) (_15r:lt3 )
) 2Hz
OE15 240Vbias
THz
) THz
0.6E15 460Vbias
~0.00s S . 40Hz
—n.m o ) v Y - 1Hz
~0.015 1E15 580Vbias
59Hz
—002

—— e o1
6 E] 10
time

Caveat: Pulse rate may be
Due to the Aggressive limited by the digital Scope

Interpad Distance (IP47) Bandwidth.
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7Y Spurious Pulses Amplitude vs Vbias [cus

IF(A

T e SO N & Ws-D207, Unirrad, -25C
g - B W8-D253, Unirrad, -25C
- - # Ws-D238, 6E14, -25C
= 4'}__ ......................................................................................................... B Ws-D217,6E14, -25C
E‘” . B Ws-D255, 10E14, -25C
& - & WB-D315, 15E14, -25C
g 35 T SO oo o oo OO OOS FO B W8-D269, 15E14, -25C
& :: n : CE
= .
= -
Er‘} 3']. __. T Ot S SR BUPE SUPPTTURPP
¥ [ =
= .
= -
:E..I 25 __ ST U SOT OO JUUS TN SOUNYu U TUT JORUOTE TS OOt SRR
- . OE]_5 1E15 1. 5E15
2“?' .....................................................................................................................................................................
iy . .Ill
By | | | '“|" |
300 400 500 600 700
Bias Voltage [ V]
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[ 'S NIM-electronics Setup CMS

IF(A

LeCroy CAEN CAEN
Discriminator Counter-Timer Dual Timer

o

Sensors
Signal In

ARGl Count
Rt W Rcononse
-
.
o
b,
DN o
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IF(A
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i 2000—
5 1800 —
=]

= 1600
& 1400
1200

Frequency [Hz]
e
tn

% =

g g

Spurious Pulse Rate (th=-25mV)

} W8-D207, Unirrad, -25€

E Wa-D253, Unirrad, -25C

240V /
Operating .~ |
<&— Vbias /

260 265 270 275 280 285 2 295
Bias Voltage [V]

E | ¢ wseDes0 10514, 25C /.

;_ | i WB8-D255, 10E14, -25C /

- - Obperatina / /

E 7 P\r TCALT 3 /

E vhiae

F v ioiads /

; P——I{

680 685 690 695 700 705
Bias Voltage [V]

CMS

) c W8-D238, BE14, -25C
E‘lsm]_ ’ }
oy c / B W8-D217, BE14, -25C
5 1600
- /
2 1400F
= c /
1200 M
1000 | 49U $
<& Operating /
600[- / Vbias /
. // //
200 ;
0_||||\ w||||||||||a.||_|_.a~—1/|4|||||
510 515 520 525 530 535 540 545
Bias Voltage [V]
= 5000~
= r } W8-D315, 15E14, -25C
=y T 1 ®  We-D269, 15E14, -25C /
5 4000
= B
o /
= B
30{"} nON\..J

2000

1000

P/ A
770 775 780

oJuVv

E

-¢— Operating /
Vbi

as/

/

—l'—"__r_'_.

.

785
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IF(A

28/02/23

Spurious Rate (NIM) th=-25mV

Frequency [Hz]

5000

3000

2000

1000

Carbonated CNM vs FBK, -25° C

._-1-I-L-J-I-T-J-h-i-l-r-d-h-ﬁ-l-r-d-I-h-I-r-i-I-h-J-r

LI T I R T |
1.
I

L LR L
=)

........................

e E e EeBw D

.......................

FBK-1x2-D18 0E14, -250
FBK-1<2-D19 0E14, -250
‘Wa-D207, Unirrad, -25C
‘WB-D2583, Unirrad, -25C
'We-DE38, 6E14, -250
W8-D217, 6E14, -250
‘We-D2sa, 10E14, -2580
WE-DEEE, 10E14, -250
We-D31 5, 158E14, 288
'We-Dzed, 15E14, 250

III|IIII|IIfI|IIII|IIII:| 1 1 1 1 |I

0.6E15.4

...........................................................................................

.......................................................................................

CMS

300

400 500

600 700 300
Bias Voltage [V]
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New CMS Run (6LG2) CMS

To estimate the production yield
there will be a dedicated Run

10 LGAD wafers

150 mm, 55/525 pm, Si-Si wafers (6LG2)

Some of them carbonated

Interpad IP60 - IP80

Gain layer design
* CNM standard multiplication layer, as in MS run.
* Deep P-layer

\. S
4 N
* CMS 16x16: 23 devices
* ETLROC chip compatible (waiting for final layout)
SE3, 300 um (500 pm at wire bonding area)

* No TCT opening window

* Reduced dead area in corners to improve fill factor
\ V.

Devices (CMS) : 1x1, 2x2, 5x5 &
16x16 pixels of 1.3x1.3 mm?
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7Y

IF(A
Constant Fraction Discrimination (40%).
Compute the Time of arrival difference
between the three sensors: At , , At & At ,
Fit the Width of the difference distributions:
(Ilz ’(ILSéi(yZS
The time resolution and its errors[2] are
determined by:
= (g0h+oh-ob) . w=(50h-cheok)
((021521)2 + (013013)” + (032532)2)%
0y = 20, ;
((021521)2‘+'(013513)2 +*(032532)2) :
09 = )
209
((021521)2‘+'(013513)2 +*(032532)2) :
83 = :
2()’3
28/02/23

20

15

Time Resolution

At at 235Vbias

CMS

hBin1
Entries 720
Mean 0.03588
Std Dev 0.07403
%2 / ndf 525.3 / 55
Constant 21.84+ 0.81
Mean 0.0367 + 0.0027
Sigma 0.06405 + 0.00288

.1
At

[2] See Paul McKarris' Talk:

https://indico.cern.ch/event/840877/
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IF(A
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volt {(Vbias==720.000000)}

Noise RS Setup

volt {(Vbias==720.000000)}

BlineRMS {(BlineRMS <0.005&8& Vbias==720.000000}}

hTemp htemp

Erires 105000 - Enires 198
Mean 0.0003487 -
Sid Dew 0.003248 B Mean 0.002953
PRILT 5319406/ 82 R'_ SHDev 0.0007168
Constant 15082+04 + 72518401 -
Mean 00002845 + 00000178 -
Sigma 0.003217 + 0.000018 -

-

i

2

[ (]

volt:time {(Vbias==720.000000)}

0.005 0.01 0.015
Noise (projected) at 720 [V]

1 1 1
770,001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005

BlineRMS {(BlineRMS <0.005&& Vbias==720.000000)}

BlineRMS

015 —0.01 —0.005

hiemp htemp
Eniries 400000 8 p— pre
Maan ~0.0006736 e
SK Dew 0.004784 7 Mean  0.003288
K2 i 22016007 82 SHDev 00007503
Comstamt 18632404 & 16918:02 6
Mean 7258005 + 3.6322 05
Signa 0.003567 + 0.00008 5

[0 0,005 0.01 0.0 0 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005
Noise (projected) at 720 [V] BlineRMS
volt {(Vbias==720.000 BlineRMS {(BlineRMS <0.005&& Vbias==720.000000)}
htemp
W= Ertrs o5
B Mean 0.003083
sk StDev 00004619
Gorstart 15376404 & B5150,01 [
Mezn - 0000295 + 0.000020 [
000315 + 0.00002 B
s
F
2
0

jll.ﬂlﬁ —0.01 —0.005

0,005 0.01 0.015
Noise (projected) at 720 [V]

0.002 0.0025 0.003

efren.navarrete@cern.ch
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BlineRMS
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Noise
Channel

Dark
Counts

(Trigger)

35




(7Y Noise RS Setup

volt:time {(Vbias==265.000000)}

volt:time {(Vbias==250.000000)}

(I
H i
[
i ]
i
1 i
2 4 3 8 10
timao
volt:time {(Vbias==470.000000)} volt:time {{Vbias==600.000000)}

28/02/23 efren.navarrete@cern.ch -

volt:time {(Vbias==700.000000)}

ol b ald
_m; i' LA ‘;““ﬂ" “'.

-0.005 S ‘.‘ .y |
nAdd'f '

—0.015

CMS

1
0 2 4 [ 8 10

time
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IF(A

28/02/23

Noise RS Setup

BlineRMS {BlineRMS<0.008} -
160E ] : 60000
e o : htemp : F
140:_ T e 1] Entries 3711 |4 50000;
F § Mean 0.002944 | F
E ; Std DE\:I 0.00(.)8219 40000 =
W | 30000°
- ; 2.9mvV .
60 ; : 20000 —
| E
5 ! /FFJ 10000
ZGJ -
< 5 vl 5 g e L el v e o, T S | |
Y0 0.001 0002 0.003 0004 0005 0.006 0.007 0.008 =0.015

BlineRMS

Difference between mean of BlineRM
(left plot) and the RMS of the
projection (right plot)

volt {time<=2}

-0.0004149

0.003248
2.8470+08/97 |
5.858e+04 = 0.3
-0.0004384 = 0.0000000
0.003319 = 0.000004

1488715

3.3mV

-0.01

PR IR IR SR S STI IEN I L
—0.005 0 0.005 0.01

T0.015
volt

volt:time {time<=2}

L1l

L1l

L1l

11 |\\|\||\||

PRI
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IF(A
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Non-irradiated

Irradiated 1E15

25

20

15

10

25

20

15

10

Time Resolution

Carbonated, CNM, -25° C

At at 235Vbias
hBin1
5 Entries 720
— Mean 0.03588
- Std Dev 0.07403
5 %2/ ndf 525.3 /55
— Constant 21.84+ 0.81
C Mean 0.0367 + 0.0027
5 Sigma 0.06405 + 0.00288
e 1 1 I | ]
04 03 02 -01 0 0.1 0.2 0.3 0.4
Atu’ k=0.4 at 235Vbias [ns]
At at 580Vbias
- hBin1 ]
L Entries 675
C Mean 0.02847
- Std Dev 0.0728
C %2/ ndf 749.5 /55
C Constant 19.03+ 0.94
- Mean 0.02687 + 0.00394
C Sigma 0.07027 + 0.00441
L A 000 Iul 1 1 r'l'll.ll 1.0
-0.2 —0.1 0 0.1

0.2 0.3
Atu, k=0.4 at 580Vbias [ns]

Non-irradiated

Irradiated 1E15

15

10

20

15

10

Standard, CNM, -25° C

At at 235Vbias

CMS

hBin1
Entries 583
Mean 0.01519
Std Dev 0.07361
¥* J ndf 434.4 /55
Constant 179+08
Mean 0.01468 + 0.00295

Sigma 0.06149 £ 0.00322

-02 0.1 0 0.1 0.2
‘Mu' k=0.4 at 235Vbhias [ns]
At at 660Vbias
hEnS
Entries B4
Mean 0.8206
Slﬂl]eu 0078
¥ (i 496.1/ 5T
‘Constant 1808 +0.76
Mean 0.8187 + 0.0033
Lsiama_ 006966 2 0.003c6 |

0.5 0.6 0.7 0.8
At

p
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Ba8ulation of Vgl of irradiated devices from CV

measurements is difficult. It depends on frequency.
Also, double linear fit of C(V) curves is always
subjective

A new method to calculated Vgl in LGADSs, based on
leakage current measurements only, was presented
by us in 16th Trento meeting:

When gain layer is depleted, the bulk current gets
multiplied: kink in leakage current observed

Using “automatic” variable [1], based on the derivative
of current, to identify depletion transition from gain
layer to bulk.

dl vV
K(I,V)=——
Marcos Fernandez

16™ Trento Workshop on Advanced Silicon Radiation Detectors, 17th Feb 2021
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7Y Radioactive Source Setup

IF(A

High Voltage Source Sources for Oscilloscope Tektronix MSO Climate Chamber
source Meter CIVIDECs 7404C

CMS

Faraday Humidity
Cage monitor Stack of 3.7MBq

Sensors 0Gr

DUT diodg

support

3-sensors
Stack
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[ 1Y CV Setup IV Setup CMS

BACKPLANE Q?Q

= B
GUARD
i~ KEITHLEY 2410
RING e
BACKPLANE
THERMALLY CONTROLLED
KEITHLEY 2410 - ) CHUCK
' HDUT LDUT ESCUUP"'TQ
X
g[BIAS IN (HV) | ] Taes W BIAS OUT (0V)
T o =
= — BACKPLANE X =
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