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Challenges in the production of LGADs for ATLAS & CMS

Main challenges:
|.  Technology long-term reliability
U Trade-off between w , w and gain before irradiation
U Trade-off between gain and operation voltage (< 11 V/pum) after
irradiation
Il. Large scale manufacturing yield
U Pixelated sensorsof 15x15 pixels of 50 pm x 1.3x1.3 mm? (ATLAS
U Pixelated sensorsof 16x16 pixels of 50 pm x 1.3x1.3 mm? (CM9
lll. Radiation tolerance to neutrons and protons
0 Carbonation of devices
i 4fC@V<1lV/ium @2.5e15 pd Qé Fai @-30°C (ATLAS
i 8fC@V<1lV/ium @1.5e15 pd Q¢ Tt @-25°C (CM9
V. Improve fill -factor
U IP=47 um for pixelated devices of big area (ATLAS
0 IP =80 um for pixelated devices of big area (CMS)
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Review of CNM LGAD Runs
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CNM Run16602 (ongoing) : Overview

Wafer Boron dose/ Boron Energy  Carbon dose/Energy
1 2.5el12/cm? / 480keV
2 2.6e12/cm? / 480keV 5el13/cm? [ 480keV
3 2.7el12/cm? / 480keV

« CMSMask 21 Pixelated sensors of 16x16 pixels of 50 um x
1.3x1.3 mmz2, IP =80 um and high-energy implant profiles

» 3 boron doses and 1carbon dose

* 6LG2 technology (LGADson 6 6 6Siviafers and 350 um of
handle wafer) but with CNMclean-room new equipment

« Status : Metallization (85%)

* To be finished within 1 month

* 6 extra wafers on hold before carbon and multiplication
layer implantation
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CNM Run16602 (ongoing) : High Energy Implant profiles

102 High Energy Implant LGAD Profile Wafer Boron dose/ Boron Energy  Carbon dose/Energy
TCAD Simulation Boron
1019 ......... , NN I . T— Phosphorus : 1 2.5el2/cm2/ 480 keV
_ — .= Net Active |
10" L T WO DN O DN v e e e 2 2.6el12/cm? /480 keV 5el13/cm? /480 keV
: Most of boron actively
107 \  contributesto mult layer 3 2.7e12/cm? /480 keV

CMSMask 21 Pixelated sensors of 16x16 pixels of 50 um x

1.3x1.3 mmz2, IP =80 um and high-energy implant profiles
« 3 boron doses and 1carbon dose

*  6LG2 technology (LGADson 6 0 GSiviafers and 350 um of

Doping concentration (at/cm®)

Y handle wafer) but with CNMclean-room new equipment
1071 1 11— 71— 1 « Status: Metallization (85%)
0,0 0,5 1,0 1,5 2,0 2,5 3,0 . "
» To be finished within 1-2 months
n I ) Depth (um) o e dd - 6 extra wafers on hold before carbon and multiplication
I ttl e oron is Oburiedo layer implantation
below Nplus layer

J. Villegas, 439 RD50 Workshop



CNM Runl15973 : Overview

Boron dose (1e13/cm2 ) / Carbon dose (1el4/cm? )/
Energy (keV) Energy (keV)

1/150
2 /150
3/150
6 /150
9/150
3/150
6 /150

1.9/ 100

O |IN|o|lO|lbR~|WIN|PEF

ATLAS Mask: 26 Pixelated sensors of 15x15 pixels of 50 um x
1.3x1.3 mm2 and IP =47 pum and traditional LGAD profiles
6LG2 technology (LGADson 6 & 6Siwafers and 350 um of
handle wafer) but with CNMclean-room new equipment
Single pad devices from wafers 1-6 were used for evaluation of
radiation tolerance and electrical parameters trade -off
Pixelated devices of wafer 7 were measured with temporary
metal for yield evaluation
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CNM Runl15973 : Traditional LGAD profiles
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3/150

1.9e13 / 100 keV

6 /150

9/150

3/150

O |IN|o|lO|lbR~|WIN|PEF

6 /150

ATLAS Mask 26 Pixelated sensors of 15x15 pixels of 50 um x
1.3x1.3 mm2 and IP =47 pum and traditional LGAD profiles
6LG2 technology (LGADson 6 & 6Siwafers and 350 um of
handle wafer) but with CNMclean-room new equipment
Single pad devices from wafers 1-6 were used for evaluation of
radiation tolerance and electrical parameters trade -off

Pixelated devices of wafer 7 were measured with temporary
metal for yield evaluation
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Nplus +Multiplication layer + substrate

T ==l =+ 540V (11 V/pum)

Boron dose (1e13/cm2 ) / Carbon dose (1el4/cm? )/
Energy (keV) Energy (keV)

1/150

2 /150

3/150

1.9/ 100
6 /150

9/150

3/150

O |IN|o|lO|lbR~|WIN|PEF

6 /150

ATLAS Mask 26 Pixelated sensors of 15x15 pixels of 50 um x
1.3x1.3 mm2 and IP =47 pum and traditional LGAD profiles
6LG2 technology (LGADson 6 & 6Siwafers and 350 um of
handle wafer) but with CNMclean-room new equipment
Single pad devices from wafers 1-6 were used for evaluation of
radiation tolerance and electrical parameters trade -off
Pixelated devices of wafer 7 were measured with temporary
metal for yield evaluation
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Characterization of single-pad
diodes from CNM Run 15973
before irradiation




Determination of

1 ofOF NoN -irradiated devices

C (F)

CV measurements at 20°C, 10kHz and 500 mV AC

1n

-1 device per carbon dose to

“show the average trend
Carbon dose (10 at/cm?) : : l
|—=—Non carbonated| : E! :
— -
10p 4 : :
p ——2 i :
:
* | » I J 1 3 | > | > | = I » 1 J 1 > |
0 5 10 15 20 25 30 35 40 45 50

Reverse bias (V)
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120,0p - TR A R o e e v g S i
: ; | ' \ CV) = (222.1 - 4.7V) pF |
.‘ R25=0'99;99
100,0p gt - .
M =3
? , Va=327V
80,0p 1 N R W \ o 8 T ool o

C(V) = (1369 - 39.8V) nF
 R2=0.9994

S0 pEEE RDENE Sk e S

60,0p -
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20,0p -
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Determination of 4 for non -irradiated devices

IV measurements at -30°C, voltage step =2V

100n -

T carbon dose (10" at/¢m2i “ ' ‘
/=m=Non carbonated|

-1 I ’ ’

E—2 :

100N 3 R s ik
{—n—6 : ‘
{—E—9
1—=— Noise

] 1n—_

100p

show the average trend

1Op';';'I'I'I'I'I'I'I'I 100p — T T
0 20 40 60 80 100 120 140 160 180 200 75 100 125 150 175 200

Reverse bias (V) Reverse bias (V)
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CNM Run15973 : q gand 1 @ I ° p(non-irradiated)

: : ~ |—m—V,, dependence on carbon dose
° 7 «Ncreases with carbon dose up to 32,8 A + 200

—u—V_, (@ -30°C) dependence on carbon dose
3eld/cm? (> 15 CV measurements per ; ; : ; : ; : ; 1

carbon dose) 33,0 - | 180
* TR —decreases with carbon S S
dose up to 3eld/cmz2 (> 20 IV < <
measurements per carbon dose) & 325- - 160 @
« (Gain seems to increase with carbon ﬁ ﬁ
dose up to a certain carbonation amount. g 32,0 - | 140 g
« Why?Diffusion of Boron of Phosphorus > >
IS supressed in the presence of carbon: 14 o

* https://doi.org/10.1063/1.113204 31,5 1 - 120

* https://doi.org/10.1063/1.2234315
» https://doi.org/10.1116/1.2198858 | | | 3 | | | |
* https://doi.org/10.1049/el:20052999 L e e e B N R A S R e
» https://doi.org/10.1063/1.122244 | | | | | | | | |

Carbon dose (10'* at/cm?)

|
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CNM Run15973 : TCAD Simulated doping profiles

16 10"° -
3,5x10™ 1 : : . == Active Boron (non-carbonated)
; = . = Active Boron (carbon dose = 1)
—~ 1018 1] : Active Boron (carbon dose = 3)
& 3,0x10" ”E R e ~ Carbon layer  [——Active Boron (carbon dose = 9)
IS R & Bl T ~ b++= Carbon (carbon dose = 1)
g B Tleeasgan | oo, : Carbon (carbon dose = 3)
© 2,5x10"° - 8L10°° 4 ey, s Pasie " be++ Carbon (carbon dose = 9)
g g ..°o .'o |
2 = 4016 4 I\ Mult T R
E 2,0x10"® g 10 ult layer
- c
< o
(7] 15 | =
Q 1,5x10"° - § 10 i
o] 1 . &) Se
- There is ™ 10 -
,UX 7] c
£ boron s
1. = o
8 5,0X1015 = a O : dZN (@] 1013 E
1here! 3
1012 X 1 d I ' 1 ' 1 ’ I v - I
0 0 5 10 15 20 25 30
Depth (um) Bapth {jim]

« TCAD simulation predicts this effect
* However, it does not predict the turning point at carbon doses > 3el4/cm?

Instituto de Microelectréonica de Barcelona (IMB-CNM) | J. Villegas, 439 RD50 Workshop



CNM Runl15973 : Gain measurements with 15 keV x-rays at Diamond LightSource

RDG:
50 Ga|1r: a!t thezmax intensity (l,) + Room temperature (20°C)
Carbon dose (10'* at/cm*) .+ 15keVXT ay s (absorpt i
1—®— 0| 0 1 device per _
— w1 carbon dose 1_mm (just as near-IR 1064 nm TCT
40 - o[ U 5 measurements light)
per device « Beam size of 2.7x1.9 um?2 focused on
3 M
—n—6 the center of the devices
c 01 a9 « At the maximum intensity of the x -
g ray beam ("O) the gain suppression is
20 . also maximum
.-"'.  Measurements confirm that a
.__.-" carbon dose of 3el4/cmz offer the
104 ii-'!"':':;ii-!‘::"::l highest gain (given a reverse bias)
/...‘... ..l....
] PR L . _ 5
.f diamond 0008 0 0QE 0 & QDI 1 Q
0 RERT a - - - | - 0 y 0QEO0OE DI 1
0 50 100 150 200 250
Reverse bias (V) »
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CNM Runl15973 : Gain measurements with 15 keV x-rays at Diamond LightSource

Gain at the max intensity (1)

50 @
Carbon dose (10" at/cm?) e Cutline of Gain @ 100V
1—m®— 0| i 1 device per 0
—u— 1 carbon dose /
40 - o[ U 5 measurements |
3| Per device /'
0] " O #/.
s =
= o
S &
20 ] * l.!
L "
.... l..:.
...-H'. ..lli=!l..
10 4 .-.l“.....lﬁ..:::.... . | | ‘
/.lli“'.::.ul*'.
- sene ' NEEEEEEEEE RN N
' o diamond T T
Fﬂl' . !
0 ' i ' ' ' i ' Carbon dose (10'* at/cm?)
0 50 100 150 200 250

Reverse bias (V)
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CNM Runl15973 : Gain measurements with 15 keV x-rays at Diamond LightSource

RDG:
45 Gain supression @ 100V
| Carbon dose (10" étlcmz)
40 U1 device per —u— (0} _ _
carbondose  |—s— 1| Galn suppression was also observed.
35 A U...5 measurements -+
1 per device
30 _._g _______ - Aluminum_attenuators for the X -ray beam
c 25 —"—9%  05mmAl A attenuates 66% of the beam
g I 1.0 mm Al A attenuates 88% of the beam
20 _ -\\ 1.5 mm Al A attenuates 96% of the beam
15 -
_ — * ®  50mmAl A attenuates 99.9993% of the
\\ ;
10 '\.\\: : beam
5 . For >1.5mm Al A Photocurrent falls below
0 ' : IamOﬂdé leakage current for the reference PiN diode.

00 01 02 03 04 05 06 07 08 09 1.0
Relative beam intensity (l/l,)
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CNM Run15973 : SRPRextracted doping profiles

Active doping concentration (at/cm?®)

10%° ; ;

1 Carbon dose (10" at/cm?)
107 4%, —=— Non carbonated

1 )

-
1018 4 \‘\
x 10 measurements per

10'7 L\ sample
1016 H

1014 ?:

10133:

1012 |

1 2

Resistance is measured between two
probes. Then resistivity and active
doping concentration is extracted from it




CNM Run15973 : SRPRextracted doping profiles

o~ 20x10" | 14 2
¢E, Carbon dose (10 at/cm’) Resistance is measured between two
= —— Non carbonated| probes. Then resistivity and active
= 3 doping concentration is extracted from it
o 1.5x10'°
= 10 measurements per
| .
:,é_; sample
2  oxt0S A =1.76e12 at/cm?
8 .UX
o)
c
'g. 9el3 at/cm?
2 5.0x10"
Z [~}
3 E
I = n

0 1 2 3 4



CNM Run15973 : SRPRextracted doping profiles

—~ 3.0x1 016 = ; i - .
E Carbon dose (1014 at/cm?) Resistance is measured between two
L . probes. Then resistivity and active
16 — Non carbonated : . . .
S8 2.5x10 doping concentration is extracted from it
£ 3
:'C-E Sm======Non carbonated (Simulation)
16
-E- 2.0x10 3 (Simulation)
3 A(sim) = 2.37e16 at/cm?
u . -
> Simulation has to
'S 16 be calibrated!
S 1.0x10
T
(]
=
s 5.0x10"
<
\M_ s
I T 1

0 1 2 3 4



Non-irradiated devices : Results overview

Characterization of the CNM Runl15973 Singlgad diodes

« Goodresults in terms of leakage current
« Specifications before irradiation are achieved for both CMSand ATLAS(data in table for carbon

dose = 3el4/cm?)

CMS

ATLAS

(E[IED@ Instituto de Microelectrénica de Barcelona (IMB-CNM)

Un-irradiated @ -25°C

\ 32V
VED 35V
Vb 122V
leak < 0.06 pA/lcm2
V (8 fC) < 100 V*
o &(CC>8fC) <50 ps*

Un-irradiated @ -30°C

Vel 32V
Vep 35V
VeD 117V
lieak < 0.06 pA/cm?2
V (4 fC) <80 V*
o at V(CC >4 fC) <50 ps*

|F

J. Villegas, 439 RD50 Workshop
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Yield of pixelated LGADs :
Vs with temporary metal
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CNMRun15973 : 15x15 pixelated LGADs- IVswith temporary metal

« Temporary metal is deposited to connect all pixels
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CNMRun15973 : 15x15 pixelated LGADs- IVswith temporary metal

Temporary metal is deposited to connect all
pixels

Leakage current is altered when the temporary
metal is deposited

These IVs measurement serveonly to determine
whether there is shortcut between pixels or not

1m

100p

Pixel 1 Pixel 2

100p
Pixel 4

Pixel 3

~ With temporary metal

l' .l...lllll..-.lllIllllllllllll

"t e -

q Pixel 3 temporary metal
Plx I4

q

W|th temporary metal (-30°C)
Pixel 1 (20°C)

Pixel 2 \yjithout

CIID@ Instituto de Microelectrénica de Barcelona (IMB-CNM)

30 40 50 60 70 80 90
Reverse bias (V)
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CNMRun15973 : 15x15 pixelated LGADs- IVswith temporary metal

IV @ -30°C with temporary metal
W7 (Carbon dose = 3e14/cm?)

\\\

1m 3

100 H

Via (-30°C)
(single pad diodes)
High leakage current
due to temporary
metal, but no shortcut
observed in any
device.

on Vg, Yield O 9 2 %;
" (single pad diodes) ' -
0 25 50 75 100 125

Reverse bias (V)
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CNMRun15973 : 15x15 pixelated LGADs- IVswith temporary metal

IV @ -30°C with temporary metal

50 W?7 (Carbon dose = 3e14/cm?)
,UM — i : E
V,: ;
4,0m -
30m-4 " [ _______
2,0m N [N SV | W oy o L
1,.0md S <5 7 s %
0 25 50 75 100 125

Reverse bias (V)
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CNMRun15973 : 15x15 pixelated LGADs- IVswith temporary metal

Im

100
k Via (-30°C)
100 ! (single pad diodes)!
1 i
1 1
113 I . I
- High leakage current -
I due to temporary 1
100n I metal, -but-no-shortcut - -4
- observed in any -
! device. !
10n l Yield O 96 % |
Vi
| 9 _ i
| “(single pad diodes) -
In A ' T ' T ' T ' T L
0 20 40 60 80 100 120 140

Reverse bias (V)
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Characterization of irradiated
LGADs (single pad diodes)




CNM Run15973 : Acceptor removal for irradiated single pad devices

Single pad devices irradited with neutronsat JS1JS| o9 ® Jozef
for fluences: 4, 8, 15and256244AMeVV v,  ©g®

Institute

32 ] - _ Carbon dose (10** at/cm?) 1107 Example of V,, determination
| After 80 mtljn annealing @ 60°C - 0 = Measured CV - /
] CVs @ 20°C @ 10kHz @ 500mV A 4 == Linear fits around V| -
f 3 samples per carbon dosefluence 5 5| ; ; ; ; ; | B -
- ‘ ‘ ‘ ‘
7 o 3
] O 6
o o 9
S P B e E
> 16———7—3 fffffffffffffff a §
o
12 oo
- 0 =)
8 g o
24 Bar errors = std deviation
i

0.0 5.0x10*  1.0x10%®  1.5x10" 2.0x10%®°  2.5x10%™ ]
Reverse bias (V)
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CNM Run15973 : Acceptor removal for irradiated single pad devices

Single pad devices irradiated with neutronsat I81JS| @ ® Jo2¢f

Stefan
for fluences: 4, 8, 15and23ed44AMeVV n , 009 |nstitute
1 | 8. 42nd RD50: https: //|nd|co cern.ch/event/1270076/)
32 LBt Carbon dose (10™ at/cm®) ﬁ | ; =  Measurements @ JSI
- o 0 —~ 1 0 Measurements @ CNM
28 o | | | {8 - g g )
| | | | | 2| 3 e e s R T T C( ----- )'-f-lttend--Wlt-;h""--"-- ------
- | 2 | | | | | S
244 = 23 B Me?  TH&)m™
ol o - o9  oed - ]
> o [ Same trend as f01f|-|| r
B | | | | o
Sed | | i g andﬂ .(non |rrad|ated)
| | o F ®s5l i
: -~ |
124 S |
' w = Y | | ﬁ
] 2 AR B S . ——
&) & B
1. i i . . i i < : 5 |
44 Bar-errors = std deviation-— . | 5 | | | |
- - - - - i 3 — T —— —
0.0 5.0x10"  1.0x10%™  1.5x10%™ 2.0x10™  2.5x10% 0 1 2 3 4 5 6 7 8 9
Fluence (1MeV n,,) Carbon dose (10" at/cm?)
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CNM Run15973 : Leakage current vs irradiation

fluence @ -30°C

10y 5

Fluence 10" n,,

Non carbonated
200 300 400 500 600
Reverse bias (V)

Carbon dose = 3-10" at/cm?
100 200 300 400 500 600
Reverse bias (V)

Carbon dose = 2-10"* at/cm?

100 200 300 400 500 600
Reverse bias (V)

1 (A)

Carbon dose = 6-10" at/cm?

100 200 300 400 500  6(
Reverse bias (V)

The loss of gain counterbalances the
increase in leakage current, up to a

500n -

400n -

300n

200n -

100N

Car;bon dose (

3 samplés per

carbondose /fluen

- o—6

fluence

10" at/cm?)
—0— ()
—— 1
2
3

ce

5,0x10" 1,0x10"® 1,5x10'®

Fluence (1MeV n,,)

2,0x10"°

2,5x10"°



CNM Run15973 : challenges for irradiated LGADs

« CMSA Data in table for carbon dose = 9el4/cm?

« ATLASA Data in table for carbon dose = 3el4/cm?.

*See Ef r etomsow( laidhkpurious pulse levels beyond operation
*Vi v e praserdation at : https ://indico.cern.ch/event/1335539/

Un-irradiated @ -25°C Irradiated (115 neg/cm?) @ -25°C

voltage)

ATLAS*

1T 7. %=

AN .S
Institut de Fisica
d’Altes Energies

Instituto de Microelectronica de Barcelona (IMB-CNM)

VoL 32V VoL 14V
VEp 35V VopMax 540 V (= 11 V/um)
Vep 122V VeD > 600 V
lieak < 0.06 yA/cm?2 lieak 33 HA/cm?2
V (8 fC) <100 V* Vop (8 fC) 540V (=11 V/um)
o &(CC>8fC) <50 ps* o &4 (8FC) <60 ps

Un-irradiated @ -30°C

Irradiated (2.5e15 neq/cm?) @ -30°C

VeL 32V VL 10V
Vep 35V VopMAX 540V
Vep 117V Vep > 600 V
lieak < 0.06 yA/cm?2 lieak 33 HA/cm?2
V (4 fC) < 80 V* CC (540 - 600 V) 2-3fC
o at V(CC >4 fC) <50 ps* o (540 - 600 V) <40 ps
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Upcoming work : CNM Run 16602

102 High Energy Implant LGAD Profile Wafer Boron dose/ Boron Energy  Carbon dose/Energy
TCAD Simulation Boron
1010 4. , W T W S— Phosphorus : 1 2.5el2/cm?2 /480 keV
_ — .= Net Active |
10" L T WO DN O DN v e e e 2 2.6el12/cm? /480 keV 5el13/cm? /480 keV
: Most of boron actively
107 \  contributesto mult layer 3 2.7e12/cm? /480 keV

CMSMask: 21 Pixelated sensors of 16x16 pixels of 50
um x 1.3x1.3 mmz, IP =80 um and high-energy
Implant profiles

No diffusion supression expected (Activation via
RTA)

Doping concentration (at/cm®)

102 ] A S=wm—e——— . |ower noise due to larger IP
0,0 0,5 1,0 1,5 2,0 25 30 « Once aboron doseis well set (expected breakdown
Depth (um) between 50 d 300 V), 6 carbon doseswill be used for
Littl e bor on | S oburiedd the remaining 6 wafers
below Nplus layer

Instituto de Microelectréonica de Barcelona (IMB-CNM) | J. Villegas, 439 RD50 Workshop



Acknowledgments

« Thanks to:
U Gregor Kramberger and the JSI team for the irradiation of samples
U Viveka Gautam and the IFAE team for Sr-90 measurements
U Ivan Vila, Efren Navarrete and the IFCA team for Sr-90 measurements
U Vishal Dhamgayeand the Diamond Lightsource team for their help at the Synchrotron facilities

@0 Jozef PN == I; -;,.

30, Stefan B I AN i
. |nstitute Institut de Fisica I F(A

d’Altes Energies

diamond

Thank you for your
attention!

MINISTERIO
DE CIENCIA
E INNOVACION

and Innovation (MCIN/AEI/10.13039/501100011033/) and by the
European Unionds ERDF program 0
oesammouoraow. (S Reference: PID2026113705RBC32

INVESTIGACION

Instituto de Microelectronica de Barcelona (IMB-CNM) | J. Villegas, 43" RD50 Workshop

-“"'0“ S ) This work has also been funded by the Spanish Ministry of Science




CVs for irradiated devices
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CNM Run15973 : surface current vs irradiation fluence @ -30°C

Non carbonated Carbon dose = 210" aticm’ When evaluating the surface current
iFluence (10" n, : | ] i | i . . . .
g === ] e (Extraction Ring current) the behaviour is
——28 | 1 s 1 s % 1 i . . .
| ‘ linear, just as expected for PIN detectors.
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