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Outline

» Comparison between UFSD2 and UFSD3, CV and Gain measurement;

» Effect of differet Carbon Doses on gain layer of not-irradiated
Sensors;

» Acceptor removal comparison between UFSD2 and UFSD3

» Acceptor removal study in UFSD on sensors with co-implantation of
4 splits of Carbon doses into the gain layer
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Irradiation campaigh on UFSD3

UFSD2

Reference Wafer# | Dopant | Gaindose | Carbon | Diffusion

|¢m Wafermp[™ 0.98 Low

* Wafer 1 (Boron Low Diffusion-dose0,98) is

the reference of the two FBK productions

UFSD2 and UFSD3

* 4 splits of Carbon doses to study the

radiation resistance (Carbon A/B/C/D)

IRRADIATION CAMPAIGN:

UFSD3
Wafer # | Dose Pgain Carbon Diffusion

[ B 0.98 L

2 0.96 L

3 0.96 A L
L I 0.96 A L
® s 0.98 A L

6 0.96 B L
L E 0.98 B L

8 0.98 B L
I E 0.98 c L

10 1.00 c L
[ B 1.00 L

12 ]

13 ]

14 A

15 A

16 | B

17 B

18 B

19 I

20 e

. Wafers irradiated with Neutron in Ljubljana

(AIDA2020) =>» thank you GK and friends!

* Neutron Irradiation in Ljubljana, fluences:
4*10'% / 8*10'* /1,5%10"° / 3*10*> n,/cm?

* Irradiated wafers:
W1/W4/W5/W7/W9/W11

Irradiated structures

Couple LGAD -LGAD

Couple PiN-LGAD

3




Pre-irradiation
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Capacitance [F]

Gain

Comparison between UFSD3 and
UFSD2 on Waferl (B LD)

Wafer 1 (B LD-Dose 0,98) UFSD3 Vs UFSD2

1,00E-09
1,00E-10 L
éT.I --&- W1 UFSD3
1,00E-11 | 9 Sensor area 3mm?2 ~& - W1 UFsD2
rCV measurement D ————
I f =3 kHz q%mmmm
(f=3 ) Sensor area 1Imm?
1006412 b v v v v e s s
0 10 20 30 40
Bias [V]
Wafer 1 (B LD-Dose 0,98) UFSD3 Vs UFSD2
100
t TCT measurements
L Q
/'d.
/ﬂv
.a
,@':'@”
10 | o
- o-g-8" --¢- W1 UFSD3
I - B - W1 UFSD2
Gain Measurement
Gain = LGAD signal / PiN signal
1 |||||||||||||||||||||||||||||||||||
(] 50 100 150 200 250 300 350

Bias [V]

oy, \ Same depletion Voltage (Vg ) of

the gain layer (~ 23V)

4

Same active acceptor density
into gain layer

__ d?qNy
VGL - /ZSSi

Agreement between the two
measurements of gain in UFSD2
and UFSD3
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Co-implantation of Carbon, effect on
gain layer

UFSD3 notirradiated sensors

9,00E-10
8,00E-10 CV measurements Wafers with very similar
7,006-10 (f = 3 kHz) implanted Boron dose
6,00E-10 "
w A ——W1 (B LD)
g 5,00E-10 i W4 Epi (B LD + C_A)
% 4,00E-10 : ——WS5 (BLD + C_A)
5. : —-—W?7 (BLD +C_B)
3,00E-10 [ —=-W9 (BLD +C_C)
2 ooe10 F -5-W11 (B LD + C_D)
1,00E-10
0,00E+00 -
0 5 10 15 20 25 30 35 40 a5
Bias [V]

The Boron in the gain layer is captured by the Carbon during activation resulting
in a lower gain layer foot

This effect was already seen in UFSD2 for dose A but it becomes more
important for higher C doses
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Carbon effect on gain layer

Depletion Voltage of gain layer as a function of
Carbon concentration

(]

w 25 ¢NoC A

> A

S 20 t o2

c C

.g 15 | *Wi(BLD) ]

@Q 4 W5 (BLD +C_A) D
2 10 | *wEwscsH O
© = W9 (BLD +C_C)

o 5 } owii(sb+cp)

5 W4 Epi (BLD + C_A)

c 0 1 1 1 1 1
‘©

U] 0 2 4

Carbon Dose [a.u.]

Fraction of gain as a fuction of carbon concentration

1,2

£ il Ao y = -0,1413x + 1,1098
208 [ 097 &
o 0,83 "
c 06 |
2 0,69
“g 0,4 . ws (BLD +C_A)
I.': 0 z | ‘e W7 (BLD +C_B) W5, W7 and W9
’ = W9 (B LD +C_C) equal Boron dose
0 . 1 1 1

* Non linear Carbon-Boron capture
as a function of the Carbon dose:

- Mild Boron capture for low
Carbon dose (Carbon A)
- Important Boron capture for
high Carbon doses
(Carbon B/C/D)

e Linearity of Carbon-Boron capture

Vd in Carbon doses range A-C

0 2 4
Carbon Dose [a.u.]

0,97
0,83
0,69

w N = O




Post-irradiation
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UFSD3, improvements in radiation

hardness

UFSD2 W6 (B HD + C_A)

5 10 15 20 25

Bias [V]

3,008-10 CV measurements at
250610 | different fluences in
B HD + C_A (UFSD2)
— 2,00E-10 -
E —Nolrr
_§ 1,50E-10 | Decreasing of ——4E14 neq/cmn2
§ o ——8E14 neq/cmn2
Y 1,00e-10 [ acieptor density 1,5E15 neq/cmA2
—3E15 neq/cm~2
5,00E-11 |
0,00E+00 1 s . PR
5 10 15 20 25 30 35 40
Bias (V)
UFSD3 W5 (B LD + C_A)
L0009 ¢ CV measurements at
vooeas | different fluences in
B LD + C_A (UFSD3)
% 6,00E-10 — Nolrr
E DecreaSing Of —A4E14 neq/cm”2
8 4,006-10 | acceptor density =~ —8El4neq/cm”2
v S 1,5E15 neq/cmA2
L —3E15 neq/cmn2
2,00E-10 |
0,00E+00 Lo

30 35 40



UFSD3, improvements in radiation

hardness
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UFSD2 W6 (B HD + C_A) 2
3,00E-10 V-~ = d qNA
’ CV measurements at GL = 2&g;
250610 | different fluences in
B HD + C_A (UFSD2) Fraction of active acceptor density
— 2,00E-10 -
g 1,50E-10 | H ::I::::ne /cmA2 VGL(¢) - NA(¢) = e—C(NA(O))(P
g Decreasing of - a - VeL(0) N 4(0)
8 acceptor density ~~ CoAned/em
© 1,00e-10 | _ 1,5E15 neq/cmA2 N
—3E15 neq/cmA2 Initial Acceptor Removal-Wé6 (BUI-::I;JBC_A) UFSD2-Vs-W5 (B LD + C_A)
5,00E-11 1,2
Steeper curves 2 lower radiation resistant
0,00E+00 L TR ———————— P
15 20 25 30 35 40 ’ "‘ﬁ::f:g;;‘\_o
Bias (V) 08 | \E:::“o
a F g
UFSD3 W5 (B LD + C_A) 5 0t
2 ! = 1,0E+00e-L5E16x & WS5 (B LD + C_A) UFSD3
L0009 ¢ CV measurements at g vt e (5 Ho +CA) UFSD?
. . 04 r
sooeto | different fluences in | Curspz = 2,1¥10°16 cm?
_ BLD+ C_A (UFSD3) 02 Cursp3 = 1’6*10'15 cm?
? 6,00E-10 — Nolrr ol : ; ;
g Decreas'ng of —_4F14 neq/cm’\Z 1,00E+13 1,00E::—I1u4ence [neq/cmll,\(;(])HlS 1,00E+16
§ 4,00e-10 | acceptor density =~ —8El4neq/cm”2
- - 1,5€15 "G/q/“““z Combination of Boron Low Diffusion
L —3E15 neq/cm”2 .
200610 | and Carbon_A in UFSD3
[ improves the best result on radiation
0,00E+00 Lo

15 20 25 30 35 40 hardness obtained in

Bias [V]

UFSD2 (B HD + C_A)




Marco Ferrero, INFN, 334 RD50 Workshop, CERN 26-28 November 2018

Gain layer fraction

UFSD2 — UFSD3 comparison

UFSD3 extends by 50% the radiation resistance of UFSD2

1.2 -
FBK UFS'?Z I U_FS,D3 e UFSD3 W5 (BLD + C_A) y = 1.0E+00e"1-5E-16x
Neutron irradiation
1) A UFSD2 W6 (B + C_A) y = 9.8E-01e2-1E-16x
"_""-_""—'__::::::""""::L"‘"‘"*":'-"lii'-"i'“; ______ .l
80% AL e
0.8 [SOSSSEEIASIIESEELESSENLLELANSELLLL SN LLLLEE L SENEE S S ALt
/ i
1
|
0.6 i
Best UFSD2 i
1
04 | 80% @ ~ 1E15 i
. 1
i Best UFSD3
1
1
02 b ] 80% @ ~ 1.5E15
i
1
|
1
0 t iy |
1.E+13 1.E+14 1.E 1.E+16

Fluence [n_eq/cm~"2]
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Acceptor removal in UFSD3

Fraction of Gain

Acceptor removal fits on UFSDs with 4 different Carbon doses co-implantanted in gain layer

Initial acceptor removal_UFSD3

1,2 r
Ver(9) _ Na(®) _ e~ C(Na(0)¢
1 FFA RS SN SN e e === VGL(O) NA(O)
B S
N A
i\"-: \\\\\\ N "s_
08 | RN N
L XN y = 9,9E-01e3#E16x o W1 (B LD)
Degradation in radiation # y = 1,0E+00e"-6616xa W5 (B LD + C_A)
0,6 resistance at hlgher Carbon doses \‘\% y = 1,0E+00e25516xe W7 (B LD + C_B)
v ’ p—
y = 1,0E+00e28516xm W9 (B LD + C_C)
04 | y = 1,0E+00e-3-6516x0 W11 (B LD + C_D)
y = 1,0E+00e"155-16xA W4 Epi (B LD + C_A)
02 I Steeper curves = lower radiation resistant
0 1 1 1 1 1 I | 1 1 1 1 1 I | 1 1 1 1 1 I T |
1,00E+13 1,00E+14 1,00E+15 1,00E+16

Fluence [neq/cm”2]
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Acceptor removal coefficients in
UFSD3

Wafer Gain type ¢, [cm?]
1 BLD 3,77E-16
4 (Epi) BLD+C_A 1,55E-16
5 BLD+C A 1,59E-16
7 BLD+C_ B 2,48E-16
9 BLD+C C 2,81E-16
11 BLD+C. D 3,63E-16

All Carbon doses (A/B/C/D) improve the gain layer radiation resistance compared to a
not carbonated Gain layer

Best radiation resistance obtined with Carbon dose A
Acceptor removal coefficient get worse at the increasing of Carbon doses

Same radiation resistance in Float Zone and Epitaxial wafers
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Acceptor removal coefficient at
different Carbon doses

c[em™2]

Doping Profile [a.u.]

Acceptor remova coefficient as a function of Carbon dose

Carbon dose [a.u.]

UFSD3 Not Irradaited Sensors

Effect of Carbon-Boron
capture on the profile of
active Boron density

W4 Epi (BLD +C_A)
——WS5 (BLD +C_A)
—W7 (BLD +C_B)

=-W9 (BLD +C_C)
-8-W11 (B LD +C_D)

Width [a.u.]

4,00E-16 3,63E-16
¢ 3,77E-16 O
3,50E-16 |
3,00E-16 |- o 2,81.E-16 _ o~ +W1(BLD)
’ = -
250616 | . _- A W5 (BLD +C_A)
> O0EL6 _- e W7 (BLD +C_B)
, 1,59/:5-16 _- o = W9 (B LD +C_C)
1,50E-16 | LssEle -7 - OW11 (BLD + C_D)
1,00E-16 | """ _'“ pegradation of W4 Epi (BLD + C_A)
5,00E-17 radiation hardness
0,00E+00 ' ' ' ' ' ' : : . .
o . R R 4 . ¢ | Relationship between c coefficients and

Carbon doses in UFSD3

Two possible reasons:

» Effect of Carbon on active initial
acceptor density into gain layer;

* Dependence of ¢ coefficient on
active initial acceptor density due
to Carbon-Boron capture

13
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Acceptor removal coefficient at
different Carbon doses

—
o~

Acceptor remova coefficient as a function of Carbon dose

4,00E-16
3,77E-16
3,50E-16
3,00E-16 2,81E-16
248616 W
2,50E-16 ® L g

active Boron density

Doping Profile [a.u.]
-

Effect of Carbon-Boron
| capture on the profile of

3,63E-16
0

» *W1(BLD)
P d

W4 Epi (BLD +C_A)
——WS5 (BLD +C_A)
——W7 (BLD +C_B)

A W5 (BLD +C_A)

acceptor density into gain layer;
Dependence of ¢ coefficient on
active initial acceptor density due
to Carbon-Boron capture

—=-W9 (BLD +C_C)
-8-W11 (B LD +C_D)

Width [a.u.]
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Acceptor removal parameterization

Nicolo Cartiglia’s talk, 32nd RD50 Workshop, DESY, Hamburg
“A naive parameterization of initial acceptor removal» ”

Points on this line differ in acceptor removal
rate only due to the initial acceptor density

Initial Acceptor Removal coefficient ¢ as a function of initial acceptor density

1.E-13
~,__:h ~~~~~~~~~~ :*_
1E14 -+ TTm== e
= F T R
P "
— 1.E-15 e~
(3) ++x§3¢\
~~~~ X
---0.63*rho_A(0)/[N_Si*sigma*D2] A B - protons (no NIEL) ® T~
1.E-16 + B - neutrons X CNM Ga - neutrons \‘\\
M FBK B - neutrons O FBK Ga - neutrons \‘\_,'_x
1.E-17 L @ FBK B+C - neutrons O FBK Ga+C - neutrons N
+ FBK B - protons <© FBK Ga - protons A
A FBK B+C - protons A FBK Ga+C - protons
l.E_18 1 1 11 1 111l 1 1 L1 1 111l 1 1 T | 1 1 11 1 111l 1 1 111 111l 1 1 11 11111 1 1 11 1.111)
1.E+12 1.E+13 1.E+14 1.E+15 1.E+16 1.E+17 1.E+18 1.E+19

Initial Acceptor Density p,(0) [cm3]
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Acceptor removal parametrization:
zoom on 1E16-1E17 n/cm?3 range

Boron parameterization:
* ¢ coefficient for Boron Low Diffusion in UFSD3 in agreement with the UFSD2
parameterization

Initial Acceptor Removal coefficient ¢ as a function of initial acceptor density

5,E-15 [
---B: (N_Si*sigma*D2)/(0.7*rho_A(0)) M UFSD2 A UFSD3 W1
&~
§ . No Carbon
o L TR
~~~~~~~~~~~~~~~~~~~~~~~~~~~ B HD&LD in UFSD2
516 | Y
i AT
BLDinUFSD3 -
5,E-17 — . : ' ' ' ' —
1,E+16 Initial Acceptor Density p,(0) [cm] 1,E+17
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Comparison model-data
Boron + Carbon A parameterization

Boron + Carbon A parameterization:
* Boron + carbon A have a different parameterization compared to Boron
* Same parameterization for BHD + C_A (UFSD2) and B LD + C_A (UFSD3)

Initial Acceptor Removal coefficient ¢ as a function of initial acceptor density

---B: (N_Si*sigma*D2)/(0.7*rho_A(0))

5E-15 -+« B+ C_A: (N_Si*sigma*D2)/(2.2*rho_A(0))
m UFSD2
+ UFSD2 W6 C_A
— A UFSD3 W1
NE A UFSD3 W4 Epi C_A
S No Carbon
o | T e
Differencein TTTTTteeeeeel N
SE16 Fe *radiation hardness 7 T =l
CarbonA’ ............................... A ..................
B HD + C_A in UFSD2 .@ ---------------------
BLD+ C_Ain UFSD3
5,E'17 - .' '. L L I L 1 L )
1,E+16 Initial Acceptor Density p,(0) [cm™3] 1,E417
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Comparison model-data
Boron + Carbon X parameterization

Boron + Carbon X parameterization:

* Different parameterization for Carbon A and Carbon X

* Same parameterization for Carbon B, Cand D

* At same initial acceptor density UFSDs with co-implantation of Carbon B, C and
D less radiation hardness than UFSDs with Carbon A

Initial Acceptor Removal coefficient ¢ as a function of initial acceptor density

-=--B: (N_Si*sigma*D2)/(0.7*rho_A(0)) m UFSD2
5,E-15 C - = B +C_x: (N_Si*sigma*D2)/(1.4*rho_A(0)) + UFSD2W6 C_A
+ees B+ C_A: (N_Si*sigma*D2)/(2.2*rho_A(0)) A UFSD3 W1
A UFSD3 W4 Epi C_A ® UFSD3W5C_A
— O UFSD3 W7 C_B © UFSD3W9C_C
NE O UFSD3 W11C_D
& No Carbon
(S
5,E-16
5,E-17 — . L L L L ! L J
1,E+16 Initial Acceptor Density p,(0) [cm™3] 1,E417
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Density Corrected “c” values

After correcting for the different initial B density:
* C_Ashows the best radiation resistance (both Epi and FZ are the same)

e C_B,C_C,and C_D doses are equally radiation hard

4,00E-16
3,50E-16
3,00E-16
= 2,50E-16
E 2,00E-16
o 1,50E-16
1,00E-16
5,00E-17
0,00E+00

e W1 (B LD)
A W5 (BLD +C_A)

‘e W7 (BLD + C_B)

'm W9 (BLD +C_C)
'0W11 (B LD + C_D)

‘o' W4 Epi (BLD + C_A)

;NoC
_ cCB CC CD
® | 0
- CA
" /A
_ : ‘
I . UFSDA4: we need to explore around C_ A
0 1 2 3 4 5

Carbon dose [a.u.]

6

18
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>

Summary and considerations

Co-implantation of Carbon induces a lower activation of the Boron
implanted to form the gain layer (Boron-Carbon capture?);

Boron-Carbon capture happens only above a certain critical Carbon density
(dose A)

Boron-Carbon capture mechanism is linear for Carbon doses > A;

The radiation hardness improves with all Carbon doses

Boron Low Diffusion + Carbon A is the most radiation hard configuration of
gain layer until now;

Boron Low Diffusion + Carbon B/C/D have the same radiation hardness,
lower BLD + C_A

UFSD3 B LD + C_A improves the radiation hardness over UFSD2 BHD + C_A
by 50%

UFSD3 B LD + C_A retains 80% of the gain layer up to 1.5E15 n/cm2

Next: UFSD4 will explore the region around Carbon_A to reach the most rad-
hard configuration.
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UFSD3

33

Wafer layout of UFSD3

22
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CV measurements (laboratory setup)

Keysight
B1505A Power Device Analyzer / Curve Tracer
. =1 Probe station
= O

I 1
- ~ : T [*
‘ wv s iy — o ——

Modules

* High Voltage SMU: Max Range (£3000V, +4mA);
Min Range (200V, 1nA);

* CMU Modules: Range In frequency (1khz-1MHz);

Marco Ferrero, INFN, 334 RD50 Workshop, CERN 26-28 November 2018
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Cf measurement on irradiated sensors

UFSD3 W5 (B LD + C_A)
1,00E-09

Bias of the the Cf
measurements

8,00E-10

o

‘o 6,00E-10 —No Irr

y (10V)
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1,006-09 F 3 E 1 5 1,006-09 | 1 5 E 1 5
’

" "
E 1,00E-10 é 1,00E-10 £
g g
8 S
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1,00E-12 . . ) 1,00E-12 ! ! !

1000 10000 100000 1000000 1000 10000 100000 1000000
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1,00E-09 [
1,00E-10 |
wen | NOIFF
1,00E-12 . R
1000 10000 100000 1000000
Frequency [Hz]
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1,00E-09 E 4E14
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Extrapolation of V,

C-V Measurement parameters: Vg, Extrapolation method
* Measurement Model = C; —Rp Using the cusp on the R, curve, in
* Measurement Frequency = 1 kHz coincidence with the foot in the 1/C,2
* Measurement temperature = curve
Room Temperature
* Sensors measured after annealing This method is precise even for
(80min @ 60°) fluences above 10% n,,/cm?

Marco Ferrero, INFN, 334 RD50 Workshop, CERN 26-28 November 2018

Sensor W1_lIrr(3E15 n,,/cm?)

1.E+24 ; ;1 1.E+07
16423 | | E
E " =
3 ] o
- , e
Y | ' g
& 1E+22 | ; 2
- i : | 16406 %
o F : { ME g
§1.£+z1 ; ' B
-~ [ | o
f | ~—1/(Cp"2) e
1.E+20 f - Rp a
1.E+19 b s b a4 2 A a2 a a A 4 a s a4 A 4 4 a4 L & 4 4 2 - 1E+OS
0 5 10 15 20 25 30 35 40
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Remind on parameterization of initial

The fluence needs
to have 1/e of the

acceptor removal

Nicolo Cartiglia’s talk, 32nd RD50 Workshop, DESY, Hamburg
“A naive parameterization of initial acceptor removal» ”

A twO steps process

Initial acceptor removal is believed to be a two step process:
1. Iradiation knocks out a silicon atom
2. The interstitial siicon atoms trap the Boron (Gallium) dopant

Boron

1. Radiation creates interstitial defects

2. Interstitials inactivate the Boron: Si_i
+B s=>»Sis+B_i

B * Nsix 0 = (1 =) N(0)4 = N(O);™

e

initial acceptor <
densty
N(0)4

Nicolo Cartiglia, INAN, Torino

@: fluence [cm?]

N,; = silicon atom density 5*E22 [cm3]

o = fit parameter [cm?]: cross section for the 2 steps process
1. ¢+Si 2Sj;
2. Si+B, =» Si-+B,

N(0),*™ = removed initial acceptor after a fluence ¢, [cm3]

26
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Initial acceptor density factor

@o * Ng; x 0 = N(0) ™
@ @ @ @ At low densities:

@& GO G G Si-interstitials do not find the Boron
@ @ @ @ = a higher fluence is needed to remove
GO GO GO
@& @&

*® low density Boron
CRAED

Density factor: probability of a Si-interstitial to be closed to a Boron substitutional
Limiting behaviors:

CISRICLS

lim Dn =0 lim Dn = 12 Fit parameter N,
N(0)—0 N(0)—o0 --p3
10 —D2
D1
@ : L,
o
n/3 'go.s
14(—Ao 5
N(O)A 0.4
n =1 linear 02
Npo=2.5E16 [cm™I] /.
n =2 surface 00 et
n = 3 volume  Density at which an interstitial has 50% e e vty temna) vens
probability of interacting with an acceptor S
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1
@():_

C

MOV
B Ngixo*Dn

Do

Initial Acceptor Removal coefficient phi_o as a function of initial acceptor doping

LE+17 ¢B-n

.
®Ga-n r”/.'
s
48-p __w"‘
'5 1.E+16 — 0.63*N_A/[N_Si*sigma*D3] 47_?,_,:'
3 --- 0.63*N_A/[N_Si*sigma*D2] e
L2,
= --0.63*N_A/[N_Si*sigma*D1] . o=
2 LE¥IS | . 0.63*N_A/[N_Si*sigmal (16 Density Factor) e
s R T = AT
————— AT
s 13 L e
/z’ ______ e a3
i AT e LT
. . e 1E+13_L A PP PR PRI PR
Fit with D2 1E+12 1E+13 1.6+14 1E+15 1E+16 LE+17 1E+18 1.E+19
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