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Defining the Challenge

Moscatelli F. et al. HSTD14

Acceptor removal (= lower gain - worse timing resolution) has been studied in
detail for many years and is at the core of the LGADs' radiation hardness.
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Defining the Challenge

Donor removal is now becoming very interesting as it plays a crucial role in the
functioning of resistive LGADs and compensated LGADs.

Donor removal = change in sheet resistance - could impact charge sharing and
degrade spatial resolution.

DC-RSD LGAD

AT

Moscatelli F. et al. HSTD14

~Gain
implant
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Defining the Challenge

Moscatelli F. et al. HSTD14

Donor removal is now becoming very interesting as it plays a crucial role in the
functioning of resistive LGADs and compensated LGADs.
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Defining the Challenge

Donor removal is now becoming very interesting as it plays a crucial role in the
functioning of resistive LGADs and compensated LGADs.

Moscatelli F. et al. HSTD14
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Extension of the Radiation Damage Model
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Torino analytical parameterlzatlons[3]
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TCAD simulation of LGAD device - HPK

v In collaboration with INFN Torino: calibration/extension of the previously developed models by comparing
the simulation findings with measurements carried out on different classes of LGAD detectors.

v Comparison with experimental data, before and after irradiation (HPK2 production run, by HPK)

— Simul. . C-V, pre- & post-irr @ 298 K, 2 kHz
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Defining the Challenge, Designing the Approach

Moscatelli F. et al. HSTD14

Donor removal is now becoming very interesting as it plays a crucial role in the functioning of resistive LGADs and compensated LGADs.

A Measurement — Simulation Synergy to Quantify Donor Removal
at high initial concentrations (N, > 10> atoms/cm?3)

Compensated LGADs

EXFLU1 batch samples offer an opportunity to study donor removal by reproducing in simulation the
capacitance variation with irradiation.

These samples will also enable us to begin examining the interplay between donor removal and
acceptor removal (How do the removal rates compare to each other?).

Van der Pauw test structures

A dedicated test structure for each implant under study to investigate donor and acceptor removal
by examining the change in sheet resistance with irradiation with neutron (n) and protons (p).

EXFLU1 batch PGAIN and PPLUS test structures (TS) irradiated (n) and analysed
RSD2 batch NPLUS TS irradiated (n and p) and analysed;
DC-RSD1 batch NPLUS TS irradiated (n) and analysed;

NLGAD batch NGAIN TS will be analysed once FBK realises the batch.
Pages



EXFLU1 batch — Compensated LGADs
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Moscatelli F. et al. HSTD14

EXFLU1 batch — Compensated LGADs

Wafer# | Thickness p+ dose n+ dose C dose
12 30 3b 2
13 30 3b 2 1.0
<1010 W12 ~ Compensated LGADs w/o Carbon co-implantation %1010 W13 ~ Compensated LGADs w/ Carbon co-implantation
I I ' Meas ~ Not irradiated ' I l Meas ~ Not irradiated
- -TCAD ~ Not irradiated - - -“TCAD ~ Not irradiated
50 Meas ~ 1.5x10'° neqcm'2 I Meas ~ 1.5x10'° neqcm'2 |
Tl B s-l - -TCAD ~ 1.5x10'® n__cm ook 0= - -TCAD ~1.5x10"° n__om™?
\\ TS~ - Meas ~ 2.5x10'° neqcm‘2 - | Meas ~ 2.5x10° neqcm'2
— ) . . \ -TCAD~25x10nem®] | TR e \ - “TCAD ~2.5x10'"® n_cm™ |
[T— S X — - \ —_ R o =~ - ~ o
§ H“‘q"“‘m____ E ‘\ § - \\‘--._‘___h \\ \\\
- - _ \ e - ~
© R © i T T e——l AN
S 1.0f o 1 8., A _
ol v Q \ N
(4y] 1 ) (4v] | \ \
@) Lo (@) \ \
! | \ \
1 \ = \ \
! \ \ \\
‘\ NN - \\ \
. - ~ S -
N Y- -—i‘_.h"' ______ R e T
oop Tttt - oo T TTTTTTTTTTTTTTTTTTTTTT -
| | 1 | | | |
0 -10 -20 -30 0 -10 -20 -30

Substrate voltage [V]

By exploiting the experimental acceptor removal coefficient
c, = 2.50-10°1% cm?2, agreement with C-V measurements is achieved
using a donor removal coefficient ¢, = 6.50-10-16 cm2,

Substrate voltage [V]

By exploiting the extracted ¢ (6.50-10-16 cm2) and the experimental
c, = 8.26 " 1017 cm2 for the carbonated gain implant, a good
agreement between measurements and simulations was achieved.
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Cp extracted from compensated LGADs

Moscatelli F. et al. HSTD14

Removal coefficient [cmz]
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Van der Pauw test structure

MEASUREMENT SETUP

STEP1 Apply a known

current I,

STEP2Z Measure the
voltage difference V34
STEP3 Calculate the
sheet resistance as

parasitic contribution

Beware of substrate's

WL - o
e
e

llllllllllll

L LALLELL LT LR L

PTALSH ‘le 19 H 1[|91edSOA
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Moscatelli F. et al. HSTD14

Van der Pauw test structure

MEASUREMENT SETUP

STEP1 Apply a known
current I,

STEP2 Measure the
voltage difference V34

STEP3 Calculate the
sheet resistance as

Beware of substrate's
parasitic contribution

SIMULATION SETUP

Synopsys® Sentaurus Technology CAD (TCAD) enriched with
the New University of Perugia radiation damage model

FAST METHOD &

Analytical and only for pHayers on a n-substrate or
nHayers on p-substrates , - -

Ron = [ [ aln(oma @) + pouy(0)]dx|

COMPLETE METHOD =

Full 3D TCAD simulation-based and
applicable for any layer on
any substrate
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EXFLU1 batch - PGAIN
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EXFLU1 batch - PGAIN

R = w V34
* 7 In(2) I,

Wafer# | Thickness | p+ dose Cdose C shield Diffusion
1 45 1.04 1.0 CBL
2 * 45 1.00 0.6 CBL
3 * 45 1.06 1.0 0.6 CBL Acceptor removal : :
4 * 45 1.06 1.0 1.0 CBL NOt IrradlatEd
5 30 1.02 1.0 CBL 14 2
= 550 — B ——8.0x10*" 1 MeV neg/cm
17 0.86 1.0 CBL 15 2
18 15 0.84 1.0 CBL 1.5x10°° 1 MeV nqucm

—— 2.5%10%" 1 MeV ngg/cm?

CA= 1.3X 10_16 sz

Moscatelli F. et al. HSTD14

Doping concentration [a.u

Acceptor removal

Acceptor Removal Coefficient
3E-15
i NO Carbon A
R . / CHBL / CHBH (0.4, 2, 3, 5)
3E16 E~. '.:’_ g CHBL/ CHBH (0.8 - 1) >
= '% —_— - (@)
z _ -ﬁ_& - CBL{CBH(OS 1) “ a
S <~ @
13( i . =~ \ gl-
3817 H"'--“:_fﬁ__“‘:.._:‘n.__ =
TS a
Q
g
3E-18 o
. . -
Initial acceptor density [a.u.]

Acceptor removal

Depth [a.u.]
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Moscatelli F. et al. HSTD14

the European Union | cstablished by the European Commission

EXFLU1 batch — PGAIN — TCAD Measurements

1 6 | | |
Filled circles = Measurements with error bar
15F Blank circles = Simulations % -
3
a 14 7
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3 13} _
-
©
(/p]
= 12 F _
o ®
B 111 7
C
)
10f -
@
O : | I
8 15 25

Fluence [1014 1 MeV n, /cm2]
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c, extracted from compensated PGAIN

Moscatelli F. et al. HSTD14

Removal coefficient [cmz]
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EXFLU1 batch - PPLUS
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Moscatelli F. et al. HSTD14

PPLUS profiles before irradiation

Doping concentration [a.u.]

—

Depth [a.u.]
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Moscatelli F. et al. HSTD14

EXFLU1- Experimental data - PPLUS

EXFLU1 - PPLUS
1300 1 1 I 1 1 I
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L
B —

800 - -

750 | 1 | 1 1 1
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Moscatelli F. et al. HSTD14

Sim vs meas — PPLUS - W6

Sheet resistance [(/sq]
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O -
CA= 1 .Ox 10_16 sz
1 1 1 1 1 |
0.4 0.8 1.2 1.5 2.5 3.5

Fluence [1 0'° 1 MeV neqcm'Z]
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Moscatelli F. et al. HSTD14

Sim vs meas — PPLUS — W12

Sheet resistance [(2/sq]

1300

1250

1200

1150

1100

1050

1000

950

900

EXFLU1 - PPLUS - W12

1 1 I 1 1 1
. e
— ; il
O
&
— Q —
|
@
Q@ ]
- O il
. C,=0.8%x101% cm?
| | 1 1 | |
0.4 0.8 1.2 1.5 2.5 3.5

Fluence [1015 1 MeV neqcm'2]
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Moscatelli F. et al. HSTD14

Sim vs meas — PPLUS — W15

Sheet resistance [Q)/sq]
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c, extracted from compensated PPLUS

Moscatelli F. et al. HSTD14

Removal coefficient [cmg]
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RSD2 batch — NPLUS

Wafer n.| Sub |[Carbon NIIJ-"(I,_;S Dose PGAIN Thil::n:r:-ess
1 Si-Si 55um N 0.25 2.4 thick

2 Si-Si 55um N 0.25 2.4 normal

== 3 Si-Si55um| N 0.25 2.45 normal
":{_:’ 4 Si-Si 55um N 0.25 2.5 normal

o 5  |Si-Si55um| N 0.5 2.5 normal
-h_fl:J 6 epi 45 um N 0.5 2.5 normal
E 7 Si-Si 55um N 0.5 2.45 normal

§ 8 epi 45 um N 0.5 2.4 normal

9 epi 45 um N 0.5 2.4 normal

10 epid5um | Y(1) 0.5 2.4 normal

11 epi 45 um N 1 2.4 normal

12 epi45um | Y (0.8) 1 2.4 normal

13 Si-Si 55um N 1 2.45 normal

= 14 epi 45 um N 1 2.45 normal
15 Si-Si 55um N 1 2.35 normal

)

sheet conductance ([1/kQ

1.0
¥ vV W14 emvV nirradiated
5 W6 OOV pirradiated
0.8 - S oL PR e 0 W3 T= +20°C
V e v ~~~~ ~~~—
V Yo, - i
| i S v
v.. i ==
O S e i M e
..... .V.
X X
0-4_ Q:.§\‘~§
.’.. ~.'~~§~
Do B T
O... ~~~.'_ ~~~~~~
0.2 - o e et .
........ ©
OO I T T T T
0.0 1.0 2.0 3.5 5.0

particle fluence (101> cm™?)
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RSD2 batch — NPLUS

Wafer n.| Sub |[Carbon NIIJ-"(I,_;S Dose PGAIN Thil::n:r:-ess
1 Si-Si 55um N 0.25 2.4 thick
2 Si-Si 55um N 0.25 2.4 normal
== 3 Si-Si55um| N 0.25 2.45 normal
":{_:’ 4 Si-Si 55um N 0.25 2.5 normal
o 5  |Si-Si55um| N 0.5 2.5 normal
-h_fl:J 6 epi 45 um N 0.5 2.5 normal
E 7 Si-Si 55um N 0.5 2.45 normal
§ 8 epi 45 um N 0.5 2.4 normal
9 epi 45 um N 0.5 2.4 normal
10 epid5um | Y(1) 0.5 2.4 normal
11 epi 45 um N 1 2.4 normal
12 epi45um | Y (0.8) 1 2.4 normal
13 Si-Si 55um N 1 2.45 normal
= 14 epi 45 um N 1 2.45 normal
15 Si-Si 55um N 1 2.35 normal

)

sheet conductance ([1/kQ

cp donor removal coefficient values [107'° cm?]
Location | Irradiation W3 W6 W14
KIT Neutron 1.5402 |1 1.0+£0.2 | 0.6 0.2
Proton 46+04 | 29+04 | 1.7+0.3
Perugia Neutron 1.6+£02 | 1.0+0.2 | 0.7+0.1
& Proton | 47+06 |29+04 | 17+03
1.0
¥ vV W14 emvV nirradiated
s ~——— W6 OOV pirradiated
0.8 - Y= L @ O W3 T=+4+20°C
Ve e
v ~~~~~
vV - = -~
Y- v
v., i TT==~C
0.6 b mrzrzrmmhmemememtn
..... % |
."
0.4 7 . “~~~
by L ST
Py L
... 4 T -
0.2 - e A *
........ 5
f()=B-e“?
OO I T T T T
0.0 1.0 2.0 3.5 5.0

particle fluence (101> cm™?)
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Moscatelli F. et al. HSTD14

NPLUS profiles before irradiation

Doping concentration [a.u.]

— W3 — Ry, = 2.29 kQ/sq
W6 — R, = 1.57 kQ/sq
— W14 — R, = 1.08 kQ/sq

Depth [a.u.]
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Moscatelli F. et al. HSTD14

RSD2 NPLUS W3 — Neutron &g Proton

—— W3 — Not irradiated —— W3 — Not irradiated
—— W3 — ¢ = 1.0-10'° 1 MeV nge/cm? —— W3 — ¢ = 0.6:10'° 23 MeV p*/cm?—>1.2- 10** 1 MeV neq/cm?
—— W3 — ¢ = 2.0-10%° 1 MeV ngy/cm? —— W3 — ¢ = 1.0-10"° 23 MeV p*/cm?—>2.0 - 10" 1 MeV ngq/cm?

—— W3 — ¢ = 3.5:10" 1 MeV ngg/cm?
—— W3 — ¢ = 5.0-10"° 1 MeV ngy/cm?

—— W3 — ¢ = 1.8:10%° 23 MeV p*/cm?—>3.6 - 10> 1 MeV neq/cm?
—— W3 — ¢ = 2.8-10% 23 MeV p*/cm?—>5.6 - 10> 1 MeV neq/cm?

Donor removal
With (I)p+

Donor removal
with @,

Acceptor creation
with @0 4

Acceptor creation
with @0 A

Doping concentration [a.u.]
Doping concentration [a.u.]

¢p donor removal coefficient values [10~1° cm?] ¢p donor removal coefficient values [10~'° cm?]

Location | Irradiation _W3 W6 Wwl14 Location | Irradiation W3 W6 W14
Neutron [[L5+02 [ 1.0+02 [ 0.6+0.2 Neutron | 1.5+02 | 1.0+0.2 | 0.6+0.2
KIT KIT
Proton | 4.6+0.4 | 29+04 | 1.7+0.3 Proton +04(29+04 | 1.7+03
Perugia | Neutron | 1602 [1.0£0.2]0.7x0.1 Perugia | Neutron [ 1.6£02 | 1002 [07=0.1
g & Proton | 47+0.6 | 29+04 | 1.7+03

Proton | 47+06 |29+04 | 1.7+03 Depth [a.U.] Depth [a.U.]
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Moscatelli F. et al. HSTD14

RSD2 batch — NPLUS — TCAD Measurements

Proton irradiation

Neutron irradiation
,_,1O.o'ws-'Exp' S | I_I‘IO-.IW-S-iExp.
g | Oaz-iirg ¢, = 15107 cm? g | ?az-iin; ¢, = 451076 cm? ®
i - EX L - X
(_;2' 8 - O W6 -Simc_ =1.0-10"° cm® (_;' 8 - O W6 - Simc =3.2107'° cm®
— [ ® Wi4-Exp | ¢ wWi4-Exp
8 6 f Owi4-sime, = 0.6-10° cm? 8 6 | O Wi4-sime, -2.0-10"° cm?
- : - :
© - o S . @
12 » |
5 A C 5 41 .
O o O o | ® ®
% 2 I ® 8 2 ) g ® S @
0] _ o)) _
O I . . . I . . . I . . O L . . . . I . . . . I . . . . I
0 2 4 0 1 2 3
15 2 15 + 2
Fluence [10 ~ 1 MeV neq/cm ] Fluence [10 ™ 23 MeV p'/cm“]

I | uvw e



Moscatelli F. et al. HSTD14

cp donor removal coefficient values [10~'° cm?]
Location | Irradiation W3 W6 Wli4
RSDZ batCh — N PL T Neutron | 1.5+02 | 1.0+02 | 06+02 ntS
Proton 46+04 129+£04 | 1.7+£03
10— Neutronirra Pengia | LECN | 5706 | 79T 04 | 17403 | Proton imadiation
— + @ W3 - Exp —_— @ W3 -EXp
g O az . Eim ¢, =1.5107% cm? g | c-) xz i Eim ¢, =4.5107° cm? ®
I - Exp I - Exp
(_;2' 8 - O W6 -Simc_ =1.0-10"° cm® 9 8 - O W6 - Simc =3.2107'° cm®
— [ ® Wi4-Exp | ¢ wWi4-Exp
8 6} O wi4-sim Cy=0.610"° cm® 8 6 | O wi4-sim ¢, =2.0107"° cm?
C - - |
_Icg . @ -9 . @
(7p) [ ) .
COE o O G @ ®
®
e ! - L
0, | @ D @ @
) _ 7)) _
O I I I 0 L . . I . I . . I
0 2 4 0 1 2 3
15 2 15 - 2
Fluence [10 ~ 1 MeV neq/cm ] Fluence [10 ™ 23 MeV p'/cm“]
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Moscatelli F. et al. HSTD14

New DC-RSD1 batch — NPLUS — TCAD Measurements

RSD2 — NPLUS — JSI neutrons DCRSD1 — NPLUS — JSI neutrons

1.4— ; 14— ;
FW3 o =1.7-10"° cm® §W3 ¢ o =1.3-107"° e’
PW6 o =1.0-107"° cm® P W4 c = 0.8:107"° cm®
1.2} §Wl4 o = 0.7-107° cm®d 1.2} ‘.. § W15 c = 0.5:107'° cm®.
) o ..l T
= 1.0 . = ior T i
| N— | . | N— |
o | % o)
O — Q | ..
c 0.8Fr 07 el T c 0.8 I S T
g — 5 | 00
- . o = T
5 o T B . e
o) 0.6 e 7 e 0.6 o T 7
O o O e
[ o B i
.. ------------- «. 1 o . 0 T
2 04F e Tl .1 204t Tl .
co i — CD --------------------
® e
P
0.2 ® - 0.2 T
0.0 | 1 | 1 1 | 0.0 | 1 1 | 1 |
0 1 2 3 4 5 0 1 2 3 4 5
15 2 15 2
Fluence [10"™ 1 MeV n__/cm Fluence [10™" 1 MeV n__/cm
eq eq
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Cp extracted from NPLUS

Donor removal

Acceptor removal
i - =No Carbon Comp LGAD il
— =CHBL/CHBH (0.4, 2,3,5) ¥ AC-LGAD
A5 < - =CHBL/CHBH (0.8 - 1) § DC-RSD
10 " F "~ — -CBL/CBH (0.6 - 1) ’
C T~ - ¢ ¢ EXFLU1 PGAIN W5 .
-~ . $§ EXFLU1 PPLUS -
L ~ * -
Nl—l i - - — - l."'h. ' i
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S 2 Y S > ¥
o O we S o~ o
° = 1071 ¢ ~ ~ RN N B
- % . ~ ~ = ~ § i :
I O - SaUs s S : .
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Conclusion

Doping removal can be estimated via changes in sheet resistance under irradiation:

* For surface implants of opposite conductivity to the substrate: van der Pauw
measurements alone are sufficient;

* For deep and/or same conductivity type implants: simulation is required to interpret van
der Pauw measurements.

Preliminary analyses indicate:
« Correlation between C-V and van der Pauw extracted removal coefficients;
« A more pronounced donor removal than acceptor removal.

New analyses (EXFLU1, RSD2, DC-RSD1, NLGAD) aim to strengthen and validate these results.

Thank you for your attention!
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