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Defining the Challenge

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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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.

Donor removal = change in sheet resistance - could impact charge sharing and

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

Compensated LGADs — Not irradiated
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Wafer# | Thickness | p+ dose n+ dose C dose ‘QE“, 3l
6 30 2a 1 g
7 30 2b 1 O 2
8 30 2b 1 S 1
9 30 2¢ 1 8 o
10 30 3a 2 Depth [a.u.]
11 30 3b 2
12 30 3b 2 Compensated LGADs — ¢ =1 0’6 neqcm'2
13 30 3b 2 1.0 — 6 ,
= —Boron x5
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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.

Compensated LGAD — W15 5-4
SIMS vs Process Simulation
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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. .

3—2+C compensated LGAD from W13 irradiated to 2.5-10%> n,,/cm?
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Defining the Challenge

Donor removal is now becoming very interesting a
fuRgtioning of resistive LGADs gd compensatg

dlays a crucial role in the
ADs.

ansateg

New batch of compensated LGADs
In design... stay tuned!
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Defining the Challenge, Designing the Approach

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, > 101> atoms/cm?3)

Van der Pauw test structures
A clean environment (a dedicated test structure for each implant under study) to investigate donor
removal by examining the change in sheet resistance with irradiation.

RSD2 batch NPLUS test structures (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.

Compensated LGADs
EXFLU1 batch samples offer an opportunity to study donor removal to further initial donor
concentrations than those of the previously mentioned samples 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 (Do acceptor and donor removals behave identically together or alone?).
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Van der Pauw test structure

MEASUREMENT SETUP

/ / STEP1 Apply a known

/ current I,

STEP2 Measure the
voltage difference V34

STEP3 Calculate the
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Van der Pauw test structure

MEASUREMENT SETUP SIMULATION SETUP
\ Synopsys® Sentaurus Technology CAD (TCAD) enriched with
N the New University of Perugia radiation damage model
o STEP1 Apply a known FAST METHOD
current I, .
/ Analytical and only for pdayers on a n-substrate or
STEP?2 Measure the n-ayers on p-substrates

voltage difference V34

d = |
STEP3 Calculate the Rsh = [fo q[n(x)i, (%) + p(x) “p(x)]dx]
sheet resistance as

COMPLETE METHOD =

Full 3D TCAD simulation-based and
applicable for any layer on
any substrate
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RSD2 batch — NPLUS

A. Fondacci et al.
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1.0
Wafer n., Sub |Carbon N[;’ — Dose PGAIN _Met. v vV W14 emv nirradiated
ose Thickness _ _
. : e s W6 OOV pirradiated
1 Si-Si 55um N 0.25 2.4 thick Ty “~~'.~~§~ o 0 W3 T= +20°C
2 Si-Si 55um N 0.25 2.4 normal a VAN ‘v- ~~~~~ =
3 Si-Si 55um| N 0.25 2.45 normal % v Tt y——
4 Si-Si 55um| N 0.25 2.5 normal P . T re
5 Si-Si55um| N 0.5 2.5 normal c R o S 4
6 epi 45 um N 0.5 2.5 normal 48 i
7  si-Si5sum| N 0.5 2.45 normal E ol ®e
8 epid5um| N 0.5 2.4 normal o .
9 epi 45 um N 0.5 2.4 normal g O"ﬂ..@ B o
10 | epi45um| Y (1) 0.5 2.4 normal < 05 T N I i &®
11 epi 45 um N 1 2.4 normal N I R O
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 0.0 0.0 1.0 20 35 50
15 Si-Si 55um N 1 2.35 normal partide fluence (]_015 Cm_z)
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RSD2 batch — Ni

Wafer n.| Sub |Carbon NI;’(I)_SLLS Dose PGAIN Thilc\:n:rtl;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
5 Si-Si 55um N 0.5 2.5 normal
= 6 epi 45 um N 0.5 2.5 normal
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 epidS5Sum | 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
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cp donor removal coefficient values [107'° cm?]

!

Location | Irradiation W3 W6 W14
KIT Neutron 1.5+02 |1 1.0+02 | 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
v vV W14 emv nirradiated
s ~—— W6 OOV pirradiated
. 0.8- S S S ® 0 W3 T=+20°C
@ V. s o~ a
= .". v ~~~~~
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NPLUS profiles before irradiation

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

Doping concentration [a.u.]

\Y“T’”

Depth [a.u.]
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New University of Perugia radiation damage model

Doping analytical parameterisation

—— W3 — Not irradiated
—— W3 — ¢ = 1.0-10*> 1 MeV ng/cm?
—— W3 — ¢ = 2.0-10** 1 MeV ny/cm?
— —— W3 — ¢ = 3.5:10'° 1 MeV ney/cm?
= —— W3 — ¢ = 5.010"° 1 MeV ney/cm?
©
e
cC —
O 2
© 3
fa = 4
(IC) o
c
O 8 &
- ()
O =
O o
\ 4 =
=X Q
£ o
o =
©)
8 5
Depth [a.u.]
¢p donor removal coefficient values [107'° cm?]
Donor remova I / Location | Irradiafi W3 W6 W14
KIT Neutron 1502 | 1.0+02 | 0.6+0.2
Npgr(®) = Np g (0) - e~c0'¢® Proton | 46+ 04 | 29404 | 1.7+0.3
Perusia Neutron 1602 | 1.0+02 | 0.7+0.1
& Proton | 47+0.6 | 2904 | 1.7+0.3

Acceptor creation

N 4 uir (Pp0) =
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N 4 Buik(0) + g - Pyo ¢n0 < 310151 MeV neq/cm2
4.17-103 - Ind,p — 1.41-10%°  $,0 >3- 10° 1 MeV neq/cm?

D0 [1 MeV neq/cmz] = + [23 MeV p+/cm2] https://www.etp.kit.edu/english/1669.php
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New University of Perugia radiation damage model

[=]; 853
Doping analytical parameterisation Traps in the bandgap g'w.:.,f

"zfé:‘
DR
—— W3 — Not irradiated
—— W3 — ¢ = 1.0-10*> 1 MeV ng/cm?
—— W3 — ¢ = 2.0-10** 1 MeV ny/cm?
—_ —— W3 — ¢ = 3.5-10 1 MeV ny/cm? Surface damage (+QOX) >
= —— W3 — ¢ = 5.0:10° 1 MeV n.,/cm? g
© Type Energy (eV) Band width Conc. o)
< = (eV) (cm??) <
o 2 O
'(4% g Acceptor EC ET Ec -0.56 0.56 DIT = Dn’(q)) 8
S 2 4 <
o S Donor | E,<E;<E+0.6 0.60 Dr = Dr(®)
O 8 5
- o
8 =
(@)
o M a
a 5—"? Bulk d
3 5 s ulk damage
- A fozer haw |
0-23 €V 10.42 eV Type Energy n o,
3 vy 0d6ev) (eV)  (ecm?) (cm?)
@\l
— Donor Eo=() 2 0.006 2.3x1014 2.3%x101
Depth [a.u.] = e £
L
7 Acceptor | E.-0.42 1.6 1x10% 1x1014

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

Donor removal / Location | Irradiafi W3 W6 W14
Neutron ||1.540.2 | 1.0£02 | 0.6 0.2 v

Npgr(®) = Np(0) - e~0'9 KIT | Proton | 46404 | 29204 | 17203 B Acceptor | E.-0.46 0.9 7x10%4 7%x1013

Neutron 1.6+£02 | 1.0+£0.2 | 0.7+0.1

Perugia

Proton 47+06 | 29+04 | 1.7+£0.3

Acceptor creation

. . 15 2
N 4 putic (Do) = NA,Bulk(O) +gc Py ¢po < 3-107 1 MeV neq/cm D0 [1 MeV neq/sz] =2 ¢p+ [23 MeV p+/cm2] https://www.etp.kit.edu/english/1669.php
SHER T 4.17-103 - Ind,p — 1.41-10%°  $,0 >3- 10° 1 MeV neq/cm? | f
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~

RSD2 NPLUS W3 — Neutron “& Proton

—— \W3 — Not irradiated —— \W3 — Not irradiated
—— W3 — ¢ = 1.0-10'° 1 MeV n.y/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 neq/cm?

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

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

Donor removal
Wlth (Dp+

Donor removal
with @,

Acceptor creation
with @0 A

Acceptor creation
with @0 A

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

¢p donor removal coefficient values [10~1° cm?] c¢p donor removal coefficient values [10~'° cm?]
Location | Irradiation | W3 W6 w14 Location | Irradiation W3 W6 w14
KIT Neutron lwi 021]11.0+£02 | 06+0.2 KIT Neutron 1.5+02 | 1.0+£02 | 0.6+0.2
Proton 46+04 |129+04 | 1.7+£0.3 Proton [4—.6]i 04 129+04 | 1.7+0.3
Berigia Neutron 1.6+02 [ 1.0+£0.2 | 0.7+0.1 Perugia Neutron 1.6+£02 | 1.0+02 | 0.7+0.1
Proton 47+06 | 29+04 | 1.7+0.3

Proton | 47+06 | 29+04 | 1.7+03 Depth [a.U.] Depth [a.U.]
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RSD2 batch — NPLUS — TCAD +~— Measurements

. Ne_utrgn i_rrac_/iati_on | _Prptc_)n _irradi_atilon_
- @ W3 - Exp

O W3-Simc = 1.5.1071% cm?
. B W6 - Exp

- O W6-Simcy = 1.0-107'° cm?
4 W14 - Exp

| O W14-Sim ¢ =0.6-107° cm?

—
o
—
o

- OI W3 - Exp

O W3- Simc, =4510"° cm?
- m W6 - Exp

- O W6 - Sim ¢ = 3.2:107'° cm®
¢ W14-Exp

L O W14 - Sim ¢ =2.0107° cm?

@
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N
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N
N
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Sheet resistance [k()/sq]
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0 > A 0 : > 3
Fluence [10° 1 MeV n__/om? Fluence [10'° 23 MeV p*/cm?]mg

A. Fondacci et al. VERTEX 2025: 33rd International Workshop on Vertex Detectors




cp donor removal coefficient values [10~'° cm?]

RSD2 batch = e tss0z rmsoz roszoz fle@surements

Proton 46+04 | 29+04 | 1.7+£0.3
Neutron 1.6+02 | 1.0+0.2 | 0.7+0.1

10 ————Neutron irrg Perugia | pyon | 47406 | 29404 | 17+03 [FProton irradiation
— - @ W3 - Exp : —_— - @ W3- EXp
g | C.)\\;VVZEIE ¢, =1.5107"% om? ' g | (.)x:;r; ¢, =4.5107'% om? ®
C_\C:'l S -OWG-Sim Cp = 1.0-107'° cm? (_;' 8 -OWG-Sim CD=3.2-10'16cm2
— ¢ W14-Exp — & W14 - Exp
8 B} OWwi4-sime,=0610"" cm® 8 6} O Wi4-sime,=2010"" cm®
- - C -
S ® S | .
2, [ 2 '
o 4] . . o 4 ® ®
Ll ! @ R Ll ! @
o ' ® @ @ — ' @
© 2[5 @ © ® & 2re © ® ®
N N |
O ] . . . " . . . 1 . . O I TR TR
0 2 4 0 1 2 3
15 2 15 + 2
Fluence [10 ~ 1 MeV neq/cm ] Fluence [10 ™ 23 MeV p'/cm ]
o ;y;&
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EXFLU1 batch -
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EXFLU1 batch - PGAIN

. m V3
Rsn = 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 yremoval . _
4+ 45 1.06 1.0 1.0 CBL Not irradiated
5 30 1.02 1.0 CBL 14 2
16 0.80 1.0 CHBL 8 ' 0 X 10 1 Mev neq/Cm
17 0.86 1.0 CBL 15 2
18 15 0.84 1.0 CBL 1.5x10°> 1 MeV neq/cm

——2.5%10%5 1 MeV neg/cm?

A. Fondacci et al.

Doping concentration [a.u

Acceptor removal

ca[cm?]

3E-15

Acceptor Removal Coefficient

Acceptor removal

NO Carbon A
-f T-2 . / CHBL / CHBH (0.4, 2, 3, 5)

3E-16 E; :f;:. ,f’: - / CHBL / CHBH (0.8 - 1)
; Tihw s ‘:// CBL / CBH (0.6 - 1)

3E-17 |

3E-18

-
Sy
Se
.‘\ .\.
>
I~
-

L 114

Initial acceptor density [a.u.]

uoiesa.d J103daddy

Depth [a.u.]
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EXFLU1 batch — PGAIN — TCAD <~ Measurements

16 | |
Filled circles = Measurements with error bar

15F Blank circles = Simulations % -
fe
(/p)
a 14 7
=,
3 13} _
c
©
1
= 12 F _
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©
3 11 7
L
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10+ -

@
9 | | |
8 15 25

Fluence [1014 1 MeV neq/cmz]
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EXFLU1 batch — Compensated LGADs

ca[cm?]
/
1l
/
/
//
/1!
y]
11,
[0 !
//'
N
/ -,

* X %
* *
* *
* *

* 5 *
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Acceptor Removal Coefficient

3E-15 ¢

NO Carbon
CHBL / CHBH (0.4, 2, 3, 5)

~~_ o
[ T-e_ /

16 ey 2o 0T / CHBL / CHBH (0.8 - 1)
3 F CERE :“/‘/;\/(CBL / CBH (0.6 - 1)

3E-17
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Wafer# | Thickness | p+ dose n+ dose C dose

6 30 1

7 30 1

8 30 1

9 30 1

10 30 3a 2

11 30 3b 2

12 30 3b 2

13 30 3b 2 1.0
14 30 3c 2

15 T T T

[a<b<c]&[2c < 33]

Doping concentration [a.u.]

Acceptor
removal

P

—Boron ~ TCAD Gaussian fit
- Boron ~ SIMS

—Phosphorus ~ TCAD Gaussian fit
* Phosphorus ~ SIMS

o omm o0® O

> _<3.Donor removal - Change ¢, until experimental C-Vs are reproduced!

7, o0 o

o KT
 {

o ®@meoe
(X ]

wo oo @ @ o NI wmeewm

3E-18

Initial acceptor density [a.u.]
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Depth [a.u.]
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EXFLU1 batch — Compensated LGADs I8l =

Funded by European Research Council
the European Union |  established by the European Commission
Wafer # | Thickness | p+ dose n+ dose C dose E‘{%‘%@&
12 30 3b 2 e iy,
R
13 30 3b 2 1.0 Ofene
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By exploiting the experimental acceptor removal coefficient By exploiting the extracted ¢, (6.50-10°16 cm2) and the experimental
Ca = 2.50-1016 cm?2, agreement with C-V measurements is achieved Ch = 8.26 * 10-17 cm2 for the carbonated gain implant, a good
using a donor removal coefficient ¢, = 6.50-10-16 cm2. agreement between measurements and simulations was achieved.
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Preliminary cy at high initial donor concentrations
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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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