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Motivation & Outline DRD3

Presentation of the DRD3 as a platform for collaborative R&D on semiconductor sensors for future experiments
A flashreview of where we are, what we do and where future R&D will likely go.

Outline:

Semiconductor detectors in particle physics
DRD3 Collaboration

LGAD and 3D (WG2)

CMOS (WG1)

Simulations and defect characterization (WG3,4)
WBG materials (WG6)

Facilities and techniques (WG5)
Interconnections (WG7)

Conclusions
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R&D Evolution DRD3

(Detectors and Experiments for the

Superconducting Super Collider, pg.
491, Snowmass 1984 Luminosity
Detector Element 10%°  10%Y  10%*? 10%% 30 -
25 __—(é:lvr.r:‘.e:rlol
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Electronics
Triggering Yes Yes Yes Hard ST -siswos |- Herdered _
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Data Acquisition Yes Yes Yes Hard - m—l |—Si Strips _
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Fig. 3. Silicon strip detector assembly used in NA11 experiment at CERN [14-16) t o é @zjﬂ‘@ 1@ I i mi t coul dpsdc eumrﬂalp timistic. o6 (

Report pg. 130, 1984)

1992-2001 20032023

RD2/RDA4& proved silicon detectors as solution for LHC  RD50 (silicon) and RD42 (diamond) solutionsf@rHL-LHC
(defect and device engineering were bay®©xygenated Si) (p-type, 3D detectors, Low Gain Avalanche detectors)
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Silicon detectors DRD3

Remarkablechallengeswere over comein the last decadefor the Coming after the accelerator upgradezogo
LHQupgrade!
P9 (ATLAS Phase-2 upgrade I 0 CMS Phase-2 upgrade )
A Radiationhardnessat levelsnot imagineddecadesago (few 1016 g wroa
n cnr?, tens of MGy)- 25x100, 50x50 nm? cells fo T
” ca i ? Z eried e e
A Not only the position but precise timing (=30 ps) should be &) ===
measuredfor the mip particles- EndcapTiming detectors for P N %ﬁ;; ,
ATLASNd CMS(4D tracking) %%&Mw ‘W%m } .
A Superbspatial resolutlon at low mass(ALICEI:TS) L e y
8T T T 3 ) ...also very close collaboration with LHCb!
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Semiconductodetectors ... DRD3

New Major Challengesor the future beyOnd 2030X. European Commission for Future Acceleratc

U FC@e/CEPCVertexdetectorswith low mass highresolution(Targetper layer Road map document on sensors
spatlalresolutlon of )Kg pm and X/W.OSCVO) https://cds.cern.ch/record/2784893/files/ECFA%20Detector%20R&D%20Roadmap. |

U FCehh/SppClow power and high radiation hardness(up to 8-10 ! n,,cn?).

2030- 2035- 2040-

o o <2030 035 2040 2005 20%
RGSO'VI n gn anypp h ItS | n a b U n Ch by U Itra'fast tl m | ng | n O (10 pS) DRDT3.1 Achieve full integration of sensing and microelectronics in monolithic =~ =g & -G ®
CMOS pixel sensors
. : . . . . . DRDT3.2 Develop solid state sensors with 4D-capabilities for tracking and —_— @ 0 D
lorimet
u F u I I I nteg ratl O n Wlth e | eCtrO n I CS ’m eC h an I CSSe rVI Ces DRDT3.3 Eitz:gzarzabilities of solid state sensors to operate at extreme — B
fluences
DRDT 3.4 Develop full 3D-interconnection technologies for solid state devices — g 5

U Largeareasensorsat low costfor calorimetry

in particle physics

’ 4T solenoid (10m free bore) + 2x 4T Fwd solenoids (no shielding) ‘

Muon sgteﬂ

Be beam-pipe @R=20+0.8mm

Euture
Circular | -
-2 Collider

Geneva

e

P
i
e

100 km

[ Etectromag. Calorimeter (PO/LAT) |
| ()Fwd + Central Tracker |

Hadr, Cal. Fwd (PO/LAY),
] https://cds.cern.ch/record/2842569/files/CER2022:002. pdf
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https://cds.cern.ch/record/2784893

pm

Evolution of Si particle sensors DRD?3

Remarkable success in HEP was enabled by the
significant advancements in chip industries.
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Huge growth of semiconductor particle detectors in various fielc
Detector area increased by one order of magnitude each

decade(1 m?A 10m?A 200m? A 600m?)

courtesy of F. Hartmann
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The DRD3 collaboration DRD3

A largeccollaboration on-semiconductor has:-beenformedrat CERNto .guide-and steerthe developments
semiconductoisensordievelopments imthe-next decad®43 Institutes currently involved with 700+ people
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Italy is at the forefront of the research
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Organizational structure DRD3

__________________________ Status of Collaboratiog timeline:
Te-. December 2024 DRD3 bodies

/" Collaborationboard ™~

12-2023 - provisional approval
01-2024 - formation of CB
03-2024 - election of SP
052024 - formation of WGWPs
06-2024 - approval (sci proposal)
06-2024 -first DRD3 week

Secretariat/administration

] i
‘\ CB Chair: G. Pellegrini (CNM) ,! /,.-"" DR03 management -
. Deputy: R. Arcidiacono (INFN-TO) .~ G. Kramberger (JSI) - SP

1

1

1

1

1

1

1

. i

R - M. Moll (CERN)-DSP |
, rd 1
y ) !
1

1

1

I

1

1

1

1

Resource coordinator /Budget
Holder (D. Muensterman, HRM/Lancaster)

---------- I. Gregor (DESY)-DSP Cross-DRD coordination

CPAD coordination

Steering committee:
DRD3 management + CB

Speakers committee

Chair + WG conveners R&D aCtiVities (U. Parzefall - Freiburg) 07_2024 _ Start Of SCIGI’]tIfIC meetlngS
e e 1— 1
’ ‘ and preparation of
WG 1 WG 2 WG 3 WG 4 WG 5 WG 6 WG7 WG 8 .
Convener(s) Convener(s) Convener(s) Convener(s) Convener(s) Convener(s) Convener(s) Convener(s) WP prOJeCtS
Monolithic silicon Hybrid silicon Radiation damage il Characterization Wide band-gap and Interconnections and ) o
technologies technologies & extremle f{luenc)es H. WIeTnL.l'oaefI?Dn:SY) techniques and innovative sensor device fabrication Dlsszr;lrr;:z;tclzn & 10-2024 - approval Of the DRD3 ru IeS
H. P CERN /A. Macchiolo (UZH loana Pintilie (NIMP . Mandurri iliti ial G. Calderini (LPNHE)
E. V;;ﬂ:%f;:(rpool)) M.v.gzzz:‘k:rL(Nll](HEF J. Schwandt (Uni. HH) NN::I?DTFH"O |_f:i7:m:ii) A. or:?n::ﬁ;m] D. Dannheim (CERN) C. Nellist (NIKHEF) 12-2024 - second DRD3 week
). Baudot (strasbourg) | |A. Tricoli (BNL) T8 B. Hiti (S) e R 01-2025 - finalization of WP projects
I’ 'l l c (adjustment to funding reality)
WP1 WP2 WP3 WP4 _ _fi ;
Leader(s) Leader(s) Leader(s) Leader(s) 02-2025 - first DRDC review
Monolithic Sensors for 4D- Sensors for \ 4
CMOS sensors tracking extreme 3D-integration&
fluences Interconnections
) )

Strategic/Targeted'R&D projects
Work Package (WP) = strategic R&D activity and is linked to Tasks in the roadmap document. It should pursue the goads.listed
0 WPs gather a subset of DRD3 institutions, are resource loaded with clear milestones and deliverables and (at legsupdedll
o WPs reviewed/approved by DRD3 and appended to MoU annex
2 2ta ¢gAff 0S &aKFLISR YR 2LIIAYATSR 048y SNHASE 6AGK &aAYAL L NI
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Objectives of the collaboration DRD3

We want masdess detector, with superb time and position resolution with high rate capability with no power
consumption and it must be very cheap, of course.
g

o ~ . .
& 5 & " The DRI3 collaborationhasthe dual purposeof pursuingthe
o & = . . . . .
Fgesd Foady ¥ s & realizationof the strategic developmentsoutlined in the ECFA
v 0 O 1 : : . . . .
SESFSSETsFSESES S road map and promoting blue-sky R&D in the field of solid-
oROT <2030 030205 0% 00005 52085 state detectors including the synergieswith other fields of
— suse PP °® X sciencewhere chargedparticle detectionis a keyingredient
Low X/X, 3134 @ @ .:.. :o ® :so:
Low power 3134 © "X ) ® 2000 o ®
Yt High rates 3134 N X ® o o0 00000
detector?) Large area wafers? 3134 ® ® & N X i)
Ultrafast timing® 32 ] 2] @
Radiation tolerance NIEL 33 @ :
Radiation tolerance TID 33 5] @ Nuclear
Position precision 3134 @ ( AN N K N NN ) i
Low XX, 3134 zz : 0 : N NN Physics MVD
Low power 3134 o0 9 00
. High rates 3134 [ (] oo '
" Large area wafers? 3134 Q ¢
Ultrafast timing® 52 uantum .
Radiation tolerance NIEL 33 ® 2 . SenS|ng R&D for FUS|0n
Radiation tolerance TID 33 [+) @
Position pracision 3134 futu re
Low X/X,, 3134 -
Low power 3134 [ N N N N N N | partICIe
o High rates 3134 .
Calorimetess Large area wafers? 5134 090000 =] phySICS
Ultrafast timing® 32 r y
Radiation tolerance NIEL 33 @ i‘g /
Radiation tolerance TID 33 @ i s
Position precision 3134 Space Medlcal "“
Low X/X, 3134 iImaging B Medipix
Low power 3134
. < High rates 1.34
et Large area wafers™ 3.134
Ultrafast timing® 32 (@) @ ) @ [}
Radiation tolerance NIEL 33
Radiation tolerance TID 33
.Mus( happen or main physics goals cannot be met @ Important to meet several physics goals Desirable to enhance physics reach @ R&D needs being met Radiotherapy
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DRD3

TIME RESOLUTION

I
noise jitter

POSITION RESOLUTION
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N

Y

time walk
orrectable for same shape by
(constant fraction disc. or ToA/ToT)

‘ .

~ Un-correctable time walk components: |
¢ U variation of ionization patterig Landau fluctuations

bt U variation of the drift pathg weighting field/distortion component

BINARY READ OUT ANALOG/DIGITAL READ OUT

% Q

strlps
X =
" a stripsQi Centre of gravity on
> any other calibrated
P X s P LookUp-Table
1 P/Z p2 , i p S_
2== 2 = — =_r
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Paths of present R&D DRD3

Monolithic devices
(allin one)¢ CMOS

Readout
_ ) . ASIC chip
Hybrid devices | © “i’"—‘i’ﬁ
55-180 nmprocesses ) e

[ g / \ : F; decor | The sensor
erfiy/“y;ﬁ&iirNﬂéNJdyzﬁéé T
Smallelectrode Largeelectrode [ Planar J [SD devices} ,
MAPS device device e
Large area l l \
passive _ _
e without W|thout devices [Wlth Gam} [ Trench J [ Column }
) : stri LGAD 3D 3D
qain o G Wlth galn (strip) ( B

v

Optimized for
rates/power/po
sition resolution

Optlmlzed for BN ideas

radhardtimin [ 1 recentresearch
J I  Proven/demonstrated
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Hybrid:silicon4echnologi
%@tﬁgwg_gmﬁz;es DRD3

& aGnb5 GNYOlAYy3IE 6S YSIY (0KS LINPOSAa -2830mapdsitighgnd y18 |
30 ps time resolutiorng simultaneously (many benefits in dense particle environment for tracking and PID)

Real 4D timing; goal for thefutute
(each point with 4D)

U much better/simpler pattern

recognition, ghost rate reduction
CMS ETL - ATLASHGTD i better and faster tracks/physics
reconstruction, better tracking

7 algorithms

U less CPU power ( improved cost anc
energy efficiency )
u effectively more luminosity

Track timing
(separate points for position and for time in making at ATLAS/CMS)

Disk 1

Disk 2, Face 2

++ + ++ /+’
+ + +_*
+ + /+,‘\-\‘\
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Hybrlﬂss’lhoametecmm;o)glr‘

F,

and 4D tracking(WG2) s = 5 =
gj ) & ¥ _— I ,¢/
g | " ° W oL, W)
. . =]
S-Jitter &= teoection) S ¢ - Landau fluctuations ; _
o 40 n) E :
a2 r saturated drift velocity in _ien b &, nF 100ps (GT)% * i .
E 35 all depth at close to RT Emg:igg K ‘5:1225 LGADs Ps(CT) ~10 pS IS
°E (~100 nm/ns) o F =
30— ENC=50 e = <<
E ENG=20 o W0 t " S W (aI most’?)
25 _ 0= at b . .
S~ pv=Grep(d)d sor 0 . Impossible
a | o (segmentation in Si planar
= T 3 : :
B LGADwWIthG=10 X “0r pitch/thickness) P
L WU so0b 80mMm LGADs technology
| S Wf_+50mn LGADs™
- T b, 735mm LGADs
50 100 150 200 tﬁii'llmess Dﬁ‘:r"’] 20 40 60 80 100 120 140 180thi1c8|?ne5250€u ol
Gt-'-_u‘
So far this requirements lead to two solutions for WG?2 research goals <2027
4D tracking: Description
A planar with gain_ | GAD detectors RG 2.1 | Reduction of pi)_(el'cell size for 3D sensors
A 3D detectors where drift time/rise time and RG 2.2 | 3D sensors for tining (50 x 50 jm, < 50 ps) I
signal size (thickness) are decoupled RG 2.3 | LGAD for 4D tracking < 10 pim, < 30 ps, wafer 6” and 8"
g P RG 2.4 | RSD for ToF (Large area, < 30 pm, < 30 ps)
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LGAL, silicon detectors withgain DR D3

high field region, peak field
depends on effective doping level

Typically 2665 mm thick with signals of 20fC (G~4

n++\ ‘ [

p bulk

Drift area with gai

7

p+ gain layer

Xg~0.5 = 2 pm lon,

Limitations for conventional LGADSs:
U Fill factor (large cell devices) due to JTE
U Radiation harness currently to ~3e15 cr

p++

E field Traditional Silicon detector Ultra fast Silicon detector E field active thickness ~ 50 um

E - 45
3 70— . p-
- ~e—HPK-P2-W33
= electrons &
= ) ~o—HPK-P2-W37
mf_ o :,f,, 0| —-HPK-P2-W43
wE- multiplied| =
: (&)
SDE h0|eS % 20
- 8 15
— o
[]=3 &
?“my o PIN~0.5 fC
R | P | L N 1 1 k3
05 05 1 15 2 25 0
t[ll] 40 60 80 100 120 140 160 180 200

bias voltage[V]
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fill factor [%]

Conventional LGADOgEimited by the fill factor to ~1 mrApixels

No-gain distance - IP
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o
o

w0
Lo

lllllllllllllll

lllllllllllllllllllllllllllllllllllllll[lllllllll

10 20 30 40 50 60 70 80 90 100
IP [um]

O]‘

direction

LGAD1

LGAD2

e
o
I

e
o
(R

charge (a. u.)

—
@
>
)
| —

0.5F
0.4F

0.3F

Collected chargea(u.)

0.2F

0.1

; Vbias: 100 VY

LGAD2

Ei
o] 50

100

150

G. KrambergefF-uture Perspectives on Solid State Detectors and DRD3 R&D Prograr8a&séid25

200

250 300 350
¥ (umj




=
S
G
N " £
AN
/ X A
’ > Y \‘
L S e

Dopant removal

®© 000 000

@ ¢ 0 &6 o
00 00.: @00
000 o¢% oo’
00 000 000

Genrichment of the gain layer (prevention of Boron removal
and by that the reduction of the field) FBK and IME have
mastered the processis there still room for improvement?
Compensated LGAQaise of compensated p+ silicon in gain
layer which if carefully tuned would not suffer from
reduction of negative space charge with irradiation (both P
and B are removed)

Introduction of different dopants (Ga1st attempt not
successful)

Thermal treatment >20@ reactivation of space charge

¢[le-16 cm2]

60

W
ATLAS-HGTD preliminary

'Yy

B T S

1E+15

reactor neutrons @, [ cm?)

Radiation hardness of LGADs DRD?A3

Reduction of the doping concentration of gain layer due to

irradiation reduces the gain. , .
W ; A @ Dogh

e HPK-P1T3.1

® HPK-P2-W25/28

e FBK-UFSD3.2-W19

m FBK-UFSD3.2-W7

e CNM-R12916

® NDLv3
IHEP-IMEV1-W1

e USTC-1.1-wi1l
IHEP-IMEV2-W7Q2

$ ustcv2.0

3E+15

acceptor removal constant
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LGADs and fill factor DRD3

Several technologies were proposed and are investigated to overcome fill factor problem:

ILGADc segment the side without M gy KR

multiplication no pstop, JTE at the bottom
(complex processing, radiation hardness,

hole collection ideal for high rate) = ' AGRSD rokes A

TFLGALX use SiQtrenches to

AC pads

" silicon

. p silicon holes sy T
|LGAD electrons p silicon electrons

isolate the pads, reducing the gap (a)
by an order of magnitude (C OC pads
enriched produced) w -m-i_
p silicon electrons Fowium electrons

DGRSD/ACRSD (ACGADse DGRSD holes THLGAD =bm holes
AC coupling bipolar signals: -
U superb spatial and time © N

resolution (up to ~5% of the

pitch) LGADs are the only planar technology
U rate limited, radiation hardness : .
Very promising D&RSD with Trench DILGAD good enough for prec.lse .tlmlng (<50ps

but excellent electronics is needed.

isolation ¢ restriction of charge _
flow (marriage of LGAD + CMOS looks

DILGAD promisingg DILGAD, MONOLITH)
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. LGAL recent DRD3

E t 1_ T Y - y v ¥ 11 §
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, 500 e T gua:d rmg B e Y06
RSBLGAD X : | ]
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I i e : e - " x10%n /em?withtrench |+ /o5
Isolation - ; . —o2 1. width parameter TW4
- " : » C ' 0.2
_II\_IRCEJSI’Itlg(l)Igs “ . " . Efficiency: 94.2 +1.0 % e
¥ : y 2 (stat only) g 0.1
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tInsl tlns] -2.5 24 23 22 -2.1 -2 —1 .9 -1.8 -1.7 1.6
70 ¢ x (mm)
Too | ° i 5% of the pitch is the position s e T e e )
- [ | . . . 3 i ! - | ¢t Dev 02186
S0t s resolution with calibrated Lookp-Table 5w | T
40 | U time resolution likely to be ~30 ps - o
£ 30 u o~ | left pixel right pixel . Velkovska
-3 I = - TREDI 2025
$20 [ ®Square 1000 " oo .= Irradiated TI-LGAD to 1.5 x ‘
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0 : . ‘ ' : ' i biased at 530 V
0 10 20 30 40 50 80 e R e
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3D detectors DRD3

3Dtechno|ogy agiming detectors:
U They have fill factor ~100% (inclined tracks) TrenCh 3D
(INFN¢ FBK)

U They are fast (small distance) and can be thick (LF less 3D silicon

important) detectors

U The radiation tolerance of small cell size devices is large
(for signal) and allows operation at higher bias voltages
shown up to ~1el7 crh _ IS R i

U Technology is already matufatest 3D detectors are done
in single sided processing!

S columns 3D trench

Weighting field (1/cm)
.2 000e+03
1.6670+03

1.333e+03
1.000e+03

| T
L4

wn coz

33330002
Omm

Electric field (V/cm)
.n 0000+05

wn Q) ¥ 0€C

83330404

' 66670404
: - -

33330404

l 1.667e+04
0.0000+00
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3D detectors recent DRD3

Front. Phys, 22 April 2024

C h al Ie n g es \S/ifun?‘f T??&'Zﬁfﬁ?fm?iﬁfgfggsg/fphy.zom.1393019
. . . .. % 50r
U the capacitance will be much larger (hence noise and the jitter) 5% g~ Notinadated
particularly for thick sensors with large signals (very narrow S F —m 1010°1MeVn, om?
columns/trenches> 100:1at IME ¢ noise and jitter 2 2510%1 Mevn, om?
. - . , o 35(
U scalability of the processing) y € £k
30
} . Trench 55x5%m?
U clustering issues for small cells s
U Both column and trench perform well as prototypes! 201~
b i 5 15;— e — 2
~Column 50x5®rm2 e
o] | % 5737-7b, unirr. g e T T (A] 5" 160 2140 120 =100 80 60 40" —\2‘/01 '[\[/]
c ankLo -4-- 5737-7, unirr. — t ad bia
g -3-- 5737-7b, 1el5 - S 1680 T4 %i ] % 1r % 10or
%SBL ‘:;{ “¥- 5737-7,5e15 '091,160:— *%TI : ] g "E 2 g ;
36 5 - PR = ¢« Irench 55x5%5m 2 o
w34 ¥ - 4 - 140~ e . 3 -
P —'F } i i 1 120 ¥}§%%%¥ % G { soE- oy ! I
30 YHY: N : ¥ a | :
28k = ol B S ]_‘ mo-; -4-- 5737-7b, unirr.  -#-- 5737-7b, 1lel5 - 2 \ -
sk © -3 5737-7,unir.  -%- 5737-7, 5el5 “E \ s
203060 B0 100 120 140 80%56 40 60 80" 100 120 140 #E —e— Notirradiated X } —e— Not irradiated
Voltage [V] Voltage [V] 60— \\ s0l—
555— —e— 1.010°°1 MeV n,g cm? $ i o 2510' 1 MeV n, cm?
(a) Tlme reSOIUtion (b) Sl nal 5OE.~£1(J‘ I |—-1120. ‘ \—1|00. I .-éol I I—(ISOA I l—tltol ’ ‘-zl>o' - 0 75‘ I (!.0 — é — 110‘ - ‘115 — l210 I

D . Bias voltage [V Angle [
a perge e erspe eS O 0]1[0 ate Detecto dllU DRU & FIOylraldass i


https://doi.org/10.3389/fphy.2024.1393019

3D with gairg, future? DRD3

§ 2l First observation of possible gain at high
W ey s . s+ s b L. | Dbias voltages ifrBK25x25mm?, with 4
/ o000} ‘ - - mm wide columns
g 6000
2 I
i: ‘Wﬂé +— 50 um x 50 pum
8 | p* support wafer
~ L = - 25 um x 25 um _ _ _ _
T | Devices with gain are possible

Rervverse Bias Woltage [V]

with narrow columns
allows use of small cell sizes ar
”VIECASy € [/ ah LINEP OSaa >dQGK FaLlsSod NI GA 2th|r2d"év|ces with much less

gl capacitance and dead area. Wit

- _—
30x30nm? cell being thin cluster reconstruction
4 mm column : is simpler.

100V, 1& cnr3

M 30x30mm2cell
1.2mMm column

L4
IDEAL DEVICES FOR TIMING

100V, 1&*cnrs

2 um

5 10 15 20 25 IME-S5500 3.0kV 0.3mm x1.50k SE

Simulation of 36gl<m]3®rm2 cell with 1.2mm column
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Monolithic silicon sensors ( WG1) DR D3

Aim is to advance the performance of monolithCMOS, combining sensing and readout elements,ftdure
tracking applications, tackling the challenges of:

very high spatial resolution; WG1 research goals <2027

h?gh datg r_ate; Description
high radiation tolerance; RGLI{ LI GAlt NB&a2fdzZiAZYyY X
low mass; r tion: towards 20 o fim -
covering large areas; RG 2.2 Timing resolution: towards 20 ps timing precisic
reducing power; RG 1.3 Readout architecturesowards 100 MHz/m?, 1

. 2 o . .
keeping an affordable cost; GHz/en4 with 3D stacked monolithic sensors, ar

on-chip reconfigurability

and ultimately combining these
requirements In one Sing|e sensor device RG 1.4 Radiation tolerancetowards 106 neq/cmz NIEL
Sensor ASIC. and 500M Rad

TCAD simulation g TCAD simulation

sl ieakaiai | il il RG 1.5 Lowcost largearea CMOS sensors

characterization

Program shared

e I I | DltabonTopdesin We will have several MPW and engineering runs in
between DRD3/ | J J

sodlses poichrel | Largescale demonstrators i 65-180 nm technologies (LF, Tower, AMI:2SCp

various technologies | selected/qualified technologies

MauriceGarciaScivereandNorbertWermes2018Rep Prog Phys81 066101
Pericl 2007, Nucl Instrum MethodsA 582876¢85

Case-by-case access Negotiated access framework,
. design flow, suppor
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taken from NWermes

WG1/WPX main challenges pDRD3

LARGE ELECTRODE DESIGWMALL ELECTRODE DESIGN Main challenges (from DRD3 point):

T o 5=, ENCinermal < 7% compensated by power (gy,) A availability of the active volume (680 eh/mm)
e o erge A epitaxial layer decreases with smaller node
electronics O ice processes (350 28 nm). Also, the later:

drift becomes even bigger problem for thin
p - substrate A few foundries are/will be open to use high

resistivity substrate wafer

A minimum information about the process
which allows for simulation of particle
detection in the devices.

A adaptation of the process

o ) A accessibility to the processedicensing

;r;;n;n%.iﬁg%zcj)lrt]tirc)?nnsonent T_iming:small jitter and large (process development kitsPDK)
distortion/landau component ~ 1né requwements of additional processmg (back sic

-~100 ps LINE OSaaAy3dovz ol O1 &A

o . ~ Q . ~ 4 . . .
Large electrode: C ~ 300 {F Small electrode: C ~ 3 I A costs increase rapidly with the smaller node
@ Strong drift field, short drift ® Low analogue power (MPW runs may not be available)
paths, large depletion depth @ Faster at given power A allocating the vendors that are open to our nee
o

@ Higher power, slower Difficult lateral depletion,

@ Threshold ~ 2000 ¢ process modifications for
radiation hardness

@ Threshold ~ 300e™
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Anexampleof advancesn the design DRD3
MALTA TowerJazAa80nm process)

W. Snoeys edl., Nucl Instrum Meth. A 871 (2017) 90. : iotivi
. Permoguer il 2023 JINST 18 P09D18 MALTACZz¢ high resistivity substrate

Gap in n- layer Extra-deep p-well
NMOS PMOS N T hane o - - along pixel boundary along pixel boundary
| PWELL | ml -PW?LL NWELL | Standard Fh e S o w— e - - —
| DEEP PWELL DEEP PWELL
(feW V) n- layer e n- layer

several tens oV

NWELL COLLECTION

NMOS PMOS .
s — ELECTRODE - = . Czochralski p-substrate Czochralski p-substrate
PWELL ] PWELL | NWELL | Modified
[OW DOSE N-TYPETVMPLANT Im plant Efficiency: 98.6 + 0.1 % @ 360 e Efficiency: 96.6 = 0.1 % @ 260 e’ 1x10" neq,zcmz_, Vsub=-50V, 260 e-

1

—

E 70 o E 70 S = T
| (lateral € 8 E 8
P EPITAXIAL LAYER ) S e 3 > 6o 3 : }
collection) s . 0555 os 3 1
2 gz I -

. . . . 4 o 2.

Figure 1. Improved pixel design with n-gap [8] & 09 £ o 49 & ’

30 30 06 W
NWELL COLLECTION 20 065 20

NMOS PMOS ELECTRODE

' PWELL . . 10
BAR ' ‘:@“@ Modified implant

0 10 20 30 40 50 60 70

10| 0.4

%10 20 30 40 50 60 70

..... c additional notcl Postion X [um] Postion X [um]
A good efficiency over the pixels even after 3e15%cm

10 20 30
track position X [u m]

_ A ToAdistribution shows differences in signal speed ~2 ns resoluti
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Future advances CMOS with gain DRD3

U CMOS sensor with gagcan the process be modified in the way that you create an internal gain structure
u faster rise time and better S/N- better timing

U better position resolution
U less power consumption

U Examples of different approaches to reach gain layer multiplication (small electrode design seems more suitable)

Cassia (DRD3 WP1 project) PicoAddSiGe130 nm (Urisenevg  ARCADIA LF110 nm (DRD 3.1/ I8IFNTO)

G. lacobucci, L. Paolozzi and P. Valerio. Multi-junction pico-avalanche detector;

European Patent EP3654376A1 Patent US2021280734A1, Nov 2018
NWELL COLLECTION
NMOS PMOS ELECTRODE
e T
‘ ’“Séépm"f{'“ ""B‘:‘ép‘w?e“ﬁ“‘ . \
LOW DOSE N-TYPE IMPLANT— N D e e . nwell pwell
G GAIN LAYER #/D \ i . . .
o T wa deep 13} ® W6 vback=-25v
different designs for gain layer pwell " W15
1nf
P EPITAXIAL LAYER g o Peak [V fe]
3 10 bain = FlectronicsgmV/e]
ues
.................................................. High Resistivity Si 9
A Uondiosay g lty gp Preliminary results ° L ]
3 £ L e ® |
J4 4 Fa P =~ % J4 A = ’lJm $% = 4.[] 45 5.0 5I5 Gh 65
ARSSL) 2dzyOluAZye U':bl‘iI'Gdj\aiB{)lar Em#plﬁe{rssql}léJst éo%aati%iégy i Back sid i Yo
. . U baCkK Side processin
i TJ180 conventional LGAD P 9

U CMOS for digital electronics (monolithic)
U Gainlayer removed from the surface allowing
very good spatial resolution without dead area

U Highfield grows from the back side
high drift field at the back.
U First results Gain-I3 ¢ more soon!
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Recent achievements DRD3

Standard Modified with Gap

’ = 1 $ e
* CE-65v2 (TPSco 65 nm) —— o casa " — | owama
Lo - " Mocess: Standard i e 1} ¢ | Process: Modfed wih Gap
-
%04 901 . = |
™ . . . - Vel ® Vs = 8 Te% s 3 Ve * Vit = 0 T=2%
* 15 pm pixel pitch T o
~ 80+ . ™ - A g = 100 A 01 | AC e s = 100 A
£ ’
= s % > s
* For ALICE ITS-3 i i
-
- gl < L PO tcrency ey VI Efcency
P . & 15 pm0v 0! 4 225 pm 10V
- 228 um 1V o 1S pmiov
g | . Bumav 3 4 22Sumav
| Mlm)'ﬂlb«:hw:vmm . + NRSumav | ALICE ITS3-WPJ beam test predminary o 1Sumev
% GCERN 7S Apd 2024, 120 Gavic Nacwors 0 BCERN-SP5 Apedl J02¢. 120 Gevie hamars: |
- _ Pictind on 86 Now 2024 ! | | ol Pommed 60 08 Now 2004 { 14
o »w 100 1% 200 2% 300 0 400 0 S0 100 150 200 %0 0 % 40
Seed Threshold (o) Seed Tivestold te )

Better efficiency for 10V than 4V Negligible impact of higher voltage

Standard Modified with Gap
* H2M (Hybrid-to-monolithic) (TPSco 65 nm) ” ~ :

* Efficiency 99.6% at a threshold of 144 e- (~50 noise) | AT | e ewe " - arte Towe
* Spatial resolution 10.1 um (expected from pitch)  apstresotition /5 pt—vt—ta| 2 e it M i |
) ) . 3 A = § Target resolution

* Thinning down to 21 pm without performance loss e ol e | e
ar z gA gui | +— -1.2V(140138-140156) 4.— 3.6 V (140187-140205) I | "‘.'(E’:s?;%?;ﬁ&mn e 4 MK;&*EEET&?&Qmu ‘ Lo

: RS . %TE e s W w0 W N e W e W e % W

g 4 K CERN SPS : 4

1 ! = L]

= b LY <2.5 pm and < 3.5 pm resolution for 15/22.5 pm pitch < 3.5 pum and < 5.5 pm resolution for 15/22.5 um pitch
T ma} ! BB’ £ \ at efficiencies > 99% at efficiencies > 99% 11
~ ok _H2M-4 e
- ikrum 21 w\'\.\".

200 400 600 800 1000 1200 1400
Threshold [electrons]
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Future advancesscalingup DRD3

U ChipChip transmission and serial powerifp(er&Space (i Large area strip sensors

U Reduced material budget
U Stacking up the wafersbetter electronics i Easier integration

U Potentially low cost and availability
U Largescalereticle stitching of thinned foldable MAPS

Monolithic CMOS Strip Sensors for large area detectors
(Dortmund, Freiburg, DESY, Bonn)
LFA150 nm Resistivity of wafer: >200@1 OY

Low dose design 30 s {20 Strips)

Low dogérﬂiﬁl'gn 55 prr}:(”&ﬂ ;',trips) —

Cylindrical
Structural Shell

Half Barrels /

Next step is implementation of the FEI4 like readout per st
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Simulations (WG4) DRD3

A Simulations are essential for planning, understanding the performance and designing of devices.
A Simulations WG will provide the tools that could be (easily) implemented to simulate any specific detector or measurel

GazyidasS /I NI GEANT4 TCAD

(predicting the performance of (understanding the sensors)
complex detector assemblies)

SynopsisSilvacaX

AllIPix2 / Garfield++ as the main tool
complement by other oneKDetSimWF2)

GOALS

GOALS : o :
A Implementationof improved semiconductormodels (e.0. A lIi’jleg/ee(ljc))plngamd verification of damagemodels (effective and defect

zg:rl)lg,i:)?E?\?\';gg;zeagls%r;,strapplngX) A Establish how to benchmark/evaluate the models against the
Adaptationof dynamic/adaptive E,E, measuredproperties(?mportar?t milestone)
Implementationof commonelectr(;nics/digitization A Improvingthe TCADwith new findings (WBSgxtremefluences)

A Developa flexible framework to simulate performanceof different

processegCMOS)

ure Perspectives on Solid State Detectors and DRD3 R&D PrograiSasl _ =~



Radiation damage characterization and sensor operati
extreme fluences (WG3) DR D3

AWG covers 3 main areas around radiation hardening (see below) f WGs: Nopsil - cod detect \
AWG closely related to all other WGs . NoRsllicon based detectors

A Material & devices to be studied and

o . N 4 - _ A understood as silicon in terms of radiation
WG4: Simulations WG3: Radiation Hardening damage in all areas (simulations,

Need for_ simulations in all areas material/sensor characterization, tool
on the material level development)

DShyunz ¢wlLaz bLI[Z 5C¢z Developments for extrem#uence
on the device & system level | I

TCAD, AP2, Signal & MC simulators, generic s
parameter simulations (e.g. Hamburg model)

A extrapolation to extremeluences
do models still deliver reliable results?

WG1 & WG2:

Silicon based detectors
A Radiation hardness evaluation of all
sensors with exposure to radiation
(existing and newly developed
sensors/sensor concepts)

A Developments for extreméluence
L J

\ J
4 )

WG5: Characterization techniques

Need for tools in all areas
on the material level
9t wX C¢LwX t[ZX 5[¢{=
on the device & system level
TCT,CV, IV, IBIC,t6s6 | Y& X X @
extrapolation to extremdluences
which tools still deliver reliable results?
N} RAFGA2Y T OAf 7\[37\)

Synergies with other

application areas in radiation fields
A Detectors for nuclear physics, space
I LILX AOF GA2y&as FdzaAazyd YS
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Other materialg non silicon WG6DRD3

Leakage current

Property Diamond GaN | 4H SiC Si Operation voltage bandgap

E, [eV] 5.5 339 | 326 1.12

Ebreakdcz)wn[V/Cm] 10’ 410 | 2216 | 310 breakdown — 4H-SiC

m [cm/Vs] 1800 1000 | 800 1450 threshold saturation | s Si

m, [cm?/Vs] 1200 30 115 450 velocity _

Veae [CM/S] 2.2:10 - 210 | 0.810 X — diamond

Z 6 31/7 14/6 14 _ speed

N 5.7 9.6 9.7 11.9 signal

e-h energy[eV] 13 8.9 7.68.4 3.6

Density [g/cm3] | 3515 .15 322 233 e-h pairs/ um thermal .

Displacem. [eV]| |_43 20 25 1 1320 1] by MIP conductivity — o pudoet

ChargeccollectiondoBiCand diamond:
:—# ' ' ' “RID42 | . ‘o 24 Ge\fl' proton . . .
— 3000 = . SiC 160 ) ® o 800MeV proton Particle Species «
.dJ L . 10 £ : Fast ﬁeu]:::;non E 24 Gev prOtOl'lS 1.0

Loy > 1000 L SEling 3 CoA * . Damage curve 800 MeV protons  1.67 £ 0.09
$ g A E . e ; f 70MeV protons  2.60 = 0.29
=Ry ® [ 110 0 ;é; 10° £ 1 Q"I 36 eh/mm - 25MeV protons 44 +1.2
1) O |[okemame " § =3 (0 <teickness) | fEiete 20
Sk D |~ - - A P : :
RS O 100+ " ; 3 \\_{ i -
Slod : B ] - T o~ 2
gy 2 : : f I, - diamond—-__ | Diamond: 20094(%;)0 egc,b 1% cmr
a5 O ot ' ' — " 500mm 0000 1 SiCfew 100 e @18 cnmr
mpEp 1E14 1E15 1E16 o 200mm. @

Fluence ( (1 Mve\-/')‘rjlc'm:z _

0 20 40

$24GeV peq (p/em?)

AlIU LT\ oL



https://www.researchgate.net/journal/IEEE-Transactions-on-Nuclear-Science-1558-1578?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
http://dx.doi.org/10.1109/TNS.2006.872202

Other materialg non silicon DRD3

Leakage current

Property Diamond | GaN | 4H SiC Si Operation voltage bandgap

E, [eV] 5.5 3.39 3.26 1.12

Ebreakdown[V/CM] 10’ 41¢F | 2216 | 310 breakdown w— 4H-SiC
mg[cmZ/Vs] 1800 1080 igg 1445500 threshold ‘k saturation | s Si

m, [cm*/Vs] 1200 3 velocit

Veae [CM/S] 2.2:10 - 210 | 0.810 ‘\‘”l X A— diamond
Z 6 31/7 14/6 14 N

Other semiconductor materiakse not more radiation hard in terms of charde
collection. Due to banebap, however, they have low leakage current.

Why are they still considered for high radiation environments?

A Device engineering 3D diamond sensors !
| A Gain deviceg SiCLGAD with possibly lower dopant removal!
7 P - diamdnd—-__ | Diamond: ~200@1000 e@1& cn
1E14 115 E16 ol500mm " SiCfew 100 e @16 cm

0 20 40 60 80

$24GeV peq (p/em?)  x

U L [ oL

(3):15

IEEE Transactions on Nuclear

Sciencé3

DOI:10.1109/TN

Fluence ( (1MeV) nen?')



https://www.researchgate.net/journal/IEEE-Transactions-on-Nuclear-Science-1558-1578?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
http://dx.doi.org/10.1109/TNS.2006.872202

DRD3

LBNL & NCSL

Quite different processing but wafers are available

A not the same implant depth as for Si)

A Apart from JTE anbeveled edge termination

A Doping levels of gain layer an order of magnitude hig}

than for silicon

Voltage [mV]

Voltage [mV]

~3 MVicm
" - - - - - : T ‘ 200 L— T T T T 1
Gain layer—4 ' ® ' : ]
ain laye 300: PIN(WS) @500V B LGAD(W3) ] [ --e- PIN(W5) ]
[ - ssefc #.oayss m-LGAW2) ——y H4
250F W LeAnwa) gl = 150; S LGADév‘/g)t..QQQQQQOOOQ 1
_ S I fit_gauss . 2 I .,' 4
'5 um| g ! W PIN(WS) - o " 15
§ . FE 0 e fgass = | Preliminary | _
E S i ' S 100 K | =
Q 150 g i 1L : - 15 ©
SHR Preliminary 1 & ; SR SR
v ; g 1 © ! panEm 4 ]
100F  ** 4035 1c 156 : ! J".
— i f LGADW2) @500V 359.7 fC (%)) 50 = |:> 1
R s0f :.: LGAD(W3) @500V s » ““NNM“&*“NO— 1
1 h: j 44 b i & )
. . . . . i " i Al
Note ¢ impact ionization is larger for holes T T - /{ !
- : O e R - Loy ]
than for electrons INSIC(p**-n*-n device) - == ° 200 400 600
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Signal integral [mv-ns]

Bias Voltage [V]




SIG Irradiated sensors DRD3

Similar results obtained for SICARroduction It seems that the irradiatioincreases the dopant concentration in gain layer!

Gain Factor vs radiation flux and voltage

60 =
e PINData 14
50 e LGAD Data LGAD_mean=708
| ——PINFiting ¥ ;
40 e LGAD Fitting
8 ol nirr. -
£30F 3
Lﬁ I PIN_me:n 245 LGAD L
20 ) i
L %) ’
10 N >
= 5 e é s
0 o L A
0 20 40 60 80 100 120 S 150V se11 35el3 lel4
% No radiation m”~2} 2
Collected Charge [fC] -z aadiation Flux U
-

10.1109/TNS.2024.3471863

bZ.4 IvieV protons

Gain increase with irradiations!

e
A 5%x10ng AA
Forward operation g B R s o o
nossiblec but stil - ~ m Charge multlpllc_:atlo_n alsc_> observed after operation in
lower CCE (not LGAD ®|  ™u | sue" forward bias in irradiatecsiCdetector (not LGADs).
Nose it Lots tto hheuunderstood; buteve yhencauragimgtfirstuiesults!
1 forward reverse

-1000 -500 0 500 1000
Bias Voltage [V]
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Diamonac 3D detectors DRD3

100 —

200

) [ Entries 1744288 |

Y [um]

3D diamond detector connected 150
to CMS pixel ASIC

O
(8]
Efficiency [%

100 90
Ti-W ROC electronics
bump pad < In colums 85
& UBM —= ,
.| bias
readout |~ ’ I column

column  Cr-Au bias contact

-

I G RTINS ST R G AT ST G
50 0 50 100 150 200
X [um]

* Novel 3D Structures:

SESQENEQESS SEsEEEEEEEEEES
Sense " .
. -
] - :

3D electrodes made with laser
(graphitization when focused light
pulls through the diamond slow)

—
o End

Twisted structure would improve
timing performance and reduce the
impact of thepCVDgrains.

AFE N NN NN NN RN R RN R RN RN,
-

Bias 4
h
B

.

.

.

.

.

s o

.

.

-n

Side View Top View
Twisted Structure

G. Krambergef-uture Perspectives on Solid State Detectors and DRD3 R&D Prograr8a&seé025



DRD3

A Development/improvement/diffusion ofethods and techniques for characterizing sensgifsose

F2NJ RSTFSOUa &aLISOGNRAO2LIE 5[¢{Z¢c{/ 3 -DOWNHXF & oS
A Joint research activities for thdelivery of common infrastructures for sensor testifgommon

aSya2NJ NBIFI RSNARSX 2A34aF (Saild FAEGdIz2NBaAIZXO
A Promoting theuse of unique characterization facilities.

I\\’

A WG lines of actions:

Irradiation facilities (e.g. JSl reactor)  Test beam activities (CERN/DESY)fs high intensity laser facilities
G9[ L tN)3IdzSE {DLYO
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