4D tracking - sensors
without internal gain - 3D
and intrinsic limitation
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many thanks or all the input from the authors of preparatory talks — marvellous overview of what is ahead
and also those who filled my knowledge gaps: A. Lai, F. Hartmann, S. Mazza, C. De La Taille, G. Pellegrini...
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» Although TF3 is on “semiconductor” detectors the silicon only will be discussed:
» For many years radiation hardness of the Silicon was questioned, but there are prospects that silicon detectors can be used well above >10% cm2 possibly >1017 cm

» The progress in other materials is fast and large, but for timing detectors high drift velocities are key. In terms of saturated drift velocities (v,,v,,~100 um/ns) developments
only diamond can match the silicon (A. ox talk)

» Silicon is the far best studied and still not fully understood see (M. MikuZ — extreme fluence , J. Schwandt talks - simulations)

» The nature has been “kind” and the projected damage from measurements at lower fluences is not so severe

»The talk will concentrate to detectors. The time resolution is governed by geometry of the detectors and key factors determining achievable time
resolution are applicable also for any other semiconductor material .

»The capabilities will be discussed in the light of the particle physics and mip detection
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4D tracking e s

Benefits of more distant future full 4D tracking (each hit has precise 4D stamp):

»much better/simpler patternr nition, ghost rate r tion . :
uch better/simpler pattern recognition, ghost rate reductio Facilities/experiments mainly

» better and faster tracks/physics reconstruction, better tracking algorithms expressing the interests:

»less CPU power ( improved cost and energy efficiency ) » Beam monitors

» Future HL/HE/Hadron colliders also
Near future: timing layer(s) — assigning the time stamp to the track ee machines and rare decay

experiments

» effectively more luminosity

»Smaller spatial, but very good timing resolution (different technologies, harder integration)

» Tracking
P i » Calorimetry
++ + ++ +
+ + o & 5 > Outside HEP:
v > Medical imaging
+ + N

» Therapy beam monitoring

much easier tracking with “time compatible” points only
4D means going from now few ns (tens ns) to few tens ps — 2-3 orders of magnitude better, while retaining the superb spatial resolution
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Needs on time scale ~¥10y "ot s

2022 2023 2024 2025 2026 2027
(FIHAIM LA KINITE) FIERAH ) | 1A MDY P JIFMAMI] ] 1A I J{F I #4111 AS 1 FAM [ A o Post LS3 LH C (@eq>1016 Cm-z)
fittt THT | »LHC-B Velo Il upgrade (>LS4)
»1=1.5-103* cm=2s (7.5x occ.) , max fluence 5-101® cm with

2028 | 2029 | 2030 | 2031 | 2032 | 2033 | 2034 | 2035 | 2036 huge fluence spread over the sensor -> desired full 4D
TFHAR RS ENE anJiJrJls] HTFAMI[I AEIGND RSN nﬁ:llalﬂlsH o JTFMAM ) [T RSO D FMAM ) ASIOND 1 AT REG traCking
I ..M iﬂ%ul ] »~55 um pitch, <50 ps/hit resolution (ongoing optimization)
Fixed targets »CMS (LS >4,5)
»NA61 Shine (beam monitor — measurement of each beam particle; p to Pb) >tp}‘(\)5?clbr|e a;:ldd:"golr;g?ﬁ):llxoegf]{gas Wr;g] bgg(;] |:)SI’)ECISI0n timing in

(40 ps, 250 um position resolution) etorwa 8 Hm- P
Rare decays »ATLAS (LS >4,5)
> NA62 (high intensity Kaon program at SPS) » replacement of LGAPS in the mn(j:'r rings of HFSTD |

> GigaTracker upgrade (20-40 ps, ~few 100x100 um?2), 2-10%3 p on target/3s spill, » replacement of the inner-most pixel layers with possible

extremely good efficiency required timing information <50ps

Linear e-e machines

» Tracking: ~5 ns timing, but extremely low mass and position resolution
( few um)

» Forward Calorimetry: optional/beyond baseline (required GaAs/Si) to
reduce the timing <1ns
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Needs on time scale 20+ years (post LHC)™ =

: Q 10%E PU__~1000, 0®"=75mm: S
FCC-hh —Tracking A - i o T o o B
. . ) i_') 103; p:=1GeV/c,5t=25ps _g _‘é 'g
»very challenging requirements by today’s standards almost a E| ——— P ~1GeVie, 3t-5ps £Eeg
impossible for r<30 cm: [ SIEEEER p,=5GeV/c, no timing 2o 5
2= Q2 e p,=10GeV/c, no timing ; 5856¢
. . BT = 5 34 Sy iminal . 5 S
»radiation hardness up to 108 cm2, 300 MGy ;é ] & Gemen 2;12231212222",,5" é 3 S8
. . 10 IR SRR R e e i B cottiURPNBERREN | 8 8 E
»timing of tracks ~10 ps, 10 GHz/cm? L -IE’ 3 g
> cell sizes of 25x50/25x25 pum? TE o 2z E—"
!“ ........ I .6_ % g- q>,)
»>surface inner tracker 15 m? 1o 2R 2
: : : - | SEBE
FCC-hh — 5D Calorimetry (imaging calo + timing) [ T 2 : 4 E8Ex
»Similar timing requirement as for tracking in terms of timing 1000 i - : n
. proton/kaon
8 kaon/pion
100 piDI'b"ElBCtl"Dﬁ

FCC—ee

pion/muon

£
(o]
]
»as PID competing with Time of Flight RICH detectors - over g
distance 2m few ps to tens ps (large area, no extreme position =
resolution required) g
©

a

E

» Calorimetry ( optional )

momentum [Ge
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Time resolution

T , -peaking time 2 2 2 2
E D > 9ge =9  TOw *OrDC
> slew rate :
time res.
dVv/dt n0|se
jltter
time walk TD
— 9n ~ 9n_"p
Oj = |d_V ~ 15 5y ey (i AV SR _ threshold
p
a;
noise jitter
reference tlme time walk t
< uncorrectable due to different induced current
time over arrival (ToA) shapes (“Landau time walk” or/and “hit position”)

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

» o; -jitter — fast rise time and high signal/noise (related to ASIC)

» O1pc — vey good granularity a challenge for ASIC

2— 2 2 2
Otw _wa * Glf *

oy -time walk component includes 6, 6,0
° 0q - fluctuations in amount of deposited charge —> correctable with ToA-ToT or CFD (not trivial)

wf/ Oun— Weighting/electric field contribution (distortion component/un-perfection) ->depends on hit position in segmented devices

° oy - Landau fluctuations in shape of the signal -> depends on hit position (segmented devices)

G. KRAMBERGER, ECFA DETECTOR R&D ROADMAP SYMPOSIUM - TF3, CERN
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Limits for planar sensors
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*NA62, NIM A958 (2020) 162127
**ATLAS HGTD TDR

Planar sensors: NA62 giga-tracker (200 um, p-n, TDCPix, 300x300 um?)*: 5;~80 ps, o,,/~ 80 ps, g~ 100 ps : 5;~140 ps
This represents roughly the limits achievable with conventional planar detectors of that thickness.

O;- Jitter (T,= teollection) G- Landau fluctuations
T 40 %
‘EL - saturated drift velocity in ENC=150 2 100 100 ps (GT)* o i
RN ?lll%%pg:na}:]gose RT  ENco100e * 9f LGADs 10 ps is
30F- ENC=50 e sf- 0;<< Oy p
250 e 70E- a{ca * O ( ) GWf N .(aImOSF.)
~_ Swev=G pen(d)d wo 67 Tt Ompy _ ™ impossible
208 i (segmentation in Si planar
a T = . .
"E LGADWithG=10 g~ —P_ a0k pitch/thickness) P
T — S/N wE 80 pm LGADs technology
e o 50 pm LGADs**
- T - *35um LGADs
S0 w0 w0 W0 20 T TR TR T

thickness [um] thickness [um]

LGADs (planar sensors with gain) seem to be ideal solution to reach superb resolution for large pixels/pads
» large capacitance (noise) can be offset by gain -> good S/N (with discrete electronics 80-100)

» o0,~0

» Inter-pad no gain region is not critical (IP/cell size ~ 0)

Main LGAD limitations:

» Radiation hardness
(currently ®,,<3-10*cm?)

» Fill factor for small pixels
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Depleted MAPS - planar "® s

Depleted MAPS/HVCMOS offer an alternative to hybrid sensors as timing detectors — aiming for better S/N

T X g£ , ENCihermal X kgTC Compensated by power (gm) (there are several talks on D-MAPS and CMOS D-L. Pohl, W. Snoeys, P. Ried/er)
charge o o cnarge
signal CMOS signal CMOS

electronics

e The limits set for the planar detector are still valid:

\_ electronics

s CACTUS D-MAPS (Y. Degerlia et al. JINST 15 (2020) PO6011)
= \,

= Pl p - substrate p - substrate

$ LFoundry-150 nm, high resistivity substrate

§ @ Large electrode: C =~ 300 fF Small electrode: C ~ 3{F thickness=100 um-> ~7500 e for m.i.p.

T e Strong drift field, short drift Low analogue power simulated channel noise ENC~ 300 e

T,~1ns->06;~ 50 ps
c,:~0 (pixel of 1x1 mm?)
o~50 ps

paths, large depletion depth Faster at given power

@ Higher power, slower Difficult lateral depletion,
o Threshold ~ 2000 c— process modifications for
radiation hardness

@ Threshold ~ 300e™

* *

G, - small, o; o- large Gy - large, o; o) - small

G,~70 ps ->also aimed by the designers (60 ps)
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3D technology as timing detectors: g - 1E optimum: A
_ o £ e[ > capacitance

»They have fill factor ~100% (inclined tracks) S _[ > “saddle” regions
> o . 72 - (saturationcan not 50%50 um?. 1E

The radiation tolerance of small cell size § «be achieved) SDI:J: :
devices is large (for signal) and allows operation at £ aop @ L

20 5
higher bias voltages (next slide) : /
1°j Le=35 um
10I I I2‘0I - ‘SIO‘ - I4‘(1I - ISIOI - I(illlI - 'TIOI - IBll)I - I9|0r I I‘Illlt] W
square cell size dimension [um]

But/Ho r:

ut/Howeve Planarsensor 3D sensor
»3D can be fast — © short drift distance, but ®saddle regions in the field d=L d<<lL

S. Parker et al, Nucl.Instrum.Meth.A 395 (1997) 328-343

»the weighting field — hit position - will impact the signal ®
»they can be thicker as Landau fluctuations play a minor role — -__- -
»the capacitance will be much larger (hence noise and the jitter) particularly for thick ‘ ?

sensors |

*‘ *cn,,.c,.(u wi)

» Lower operation voltages than for planar detectors (LGAD) and possibly lower current

(I.6a0=G"lgen) result in smaller power dissipation

23/04/2021 G. KRAMBERGER, ECFA DETECTOR R&D ROADMAP SYMPOSIUM - TF3, CERN
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Radiation hardness of 3D dESlgﬂ ( 1016 CIII'Z) )
3D CNM, 50x50 pm? 1E, d=230 um, 0°, 10ToT@20ke’ 3D CNM, 50x50 um? 1E, d=230 um, 1.0 ke", 0° tilt Irradiated strip sensors
la' 10 TTT ' T 1T E TT I T 17T I T 1T | TTT T I TT ; L 1 TTT | TT I: >‘ N 25
c JiLange et al 2018 J/NST 13 P09009 - o - -
ITo) =] Emtoert Sumtuutes - RS R RSt ot St s orntie ] S 098G ® g RS 1 L
= o E S i -
H -] = RSP S OOUSRPUUOY SOOPRURORT IR JUOE. - -3t NSO NP/ CUBSSUPTIOS SUTSPSRIY SOSPORURRE SO —] — -
o o " 3 L 3 2 20—
Y i N £ E = r
> o X : ] ] ] o
o 6: — ‘ E : : . 2 L
= s [®] = 10" n,gfem? = o (0] - 1 015‘ n, qlc:mz -] g L
5¢ - T 0= O, W3-E E 0.9 _/ Lange et Ji)f; —e— ®= 0, W3-E 3 B 15~
- —&— &= 5, W3-C1, KIT1 . C H »= 5, W3-C1 K|T1: - -~
4t e E ~..al2018.. . LTS, A 8 [ 30 cell size; fuence [n_jcm']
g ®= 5W5-C2,KIT1 0.88— prefegfe  —a— =10, W4-E, KITZ] = L - "
Y Sl 50xB0 ML AE  —— ©=10, Wa-E, KIT2 NoAnn_ L v @=10 Wa-C1. PS1 8 10 —8— 50x50_5e15
o 50 um i _ 7 : T FERT T - B
S e I e v ©=14,W4-C1,PS1 & I e ere
- § —_— d>:1o, W4-C1, PS1 E “m- ®=22, W3-C1, PS3] = i —.—ixﬁﬂ_LS&r‘lE
it T e emworse | 7 0025, WA-C1, PS3 ] [ oo ses
T TR AT E I mat wotint Wt O : S e veamwacn, ped S I
0 20 40 60 80 100 120 140 160 180 200 220 0.8 I Y/ DU DU FUE D S e b b b |y | T 25x100_2.0016
Voltage [V] By ""36 720 60 80 100 120 140 160 80 200 220 50 100 150 200 250 300
Voltage [V] Voltage[V]

Good charge collection after large fluences - detection efficiency equal to the non-irradiated one after (I)eq“‘3x1016 cm2. The main
reasons for encouraging performance (that also agrees with present understanding of radiation damage) are:

»short collection time and saturation of effective trapping times with fluence -> less trapping than expected

»small depletion depth and saturation of radiation induced space charge -> ability to deplete and establish high field in whole
volume

» possible generation current saturation (difficult interpretation of the device)
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Operation of 3D sensors at ~10 cm™
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Simulation with known damage parameters
- 50x50 pm?3, 1E

50 pm

50 um

L =35 pm
200 V, -20°C, 0°
N_=1.5- 101 cm3

E 70002
e o
= 45
>
a0 6000 =
>
35 5000

4000

3000

2000

1000

0 5 10 15 20 25 30 35 40 45 50
x [um]

? =10 cm™?

Teffe = Teff,n = 100 ps

£T0Z ‘AUSH T T “4ab1aquiniy o

Measurements of 3D - Strip sensors irradiated to

FCC-hh fluences using TCT/Alibava/CCE setups

Charge [e]

Eﬂﬂﬂ' =T r T~ r T+t &1+ T°1

50004 m 1el¥ Q: ZI;E;V- (DE' -
|| ® 3e17

40001 open markers o .

agoo- Simulation o |
' @)

2000 ® |
1 ]

1000 w !

0

M. Manna et al., NIMA 979 (2020) 164458.
M. Manna et al., 35t RD50 workshop,2019
I. Mandic et al., JISNT (2021) P11018

0 25 50 75 100 125 150 175 200 225 250
Voltage [V]

Signals around few 1000 e !
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»Simulation and measurements
are roughly compatible

» |t seems that for 3D sensors the
radiation damage at ®,>10"" cm™
is not an obvious show stopper,
not for silicon, but maybe
new/novel materials may offer
better performance on the
timescale of >20 years.

What are the limits of 3D as
a timing detector from the
detector point of view
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3D — for timing detectors R

There are two approaches taken so far:

» Column 3D detectors (different patterns) >

»Trench 3D detectors

( web.infn.it/timespot/ )
y \
55 pm

150 pm

Biasing electrode
®*) Collecting electrode

3(m)

23/04/2021

S columns

3D trench

Weighting field (1/cm)
§12.0000+403
1.667e+03
1.3330+03
' 1.0000+03
6.6670402

3.333e+02
0.000e+00

Electric field (V/cm)
. 1.000e+05
83330404

66670404

-

il=qEy,-v

_)

4 WS

- o =

TCAD simulation .\ - ’. e =l ';::.":

Trying to achieve constant E, and velocity — minimum o — figure of merit is the distribution
of the collection time dependence on the hit position (o).

5.000e+04

This can be seen as two pad detectors in back-to-back, rotated for 90° and stacked together
-> the optimum design and should lead to the minimum achievable ¢, for a given cell size

The price to pay:
» smaller fill factor which limits the cell size — hence efficiency and the position resolution

» significantly larger capacitance (optimization o; Vs G,,; With power constrain is the key)
» more complicated production — yield issues, scalability, ....

G. KRAMBERGER, ECFA DETECTOR R&D ROADMAP SYMPOSIUM - TF3, CERN
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T 50w 50x50 ym?, 1E
13 Sio,
2 e 52 on;
- 8um %
5 p+ e, p+
Lg=35 pm R h+
20um E
Aluminum
HY | g1w
20
H
3 80
CSA T=1.5 nS o 70
>
:i 5 10 15 20 25 30 35 40 ismmslo CFD=25%
S - .
S g8 E
N5 1600
< = H tcolh
™ H - Entri 400
a 14007 60— M:::: ) 3.236e-10
§ 1200: - Std Dev 9.577e-11
= 50—
= 1000 - Std Dev™~96 ps %
40—
g 800 - =
5 e wE
3 S 200V
Q -
£ 400 nE
52 200 E 10 :— -ZOOC
d E' E | | | | | | | | x1l]4
00—* utll U.1H IIII.'..’“HlII.:! 04 IHl:l.5” IIII.BI‘I‘lll.i'lll‘lII.BH”lII.9HH1
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collection time [ns]

G. KRAMBERGER, ECFA DETECTOR R&D ROADMAP SYMPOSIUM - TF3, CERN

10 20 30 40 50 60 70 80 90 100

X position [um]

Low field regions (saddle)
between ohmic columns
worsen the timing
resolution (spread in ToA)
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Column 3D - Measurements and simulations* *
S = T = 300 _
s & 140 e Sim. T=-20°C Z [ 13 psfor 4 um wide columns v Measured device (CNM)
-~ - E -_ :
% & 120 ° o sim. T=27°C o 200 Y V=30V e &
= : C e V. =50V A
N 100F— m Meas. T=27°C 200 0 v::=1oov .
< - ¢ O C
S 80— ] - v
= 3 0 150/ _200
= - L 50x50 pum? n 20°¢ O
S " o = - v .
by o ° 100_—
S - u - .
§ - * - 50— Y : = :
S #C 285 um, track inclination 0° - v i e i
5’2 0-111llllllllllllllilllllli][l]l[ _|I|:||||n||||r||||||||||||||||n|||||||||n| 0,1006 mm
o ] 20 40 60 80 100 120 140 160 0302050 0 70 80 90 100

V... V] cell size [um]
Single square cell readout o, at -20°C and 100V timing 106 90cy /106
8 &> wr measurements - Sr/*Ru
" 25x25 pm ->"13 ps TZ (Si/Ge) amp - 4700
® 50X50 ]J.m '> ~32 pS "N A collimator

25mm | E'Lﬁmm

for multiple cell connected together and inclined tracks I e ’ s oge o
even better time resolution can be achieved R T oo \-““‘g"‘ .

v W * .
» around 20-25 ps for 50x50 um? cell
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Column 3D - Measurements post-irradiations ™ ™™

60
0, (ps )y

23/04/2021

a_wf(ps)

50
45
40
35
30
25
20
15
10

%

:

100 V
285 um

i

+20° 100V osp (ps) | 0; (ps) | owf (Ps)
not irradiated 5312 367 38+4
8eld MeV ng,/cm? 3742 2343 29+2
2.3e15 MeV ng,/cm? | 4442 26£5 29+3
-20° 100V o3p (ps) | o (ps) | owf (Ps)
not irradiated 37+2 23+3 28+5
8el4 MeV ne,/cm? || 3442 23+3 | 34%2
2.3e15 MeV n.,/cm? | 3542 2344 2743

0.00E+00 1.00E+15 2.00E+15 3.00E+15 4.00E+15 5.00E+15 6.00E+15

8

w
[3))

8

50

!

'

$

m20°C ¢-20°C  Fluence (1Mev n /cm®)
eq

2.3e15 cm??

285 um

100
B-20°C ¢ +20°C

150

200 250

and also o;.

» At high bias voltages the charge multiplication
(radiation induced — not by design) can lead to
improvement due to charge multiplication?

350

»No impact of irradiation on performance G,

1Z0z‘doysyiom OINIYHL ;9T ‘10 13 duowis ag ‘d
020z ‘doysyiom 0say /€ ‘10 13 duowis ag ‘d
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Trench - 3D detectors

* 55x55 um? pixels

. . AL 16th
. 150 pm active tthkness ampis, 16" TRENTO workshop, 2021

M. Garau, 16t TRENTO workshop, 2021

* Collection electrode 135 um deep web.infn.it/timespot/

Bump contacts -

i

B En ;;_jffshymt

;
4
.
-
!
1
A\

)

9y

= |

=3
pixel-strips

";z'«;.;v:«i' . Resistivity
0% > X "x *\ ) -
wmnm(bbomm.d) )

%2 L l
LS 340, WUTRE: BT, W TRE 345 WTRE 2L0 WS $43 WY 3 L A5G &N

W3-

SEM HV: 10.0 kV WD: 11.59 mm | VEGAS3 TESCAN

View field: 176 pm Det: SE 50 pm
5 2 SEM MAG: 1.57 kx  Date(m/dly): 10/28/18 FBK Micro-nano Facllity
18x18 pixel matrix
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Trench - 3D detectors

[
- |
d |3
150 pm @ 30 : z 250"
e r —=— beam test LAB r
. 28_ —=— beam test PSI L
B i 200 -
26_ [
- 150
2] & F
Biasing electrode - + u
®) Collecting electrode B [} 100¢
3™ 22 ,_}. L
sensor sensor N : + + :
/ uf
% 100 200 300 400 500 600 700 800 900 1000
Time [ps]
1 1 1 I 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
195 20 40 60 80 100 120 140 160
bias (V)

The time resolution was found to be dominated by FE electronics c; ~18 ps
The o, (intrinsic time resolution) of was found to be ~14-15 ps with accurate analysis ~10 ps.
The tails in distribution due to low field regions in the space between the pads.

The reduction cell size may not improve the time resolution o, as the c,; may not be the limiting
factor to the total time resolution.

23/04/2021 G. KRAMBERGER, ECFA DETECTOR R&D ROADMAP SYMPOSIUM - TF3, CERN
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A. Lampis, 16t TRENTO workshop, 2021
M. Garau, 16" TRENTO workshop, 2021

around 15 ps
better time
resolution than for
similar cell size
with 3D-columns.




Drawbacks of 3D (Capacitance and fill factor)
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[y
w
=1

Coluimin 3D 10 i column width™

: : Trench 3D
P!anar plxel : :

100

Column 3D

0.3

I a
1 >1 pF/mm?2.

U.E; ........ ............... ........................................................ .................

E RO b—e i .................. .................. .................. ........................................................................... E 1—--."_‘;';';‘;';';;';;.-;;-.;;;;.--.--.--.--.--.--‘ ......................
3 Thickness 135 um PO SIS Pt W NSNS IOV T
= = = : | S
3 5
B 200t — I— — — T IO— — £ ............... -
a . Trench 3D - 10 um trench thickness : = pe
Q : o . ! : : o : : - P O O /U OTO UUUTUTUOOPUTUOT- SUVPURUTTU DO NP NS
= [\ . (junction electrode as wide as the cell) S
) g

Q

&

0.5 ................ — ..... 1D;,Lmtrenchth|ckness ..................

04 S -3 um tr enchthickness i

........ e 54 Gy columm widith
020 D75 M column width

&:m

rpendicular tracks -

H : Biasing electrode y
: : : ®) Collecting electrode
: : : 3()

cell dimension [um]

»Much larger capacitance of the trench design wrt. to column and
planar (ASIC is crucial)

» At small cell sizes needed for superior timing resolution the fill
factor can become a major issue:

» For column like the direction of the inclined tracks is not very important not fully efficient for

i ---------------- JllllIllllllllllllllllllll
25 40 | 60 80 100 120 140 160 180 200 25 4 %0 80 00 1 A enain A

cell dimension [ium]

fully efficient at

» For trench detectors the direction of tracks is crucial (detector design all @ at 620 020

should be tailored to the application)
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3D detectors — electronics readout

Trans-Impedance-Amplifier with

shunt-shunt feedback (FB-TIA). A) CSA-TIA, when the amplifier peaking time 7>> ¢,
; It can be demonstrated(®that in this case :
DD

Ot 3(1 vt,,,z(uao) — Limited by sensor
, 3 %= T3¢, %tc ¥ 3 QinRyGo

B) Fast-TIA, when the amplifier peaking time 7= ¢,

1ty ﬂ It can be demonstrated () that in this case
| .
1 o i 1 ’ 5t e The price to pay for speed and better
Iyit) cp L — thr th tc . . . .
1 ' ' Ot = JzoRm " time resolution is power consumption.

taken from A. Lai, INFN - Cagliari

Simplified schematic of the FB-TIA
amplificationstage  Ccyrrently the performance

(ALTIROC, ETLROC, TimePix4, Fast2): 0; = FOM-Cy/Qeq i i e

0 = 20 ps 4fC/2fc~40 ps . 28 nm TIMESPOT1 F

FOM ~ 20-40 ps fC/pF at power consumption ~few mW/mm?

It is likely that new developments in electronics (fast SiGe BiCMOS, %3 g
28 nm -> CMOS) are going to be needed to exploit the sensor , 5
capabilities with peaking/rise times of ~1 ns. e SDSGich °

e
400 600 80.0 1000 1200 140.0 1600 180.0 200.C
CS [fF) —
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Outlook for the future — ¢,=10 ps goal

»Small cell size 25x25 um? /25x50 um? required for position resolution and high rates would allow also hit time
resolutions close to 10-15 ps.

» the column width reduction ~10 um to <5 um (reduction of capacitance, improvement of S/N, reduction of the jitter/power and
increase of fill factor) —in the future column widths as low as ~1-2 um may be possible allowing possible multi-cell configurations.

» improved aspect ratio of Deep Reactive lon Etching (DRIE) is crucial -> current aspect ratio of 25 should be improved, particularly
for thicker detectors that may be required to improve the signal required in severe radiation hard environment - larger clusters
become the problem.

» The choice of design (Trench/Column) will be a matter of optimization o, vs. o; vs. fill factor and there is no clear answer to which
is better (it depends on application)

»New ideas will be important and may become possible and/or mature over the years:

» “Marriage” of LGADs and 3D (either by trench filling, careful substrate selection with small interelectrode distance allowing charge
multiplication without special processing of gain layer)

» “Marriage” of CMOS and 3D.

» The scalability is a question for the producers:
» single sided processing is a major step forward, the next is move to >=8" wafers, where thicker wafers are required

» Yield improvement , robustness of the designs are key

» Operation conditions: cooling down as low as possible improves the performance in all respects not only power
dissipation/leakage current, but also in speed and possible charge multiplication
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Conclusions

The 3D design developments can lead to sensor solution for 4D tracking where ultimate radiation tolerance accompanied with small
pixel size is required. The challenges ahead are very large, but there is no a clear show stopper.

Appropriate ASIC development is likely more challenging in terms of radiation hardness, power consumption connectivity and required
functionality per pixel (not to mention cost).

Connectivity of sensors is something that is very important/challenging, but the progress is very rapid (ACF, 3D Wafer-Wafer bonding).
see AIDAINNOVA 2021 kick-off meeting
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