The moNOLIT project:
towards picosecond timing with monolithic silicon

Giuseppe lacobucci — Université de Geneve
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Our recipe for
picosecond timing
with silicon:

PicoAD®:

SiGe BiCMOS Picosecond
Avalanche

Detector
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The monNOwLl

Funded by the H2020 ERC Advanced grant 884447,
July 2020 - June 2025

Today | will show the results obtained with:

1. the 2022 prototype WITHOUT GAIN LAYER with improved SiGe electronics,

and the effects of proton irradiation up to 1x1016 1MeV neq/cm?
= PicoAD version back from foundry in October

2. the , produced on SiGe electronics of 2020 prototype

All ASICs were produced in the 130nm SiGe BiICMOS SG13G2 process by @ m
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MONOLITH prototype 2
2022

200ps 50ps

* 1 mm2 pixel » 30 pixels 500x500um2  « Hexagonal pixels * Hexagonal pixels 100um pitch
« Discriminator  « 100ps TDC +l/O logic 100pm and 200um pitch ~ * 30ps TDC + I/O logic
« Discriminator output * 4 analog channels

Matrix of 12x12 hexagonal pixels
100um pitch

Improved electronics

50um epitaxial layer (350Qcm)

evolution of 2020 prototype
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® Same matrix configuration as prototype1, but
» Substrate: 50Qcm — 350Qcm epilayer, 50um thick on low-res (1QQcm)

= smaller pixel capacitance

= depletion 23um — 50um
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= |arger voltage plateau
= can operate sensor with Vdrist saturated everywhere

!
\_ .
w—————r b '
' B
" ~ S
1044 - % ad A4 { ;A I'
PRI 1]t .
o WL
) - o
: 'S BIBE ..
PN Y ,.:-.. : > ;"; | \"
e - - - B 4 Y .
] 4 3
- 1L
P LB

> Preamp and driver voltage decoupled
= was limiting optimal amplifier operation
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= was creating cross-talk, removed

» Optimised FE layout, differential output, high-frequency cables
= petter rise time (600ps — 300ps)
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300

Counts

250

95Fe measurements Iin cleanroom:

Risetime (20%-80%) = 350 ps

Entries 4773 |

x2/ndf  37.61/22

Constant 266.2 + 5.4

200 Mean 346.5+ 1.1 |
Sigma  56.79 + 1.13
150 ..................................................................................................................................................
100 ...............................................................................................................................................
Fe source
E E POIenSIty =27 chm
50 - ........ .................. .................. ] H VZOOV ..................
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800
Rise Time (20-80%) [ps]

Counts

ENC =100 e-

35(); s SO SRS SUURE SO Entries 4773 |
300 f_ ....... + ........................ w2 / ndf 146.2 /34 |
E Constant 323.2 + 6.1
] e S .
- Mean  99.76 = 0.19
200 :_ ............................................................................................. Sigma 1aaoil
150:_ ................................................................................................... e e ..............
1005 55Fe source |
- s POIenSIty —:2 / W/cm
BOE- ¥ HY= 2oov ______________
_I ] ] | ] ] ] | ] ] ] | ] 1 1 | ] 1 1
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Mid October SPS testbeam with 120 GeV/c 11 to measure and

plane 5

plane 3 Telescope

plane O

plane 2

UNIGE FE-14 telescope to provide spatial information (ox, =10 pm)
Two MCPs (o; = 5 ps) to provide the timing reference

Lots of data taken: results in JINST 18 (2023) P03047 q
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Large efficiency plateau at
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Y JINST 18 (2023) P03047 ’ : .
T Pdens,ty:— 2.7 W/cm HV 200 v e
- Q EfflClency i ' ' : §
- CERN SPS Testbeam 120 GeV/c plons _ 102
- P Noise Hit Rate. : ' '
| . Laboratory Measurements
| e S S e e
. _._ . Noise H|t Rate Sensmwty L|m|t

l 1 | [ I | l l l 1 |

16

18 20

Threshold [o, ]

~ 99.8%,

that allows operation at very low noise-hit rate

Giuseppe lacobucci — Université de Geneve
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o° MONOLITH prototype (2022) - no gain layer s MONOLITH prototype (2022) - no gain layer s MONOLITH prototype (2022) - no gain layer

X x10 x10
8 2 I I L I L I L | L I L | L | L I L I I 8 :I L | L | ol I I | L I L I L I L | L | L I: 8 L I L I L | L I L | L | L | L I L | L l_
'g ~—  CERN SPS Testbeam with 120 GeV/c pions ] g 1 8l CERN SPS Testbeam with 120 GeV/c pions - *E ~  CERN SPS Testbeam with 120 GeV/c pions
n 18E B =27 Wiem? HV =200 V 4 9 E p, . =27 Wiem? HV =200V 1 W B p =27 Wiem? HV =200 V -
1.6~ — Gaussian fit: x2/N__=42.8/24 ] 1.6~ — Gaussian fit: x2/N_ =23.8/24 ~ - — Gaussian fit: x2/N__=4.4/7 -
- _ ] - _ i S _ —
14l O, ron=21.0+0.2 [ps] E 1.4 Oaton =21.3+0.2 [ps] - - Oy =6.1+0.1 [ps] -
E Tails: 2.9% E ~ Tails: 2.4% - - Tails: 0.7% rf j
1.2F (DUT-MCPO0)1  1.2f '\ (DUT-MCP1) 4 (MCPO-MCP1) =
- 1 - - N i ! i
n +ATOA=21 .0 ps 1 AToA=21.3 ps i t AToA=6.1 ps
- - - - 3 -
0.6 - 0.6 - 2f- -
0.4 - 0.4 — i [ | ;
L A — — A — 1 _— _—
- + - = . | _
0.2]- 5 * - 0.2 F KW - i [\ )
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.1-0.08-0.06-0.04-0.02 0 0.02 0.04 0.06 0.08 0.1 -0.1-0.08-0.06-0.04-0.02 0 0.02 0.04 0.06 0.08 0.1 -0.1-0.08-0.06-0.04-0.02 0 0.02 0.04 0.06 0.08 0.1

TOAOAO,corrected-TOAMCPO,corrected [nS] Tc)AOAO,corrected-TOAMCP1,corrected [nS] Tc)AMCP1,corrected.TOAMCPO,corrected [ns]

* Simultaneous fit to extract time resolutions of the DUT, MCPO, MCP1:

Fit results: MCPO ot = (3.6 + 1.5) ps or = (20.7 £ 0.3) ps
MCP1 or=(5.0+1.1) ps
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MONOLITH prototype (2022) - no gain Iayer

g 80_ ' ' RN B R - DUT operated at HV =200V and Vy, = 7oy
? 70 C N\ JINST 18, (2023) P03047 : P gensity [W/cm?] Amplitude MPV [mV] | Time Resolution [ps]
O N T T RBBN ARG ot i
E : . CERN SPS Testbeam 120 GeV/c pions - 27 48.6 + 0.5 207 + 0.3
3 60| V=70, "'V 200V - 0.9 35.8 + 0.5 23.8+ 0.3
o I - 0.36 22.6 + 0.4 30.1+0.4
= S0 E 0.13 142 +0.3 472+ 0.7
40 - E 0.04 16.2 + 0.3 77.1 +0.9
301 —
oot LU b T E 20 ps at 2.7 W/cm?
105 : 50 ps at 0.1 W/cm?
O__é | 1 1 |1|_1 | _1 R | - WithOut gain Iayer.
3x10 10 2x10 1 2 3
denS|ty [W/ sz]
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Plateau of 100V with
time resolution of

~ 20 ps

Without gain layer

Results obtained with
simple analysis and
simple signal processing

MONOLITH prototype (2022) - galn layer

g 30 I I L I L | L | T T 1 I L | L | | | | T l‘l I
P JINST 18 (2023) P03047 |
O i il
5 25 ~
O - _
% _ \ a _
E o0 —l N
£ L ]
|_ - _
151 ~
10 =
i ‘CERN SPS Testbeam: 120 GeV/c plons i
i Vth—70 Pden3|y_27W/cm -
O B | | L1 1 | L1 | L1 1 | L1 1 I L1 | L1 1 | L1 1 | L1 1 | | |

100 120 140 160 180 200 220 240 260
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prototype2 (2022) — no gain layer

Time resolution measurements

MONOLITH prototype (2022) - no gain layer

> ] 1
. = . CERN SPS Testb -
Remark S Teemeer :
;g 80~ Pensity = 2.7 W/em? -
| | | | S [ Hv=200V -
20.7 ps obtained with very simple analysis: < o[ -
* Linear interpolation of oscilloscope samplings (25ps) i i
. Time Of Arrival (TOA): time at Vinreshoid = 70y oL

* Avoa distributions are time-walk corrected 20| _
7\, - o Vihreshold ] Z
Vol i

O e e A R
40 45 50 55 60

Time [ns]

More complex analysis (spline interpolation, filtering, ...) reaches 17.7 ps

Giuseppe lacobucci — Université de Geneve IPRD23, 29 September 2023 Siena MDNDL 14
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Laser measurements

with the 2022 prototype2 without gain




Measurement with a laser with a jitter of 100 fs
(repetition frequency = 80 MHz)

. QQO /-:‘ l\‘..

e

, G

- . ¥
é Intensity
- Regulator
' w2

Giuseppe lacobucci — Université de Geneve

IPRD23, 29 September 2023 Siena

i

Laser Measurement

Many thanks to

L. Bonacina’s lab of GAP UNIGE

Amplitude [mV]

LASER Sync Out
MONOLITH Prototype (2022)

V Vo ov v v v 1\

50 60 70 80 90
Time [ns]

Time coincidence between two of our samples:

= “Reference” receiving always large laser
pulse producing 17k electrons (ot = 2.5 ps)

= “DUT” receiving variable laser power, to
study the performance vs. amplitude

MONOLIT 16



Laser Measurement (preliminary)

MONOLITH prototype (2022) - no gain layer

3 i | | Entries
= - Underflow
LL] 1000 _.. . ......... Overﬂow
- | x®/ndf 33.42/23
21010 R ......... Constant 1107 = 13.7
i : 5 Mean 2.3226405 = 0.0
i Sigma '3.589 } 0.026

270 1] S—— ..................................... ~

| . | | | i
237.18 237.2
<T0Aref> 1 signals ) <T0Aref> next 1 signals [pS]

Our prototype “Reference”:

Time resolution = 2.5 ps
with 17k e~ (5—6 mips)

Giuseppe lacobucci — Université de Geneve

: 3.6
- \/5
200 ___, ...................................................

x10°

Time Resolution [ps]

IPRD23, 29 September 2023 Siena

,,,, s
Laser Measurement
MONOLITH prototype (2022) - no gain layer
80 : | 1 | | I | | | I I | I 1 | I I | l:
70 }.+ ............................................................. ___E
- —=— Power =27 W/cm?
60 :_ ............................................................. _:
— * —=— Power, . =09 W/cm?
50 :_ ...................................... s _:
- —=— Power density = 0.36 W/cm® 2
40 :_ ................................ ...................................... ...................... _:
: i= Our prototype “DUT”: -
- {, with max 11k e~ (=4 mips) -
20 ;_ .......................... I=,= ...................................... ...................... __E
H : ' . ig § : : _
10 e SRR ..."'lll|.| ...................... ...................... —
ETlmeResqut|i0n=3ps - "innaaangg, -

| | | | | | | | I | | | | I |
% 50 100 150

Amplitude [mV]

MONDOL
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Laser Measurement (preliminary) L.

T e W R L

Laser Measurement
MONOLITH prototype (2022) - no gain layer
e~ 45 | | | | | | | | | | |
n — | | _
= sof Foemsty =27 W/em® —=— CERN SPS Testbeam -
- .
'% - HV =200V —e— | aser Measurements =
% > 3 \/02 Testb O L =
— t, Testbeam t, Laser —
s 30 ¢ -
E ;
— [ -@= + * —
u * s @ :
LA T TLITE o L S
= | “t" ..-":’--;r"i'"&”*nmi||“‘I” : -
151 Tl -
= + T o, =
:_ L ® _
10 — *ee oo, -
[ -0~ _
5 e RS 0= _e- -@= _
O : | ] ] | ] ] ] ] | ] ] | ] :
50 100 150
Giuseppe lacobucci — Université de Geneve AmplltUde [mV] 18
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Radiation hardness studies

with the 2022 prototype2 without gain

Total of 40 analog pixels studied



Radiation hardness of SiGe HBTs ¢ @ ¢

Radiation tolerance studies in collaboration with KEK and IHP colleagues.
3 samples of prototype2 ASIC were |rrad|ated |n Japan up to 1><1O16 neq/cmZ.

DPNC473- O3A
TEST BOARD FOR
MONOLITH CHIP 0  , ‘

|b|as
mrtE R1S © GND

Giuseppe lacobucci — Université de Geneve IPRD23, 29 September 2023 Siena MDNDLIT



Radiation hardness of SiGe HBTs

Radiation tolerance studies in collaboration with KEK and IHP colleagues.
8 samples of prototype2 ASIC were irradiated in Japan up to 1x1076 neg/cm-.

Fluence
Board Name [1 MeV neg/cm?]
M23 2-10'"

7 out of the 8 irradiated boards had /-\
damaged voltage regulators:
bypassed with wire bonds

One board not configurable :
short on the digital logic. Not used

Three unirradiated boards. VR not irradiated — for comparison
(one is the same of the CERN testbeam, MO5 not irradiated — for comparison

results published in JINST 18 (2023) P03047) MO7 not irradiated — for comparison
IPRD23, 29 September 2023 Siena MONOL. 21
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Radiation hardness of SiGe HBTs

Very good news:
even after 1x101% neq/cm?2 the ASICs work !!!
although signals are clearly degraded

MONOLITH prototype2 (2022) - no gain layer MONOLITH prototype2 (2022) - no gain layer

';' 20 B | | | | | [ | | | | L | L | L | ;‘ 20 | | | | | | [ | | | | L | L | L |
£ ~ sr’data - £ - Sridata }
o ~ B @ - ™ -
E 151 MO06 @ pre-irrad B E 151 M16 '116 neq/c B
3 - Power = 0.86 W/cm?, HV = 200 V - 3 - Power =0.86 W/cm?, HV = 250 V -
< - i < - i
10 Average of 50 waveforms | 10 Average of 50 waveforms _
s i s i
oF = 0F =
i 50 signals before irradiation ] - 50 signals after 1016 neq/Ccm?2 :
_ | L1 1 1 | L1 1 1 | I A | | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 ] _ | L1 1 1 | L1 1 1 | I A | | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 ]

Y20 125 130 135 140 145 150 155 160 Y20 125 130 135 140 145 150 155 160
Time [ns] Time [ns]
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Radiation hardness of SiGe HBTs

MONOLITH prototype2 (2022) - no gain layer

Preliminary

MONOLITH prototype2 (2022) - no gain layer

= 16 | | | | I | L |
E -~ %g gata, T =-35 °C ]
@ 14 HV=200V ]
2 i [ Pyensy = 0.90 W/em® E
g' - Chips Not Irradiated s
< — Amplitude =(8.8 + 0.7) mV A
O 10— + —]
o B i
< B i
6 + -
4L -
21 -
B | | | [ I I | | | | | | I | | | | | | I | | H
° 10" 10" 10'°

Fluence [neq/cmz]

MONOLITH prototype2 (2022) - no gain layer

(@) [ T T T T T 11 T T ]
G cof Sy data, T = -35 °C i
< - HV =200V -
D B H 2 |
— a0k Pensiy = 0-90 Wiem Chips Not Irradiated =
o — SNR=316+25 _
T - -
c B ¢ .
Y } =
() | _
(@))] | _
© B _
()] [ —
£ 20(- 6 -
10 -

B L 11 | | | | | | I | | L 11 | ]

° 10" 10" 10"

Fluence [n /cm?]
eq

Giuseppe lacobucci — Universite de GGeneve

Average o,, [uV]

Average Slope [mV/ns]

600

500

400

300

200

100

25

20

15

10

- S data, T =-35 °C B i

- HV =200V n

- Pyoney = 0.90 W/em? *

- f :

o ‘ A -

B Chips:Not: Irradiated _

= o, = (277 = 12) uV -

- 1 Characterisation with 20Sr source
SRS A1 of boards irradiated

Fluence [n, fom’] up to 1016 neg/cm?2

MONOLITH prototype2 (2022) - no gain layer

“ordate T 35 °C. | Averages of the 4 analog pixels
o w00 " (HV =200V, T=-35° 0.9 W/cm?)

Chips Not Irradiated
Slope =(11.3 £ 0:7) mV/ns

' : ¢ + i

| 10" 10" 1lo16

Fluence [n_ /cm?]
IPRD23, 29 September 2023 Siena i MDNDL 23



60

" [ps]

90

Average o,

50

40

30

20

10

MONOLITH prototype2 (2022) - no gain layer

Ssrammtedsc
V200 Y : Preliminary -
- I:)densi’[y = 0.90 W/cm — . .
- * - Excellent news from radiation
- = tolerance studies:
s : 1 The time jitter with ®°Sr increases
N N from 21ps (unirradiated)
= ; N —— to 46ps (at 1016 neg/cm2)
B ips Not Irradiate _ _
5 oy oS =(210 1.4 ps at HV = 200V and 0.9 W/cm?2
| Gt — _
- adV/dt -
_ IR I R N N R

10" 10" 10'°

Fluence [neq/cmZ]

Giuseppe lacobucci — Université de Genéve IPRD23, 29 September 2023 Siena MDNDL 24



Radiation hardness of SiGe HBTs

Total of 40 pixels studied with 20Sr, at different proton fluence.
At a given proton fluence, pixel-to-pixel time jitter variations within 20%.
(quoted uncertainties on the averages are the standard deviations)

90
Fluence [neq/cm?] | , Ut [ps? , Average 0't9 5t [ps]
pixel 1 pixel 2 pixel 3 pixel 4
22.1 20.5 18.8 19.9

0 22.1 22.7 19.5 19.6 210+ 1.4
22.9 22.2 21.1 20.7

2 x 1013 21.4 22.2 21.2 22.4 21.8 +0.6

9 x 1013 21.4 22.5 21.0 21.8 21.7 + 0.6

6 5 1014 21.5 22.4 20.2 20.9 015408
20.7 22.3 22.6 21.3

3 x 101 32.7 33.2 31.4 32.8 32.5+0.8

| 1016 43.3 50.9 44.0 47.5 455445
49.7 53.0 36.2 40.0

Giuseppe lacobucci — Université de Geneve

IPRD23, 29 September 2023 Siena
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Average Time Jitter [ps]

60

50

40

30

20

10

Preliminary
¢ ! . +
¢ ‘
Sr data, T =-35 °C
IDdens.ity =0.90 W/cm? 5 — GV
@ L1 x 107 nfem) dVidt

180 200 220 240 260 280 300 320 340

Giuseppe lacobucci — Université de Geneve

High Voltage [V]

IPRD23, 29 September 2023 Siena

Rate measurements with 19°Cd source

show that after 1x1016 neq/cm? the sensor
Is not fully depleted at HV = 200 V

At 0.9 W/cm? the time jitter with 20Sr
at @ = 1x101% neg/cm2 decreases

from 46ps at HV = 200 V
to 40ps at HVY =325V

MONOL
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MONOLITH prototype (2023) - no gain layer

g 100:—' """""""" ' """"""" ' """ """" * """""" Hf[rlif—:

- ~ SN Wt SRR N N <ol HN S

Very preliminary = i tirradiated _— -
[ 96:— ____________ ________________ ______________ ________________ ________________ ________________ _:

= : :

August 2023 testbeam at CERN SPS 94 ________________ ______________ ________________ ________________ ________________ _

o] - ________________ ____________ ________________ ________________ ________________ ___________ 2__
e e e Pdensiity = 05.87 V\{/cm -

Board irradiated 1x10'° neg/cm? : 0L\

effICIenCy St|” 2 99% 88:— """"" ------------- —:

for HV 2 250 V 867 ................ ...... Verypre"minary_:

at 0.9 W/cm? 071 SRS WS Tt N S N A

" CERN SPS Testbeam: 120 GeV/c pions -

8? 40 160 180 200 220 240 260 280 300
High Voltage [V]
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A monolithic prototype ASIC without gain produced in SiGe BICMOS provided:
> Efficiency of 99.8% and time resolution of 21 ps
> Laser measurement: down to 2.5 ps.

After proton fluence of 1016 1MeV neq/cm?2;

> Increasing HV from 200 V to 325 V gives
Efficiency up to 99.7 % and time resolution of 40 ps

This performance was obtained without gain layer

SiGe BICMOS is a serious candidate for future 4D trackers (and much more)

Giuseppe lacobucci — Université de Geneve IPRD23, 29 September 2023 Siena MDND'-” 28



The MDNDLITH[rO] Project

Funded by the H2020 ERC Advanced grant 884447,
July 2020 - June 2025

Our recipe for
picosecond timing
with silicon:

PicoAD®:

SiGe BiCMOS Picosecond
Avalanche

Detector
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MONOLITH prototype 2
2022

50ps
1 mm?2 pixel « 30 pixels 500x500um2  « Hexagonal pixels » Hexagonal pixels 100pum pitch » Hexagonal pixels 100um pitch

» Discriminator < 100ps TDC +l/O logic 100um and 200um pitch ~ * 30ps TDC +/O logic * improved electronics
- Discriminator output * Analog channels « 50um epitaxial layer (350Qcm)

In 2022 : proof-of-concept

monolithic prototype

special wafers
(using 2020 masks) produced internally by IHP
(not optimised yet)
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© G. lacobucci, L. Paolozzi and P. Valerio. Multi-junction pico-avalanche detector;
European Patent EP3654376A1, US Patent US2021280/34A1, Nov 2018

Multi-Junction ©
with continuous and deep gain layer:

® De-correlation from implant size/geometry
—> high pixel granularity and full fill factor
(high spatial resolution and efficiency)

 Only small fraction of charge gets amplified
—> reduced charge-collection (Landau) noise
(enhance timing resolution)

Wafer-production procedure:

W n

Step 1 Step 2 Step 3 Step 4
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X-rays from °°Fe radioactive source:

> mainly ~5.9 keV photons
> point-like charge deposition

We found a double-peak spectrum

> photon absorbed In
drift through gain layer & multiplied
In the spectrum

> photon absorbed in absorption region
= electrons through gain layer & multiplied
= second peak in the spectrum

Gain measured: ~20 for °Fe
(corresponding to ~60 for a m.i.p.)

Giuseppe lacobucci — Université de Geneve

IPRD23, 29 September 2023 Siena
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Test Beam: Experimental Setup

CERN SPS Testbeam with 180 GeV/c pions to measure and

plane 5

plane 3 Telescope

plane 2 plane 0

UNIGE FE-14 telescope to provide spatial information (o, =10 pm)
(0; =35 ps) to provide the timing reference (and two SPADs with o; =20 ps)
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17 ps at 2.7 W/cm?Z2
30 ps at 0.4 W/cm?

PicoAD proof-of-concept prototype (2022) PicoAD proof-of-concept prototype (2022)

99.9% for all power consumptions
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13 ps at the pixel center
25 ps at the pixel edge

To be improved in future prototypes.
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The sensor (JINST 17 (2022) 10 P10032 ; JINST 17 (2022) 17 P10040)
Testbeam of the monolithic ASIC provided:

> Efficiency = 99.9 % including inter-pixel regions

» Time resolution o; = (17.3 = 0.4) ps

13 ps at center and 25 ps at pixel edge
(although sensor not yet optimized for timing)

New prototypes optimised for timing back from foundry in October 2023

Deliverable of MONOLITH ERC project:
> Full-reticle monolithic ASIC in Summer 2025 with 50pm pitch and 10ps timing
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MONOLITH prototype 2
2022

« Hexagonal pixels 40pm pitch
11 Ops . _ . * improved electronics (4 times
* 1 mm?2 pixel « 30 pixels 500x500um2  « Hexagonal pixels * Hexagonal ' 5 100um pitch | |ess power ¢ ption)

- Discriminator ~ + 100ps TDC +I/O logic 100pum and 200pm pitch ~ * 30ps TDC * improved € nics
» Discriminator output * Analog cha * 50pm epita yer (350Qcm)

Monolithic prototypes version version version
(proof-of-concept)  jn production expected
17 ps (back: Oct. 2023) Summer 2024
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Giuseppe lacobucci — Université de Geneve

We are developing a sub-picosecond TDC based on a novel design (our patent® & more):

© R. Cardarelli, L. Paolozzi, P. Valerio and G. lacobucci, European Patent Application /
Filing - UGKP-P-001-EP, Europe Patent EP 18181123.3. 2 July 2018.
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It was integrated in MONOLITH 2022 prototype?2 ASIC
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