The MmoNOLIT project:
towards picosecond timing with monolithic silicon

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

PicoAD®:
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Avalanche
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The monNOULIT

Selection of results that | will show today:

1.the 2022 prototype WITHOUT GAIN LAYER,

> testbeam efficiency and time resolution for proton irradiation up to 1x1016 1MeV neq/cm?
= JINST 18 P03047 (2023), JINST 19 P01014 (2024) + preliminary results presented here

> time resolution vs. signal amplitude with a femtosecond laser to extract Landau noise
= ArXiv:2401.01229 — accepted by JINST

2.the the . and the

= JINST 17 P10032 (2022), JINST 17 P10040 (2022) + preliminary results presented here

innovations
for high
performance

All ASICs were produced in the 130nm SiGe BIiCMOS SG13G2 process by

microélectronics

Leibniz-Institut flr
iInnovative Mikroelektronik
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MONOLITH prototype 2
2022

200ps 50ps

* 1 mm2 pixel - 30 pixels 500x500um2  « Hexagonal pixels * Hexagonal pixels 100um pitch § d electron
« Discriminator  + 100ps TDC +/O logic 100pm and 200um pitch ~ * 30ps TDC + /O logic IMPprovec e1ecronics

« Evolution of 2020 prototype

. Discriminator output » 4 analog channels « 50um epitaxial layer (350Qcm)

evolution of 2020 prototype

Giuseppe lacobucci — Université de Geneve TREDI 2024, February 22 2023, Torino MDNDLI | 6



prototype2 — no gain layer

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

= smaller pixel capacitance _
= depletion 23um — 50um
= |arger voltage plateau

= that allows operating sensor with vgrit saturated everywhere

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

» Optimised FE layout, differential output, high-frequency cables
= better 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 ...............................................................................................................................................
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E E POIenSIty =27 chm
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SPS testbeam in 2023 with 120 GeV/c pions 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

q
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Remark on the time resolution measurements

MONOLITH prototype (2022) - no gain layer
—r 1 T T 1 T

—
-
o

CERN SPS Testbeam
with 120 GeV/c pions

Puensity = 2.7 W/em®
HV =200 V

Amplitude [mV]
04
o

1I|lll|lll

lJJllIJIllJ

We performed a very simple analysis of the 50% |

data taken with the analog channels: 40 -

1. Linear interpolation of oscilloscope samplings (25ps) 20:— —:

2. Time Of Arrival taken at 50% of signal height i B
O_

3. No further time-walk correction applied 40 4'5 - 5'0 - 5'5 60

Time [ns]

Giuseppe lacobucci — Université de Genéve TREDI 2024, February 22 2023, Torino MDNDL 10
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Radiation hardness

with the MONOLITH prototype2 without gain

Total of 40 analog pixels studied



Radiation hardness of SiGe HBTs  :: °

Radiation tolerance studies in collaboration with KEK and IHP colleagues.
8 samples of MONOLITH prototype2 were irradiated with protons in Japan up to 1%1016 neq/cm?
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Radiation hardness of SiGe HBTs

Radiation tolerance studies in collaboration with KEK and IHP colleagues.
8 samples of MONOLITH prototype2 were irradiated with protons in Japan up to 1%1016 neq/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

Three unirradiated boards. /-\A not irradiated — for comparison
(CERN testbeam results not irradiated — for comparison

already published in JINST 18 (2023) P03047) not irradiated — for comparison
MONOL. 13
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Radiation hardness of SiGe HBTs

Very good news:
even after 1x101% neg/cm? 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]

Giuseppe lacobucci — Université de Geneve TREDI 2024, February 22 2023, Torino MDNDL 14



Giuseppe lacobucci — Université de Geneve

Efficiency [%]
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_ - — A _

i — _
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96 * -

i CERN SPS Testbeam: 120 GeV/c pions _

04— HV =200V —

i C1Not Irradiated |

B ¢ =9 x 10" n,o/cm? ]

92— AP =6 x10" n,/cm? —

- Y@ =3 x 10" ny/em? -

- D =1x 10" n,/cm? -
90 L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1

Preliminary
MONOLITH prototype 2 - no gain layer

O 01 02 03 04 05 06 0.7 08 09 1

Power [W/cm?]

TREDI 2024, February 22 2023, Torino

MONOL

15



Unirradiated:
Efficiency = 99.9% at HV = 120V

Efficiency [%]

® 1x1076 neqg/cm?:

Efficiency = 99.6% at HV = 300V
(higher HV still to be exploited)

Giuseppe lacobucci — Université de Geneve
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MONOLITH prototype 2 no gain layer

H C @)
@
O
Preliminary

CERN SPS Testbeam: 120 GeV/c pions
Pensity = 2.7 W/cm®

o Not Irradiated [JINST 18 P03047]

Pensity = 0-9 W/cm®
¢ ©=1x10"°n,/cm’

150

200 250 300

MONOCL

350
Voltage [V]



After 1x1016 neg/cm?2;

Efficiency = 99.6%
with a threshold at 7 oy

Noise Hit Rate
Increases by a factor of 5

Giuseppe lacobucci — Université de Geneve

Preliminary

MONOLITH prototype 2 - no gain layer

100~ D—m——g———= = = ———— S
95 — =
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90 — -
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75 EEEEEE R R EEEEEEEEEEEERE EEAE'C ‘ """""""""""""""""""""""""""""""""""""""""""""""""""""""""""" —
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% 1x1076 neg/cm?2:
45 ps at 300 V

Unirradiated:
20 ps at 200V

at 0.9 W/cmz

Giuseppe lacobucci — Université de Geneve

Preliminary

MONOLITH prototype 2 - no gain layer

'a' :I b | I | I | I | I | I | I | I | I | 1T I:
2 80 - CERN SPS Testbeam: 120 GeV/c pions =
- u -
2 70 —
= - -
3 60 200V
@ 605 /
— B | n
= 40F T == 300V
- HV =200V = .
20 —0O Not Irradiated = £ N
— ¢ D=9x10" nglem? HV =250 V/ ) ]
— A ©=6x10"ng/om® # ©=1x10 " ngy/cm ]
10:_7 d=3x10" neq/cm2 HV = 300 V _:
- @ CI>|=1><1O17 neq/0m2| | T* (D=1T1016 neq(cmz | | =
OO 01 02 03 04 05 06 07 08 09 1
Power [W/cm?]
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Large

plateau vs. HV

Giuseppe lacobucci — Université de Geneve
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Time resolution [ps]
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MONOLITH prototype 2 - no gain layer Preliminary
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New working point

MONOLITH prototype2 — no gain layer

New working point for irradiated boards 3 80; SRRt
- CERN SPS Testb 5
~and lower temperature, § 70 120 GeV/o pions -
provide even better time resolutions 2 eof E
than old working point : % : V=200V -
@ 50 _ -
= : Not Irradiated -
> 30 ps at ~0.13 W/cm? 40" .
30" -
> 20 ps at ~1 W/cm? 50- \'\.\, ~:
- —8— JINST 18 P03047 (2023) N
B (ifeedvack = 0.1 A, T = 20°) 7
10: —&— 2023 testbeam, paper in preparation _:
- (ifeedback = 2. O UA T =-10° | -
O | | [ 1 1 1 | | | I | |
3x107 10-12x1o- 1 2 3
denS|ty [W/ sz]
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MONOLITH|

S

Laser measurements

sensor without gain




Measurement with a laser with a jitter of 100 fs

Giuseppe lacobucci — Université de Geneve

Laser Measurement

(repetition frequency = 80 MHz)

TREDI 2024, February 22 2023, Torino

MONOLITH prototype2 (2022)

E 300 :—— Normalized Laser Sync Out —— Reference ASIC
§ 25() :_ _____ MONOLITH prototype?2 (2022)
= — DUT ASIC
ol N
= -
< 200
150
100
i \ \ \ \. \
0 ek of, | : o/ ) :
y | | | | | | | | | | | | | | | | | | | | | | | | | | | | I |
10 20 30 40 50 60 70

Time [ns]
Time coincidence between two of our samples:

= “Reference” receiving always large laser
pulse producing 17k electrons (ot = 2.7 ps)

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

MONOL.IT 23



Laser Measurement

Laser Measurement

MONOLITH prototype2 (2022) - no gain layer MONOLITH prototype2 (2022) - no gain layer
[7p) 600 _— | | | | | | | | | | —|: D 80 — | | | | | | | | | | | | | | | | | ]
5 [ leserDaa {  ArXiv: 2401.01229 - = _F ,  ArXiv: 2401.01229 Laser Data -
- ~ Paensity = 2.70 Wiem accepted by JINST 1 3. OF } accepted by JINST HV =200 V .
500 . B
- HV =200V Entries 9981 + 50 = n
400 f_ Xz/NDF e~ 66/57 - - g * —— Pdensity =2.70 W/cny? g
N S - —
B OATOA [p ] - — + —— Pdensity = 0.90 W/Cm2 =
300 — — 40 % —
E 3 . 8 30 E_ | i =i I:)density =0.36 W/Cm2 E
200 O, = —\/5 = 2.7 ps - g* E
- 20— h. —
100 - - o TP -
- - 10— LI TTTT —
E | | E - Time Resolution = 3 ps "'"inn..."“ .
l l l l l 1 | | | | | | | | | | | | | | | | L
02460 12480 12500 % 50 100 150
A;o for Two Consecutive Reference Signals [ps] Amplitude [mV]
Our prototype “Reference”: Our prototype “DUT?”:
O; = 2.7 PS with 17k e~ (5—6 mips) with max 11k e~ (=4 mips)
Giuseppe lacobucci — Université de Geneve TREDI 2024, February 22 2023, Torino MDNDL 24



MONOLITH prototype2 (2022) - no gain layer

'a' _| I I I I I I I I I I I I I I I I I I I I I 50
= as0b- — Psensity = 2-70 W/cm®; HV = 200 V = .

<g = N
— 300 Z‘“ —: —40

5 - -
£ =0 = 35

2 = =
200 —J —30

150 - -

100 - =

= — Testbeam Data =

50 [ —

Ol —

- Laser Data -

-90 |-~ —

:E | | | E | | | E | | | E | | | E | | | E | | | E | | I:

0 20 40 60 80 100 120

AmplltudeDUT [mV]
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The bands estimate
the charge-collection
(“Landau”) noise

Giuseppe lacobucci — Université de Geneve

Laser Measurement (preliminary)
MONOLITH prototype2 (2022) - no gain layer

v OO 7 T T T T
% .~ CERN SPS Testbeam Laser Measurements Voﬁ Testbeam™O. Laser
2 5o 270 Wiem' @ 2.70 W/cm® S 2.70 W/em®
E ~ -m~0.90 W/cm® @ 0.90 W/cm® “&: 0.90 W/cm?
2 ~ - 0.36 W/cm® @ 0.36 W/cm® “& 0.36 W/cm?
= 40— ArXiv: 2401.01229
=

30—

f

10—
O B ] ] ] ] | ] ] ] ] | ] ] ] ]
0 5000 10000 15000
Charge [€]
MONO L.

TREDI 2024, February 22 2023, Torino

Laser Measurement



The Mt::Nl:n_lTH[rO] Project

Results with PicoAD prototypes (with gain layer)

PicoAD®:

SiGe BiCMOS Picosecond
Avalanche

Detector




© 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

Giuseppe lacobucci — Université de Geneve TREDI 2024, February 22 2023, Torino 28
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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)

Giuseppe lacobucci — Université de Geneve TREDI 2024, February 22 2023, Torino MDNDLH 29



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

TREDI 2024, February 22 2023, Torino

- SFe X-ray Source

+HV

“Absorption”
region

-_a
=
\|l

e~ multiplication
2" heak

200 T T T T

JINST17(2022) 10 P10032 =

Entries
1 11
I_I

2000

1500

1000

500—~

0 10 20 30 40 50 60 70 50 90
Amplitude [mV]
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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

X [

> B
8 cc) 1 ) e

.%J 5 -

= I B 301

LL] 9 -

i S 251

99'6__""""""""""E """"""""""""" - """"""""""""" - . = F

i 20

- JINST17 2022 P1004O -

99.4f MNSTIT e022) P10040 H— R Jsf

- CERN SPS Testbeam 180 GeV/c plons ’ -

LV, =4mV; HV_125V 10L
99.2F — — — — CV,, =4 mv HV._ 125 v

IIIIilIIIiIIIIiIIIIiIIIIiIIII ||IlilIlli||||i||||i||||i||||
99O 0.5 1 1.5 2 2.5 3 Oo 0.5 1 15 2 25 3
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13 ps at the pixel center
25 ps at the pixel edge

Time resolution [ps]
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o

o
0

0 10

New prototypes devised to improve this dependence.

Giuseppe lacobucci — Université de Geneve

TREDI 2024, February 22 2023, Torino

PicoAD proof-of-concept prototype (2022)

: CERiN SPS Teéastbeam:g 180 Ge\é//c pionsé

. . . . . .

20 30 40 50 60
Distance from pixel center [um]

MONOL
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MONOLITH prototype 2
2022

* 1 mm2 pixel « 30 pixels 500x500um2  + Hexagonal pixels * Hexagonal g’y s 100um pitch

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

Monolithic prototypes version version
(proof-of-concept) (received: Jan. 2024)

17 ps

Giuseppe lacobucci — Université de Geneve TREDI 2024, February 22 2023, Torino MDNDLH 33



2024 PicoAD production L

1st epi 2nd epi

Water | thickness [um] | thickness [um]

Dose

3 3 15 3.5

3.5a
4 3 25 3.5b
4.75

4 15 different flavours produced;
4 in 4 geometries

> Looked already at 3 flavours (out of 15) *

I
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2024 PicoAD production

The detectors work:

MONOLITH prototype 2 - with gain layer

| E:ntries 19489

300

Counts

250

200 E_ .. “ ................. ...... HV:185V .......... ......

150 _ ......... .............. | I ................. ................. ......
100 _ T — ................. ........... . i* L

50

. ] ] ] | ] ] ] | ] ] ] . ] ] ] | ] ] ] | I | ] | .llrr'r ] d ] | ]
0 20 40 60 80 100 120 140 160
Amplitude [mV]
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2024 PicoAD: and 2°Sr Measurements

European Research Council
Established by the European Commission

MONOLITH prototype 2 with gain layer MONOLITH prototype 2 with gain layer
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ol 25_ E Ii, 5[ B Charge—space effects limit e- gain,
E E 9 [ : see JINST 17 P10032 (2022)
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MONOLITH prototype 2 - with gain layer

700
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lacobucci — Université de Geneve

200 Measurement with 920Sr source

60.0 Time Jitter = Ov/(qy/dt)

(average of four analog pixels)

40.0
Dose 4.5

L] _ o)
20.0 . Temperature = 20 °C
- . I

Time Jitter at 7sigma

0.0
50 100 150 200 250 300

HV [V]

Testbeam at CERN scheduled in May
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European Research Council

Established by the European Commission

MONOLITH prototype 2
2022 MONOLITH prototype 3

* Hexagonal pixels 50pm pitch
110ps . _ . : impro%ed elgctronics“(4 t?mes
* 1 mm2 pixel « 30 pixels 500x500pm2  + Hexagonal pixels * Hexagonal ' 5 100pm pitch less power consumption)

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

Monolithic prototypes version version
(proof-of-concept) (received: Jan. 2024)

17 ps
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European Research Council
Established by the European Commission

prototype 3 (2023)

e — 5 — - = P
4 b J | | y
- i SRCC " ! . R !
g ' = — = -
X i _ ( ' CH “;' '
(S ,J_“ NG H P || l
e = HI-= ) nc
i N NN g i
IS E 2 A
_.mm 3 : ' He=ing
e P gt
[ " '
- i
et
vt

* New prototype: pixels with S0um pitch

» smaller capacitance
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* improved FE electronics

» same timing performance with 4-times less power/channel

» 3 different configurations:
= analog output with FE in pixel
= analog output with FE off pixel
= discriminated output with FE and discriminator in pixel

e = =8
is o,
--‘ 1% -
_“'____:._"____I.=='-_& 3
.-_.._.._ L N A R AL S R R SR A SR M § et St e s 10
-u—u-u—u—u
- — - — R e

“

» reduced inter-pixel distance from 10um to 6um WL ';, *&**'!,.;__;..:g
to maintain time resolution at pixel edges R

e Back from foundry in June 2023
» testbeam at CERN SPS late August 2023; analysing data
» PicoAD version to be submitted in 2024
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Our monolithic prototype ASIC without gain produced in SiGe BICMOS provided:
> Not irradiated: Efficiency = 99.8% and time resolution = 20 ps
> 1x1016 neg/cm?2: Efficiency = 99.6% and time resolution =45 ps (200—300V)

> Laser measurement: down to 2.7 ps.

This performance was obtained without gain layer

SiGe BICMOS is a serious candidate for future 4D trackers (and much more)
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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 January 2024.
The prototypes work. Lab measurements going on.
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