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Monolithic silicon sensor able to:

* measure precisely the 3D spatial
position of charged particles

* provide picosecond time resolution

PicoADe®:

: : Picosecond
SiGe BiCMOS Avalanche

Detector
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« SiGe HBT = Bipolar Junction Transistor with (dep|e::5 r':gi',ﬁ'f ”:;,?Lours)
grading of Germanium in the base: Ad,
* small electric field in the base
* charge transport via drift . -
-> smaller charge transit time
-> higher current gain f than a BJT ‘J_Aq)p n
» thicker base than a BJT e
-> smaller base resistance R, than a BJT
C2 avy™ N
ENcseries X k] ﬂtot + kZRthzot ‘ Gjitter — Oy <E> = ENCseries - Rise Time

]
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Leading-edge IHP SG13G2 technology: 130 nm process featuring SiGe HBT
MONOL p
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« Square pixel 900 pm
 Discriminated output

200 ps

JINST 13 P04015

_

J

Matteo Milanesio - Université de Genéve

SiGe BiCMOS Prototypes

Timing Prototypes without Gain Layer

2017

+ Square pixels 500 pm
* 100 ps TDC + I/O logic

110 ps

+ Hexagonal pixels 130 pm
+ Discriminated outputs

45 ps

JINST 14 P07013 JINST 14 POZO@/

\JINST 14 P11008 JINST 15 P11025
N—

+ Hexagonal pixels 65 pm
+ 30 ps TDC + I/O logic
* 4 analog outputs

36 ps

JINST 17 P02019

uropean ouncil
Swiss NATIONAL SCIENCE FOUNDATION ‘ 1

+ Hexagonal pixels 65 pm
* Improved frontend
* 4 analog outputs

20 ps

JINST 18 P03047 JINST 19 P01014
JINST 19 P04029 JINST 19 P0O7036

In this talk
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https://iopscience.iop.org/article/10.1088/1748-0221/17/02/P02019/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/18/03/P03047/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/19/01/P01014/pdf
https://www.ihp-microelectronics.com/php_scripts/publications/full_text_final_files/elviretti-milanesio-j-inst-19-p04029-2024-2024.pdf
https://cds.cern.ch/record/2906513/files/Publication.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/13/04/P04015/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/14/11/P11008/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11025/pdf
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* October 2022: SPS Testbeam with 180 GeV/c pions
* Measure efficiency and time resolution (results in JINST 18 P03047)

plane 5

plane 3 Telescope

+ Hexagonal pixels 65 pm
* Improved frontend

* 4 analog outputs

20 ps

JINST 18 P03047 JINST 19 P01014
JINST 19 P04029 JINST 19 P0O7036

 UNIGE FE-I4 telescope to provide the spatial information (o, , ~10 pm)
« Two PMT-MCPs (o, ~5 ps) to provide the timing reference

MONOLI'T
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MONOLITH prototype (2022) - no gain layer MONOLITH prototypes - no gain layer
< — : = Qoo LT T T T =
o\; 100: 10 % %zzoz_ —§— No gain (2020), 23 um depletion, HV= 120V _E
.§ 99:_ 10 E § 1235_ — No gain‘(2022), 50 umvdep'letion, HV= 200V _E
&= | o) @ . F =
w B 1 © © 160 —
B 2 L - -
- Pgensity = 2-7 W/em® ; HV = 200 V = € 140F =
98- N 107" o = 120:_ =
B Q Efficiency R - -
97: CERN SPS Testbeam: 120 GeV/c pions 102 > 100~ —
- Noise Hit Rate 80 ;_ _;
B i+ ""®"" Laboratory Measurements 1107 60 =
96| 4 40F- =
C | 107 20F- =
= P Noise Hit Rate Sensitivity Limit = -
95'_7_'?'_7_1__7_1__7_1_ 10 o i s B S e
6 8 10 12 14 16 18 20 2x107 107" 2x10™ 1 2 3 4
Threshold [o, ] Pensty [W/Cn]
Efficiency Time Resolution
* Large plateau of 99.8% efficiency * 20 ps at 2.7 W/cm2| 50 ps at 0.1 W/cm?2
* The standard deviation of the noise is  More than a factor 2 improvement w.r.t. the
oy ~1.4mV =z~ 100 e” previous prototype (JINST 17 P02019)

MONOLI
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GND lg t Board Name Fluence [1 MeV neg/cm?]
® M23
) UNIVERSITE —
¥ DE GENEVE
DPNC473-03A M21
TEST BOARD FOR . = = M19

MONOLITH CHIP (0] .
= ) 7‘
|b|os = M18

imlk

15| B - ROE RO MW RIS GND
Wl e - M17
R
Thanks to Koji Nakamura ! R4 :!Jz M16

and Manabu Togawa

M15
- 8 prototypes irradiated in Japan up to 1x1016 neg/cm? 06 ot imadiated — for comparison
- One of the not irradiated chips is the one studied at MO5 not irradiated — for comparison
the testbeam (Iﬂ JINST 18 P0304 ) MO07 not irradiated — for comparison

MONOLI'T
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MONOLITH prototype 2 - no gain layer MONOLITH prototype 2 - no gain layer
'°§| i T T T IIIIII| T T T TTTTT T T IIIIII| ] §60_ T T T IIIIII| T T IIIIII| T T IIIIII| ]
—Z 100 e 7 = 0 + ]
> - ® 4 c L i
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L 99 - S I Py =0.9 Wom® ¥
L i £ 0L ghv-200v R
98- ¢ - © [ ¥HV=300V
i £ 30 .
L - B ¢
97 - CERN SPS Testbeam: 120 GeV/c:pions = ®
i |Ddensity =0.9 W/cm2 20 L g ]
. HV = 200 V -
96 ¢ + 7] 10F _
i ¥HV =300V i
1 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| ] I | i i ||||||| 1 1 ||||||| 1 1 |||||||
0 10" 10" 10'° 0 10" 10"° 10'°

Proton Fluence [neq/cmz] Proton Fluence [neq/cmz]

At 1016 neg/cm?, with HV = 200 V and Pgensity = 0.9 W/cm2 (in JINST 19 P0O7036):
« The efficiency is 96.2% -> 99.7% increasing the High Voltage
« The time resolution is 53 ps -> 45 ps increasing the High Voltage

MONOL 9
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: : Picosecond
SiGe BiCMOS Avalanche

Detector
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European Research Council

 Multi-dunction Picosecond Avalanche
Detector® (patent here)

* Continuous and deep gain layer

 de-correlation from implant size/
geometry

-> high pixel granularity possible
-> better spatial resolution

* only small fraction of charge gets
amplified

-> reduced charge collection noise
-> better timing resolution

Matteo Milanesio - Université de Genéve Annual Meeting of the Swiss Physical Society, ETH Zurich MDNDLITH@
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+ Hexagonal pixels 65 pm + Hexagonal pixels 65 pm
« 30 ps TDC + I/0O logic * Improved frontend
* 4 analog outputs * 4 analog outputs

36 ps 20 ps

JINST 18 P0O3047 JINST 19 P01014

K JINST 17 P02019 J ﬂ\/sr 19 P04029 JINST 19 Po7@

2022
With

2024
With

17 ps

JINST 17 P10032 _ . .
JINST 17 P10040 In this talk Paper in production

12 ps

MONOLI 12
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PicoAD® Results

Telescope
plane 0

g 50
S 45
g 40
£
= 30
« Testbeam measurements with FE-14 -
telescope
* Results of 2022 prototype are in 20
JINST 17 P10040 15
* Improvement with respect to the 10
previous prototype 5
- Best performance with the new 0

prototype: (12.0 = 0.3) ps with HV
= 180 V and Pgensity = 2.6 W/cm?

Matteo Milanesio - Université de Genéve

MONOLITH prototypes with gain layer

T L | T I I T L | I I ]
+ CERN SPS Testbeam 120 GeV/c pions
Preliminary 3

t A -

A =

¢ R

o . E

Proof-of-Concept Prototype (2022) _;

JINST 17 P10040 E

—&— New Prototype (2024) 3
| I I | | | | | | L1 | | ]

4x1072

107" 2x107!
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Power Density [W/cm?]
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+ 99.8% efficiency and 20 ps time
resolution for MIPs

- After irradiation at 1016 neg/Ccm2:
99.7% efficiency and 45 ps time

2017 resolution
. . ; . ; + Hexagonal pixels 65 pm ||+ Hexagonal pixels 65 pm
+ Square pixel 900 ym Square pixels 500 pm Hexagonal pixels 130 pm .
- Discriminated output - 100 ps TDC + I/O logic ||+ Discriminated outputs * 30psTDC +/Ologic || Improved frontend
* 4 analog outputs * 4 analog outputs
200 ps 110 ps 45 ps 36 ps 20 ps
\_ A A AN AN J

2022
With
17 ps

12 ps time resolution
for MIPs

Matteo Milanesio - Université de Genéve Annual Meeting of the Swiss Physical Society, ETH Zurich MONOL.I™ 14
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4 LHC Application: Preshower for FASER -> webpage \
2022 2023 2024

JINST 16 P12038

High-radiation tolerance
high granularity
timing layers
for particle physics

@ ooia
R Moderate radiation level
extremely thin
g R o = el e timing layers
(2o ) Mes 0 M 0% 208 for particle physics
. . 2024
(Medlcal Application: 1 OOyPET\ With
Y st 2024 2022 12 ps
D e | With :
2 e Photonics
< pS
S |
& J
MONOLI’ s
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https://www.sciencedirect.com/science/article/pii/S016890022201244X?via=ihub
https://faser.web.cern.ch/
https://cds.cern.ch/record/2792433/files/document.pdf
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Giuseppe lacobucci
+ Project P.1.
+ System Design

Thanushan Kugathasan
+ Lead Chip Design
+ Analog Electronics

Roberto Cardella

+ Sensor Design

Leonardo Cecconi
+ Chip Design
« Firmware

Matteo Milanesio
+ Laboratory Tests
+ Data Analysis

Rafaella Kotitsa
« Detector Simulations
_ + Laboratory Tests

Carlo Alberto Fenoglio
+ Chip Design
+ Firmware

- Andrea Pizarro Medina
|+ Laboratory Tests
+ Data Analysis

Matteo Milanesio - Université de Genéve

+ Analog and Digital Electronics

Lorenzo Paolozzi
+ Sensor Design
+ Analog Electronics

Stefano Zambito
+ Laboratory Tests
+ Data Analysis

Mateus Vicente
+ System Integration
+ Laboratory Tests

Antonio Picardi
+ Chip Design
* Firmware

Théo Moretti
+ Laboratory Tests
+ Data Analysis

Jihad Saidi
+ Laboratory Tests
+ Data Analysis

Luca lodice
+ Chip Design
* Firmware

Yannick Favre
P » Board design
* RO system

Thanks for your attention

-

Didier Ferrere
i ;. * System integration y -
. L\ + Laboratory test d

LENS NF)

Swiss NATIONAL SCIENCE FOUNDATION

Sergio Gonzalez-Sevilla
» System integration
« Laboratory test

Stéphane Débieux
» Board design
* RO system

Main research partners:

Roberto Cardarelli
INFN Rome2 & UNIGE

Marzio Nessi
CERN & UNIGE

Holger Riicker
- IHP Mikroelektronik

\ Matteo Elviretti
IHP Mikroelektronik

Funded by:
I—I_. Swiss National
Science Foundation
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Sinergi
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 Pulsed Infrared laser:
* Intrinsic jitter of 100 fs
- Repetition frequency of 80 MHz
« Time coincidence between two of our samples:
- “Reference” receiving always large laser pulse producing 17k electrons
- “DUT” receiving variable laser power, to study the performance vs. amplitude

> =
E  80F
L [
2 60
S -
€ 40—
< -
20—
0F+
‘. ‘... _20:_
iy -‘.‘\: | o b : :
B o nu-:-’ 3 ‘. ‘. L —— LASER Sync Out

MONOLITH Prototype (2022)
IllillyiJIIIVIIII;VIIIIEIIVIIilllk

40 50 60 70 80 90
Time [ns]

MONOLI'T

Thanks to Luigi Bonacina
and Alexandra Latshaw
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MONOLITH prototype2 (2022) - no gain layer

% 60— ' ' ' I ' ' ' ' I ' ' ' ]
? - Paonsiy = 0-90 Wiem”® —=— CERN SPS Testbeam
- The electronics can achieve a time ER E
resolution of 3 ps with 11k & b o Loserlesmuramen 4
electrons (~4 MIPs) E L L C
* Intrinsic limit to the time resolution 30;— o = —
due to Charge Collection Noise ok ¢ ':"n.j-r-t'*' + Tt E
+ The limit is ~17 ps in a 50 pm- S :
thick sensor 10 Ce. . . E
» Improved with the I T

0O 5000 10000 15000

MONOL

Matteo Milanesio - Université de Genéve Annual Meeting of the Swiss Physical Society, ETH Zurich 18



) UNIVERSITE

1 o Gneve 2020 to 2022 Improvements

Département de physique
nucléaire et corpusculaire

« Same matrix configuration as previous, but

* Substrate: 50 Qcm — 350 Qcm epi layer, 50 pm
thick on low-res (1 Qcm) substrate

* smaller pixel capacitance

* depletion 23 pm — 50 pm

* much larger voltage plateau

« can operate sensor with v, saturated everywhere

* Preamp and driver voltage decoupled:
* was limiting optimal amplifier operation
* cross-talk removed
* Optimised FE layout, “differential” output, high-
frequency cables:
* Dbetter rise time (600 ps — 300 ps)

Matteo Milanesio - Université de Genéve

+ Hexagonal pixels 65 pm
+ 30 ps TDC + I/O logic
* 4 analog outputs

36 ps

Annual Meeting of the Swiss Physical Society, ETH Zirich

+ Hexagonal pixels 65 pm
* Improved frontend
* 4 analog outputs

20 ps

JINST 18 P03047 JINST 19 P01014
JINST 19 P04029

JINST 17 P02019
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Time Resolution Distributions
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10° MONOLITH prototype (2022) - no gain layer 10° MONOLITH prototype (2022) - no gain layer 10° MONOLITH prototype (2022) - no gain layer
8 2XTTT|TTTTTTI TII IIITTTI\TT]TII]|T1ITT 8 - TII ‘]TTTITT‘TT‘ ITTTTTI\IIT IITTITTTq g _TI\ ITT‘TTTTTTI TITTTTTIITTT TI]\IIITTT_
'.E - CERN SPS Testbeam with 120 GeV/c pions ] ‘E 185 CERN SPS Testbeam with 120 GeV/c pions ‘E " CERN SPS Testbeam with 120 GeV/c pions |
w 18 :_ Poensity =27 W/sz; HV = 200 \' ? w . - Pdensﬂy =27 W/cmz; HV = 200 \Y | w 6 ? Pdensity =27 W/sz; HV = 200 v i
1.6]~ — Gaussian fit: y2/N, =42.8/24 . 1.6~ — Gaussian fit: x/N_.=23.8/24 B - — Gaussian fit: y2/N, =4.4/7 1
=21.00.2 1 - =21.3+0.2 1 S =6.1+0.1 B
1.4 Osrox=21.0:0.21ps] OpuT McPo -  14f Owoa=21:3:0.21ps] CpuUT, MCP1 [ Caton tps] O MCP0O,MCP1 ]
- Tails: 2.9% ] - Tails: 2.4% f ] - Tails: 0.7% ]
121 + 21.0 ps 1.2 21.3 ps af- 6.1 ps
1:— } “: 1:_ { E E
- ] u ] 3 —
0.8 R 0.8\~ - C ]
0.6 . 0.6 N 2 .
0.4}~ = 0.4 -
N * ] N p ] 1 -
0.2~ g - 0.2~ & %, B - |

B q‘." : :°“ : - o’, * e B .'. )
HA ' AJ—-—\.“!"-T’T. Ll I Ll l Ll l Ll 1l l Ll I 1 ;.f’trf—l——L V- j ’_L J_L«O‘fq‘r?l’l 1 I Ll l Ll l Ll l Ll l Ll ..rr-.l.i“-?'-L-\ LL_‘ i Ll L Ll L J Ll L J Ll 1..!—'-1 Ll J Ll ;‘LL Ll [ L.l l LAl l LAl _

$.170.08-0.06-0.040.02 0 0.02 0.04 0.06 0.08 0.1 $170.08-0.06-0.040.02 0 0.02 0.04 0.06 0.08 0.1 $.170.080.06-0.04002 0 0.02 0.04 0.06 0.08 0.1
TOAOAO.conected-TOAMCPO.corrected [ns] TOAOAO.corrected-TOAMCN,oorrected [ns] TOAMCP1.corvected-TOAMCPO'oorrecled [ns]
* Very Gaussian distributions after time walk correction
* Simultaneous fit to extract the time resolution of DUT, MCPO, MCP13!:
MCPO: 6, = (3.6 £ 1.5) ps
DUT: 6, = (20.7+0.3) ps
MCP1:6, = (5.0 1.1) ps
MONOL.I™
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Radiation Hardness

MONOLITH prototype2 (2022) - no gain layer
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MONOLITH prototype?2 (2022) - no gain layer
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E  T=-35°C 3
= Pyengy = 0.90 Wiem? Chips Not Irradiated 3
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MONOLITH prototype2 (2022) - no gain layer

N T T T T T rrrT { T T T T T rrT { T T T T T I { ]
n *°sr data ]
- T=-35°C 3
C 5 ]
= Pgensity =0.90 W/em A
C Chips Not Irradiated ]
- Amplitude = (8.8 = 0.7) mV { B
E— + + =
i +HV=200V’VCCA=1'8V 7:
E —®— HV=250V,V ., =20V E
L 1 1 1 1111l I 1 1 1 ) I 1 1 1 ) I 1

10"
Fluence [neq/cmz]

10 10"

MONOLITH prototype2 (2022) - no gain layer

T LA L B R | T T

“sr data
T=-35 °C
P =0.90 W/cm?

density

L | T LA L B L |

Chips Not Irradiated +
Slope = (11.3 £ 0.7) mV/ns

; i 4

—— HV=2OOV,VCCA=1.8V

|

—&— HV=250V,V__ =20V

CCA

! Lol ! R | ! R |

10"
Fluence [neq/cmz]

10 10"
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e -~ Gain Measurements

Département de physique
nucléaire et corpusculaire

» X-rays from 55Fe radioactive source:

* ~5.9 keV photons with point-like charge
deposition

« Characteristic double-peak spectrum

region
(PicoAD Working Principles)
* photon absorbed in drift region “Abriz,rif,t,i‘m”

* holes drift through gain layer and multiplied e multiplication
* first peak in the spectrum 2" peak

* photon absorbed in absorption region
* electrons drift through gain layer and multiplied
* second peak in the spectrum

« Gain up to = 20 for 55Fe X-rays obtained with
HV =-125V and T = -20 °C (Gain -
Measurements)

L
0 10 20 30 40 50 60 70 80 90
Amplitude [mV]
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e -~~~ Gain Results -

Département de physique (FENS NF| ‘
ra

nucléaire et corpusculaire
Swiss NATIONAL SCIENCE FOUNDATION

PicoAD proof-of-concept prototype (2022)

Gain up to = 20 for 55Fe X-rays

12000
55Fe data ...TDS?OEC o TS obtained at HV =125V and T =-20 °C

o —
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Département de physique
nucléaire et corpusculaire

2/ DE GENEVE - .. Efficiency Maps

Swiss NATIONAL SCIENCE FOUNDATION

PicoAD proof-of-concept prototype (2022)
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* The apparent degradation at the
edges is due to the finite resolution of

the telescope (~10 pm)

Matteo Milanesio - Université de Genéve

» Selection of two triangles:

* representative of the whole pixel
* unbiased from the telescope

resolution

MONOLI
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Time Of Arrival as a time at a
Constant Fraction

Distributions after time-walk
correction

The distributions are gaussian

~2-4 % of the entries are in non-
gaussian tails

The three o, ., from the fits give
the timing resolution of:

* the DUT

 the two LGADs

Matteo Milanesio - Université de Genéve

LGAD1

<_

" Time Resolution Distributions

Swiss NATIONAL SCIENCE FOUNDATION
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Position Within the Pixel

Signal MPV Amplitude

PicoAD proof-of-concept prototype (2022)
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CERN SPS Testbeam: 180 GeV/c pions
Power =2.7 Wicm? ;HV =125V ; V, =4 mV

[ PicoADeproof-oflconcept prototype (2022)

o

20 30 40 50 60

Distance from pixel center [um]

* Best time resolution: (13.2 = 0.8) ps within 25 pm from the pixel center

proof-of-concept: small degradation of the performance towards

the edge of the pixel

Matteo Milanesio - Université de Genéve

Annual Meeting of the Swiss Physical Society, ETH Zurich
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2022 prototype is much less dependent on the pixel position
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Département de physique
nucléaire et corpusculaire

Three possible regular shapes to use:
* equilateral triangles
* squares
* regular hexagons

Hexagons have the highest angles (120°) ->
electric fields in the corners are better
under control

The same amount of pixels can fits in less
space than squares

The charge sharing is at maximum between
3 pixels, enhancing the charge for each
channel
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