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The MONOLITH ERC Project

Monolithic silicon sensor able to:

* measure precisely the 3D spatial
position of charged particles

 provide picosecond time resolution

PicoAD®:

: : Picosecond
SiGe BiCMOS Avalanche

Detector

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

SiGe BiCMOS
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SiGe BiCMOS Technology

. . . NPN SiGe HBT
 SiGe HBT = BJT with Germanium as (depleted regions in light colors)
base material: from wikimedia
* higher doping in base possible
* thinner base s
+ reduced base resistance R, .
* Grading of Ge doping in base: I ng,
* charge transport in base via drift Emitter Sice
* reduced charge transit time in base Si
. . Collector
* high current gain
C? o
tot Vv . .
ENC,, s noise <1/ K1 5 + kyR,Cy, =) Cjitter = r ~ ENC % Rise Time
dt

2 Leading-edge IHP SG13G2 technology: 130 nm process featuring SiGe HBT

Matteo Milanesio - Université de Genéve VERTEX 2023, 18 October 2023 Sestri Levante MDNDLITH ’ \4' ‘
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2022

200 ps 110 ps 50 ps 36 ps 20 ps
* 1 mma2 pixel « 30 pixels 500x500um2  + Hexagonal pixels 65um * Hexagonal pixels 65um side * Hexagonal pixels 65um side
» Discriminator ~ + 100ps TDC +l/O logic ~ and 130um side * 30ps TDC +1/O logic * improved electronics
« Discriminator output  Analog channels » 50pm epitaxial layer (350Qcm)

Design Improvements

Matteo Milanesio - Université de Geneve VERTEX 2023, 18 October 2023 Sestri Levante MONOLITFE \5'
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Test Beam: Experimental Setup

» October 2022: SPS Testbeam with 180 GeV/c pions
* Measure efficiency and time resolution (results in Testbeam of 2022 Prototype) NO GAIN LAYER

plane 5

plane 2 plane 0

20 ps
* Hexagonal pixels 65um side

 improved electronics
» 50um epitaxial layer (350Qcm)

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

i
Matteo Milanesio - Université de Genéve VERTEX 2023, 18 October 2023 Sestri Levante MONOLITH 6 ‘
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Efficiency Results
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MONOLITH prototype (2022) - no gain layer
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* The apparent degradation at the edges is

due to the ~10 um resolution of the telescope .
H P * Large plateau of 99.8% efficiency

Selection of two triangles: B
* representative of the whole pixel * Oy = 1.4mV ~ 100 e

* unbiased from the telescope resolution

Matteo Milanesio - Université de Genéve VERTEX 2023, 18 October 2023 Sestri Levante MONOLITH \7'
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MONOLITH prototype (2022) - no gain layer

B

CERN SPS Testbeam: 120 GeV/c plons
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Large plateau of 100 V with ~20 ps

Matteo Milanesio - Université de Genéve

* 20 ps at 2.7 W/cm2| 50 ps at 0.1 W/cm?2
* More than a factor 2 improvement w.r.t.

the previous prototype

VERTEX 2023, 18 October 2023 Sestri Levante
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Board Name Fluence [1 MeV neg/cm?]
NIVERSITE =
U
25 DE GENEVE v22 Joil”
DPNC473-03A M21 6-10"
TEST BOARD FOR . 7% .
MONOLITH CHIP 0 g M19 6-10"
ilwi |ﬂk 1 3 |b|as - 4 M18 3.10"
B | : AT R40 MW RIS - GND
M I} | ] - M17 3-10"
. R ! m!i. -
Thanks to Koji Nakamura Jofp = M16
and Manabu Togawa —— M5
. i i i 16 2
8 prototypes irradiated in Japan up to 1x1016 neg/cm 06 ot imadiated — for comparison
- One of the not irradiated chips is the same as in MO5 not irradiated — for comparison
Testbeam of 2022 Prototype MO7 not irradiated — for comparison

Matteo Milanesio - Université de Geneve VERTEX 2023, 18 October 2023 Sestri Levante MONOLITF \9'
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MONOLITH prototype2 (2022) - no gain layer

g 80 : I90 | | | T T 1T | | | | | I T TT | | | | | T T TT :
5 7o Sr data Preliminary -
. . . . $ - — T=-35°C ]
* The time jitter with °0Sr increases > C b 90 Wiem? .
. . (o)) 60 — density — “- cm ]
from 21 ps (not irradiated) to 56 ps S - e
(at 1016 neg/cm?) at HV = 200 V and Z  50F =
0.9 W/cm?2 405_ —8— HV=200V,V__, =18V | _}
. Ny E —&— HV =250V, VCCA=2.OV E
- The time jitter can be reduced to 40 30 5 =
ps by tuning Vcca and HV 205_ . i . -
~ o Chips Not Irradiated ]
ol 0, = 14 6, ¥=(21.0=+14)ps J
= adV/dt ]
a I L1111 I Lol I Lol ]
° 10" 10" 10"
Fluence [neq/cmz]
Matteo Milanesio - Université de Genéve VERTEX 2023, 18 October 2023 Sestri Levante MDNDLITH ’ 19 ‘
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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

Preliminary .

80

IRANARSS

60|

Amplitude [mV]

| ==——— LASER Sync Out
MONOLITH Prototype (2022)
| AWE v. v 'y U
Thanks to Luigi Bonacina [N rem' . _

N — N Time [ns]

and Alexandra Latshaw
VERTEX 2023, 18 October 2023 Sestri Levante MONOLITE lj
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MONOLITH prototype (2022) - no gain layer MONOLITH prototype (2022) - no gain layer
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10 A, ."""""i";'i] """"""""""""""""" A = e .-.-'.'-Q- ____________________________ =
C Time Resolution = 3 ps BRI LTI TT T St p | - e g ]
= leaa.c - rellmlnary i ]
% 50 100 150 0 o BT T
Amplitude [mV] Amplitude [mV]
Time resolution of 3 ps 20 ps of Charge Collection Noise
with 11k electrons (4 MIPs) in a 50 pm-thick sensor
- Limit to the time resolution at high
amplitudes -> PicoAD® |
Matteo Milanesio - Université de Genéve VERTEX 2023, 18 October 2023 Sestri Levante MONOLITH l?
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The MONOLITH ERC Project

PicoAD®:

: : Picosecond
SiGe BiCMOS Avalanche

Detector

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

 Multi-dunction Pico-Avalanche Detector
(patented here)

* Continuous and deep gain layer

 de-correlation from implant size/
geometry -> high pixel granularity
possible (enhance spatial resolution)

* only small fraction of charge gets
amplified -> reduced charge collection
noise (enhance timing resolution)

Dimensions of the
proof-of-concept prototype

Matteo Milanesio - Université de Genéve VERTEX 2023, 18 October 2023 Sestri Levante MDNDLITH@
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2019 2022

200 ps 110 ps 50 ps 36 ps 20 ps
« 1 mm? pixel « 30 pixels 500x500pm2  « Hexagonal pixels 65uym  * Hexagonal pixels 65um side * Hexagonal pixels 65um side
« Discriminator  « 100ps TDC +1/O logic and 130pm side * 30ps TDC +1/O logic « improved electronics
- Discriminator output  Analog channels » 50pum epitaxial layer (350Qcm)
2022
PlcoAD© version
17 ps

MONOLIT M5

Matteo Milanesio - Université de Genéve VERTEX 2023, 18 October 2023 Sestri Levante
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Similar experimental setup with FE-14 telescope: Testbeam of PicoAD

PicoAD proof-of-concept prototype (2022)

—
o
o

©
©
e

Efficiency [%]

©
©
[}

99.4

99.2

CERN SPS Testbeam: 180 GeV/c pions
V,=4mV;HV =125V |

990

0.5 1 1.5 2 2.5 3
Power [W/cm?]

99.9% for all the power consumptions

Matteo Milanesio - Univer

sité de Geneve

Time resolution [ps]

PicoAD proof-of-concept prototype (2022)
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CERN jSPS Tesibeam: 180 GeV/cj pions
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0

0.5 1 1.5 2 2.5 3
Power [W/cm?]

Best performance: (17.3 = 0.4) ps
HV =125V and Pdensity = 2.7 chm2

VERTEX 2023, 18 October 2023 Sestri Levante
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NO GAIN LAYER

i 2022

Mrch 2023

CERE CaRE EaB

<20 ps ?

200 ps 110 ps 50 ps 20 ps
+ 1 mm?2 pixel « 30 pixels 500x500um2  + Hexagonal pixels 65um » Hexagonal pixels 65um side » Hexagonal pixels 65um side » Hexagonal pixels 29um side
« Discriminator ~ + 100ps TDC +I/O logic and 130um side + 30ps TDC +1/O logic * improved electronics * improved electronics
« Discriminator output » Analog channels » 50um epitaxial layer (350Qcm)
2022 October 2023
PicoAD® version || PicoAD® version
17 ps <10 ps ?
Matteo Milanesio - Université de Genéve VERTEX 2023, 18 October 2023 Sestri Levante MONDOLITFE 17
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Summary and Outlook

Testbeam of 2022 prototype ASIC,
without gain layer, provided:

« Efficiency = 99.8% and o, = (20.7 = 0.3) ps

After proton fluence of 1016 neg/cm?2:
* Time resolution of 40 ps

Serious candidate for
future 4D tracking

The PicoAD® monolithic proof-of-concept prototype works. The
introduction of a deep gain layer improves the performances:

* Efficiency = 99.9% including inter-pixel regions

« Time resolution o, =

(17.3 = 0.4) ps

Development of picosecond TDC (patented here) for fully monolithic chip

Université de Genéve

VERTEX 2023, 18 October 2023 Sestri Levante
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Giuseppe lacobucci
* project P.I.
» System design

* Lead chip design
s ° Analog electronics

- Roberto Cardella
* Analog electronics
* Digital electronics

Matteo Milanesio
* Laboratory test
» Data analysis

Antonio Picardi
* Chip design
¢ Firmware

Jihad Saidi
 Laboratory test
* Data analysis

Carlo Alberto Fenoglio
* Chip design
* Firmware

&

~ ¥ Jorge Sabater Iglesias
! | * Detector Simulations
% « Laboratory Tests

Matteo Milanesio - Université de Genéve

Thanushan Kugathasan

Lorenzo Paolozzi
1 + Sensor design
* Analog electronics

5 Mateus Vicente
a/| * System integration
¥ « Laboratory test

Stefano Zambito
* Laboratory test

* Data analysis
- L y

Théo Moretti
 Laboratory test
» Data analysis

Chiara Magliocca
* Laboratory test
» Data analysis

Rafaella Kotitsa
_» Sensor simulation

Luca lodice
+ Chip design
* Firmware

Andrea Pizarro Medina
_* Data Analysis
+ Laboratory Tests

Didier Ferrere
» System integration
'+ Laboratory test

Yannick Favre
» Board design
* RO system

European Research Council

Established by the European Commission

Sergio Gonzalez-Sevilla
» System integration
* Laboratory test

Stéphane Débieux
* Board design
* RO system

Main research partners:

Roberto Cardarelli
INFN Rome2 & UNIGE

f # Marzio Nessi
(Y3 CERN & UNIGE

) <?.(

Holger Riicker
IHP Mikroelektronik

Matteo Elviretti
IHP Mikroelektronik

Funded by:
I—I_‘ Swiss National
Science Foundation

‘. c/‘?TTRAIIT

Sinergia

European Research Council

Established by the Erooean Cemmssen

a2 UNIVERSITE
DE GENEVE UNITEC
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« 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:
* better rise time (600 ps — 300 ps)

36 ps
* Hexagonal pixels 65um side
» 30ps TDC +1/O logic
* Analog channels

2022

20 ps
* Hexagonal pixels 65um side

* improved electronics
» 50um epitaxial layer (350Qcm

Matteo Milanesio - Université de Genéve VERTEX 2023, 18 October 2023 Sestri Levante
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; MONOLITH prototype (2022) - no gain layer 10° MONOLITH prototype (2022) - no gain layer 10° MONOLITH prototype (2022) - no gain layer
w 2?IIIIIIIIII|III|III|III|III|III|III|II_ (D fllI|IIIIIIII|II|I|I|III|III|III|III|III_ (’) TIIIIIIIIIII|IIII|II|III|III|III|III|III_
£ | CERNSPSTestoeamwith 120 GeVicpions | £ | CERNSPS Testoeamwith 120 GeVicpions | £ [ CERN SPS Testbeam with 120 GeVic pions |
w 18 :_ Pdensity =27 W/Cma; HV =200V _: w - Pdensity =27 W/cmz; HV =200V . - 6 - Pdensity =27 chmZ; HV =200V E
1.6~ — Gaussian fit: x2/N_ =42.8/24 ] 1.6~ — Gaussian fit: y2/N,=23.8/24 - - — Gaussian fit: x2/N_ =4.4/7 1
¥ = 1 - = . Sr = B
14 0,10a=21.0£0.2 [ps] O-DUT, MCPO - 1.4 0,r0a=21.3£0.2 [ps] O-DUT, MCP1 - 0,10a=6-10.1 [ps] O-MCPO,MCPI :
- Tails: 2.9% ] C  Tails: 2.4% f ] - Tails: 0.7% ]
121 + 21.0 ps - 120 21.3 ps af- 6.1 ps -
1= h - IS g : ]
C ] B ] 3 —
0.8~ - 0.8/ - C ]
0.6 - 0.6 - o[- -
0.4 - 0.4 - - -
C 1 C ] Ly 7]
0.2f s % = 0.2f F %, = - | )
:J 4 IJ—J—L’ﬁ”I:’I 1 | L1 | L1l I L1l I L1l | I“?:Itgtﬂ"—l J dem ). l: :J 1 IJ d—b"ﬁr ?I’..I. 1 I L1l | L1l | L1l I L1l I 1 TtFrrﬁ‘r-f-LA Ll: _l Ll I Ll I L.l | Il lJv;.I. L1 | L1 .I.‘VL_I Ll | Ll I L1l I L1 I_
—%.1—0.08—0.06—0.04—0.02 0 0.02 0.04 0.06 0.08 0.1 1}).1—0.08—0.06—0.04—0.02 0 0.02 0.04 0.06 0.08 0.1 Sb.1—0.08—0.06—0.04—0.02 0 0.02 0.04 0.06 0.08 0.1
TOAOAO,oorrected-TOAMCPO,corrscted [ns] TOAOAO.oorracted-TOAMCH,oorrected [nS] TOAMCP1,correded-TOAMCPO.conected [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
i
Matteo Milanesio - Université de Genéve VERTEX 2023, 18 October 2023 Sestri Levante MONOLITH 21 ‘
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MONOLITH prototype?2 (2022) - no gain layer
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MONOLITH prototype2 (2022) - no gain layer
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MONOLITH prototype2 (2022) - no gain layer

[ T T T T T 11T I T T T T T 11T I T T T T T 1 T1T I ]
- %sr data .
— T=-35°C ]
- Pyengy = 0.90 Wiem? B
- Chips Not Irradiated 7
- Amplitude = (is.s +0.7) mV * E
v ? i | -
:_ +HV=200V,VCCA=1.8V _:
[ e HV=250V,V =20V .
o 1 1 1 1 1 1 11 I 1 1 1 | I I 1 1 1 11 111 I 7

10" 10" 10"
Fluence [neq/cmz]

MONOLITH prototype2 (2022) - no gain layer

Sy data
T=-35°C
Pyensty = 0-90 W/em?

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

; 4 4

—&— HV =200V, VCCA

—&— HV =250V, VCCA=2.0V

|

=18V

10" 10" 10"
Fluence [neq/cmz]

European Research Council
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MONOLITH prototype2 (2022) - no gain layer

35

g 70 : T T T .I | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T :
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40 :— .l ... _:
C L ]
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- * .:. ...llll... ;n'-o o o.o..++
20 - oy * & * 5 L L ﬁ ... ... .¢.-
. ******* **:I*.**Irl
10 Sr* data, T=-35 °C
- HV =200V, F’C1 nsity = = 0.90 W/cm?
n 1 1 1 1 1 1 1 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
00 5 10 15 20 25 30

Matteo Milanesio - Université de Genéve
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Radiation Hardness
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MONOLITH prototype (2023) no gain Iayer
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« X-rays from 55Fe radioactive source:
* ~5.9 keV photons with point-like charge
deposition
« Characteristic double-peak spectrum
(PicoAD Working Principles)
* photon absorbed in drift region
* holes drift through gain layer and multiplied
* first peak in the spectrum

Gain Measurements

+HV

—

15! peak

h* multiplication

2" peak

e~ multiplication

* 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
60 70 80

Amplitude [mV]

90
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(1 Drift”
region

“Absorption”
region
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PicoAD proof-of-concept prototype (2022)
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Gain up to = 20 for 55Fe X-rays
obtained at HV =125V and T =-20 °C

PICOAD proof of concept prototype (2022)

g 25_ ............................................................................................. Ry R T S
® 55 : Dose 1 Dose 2
V) Fe data —-20°‘C - T=-20C
Q@ 20‘_ ............................................................................... & 1=-10°C - T =-10°C
9 - -* T +20°C - T=+20°C
s F - Dose 3
E 15__ G R 'T ...... 'ZOOC
® y ¥ T=-10°C
2 T * ¥ T =+20°C
T S S NE St S S Dose 4
- | | Y & T=-20C
B : v f 3 & T=-10°C
B 5 ST SO AR, S S "o T =+20°C
N iiitt 2 AN
L !.!" =-.' =. ......|.|||~lll~|||‘ll|""*' ‘ i §

IIIIIIIIIIIIIIIIIIIIIIIIIIII[IIIIIIIII

%

o
©
o

High Voltage [V]
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100 110 120 130 140 150 160

Evidence for gain suppression due to space-
charge effects in the case of 55Fe X-rays

* We estimated that 55Fe gain of = 20
corresponds to gain 60-70 for a MIP
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PicoAD proof-of-concept prototype (2022)
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PicoAD: Efficiency Maps

CERN SPS Testbeam: 180 GeV/c pions

Vm =4mV ;HV =125V ; Power = 2.7 W/em’
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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

Efficiency
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Track position x [mm]
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» Selection of two triangles:
* representative of the whole pixel

* unbiased from the telescope
resolution
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x1 03 PicoAD proof-of-concept prototype (2022) x1 03 PicoAD proof-of-concept prototype (2022)
.§ 29 CERN SPS Testbeam: 180 GeV/c pions '§ 18 CERN SPS Testbeam: 180 GeV/c pions
« Time Of Arrival as a time at a 5z o | B s
Constant Fraction 16 Ou:sideﬁll%] 4.28 14 Omdeﬁllﬂ 3.90
14 FWHM2.355 [ps]38.2 + 1 1.2 FWHM2.355 [ps] 48.1 1
* Distributions after time-walk - ‘
. Power = 2.7 W/em® 0.8 Power = 2.7 W/em®
COrI’eCtIOn gg HV = 125V 0.6 HV = 125V
C : ] 0.4 \ 0.4
* The distributions are gaussian 0.2 L 0.2
~O_A 0 : : _ 306100 0" i00 200500 365300 1000 1oo 200 300
2 4 A) O._[ trl] c entrles are in non TOAGpo"TOA Gapo [PS] TOAOAO TOA o1 [PS]
gaussian talls
PicoAD proof-of-concept prototype (2022)
. . 3 1 8§_<1OSCERN SPS T:stbeam:180 Gpe:/c pionze
d The three O-GauSS from the fItS glve "‘é' - Entries 738173
[ " N w 16__ £ Ndf 47/37
the timing resolution of: LGAD1 LGADO taf S
o the DUT DUT :i: FWHM2.355 [ps] 56.6 + 1
+ the two LGADs - ’_’_/\ o =
6— HV = 125V
o
2
456™=360 =100 0 100" 200 300
TOA oo TOA g1 [PS]
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Signal MPV Amplitude _ Efficiency Time Resolution
b PicoAD proof-of-concept prototype (2022) PicoAD proof-of-concept prototype (2022) -
E " CERN SPS Teéstbeam: 180 GeVélc pions .°\:. 100: | | | : é 45§ CERN SPS Téstbeam:§180 Ge :l/c pionsE
© - Power = 2.7 Wicm?; HV =125V ; V., =4 mV § - S F Power=27Wem?;HV =125V ;V, =4mV
S 100} ko N S 40¢
s £ 99.9] | e
< 80 " - - ; c M PicoAD proof-of-concept prototype (2022
i : E € 30¢
I ' 99.8 = i
60~ 1 o ot : . | | ! 25: #—
i 3 : Ee o e 20F ——
5 1 99.7 : s z : i : - —
40— -] : B 15F —~
E ' B a f*\
i 80 g - NS
20 : 99-6_thN§be Testbeam: 180 GeV/c pions 105 7l
[« 56pm — - jPoweré: 2.7 W;/cmz; HV = 1255 V: V‘hf_-4 mV 5F /
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o0 10 20 30 40 50 . 60 99'50 10 20 30 40 50 60 0 10 20 30 40 =0 60
Distance from pixel center [um] Distance from pixel center [um] Distance from pixel center [um]
* Best time resolution: (13.2 = 0.8) ps within 25 pm from the pixel center
* PicoAD© proof-of-concept: small degradation of the performance towards
the edge of the pixel
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Signal MPV Amplitude

PicoAD proof-of-concept prototype (2022)
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PicoAD proof-of-concept prototype (2022)
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European Research Council
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455 CERN SPS Testbeam: 180 GeV/c pions:

C  Power =27 W/cm?; HV =125V ; V,=4mV
40

C * MONOLITH prototype: (2022) - no gain
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2022 prototype is much less dependent on the pixel position
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ggg::,gcg Benefits of Using Hexagonal

]
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* Three possible regular shapes to
use:

* equilateral triangles
e squares
* regular hexagons

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

* Moreover, the same amount of
pixels can fits in less space than
squares
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