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Advanced grant 8844471 July

Monolithic silicon sensor able to:

* measure precisely the 3D spatial 2020 - June 2025
pOSItlon Of Charged partICleS [LIMONOLITH H2020 ERC Advanced Project Web Page -
. . . . https://www.unige.ch/dpnc/en/groups/giuseppe-iac
° prOVIde plCOSECOHd fime reSOIUtlon obucci/research/monolith-erc-advanced-project/

Novel sensor concept,
the Picosecond
Avalanche Detector®©

Fast and low-noise
SiGe BiCMOS
electronics

PicoAD:

SiGe BiCMOS Picosecond
Avalanche

Detector
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. . . NPN SiGe HBT
* SiGe HBT = B]T with Germanium as (depleted regions in light colors)
base material: from wikimedia

* higher doping in base possible
* thinner base
* reduced base resistance R,

* Grading of Ge doping in base:

_I_'I‘Q

. o I 1,
e charge transport in base via drift Emitter S,c(;pe .
« reduced charge transit time in base s =
* high current gain LOROCIN

C? Oy : :
ENCgoriesnoise X | K1 L szbC%()t ‘ajitter =qv, = ENC * RiseTime

NP /at
2 Leading-edge IHP SG13G2 technology: 130 nm process featuring SiGe HBT
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NO GAIN LAYER

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 +/O logic * improved electronics
« Discriminator output * Analog channels » 50um epitaxial layer (350Qcm)

Design Improvements
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* October 2022: SPS Testbeam with 180 GeV/c pions NO GAIN LAYER

* Measure efficiency and time resolution 2022

plane 5
plane 3 Telescope
plane O

20 ps
* Hexagonal pixels 65um side

* improved electronics
» 50um epitaxial layer (350Qcm)

[2IBenoit et al. The FE-14 telescope for

* UNIGE FE-14 telescope!“ to provide the spatial information (o,, ~10 pm) D erimonta, ST, 11 P03003, july 2016
’ experiments. ) , july

* Two MCPs (o, ~5 ps) to provide the timing reference
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MONOLITH prototype (2022) - no gain layer ]
—_ _ _ 1 - MONOLITH prototype (2022) - no gain layer
E o5k CERN.-SPS.Testbeam <) — : ‘ : : : : 5 =
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= C = ' 0.5 B8 [ i ; S PP
2.3¢ > g ' B ' =107 o
. et \/ ; 0.4 - e Eff|C|ency : ' = %
205F . e . T ' -y CERN SPS Testbeam 120 GeV/c plons 1 in2Z
g OAO0 ~o ;N 03 7 S SRR WO RSO SUSNSNR SO SS— SN IS - 10
o of = - - T Nonse Hit Rate ‘ 3
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2.15F \;h_ervz?W/ HV' 200 V: .......................... 0.1 96— 'Q‘ ................ ................ o s AAAAAAAAAAAAAAAA | S ,
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Threshold [0, ]

* The apparent degradation at the edges is due

to the ~10 um resolution of the telescope

* Large plateau of 99.8% efficienc
Selection of two triangles: 5¢P 0 y

* representative of the whole pixel *oy~1.4mV=100e"
* unbiased from the telescope resolution
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s MONOLITH prototype (2022) - no gain layer o MONOLITH prototype (2022) - no gain layer o MONOLITH prototype (2022) - no gain layer
X X X
g 2 B LI I LI I LU | LI | L I LI I LI | LI | L I T B g :I L | LI I | [ A | I LI | LI | | [ A | I LI} | LI | LI | LI I: g _I LI | LI I LU | L I LI | LI | LI | LI I |V A | I LI I_
'.E  CERN SPS Testbeam with 120 GeV/c pions ] *E' 18E CERN SPS Testbeam with 120 GeV/c pions - *E ” CERN SPS Testbeam with 120 GeV/c pions |
w 181 Pyensy = 2.7 W/em?; HV = 200 V 1 Y E Py =27 Wiem?; HV = 200 V 1 w6 Pensity = 2.7 W/cm?; HV = 200 V -
1.6~ — Gaussian fit: x?/N, =42.8/24 . 1.6~ — Gaussian fit: x?/N,=23.8/24 = - — Gaussian fit: x2/N_=4.4/7 .
¥ . i - = . Sr = -
14f Owon=210:02[ps] Gy yepo {  14f Owoa=213:021ps] OpUT MCP1 - - Oaroa=0-1:0-1[ps] O MCPO,MCPT]
- Tails: 2.9% ] C  Tails: 2.4% T ] - Tails: 0.7% ]
12F + 21.0ps - 121 213 ps - af- 6.1ps -
1= # = i g : 1
C ] B ] 3 —
0.8 = 0.8 — B ]
0.6 - 0.6 a o[ -
0.4 . 0.4 - - -
C * i - - ] Ly ]
0.2 F 9 = 0.2 g %, - - 1 1
:J dod J—J—L-ﬂ"lr’l 1 | L1l | L1l I L1l I L1l | I“?.:Itrtﬂ"—l J hond I: :J 1 Ilﬂ-ﬁ"ﬁr "I".I. | I L1 1 | L1l | | = | I L1l I 1 ‘IT-I::rﬁ‘!'-’-LA dd : _l L.l [ Lakicl I R R | | J.Ll lJv;.I. | | i | .I.‘VL_I I | | P B I S I hadad ]
.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,oorrected-TOAMCPO,corrected [ns] TOAOAO.oorracted-TOAMCH ,corrected [nS] TOAMCP1,correded-TOAMCPO,corrected [nS]
* Very Gaussian distributions after time walk correction (15, Zambito et al. 20 ps Time

Resolution with a Fully-Efficient

 Simultaneous fit to extract the time resolution of DUT, MCPO, MCP1[3];  MonolithicSilicon Pixel Detector

without Internal Gain Layer.
Xiv:2301.12244v1, 2023
MCPO: ¢, = (3.6 + 1.5) ps v Vi January
MCP1: o,

(5.0 + 1.1) ps UT: 0, = (20.7 £ 0.3) ps
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30/ MONOLITH prototype (2022) - no gain layer

lal I | LI I LI ’ LI | LI | LI I LI | LI | L I T |
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= 25 ] | ey AR s o o AU SRS 2 —
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5 | ‘\\é‘: 2180} N St =
o - | == =
o 20 ' : : - = -
E | : — —
=T ] = E
15[ ] - -
10F 4 3 E
i CERN SPS Testbeam: 120 GeV/c plons i — —]
i Vin=70,;P, it.-27W/cm ] =

S 7
o L Il | 111 | | | ’ 11 | | 11 1 | Ll I | | | 11 1 | 11 1 I Il i 2)(1 0_1 3 4
100 120 140 160 180 200 220 240 260 dens'ty [W/ecm?]

HV [V]

« 20 psat 2.7 W/cm?| 50 ps at 0.1 W/cm?

* More than a factor 2 improvement w.r.t. the
previous prototype

Large plateau of 130 V between 20 and 25 ps
with simple analysis and signal processing
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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 » 50um epitaxial layer (350Qcm)
2022
PicoAD® version
17 ps
02/03/23 TREDI 2023, Trento - Matteo.Milanesio@unige.ch MONOL.ITH 9
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¢ Multi-Junction Pico-Avalanche Detector!4

« 2019 ASIC with the PicoAD® concept:

e IHP produced PicoAD® special wafers with 4
doses of gain layer

* 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

[*IG. lacobucci, L. Paolozzi and P. Valerio. Multi-junction
pico-avalanche detector. European Patent EP3654376A1,
US Patent US2021280734A1, Nov 2018

02/03/23 TREDI 2023, Trento - Matteo.Milanesio@unige.ch MDNDLITHI/IOI 10
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 X-rays from >°Fe radioactive sourcel>!l°!:

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

* Characteristic double-peak spectrum
* photon absorbed in drift region
* holes drift through gain layer and multiplied
 first peak in the spectrum
photon absorbed in absorption region
* electrons drift through gain layer and multiplied
* second peak in the spectrum

[5]M. Milanesio et al, Gain measurements of [6]L. Paolozzi et al, Picosecond Avalanche
the first proof-of-concept PicoAD prototype Detector - working principle and gain
with a 5°Fe X-ray radioactive source, 2022 measurement with a proof-of-concept
doi.org/10.1016/j.nima.2022.167807 prototype, 2022 JINST 17 P10032

55Fe X- ray source

+HV

Entries

PicoAD/proof-of-concept prototype (2022)

S =

(1] Drift!’
region

“Absorption”
region

h* multiplication e~ multiplication
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PicoAD proof-of-concept prototype (2022)

12000

10000

8000

6000

4000

2000

-20°C - T-= :

n
40000

W W
o O
o O
o O
o O

25000
20000
15000
10000

5000

e uItipIicatio
2nd peak

a T =
...-*.T +20°C-. T . +20°C.

[IIIIIIII!IIIIIIIIIIIIIIlllllllllllllll

-10°C

-10°C - T=

.............

%

o

90 100 110

02/03/23

120
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High Voltage [V]

TREDI 2023, Trento - Matteo.Milanesio@unige.ch

European Research Council
Established by the European Commission

Gain up to = 20 for >°Fe X-rays
obtained at HV =125V and T =-20 °C
PICOAD proof of concept prototype (2022)
) — S
S 25 55 Dose 1 Dose2
v Fe data T=-20C - T=-20°C
(o) 20_ _'10°C-.T ,,,,,,, -10°C
g -* T2 +20°C -@ T = +20°C
S : Dose 3
‘E 15— A A AR '20°C
3 ~v~T‘¢-10%3
o ¥ T =420°C
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, QQSQ,‘},,,,,,
10 v T = -20°C
41-1';-10%:
o) S A, ot A A AU T, Sk S & T =+20°C
REEE
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
%O 100 110 120 130 140 150 160

High Voltage [V]

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

« We estimated that >>Fe gain of = 20
corresponds to gain 60-70 for a MIP

MONOLUITHIT | 1
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Similar experimental setup with FE-I4 telescope

PicoAD proof-of-concept prototype (2022) PicoAD proof-of-concept prototype (2022)
— — 40
o n -
2100_— """""""" T e S o & [V, =4mV;HV=125V
9] B +/T\\_* S 351 "
2 i 5 C
.,% 99.8— : o e : ?) 30__
i i o
o _
L 25
99.6 E -
Z 20
99.4— : g o ’ 153_ - . -
| CERN SPS Testbeam: 180 GeV/c pions u ,
- CERN SPS Testbeam: 180 GeV/c pions
- Vp,=4mV;HV=125V 10 \
99.2_—" » o e ' GOAL
_||||||||||||||||||||||||||||| :|||||||||||||||||||||||||||||
% 05 1 15 2 25 3 % 05 1 15 2 25 3
Power [W/cm?] Power [W/cm?]
99.9% for all the power consumptions Best performancel!’!: (17.3 £ 0.4) ps

[71 G. Iacobucci et al, Testbeam results of the HV - 12 5 V and Power = 2'7 W/sz

Picosecond Avalanche Detector proof-of-
concept prototype, 2022 JINST 17 P10040
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Signal MPV Amplitude Efficiency Time Resolution
. PicoAD proof-of-concept prototype (2022) PicoAD proof-of-concept prototype (2022) .
= 120 ; ; = = : : : : : & YV :
E | CERN SPS Te:stbeam: 180 GeVélc pions & 100k é 455 CERN SPS Testbeam: 180 GeV/c pions:
o - Power=2.7W/cm?; HV =125V ;V, =4mV & - & F Power=27Wcm?;HV=125V;V _=4mV
-g 100 th OCJ i g 40_ th
= | DB S F
3 ! . T ' R S—
< 80 - - g - M PicoAD proof-of:concept prototype (2022
i : B € 30¢
i ' 99.8 s i
60_— 1 i : . | | | i 25: #—
i g" : E : : 20f s
40 " | ol | e T
20l : 99-6:thNébe Testbeari: 180 ueéwc pIOl;S 10; 7
x 56pm - jPoweré: 2.7 W/ecm?; HV = 125§V;Vthf_-4mv 5F /
o E It /! L 1 | 1 1 L 1 1 1 1 | 1 1 1 1 L Je i L Ll II 1 1 1 99-5 [ | 1 1 1 | 1 1 L1 1| I | L 1 1 L | 1 1 1 1 | L1 1 L | L | : | R | | | 1 | L 11 1 1 1 1 1 1 1 1 L 11 1 1 L 1
0 1020 - 80 .40 .50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 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 pum from the pixel center

* PicoAD® proof-of-concept: small degradation of the performance towards
the edge of the pixel

02/03/23 TREDI 2023, Trento - Matteo.Milanesio@unige.ch MDND%\ A | | 14



71 UNIVERSITE
1>/ DE GENEVE

FACULTE DES SCIENCES

Département de physique
nucléaire et corpusculaire

Signal MPV Amplitude

PicoAD proof-of-concept prototype (2022)

—_
o
o
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PicoAD proof-of-concept prototype (2022)
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Time Resolution

%) 50¢ f
2 455 CERN SPS Testbeam: 180 GeV/c pions:
IS - Power=27W/cm®;HV =125V ;V, =4mV
S 40¢
§ 35: *EMONOLITH prototype (2022) - n¢ gain layer
- c M PicoAD proof-of-concept prototype (2022
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15/
7 o
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0 10 20 30 40 50 60

Distance from pixel center [um]

2022 prototype is much less dependent on the pixel position

< 120 5 5
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- i Verm? - HV = e
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!
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NO GAIN LAYER

2022

Mrc 2023

CTPE R R

200 ps 110 ps 50 ps 36 ps 20 ps
+ 1 mm?2 pixel « 30 pixels 500x500um2  + Hexagonal pixels 65um » Hexagonal pixels 65um side » Hexagonal pixels 65um side » Hexagonal pixels 32um side
« Discriminator ~ + 100ps TDC +I/O logic and 130pm side » 30ps TDC +I/O logic * improved electronics * improved electronics
« Discriminator output * Analog channels » 50um epitaxial layer (350Qcm)
2022 June 2023
PicoAD® version || PicoAD® version
17 ps <10 ps?
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Testbeam of 2022 prototype ASIC, without gain layer, provided:

« Efficiency =99.8% and o,=(20.7 £ 0.3) ps (much less dependent on
position than 2019 prototype)

The PicoAD® monolithic proof-of-concept prototype works
* Gain = 20 for >>Fe X-rays (space-charge effects -> gain = 60 for MIPs)
» 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

Development of picosecond TDC!®! for fully monolithic chip
Radiation hardness studies started in 2023 together with KEK and [HP

[BIR, Cardarellj, L. Paolozzi, P. Valerio and
G. [acobucci, European Patent Application
/ Filing - UGKP-P-001-EP, Europe Patent
EP 18181123.3. 2 July 2018.

02/03/23 TREDI 2023, Trento - Matteo.Milanesio@unige.ch MDNDLITF— ’ _ ‘ 17
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Giuseppe lacobucci
* project P.I.
» System design

Lorenzo Paolozzi

4 + Sensor design

* Analog electronics

Thanushan Kugathasan
* Lead chip design
« 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

5 Mateus Vicente
/4 * System integration

 Laboratory test

Stefano Zambito
 Laboratory test

* Data analysis
- L y

Didier Ferrere
» System integration
h « Laboratory test

Sergio Gonzalez-Sevilla
» System integration
* Laboratory test

Yannick Favre
» Board design
* RO system

Stéphane Débieux
* Board design
* RO system

STICK AROUND FOR
THESE TWO GUYS

02/03/23

Théo Moretti
 Laboratory test
» Data analysis

Chiara Magliocca
* Laboratory test
» Data analysis

Rafaella Kotitsa

. * Sensor simulation

Luca lodice
* Chip design
¢ Firmware

TREDI 2023, Trento - Matteo.Milanesio@unige.ch
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e Same matrix configuration as previous, but

Substrate: 50 cm — 350 {lcm epilayer, 50 um
thick on low-res (1 {.cm) substrate

» smaller pixel capacitance

* depletion 23 pm — 50 pm

* much larger voltage plateau

* can operate sensor with vy, 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)

02/03/23 TREDI 2023, Trento - Matteo.Milanesio@unige.ch
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2022

36 ps
* Hexagonal pixels 65um side
» 30ps TDC +1/0O logic
* Analog channels

20 ps
* Hexagonal pixels 65um side

* improved electronics
» 50um epitaxial layer (350Qcm)

MONOLITH 2
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Space charge:
10ps after char neration — before charge generation: £ 40F e
Ps arter charge generatio ge g o r I I
0] L o M|P : : e
- IO ¢ o
=8 35 [ —e— Fe55 | P o
B | ¥
30 [ | .|
E i
’ 251 B
F B
20 o
Drift - I &
region ° 153_ | |
" s |
: Kl |
ISR S | 10 B :.' |
Absorption 2 3 I I
region 5 TR o VT TP :
|
15 0 Load o 1 | 1 1 1 |
4 6 8 10 12 14
140 135 13% 125 120 Sensor depth [pm]

Transient 3D TCAD simulation of point like >>Fe charge deposition in absorption layer
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* October 2021: SPS Testbeam with 180 GeV/c pions

* Measure efficiency and time resolution

plane 5 Siane:a o Telsseops ~ ‘ PicoAD version ‘

plane 0

SPAD1

[31Benoit et al. The FE-I4 telescope for

* UNIGE FE-14 telescopel®! to provide the spatial information (o,, ~10 pm) parti mading mtestbean
’ experiments. , , july

* Two LGADs (o, ~30 ps) + SPADs (o, ~10 ps) to provide the timing reference
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CERN SPS Testbeam: 180 GeV/c pions
V,,=4mV ;HV =125V ; Power = 2.7 W/cm?
! T T T I T T T I T T T I T T T I T T T I T T T I T T T
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AP AP PRI EPPETEN PRI IV S 0.95
-3.95 -39 -3.85 -3.8 -3.75 -3.7 -3.65
Track position x [mm]

| 285

* The apparent degradation at the * Selection of two triangles: |
edges is due to the finite resolution of * representative of the whole pixel

the telescope (~10 um)  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)
.S 29 CERN SPS Testbeam: 180 GeV/c pions '8 18 CERN SPS Testbeam: 180 GeV/c pions
 Time Of Arrival as a time at a 5 o ae = O 5?;”;’? P
. 1.8 Coum Pl 397103 s 5] 49502
Constant FraCtlon 1.6 Outside fit [%] 4.28 14 Outside fit [%)] 3.90
14 FWWHM2 355 8196241 1.2 FWHM2.355 [ps] 48.1+ 1
» Distributions after time-walk 2 1
. ! Power = 2.7 W/em® 0.8 Power = 2.7 W/em®
corre CthIl gg HV = 125V 0.6 HV = 125V
’ 0.4
. . . - 04 13
* The distributions are gaussian 02 % 0.2
....1....!‘\rl . |
~2-40 1 1 - —800 -200 -100 O 100 200 300 —800 -200 —1 00 0 100 200 300
2 4 /0 Of th ¢ entrles are in non TOAGp;"TOA a0 [PS] TOAG"TOA Gap; [PS]
gaussian tails
x1 03 PicoAD proof-of-concept prototype (2022)
. . ® ..f  CERNSPS Testbeam: 180 GeV/c pions
* The three g;,,s from the fits give : i e
» . . - £ Ndf 47/37
the timing resolution of: LGAD1 LGADO 14 o
° the DUT \ / DUT 125— FWHM2.355 [ps]56.6 + 1
10 -
o th e tWO L GAD S “ 8 Power = 2.7 Wiem®
6— HV = 125V
%
2
856~"200 —100 0100 200 500
TOA Gapo~TOA gap1 [PS]
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* 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

e Moreover, the same amount of pixels
can fits in less space than squares
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 Shift at 200 ps of the waveform to subtract low-frequency noise
* Time at 25% constant fraction
* Amplitude based time walk correction method
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