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Silicon depleted sensors for radiation detection

= Depleted silicon pixel sensors: large active volume for
ionizing particles and X-rays.

= Target applications:

= Tracking and timing in High Energy Physics experiments
= Medical imaging

= Astro-particle detection on satellites

= Material science
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Minimum lonizing particles: energy loss distribution in silicon

 Signal released by M.I.P.s: typically from 60 to 80 e/um in Silicon:
required detector active thickness increases with electronic noise
* Signal to Noise Ratio determines performance for both tracking and timing applications
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X-rays

EUV, X-rays: “Point-like” interaction with the production of many e-h pairs in a small region, a few um

wide.

e 100s um thickness required for
efficiency
* Low electronic noise required

for charge resolution

Average number of
e-h pairs:

ne—h —

E.

1on

Si ionization energy
E..=3.6eV
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Detector bias

Minimum bias voltage for full depletion:

~

Vbrp =

N: detector doping
t: detector thickness

Vbias

Depleted

silicon
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Full depletion voltage [V]
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Charge collection: drift

Charge collection by drift required for: (o8
* Timing resolution —
* Radiation hardness T Gahs (Electrons)

Vsat=100pm/ns |

Vbias

Carrier dritt velocity (cm/s)

silicon ’ = = = = Holes

108 i
St | T = 300K
Depleted ai N A B Electrons
p b ’ Si

10°L__2” L ’ ‘
102 10° 10 10° 105
Electric field (V/cm)

Sze, Semiconductor devices, Wiley & Sons, 2012

To minimize the charge collection time, the electric field in the detector should be
large enough to saturate the charge carrier drift velocity
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Hybrid and monolithic pixel sensors o —

front-end /
chip /

= Hybrid Pixel Sensors i it j
* Detectors and electronics optimized separately ;j:_JE

* Excellent radiation damage tolerance

* Problems: interconnection stray capacitance (affects SNR) e
interconnection cost, yield, material budget detector
.:

| particle
/ track

= Monolithic Active Pixel Sensors (MAPS)

e Constraints on the detector optimization: CMOS processes
need customization (special substrates, dedicated implants ) I 1 \ -~ oS
= .'./ """" 4 - epi P-WeL
* More freedom with older process nodes (110 to 350nm) = - el
* Lower capacitance, lower costs, better yield and low
material bUdgEt i/'/ p++ substrate
—

/ particle track

L. Gonella, Particle Physics Seminar, 2017
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Hybrid pixel sensors: perspectives

The situation is changing. Wafer-level 3D stacking has become an industry

standard in the last years: widely adopted in image sensors for the consumer
market

Accessibility of 3D integration processes is still a problem for niche applications.

(@) (b) Y. Oike, IEEE TED 2021, doi:

10.1109/TED.2021.3097983

6 um pitch
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Photodiode

- Bonding

__ Bonding
interface interface
™ Cu-Cu
connections

v

Circuits

2019 2020

Fig. 8. Trend of Cu—Cu connection pitch. (a) Simplified device structure
and (b) cross sections.
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The origins of depleted monolithic imaging detectors: deep depleted CCDs

BACK FRONT IEEE IEDM Tech. Dig. 1979
——
A Pheel DEEP DEPLETION CHARGE-COUPLED DEVICES
SIiLICON | ~05 FOR X-RAY AND IR SENSING APPLICATIONS
+ I wm [~ coD
| GATES
|
PHOTON + i M. C. Peckerar, D. McCann, F. Blaha, W. Mend & R. Fulton
| E:,EE
< .
+ [i :E Westinghouse Electric Corporation
n Advanced Technology Laboratory
+ } _ Baltimore, Marvland 21203
~20 A GATE
NATIVE OXIDE OXIDE :
IEEE IEDM Tech. Dig. 1985
2| | Vg DEEP-DEPLETION CCDS WITH IMPROVED UV SENSITIVITY
=N
E Y o
E ,1 J.T. Bosiers*, N.S. Saks, D.J. Michels, D. McCarthy, M.C. Peckerar
g | |
ﬁ : * Naval Research Laboratory, Washington, D.C. 20375
al COLLECTED
Y SIGNAL *Sachs-Freeman Associates, Inc., Landover, MD 20785

Fig. 2. Backside=I1luminated Deep~Depletion CCD
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The origins of depleted monolithic imaging detectors: pn CCDs

= |dea dates back to the
1980s (E.Gatti, P. Rehak)

= (QOperation concept: same as
CCD, but gates are replaced
with pn junctions

= Successfully employed in
color X-ray imaging, X-ray
fluorescence, electron

detection in SEM/TEM
microscopy
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CMOS fully depleted pixel array with backside junction

CMOS rcadout and N-well contatning
. cantrol electronics PMOS circuitry
* Full CMOS at the periphery / /
* PMOS-only in the pixels /
 Backside N-diffusion: backside 475 2 éjzzfj s
processing needed o e o e
° P-type CO” ection n Od es: - e
collection of holes 2 bAd Colleat
<X Drift paths | wenon
A p: electrodes
1 Sn A 4w G R B
e Depleted
N-diffusion P -type Isolation
Not to scale substrate structure

W. Snoeys, IEEE Tran. Electron Dev., 1994
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CMOS fully depleted pixel array pixel array with backside junction

= BSjunction terminates on a trench for breakdown prevention

= Requires BS lithography and trench etching in the middle of the process flow:
difficult to integrate in a commercial CMOS

25um
vertical etch

P-type substrate

N-diffusion

Simulated potential
J. D. Segal, IEEE NSS 2010.
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Standard twin-well CMOS: features

= Twin wells: to host NMOS and
PMQOS transistor

= Sensor: implemented with nwells

= p-substrate with intermediate
resistivity (typ. 10 Ohm cm): only
a few um depletion region for
typical voltages

= Collection speed: slow diffusion
in non-depleted substrate

= Competitive collection by nwells:
low efficiency

Charged
particle
Collection
diode NMOS PMOS
n-well p-well n-well
depletion ©\©
o\®

p-substrate

Diffusion o\ e Diffusion

®\ O

\




Customizing CMOS for improved MAPS performance

= Reduce the substrate doping: high resistivity silicon
= High bias voltage for large depletion region

= Avoid competitive charge collection. Three approaches:

1. Put CMOS electronics inside the collection electrode: large collection
electrode

2. Isolating nwells other than collection electrodes with deep pwell: smalli
collection electrode

3. Isolate the electronics from the detectors with a buried oxide layer: Silicon
On Insulator (SOI)



Large collection electrode: High Voltage CMOS

= The collection diode is a deep nwell.

= The CMOS electronics (pwells + nwells) is inside the deep nwell

= High voltage bias can be applied: large depleted volume

l. Peric et al., NIM A582 (2007) pp. 876-885
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Electronics

~0(10%) um
|

P-SUBSTRATE

BACKSIDE

Pixel cell

|. Caicedo et al 2019 JINST 14 C06006
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Large collection electrode with High-Resistivity substrate

High resistivity substrates
(>2 kOhm/cm): depletion width > 250um

= Uniform electric field
= Fast charge collection

= High efficiency
at fluence > 10*> n_ /cm?

Main drawbacks:

= Parasitic capacitance: large noise
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NWELL NMOS PMOS

Small collection electrode: ALPIDE - e/ —
L PWELL PWELL / l NWELL j

DEEP PWELL

= |nstalled on ALICE ITS

= Nwell shielded by deep pwell
(J.P. Crooks et al. IEEE NSS 2007)

Epitaxial Layer P- LA Soem
o ;

Saos

= High resistivity (> 1kQ cm) p-type M. Mager,
epi-layer with 25 um thickness HINIA B28 2016

i1}

= 28 x 28 um? pixel size 'E =
0.995 —
= Small sensor capacitance: 099 = mm oo g
low noise 2 0985 - i
: : . e € 0BT srrmromorenTrooonooomrrooossssenoooooooooooooooooooooo 5
u Partlal dEplEthnZ drlft and dlfoSlOn Ué 0_9755— .'ISI Efficiency Fake=Hit Rate %
2 - \ - -m- Non-irradiated X
. L. S 097 'y = -EF 1.0x10™ 1MeV ng/em? =
= Radiation tolerance: s E \ T
NIEL up to 10" (1MeV n,)/cm? oo - g
o z_z‘jf:;t;lz:masked — —= po——pt =g
oosbel v v v Loy v by e b Al b Sl |

00 200 300 400 500 _ 600 700 _ 800 900
G. Aglieri Rinella, NIMA 845 (2017) Threshold Current I, o (PA)
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Depleted MAPS with small collection electrode

= Produced in CMOS 180nm process modified with a low-doped n-type deep implantation

= Fully depleted: charge collection by drift

= Fast charge collection: few ns

= Good efficiency and speed after irradiation at 10*> (1MeV n_,)/cm?

PMOS

nwell collection

electrode

Efficiency vs. hit position

= ==
'—--JL]l_J

nwell

p- epitaxial layer

low dose n-type implant

T
J ]
1
1

1

'

’

depleted zone

W. Snoeys et al., NIMA 2017
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Depleted MAPS with small collection electrode: going faster

Modified process:
-6V 0.8V -6V
P-well l P-well
Deep P-well Deep P-well
- *

P-type epitaxial layer

P+ substrate

Backside voltage

Electrostatic potential:

Gap in deep n-implant:

-6V 08V -6V
l | i
P-well f ) * P-well
Deep P-well Deep P-well
- NS —]
* *

P-type epitaxial layer

P+ substrate

Backside voltage

Electrostatic potential:

M. Munker et al 2019 JINST 14 C05013
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Additional p-implant:

-6V 0.8V -6V
| | l
P-well f ] * B P-well
p——
Deep P-well Deep P-well
N- S
* *

P-type epitaxial layer

P+ substrate

Backside voltage

Electrostatic potential:
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Depleted MAPS with small collection electrode: going thicker

collection electrode in pixel center

/(n—well}

Gap in n- layer
along pixel boundary

epitaxial p-

(a)

M — w M S Y e — T W W

n- layer

Czochralski p-substrate

(c)

pixel circuits
(PMOS & NMQS) Extra-deep p-well

NMOS PMOS Deep p-well along pixel boundary

n- layer

epitaxial p-

(b) Gap in n- layer

along pixel boundary

e T T w — - —

n- layer O

Czochralski p-substrate

(d)

H. Pernegger et al 2023 JINST 18 P09018
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Switching from epi to HR silicon:
depletion region extends into the
substrate

Efficient charge collection up to
2x10% (1MeV n,.)/cm?
demonstrated experimentally
(Cz-MALTA chips)

Extra-deep p-well
along pixel boundary

Czochralski p-substrate

(e)
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Fully-Depleted SOI sensors

= Buried oxide layer: separates detectors from electronics

= High resistivity substrate: up to 500um depleted thickness

NMOS
LSI CII’CUIt _ PMOS
T — 1l — BOX (Buried Oxide)
| 5/ Eefle 2o || ——Middle Si
Zhe - w o ]
i 9 = '
e—p- Si Sensor ' _. |
(High Resistivity n+ %
Substrate) Buried n-Well
p+
o—!
ﬁBack Plane

Radiation
(X-ray, Electron, Alpha, Charged Particles, ...)

Y. Arai, IEEE IEDM 2017
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FD-SOI progress

= Problem: buried oxide affects electronics = back-gate effect

= Solution: 2 buried oxide layers

= |onizing radiation tolerance up to 100kGy (Y. Arai, IEEE [EDM 2017)
= Reduced electronic noise

= |ssues: SOl wafer cost, single vendor

readout electronics metalhc layers readout electronics )?etallic layers
[ I [ | [ | 1
BOX (msulator) BOX1 |
Mid-Si !
BOX2
SEDSil’lg il'l'lp]Ell'lt | - \ _)Z I I X _/ P I
BP(N)W layer N -~
sensing implant
N z N BP(N)W layer 2
highly-resistive wafer N highly-resistive wafer f
OHV OHV
R. Bugiel, et al., NIMA 988, 2021
(El.) Sing]e SOI (b) Double SOI
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ARCADIA - Sensor concept

ARCADIA
o e e e e

fd

INFN

* Customized 110nm CMOS process

(LFound ry) Sensing Pixel electronics:
electrode 1.2V MOSFETS

 Small Collection Electrodes
* Deep pwells
* n-type high resistivity active region

* Reverse-biased junction at the n-epi
bottom: depletion grows from back g y
to top FEREERRR AN

* n-epilayer: reduce punch-through
current between p+ and deep pwells "

* Sensing electrodes can be biased at n=substrate N\ BN EEEEEREEE
—/————/———/—
low voltage (< 1V)
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Wafer post-processing: starting material and backside process

p+ wafers - double epi

N s
n-epi2

Active
thickness:
48um

Y High Resistivity n-epi 1

p+ substrate

Type 1.

Post-processing: thinning
to 100 or 300um total
thickness

Days of Dectection 2023

Active

thickness:

100pum

HR wafers - no backside lithography

A N F M
n-epi

High Resistivity n-type Si

Y N

Type 2:

Post-processing: thinning,
backsided p+ implantation
and laser annealing
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HR wafers - backside lithography
Y

n-epi
Active
thickness:
200um
or more

High Resistivity n-type Si

Y ilA
Type 3:

Post-processing: thinning,
lithography, backside p+
implantation and laser annealing,
insulators and metal deposition
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Pixel array cross section — backside lithography — type 3 substrates

guard ring Perypheral PADS
Pixel array electronics
«< I \ _~—

High-Resistivity
Substrate:
100 - 500 pm

n-sub p+\( j

/ Backside \—V—/

contact
ARC Guard rings
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Main demonstrator: 512 x 512 pixel array for charged particle tracking

* Pixel pitch: 25um — Array core area: 1.28cm x 1.28cm
* Pixel electronics: analog and digital. In-pixel threshold and data storage

e Architecture: event-driven. Pixel detecting events (charge pulses) send their address to the chip
peripheral circuits

* Low power (20mW/cm?) and high event rate (100 MHz/cm?)

Pt I T T } m»‘ e e o i

Sensor

1

[0
" Digital . 8+ | 25um

Detail of pixel layout 512 x 512 pixel sensor mounted on PCB
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ARCADIA main demonstrator: detection of charged particles

Cosmic rays
Tilted sensor

Incremental map

300

200

100

Incremental map
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Detectors for ps timing of charged particles

Applications:
* High Energy Physics: Time of Flight layers in High Luminosity experiments
e Space: ToF layers in astro-particle detectors

* Medical: time tagging of particles in therapeutic beams

M. Pierini, SOSC 2018
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Sensor timing resolution

Non saturated velocity and Can be made
Fundamental non-uniform weighting field negligible
limit \ \ /
2 2 2 2 2 2
O¢ = OTime Walk + O andau Noise + O Distortion + O Jitter T ITDC

/

o { Low input capacitance,

Can be corrected (e.g. with Constant High preamp. transconductance

Oy XX ——
Fraction Discriminator, CFD) Jitter d

Z” ™ Large signal (gain)

dt

™ Short signal rise time



LGADs: operation

u AvalanChe mUIt|p||Cat|On ||near'm0de Junction termination
(sub-Geiger) operation Core region region \

A N

= Separate absorption-multiplication :'
region: I
|
I
I
|
|

* Fully depleted HR substrate or
epitaxial layer

o
)
—
O
©

* P+ gain layer: high electric field @  =========- . —

= Gain area termination needed: dead P - - substrate

(no gain) region between the pixels prelectrode

G. Paternoster et al., J. Instrum., vol. 12,
no. 2, 2017, Art. no. C02077
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LGADs: timing resolution

 Uniform electric field in a
large area (~ mm?):
Ogistortion 1S Negligible

* The effect of electronics
noise on timing resolution
(0.er) CAN be reduced by

g . .
increasing the gain

e Fundamental limitation:
Landau noise, due to
fluctuations in the released
charge

Days of Dectection 2023

Resolution [ps]

Timing Resolution HPK 50C Jitter +20C Thickness: 50um
60 . Jitter OC
. Jitter -20C
50 - 37 @ Res(20) +20C
i Res(20) OC
2 Res(20) -20C
40 - %‘\TT
-’% + ; Landau noise: ~ constant with gain
Bl il n v mi i A P i i i i O B B T T
30 -+ Y2 [ T
© L
20 -
<&
10 A 00 _ Jitter term: scales
.............. with gain (dV/dt)
0 H. Sadrozinski, TREDI 2017
0 10 20 30 40 60 70 80

Gain

N. Cartiglia et al., NIM A 924 (2019) 350-354
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How to go below 30ps with LGADs?

* Low threshold = practical limits in an array due to electronic noise,
pixel non-uniformity and electrical cross-talk

Garfield++ Simulations

* Sensor thickness < 50um

[esolution (ps)

| I —1 30ps

| 20
* Landau fluctuations: with ----- P

25um thickness the intrinsic
time resolution for MIPs
1S ~20ps

50 80
F. Carnesecchi — ALICE simulations CFD (%)

Landau noise for MIPs in LGADs



Thin LGADs — beam test

* Measurements on thin LGADs confirm the predicted time resolution

* Thin LGADs produced by several manufacturers are available

Qo

o
0]
o

B o FBK25 2 « FBK25
c 70 o FBK25 intrinsic < 70 o FBK25 intrinsic
2 T ¢ FBK35 S T o FBK35
3 o FBK35 intrinsic =2 o FBK35 intrinsic
% 60 HPK50 @ 60 (}‘.‘ HPK50
S HPKS50 intrinsic - Ls: HPK50 intrinsic
£ 50 2 50 A
- = L

40 40 % .

30 30 % H@%

20 20 % éé

10 10

0 10 20 30 40 50 60 70 60 90 120 150 180 210 240 270 300
Gain V (V)

F. Carnesecchi et al., Eur. Phys. J. Plus (2023) 138:99
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Reducing the dead area in LGADs: Trench Isolation

N-deep ring replaced with a trench: the no-gain area is reduced

Signal amplitude with pulsed laser — top side illumination

a) STANDARD Virtual GR  p-stop JTE Wil paily =) 40000 -
SEGMENTATION (3-5 pm) (3-5) pm (3-5) pm o, — sili= | |
| il i g 35000 == = e | ==
§ . F > ,
30000
no-gain _r_egion 25000 W

= Pivel 1 P Pixel 2 -

% UFSD3:38 um \ -~~~ Yef- oo j T

b) TRENCH-ISOL: = . . . .
) TRENCH-ISOLATED Trench (~ 1 um) 15000: Standard isolatio Trench isolation

10000;:

no-gain 50002:

T p- region Pixel 2 0_,_,,

p** substrate [ - . * |
120 140 160 180 200 220
um
G. Paternoster et al., IEEE Electron Dev. Lett.,

Vol. 41 No. 6. June 2020 R. Arcidiacono et al., NIMA 978 (2020) 164375
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Single-Photon Avalanche Diodes (SPADs) and SiPMs: operation

* Triggered (Geiger-mode)
operation

* Available devices designed for
photon counting and timing

* The best devices have a photon
timing resolution o, < 20ps

e Dead time ~10 - 100ns

e High dark count rate:
20 - 200 kHz/mm? at room
temperature

VBIAS

SPAD

A
SPAD

Quenching

Avalanche
triggering

Recharging




Large Si SPADs: SoA photon timing resolution

* Thin active region (a few um), saturated drift velocity, response free from
diffusion tails 2 Dedicated fabrication process

« Homogeneous electric field: circular area

. . . . °
Low threshold: resolution independent from size SPAD with 100um diameter produced at FBK

1 1 b 1 1 Y 1 Y I b T
. . . 140 = - - S S =
. SPAD with 100um diameter at PoliMI ! i Solid: with discrimination of pulse amp. v
10% 3 130 = % Dashed. without discrimination of pulse amp. =
. A = 120 - —&—  50um n-p square SPAD "
| 3 2 110 100pm n-p circular SPAD typeB —
a o, = 15ps = 100k —O—  20um n-p circular SPAD typeB ]
103 - Y = L . =O— 20um n-p circular SPAD typeA 4
3 -\ S 90 A —
] . % (1 - . —
oy s 80 -
@ 7 S" FW1/100M=370ps £ 2R -
2 : = [ i
3103 S ¥ f @ 60} >
] ; FE € sof -
4 ) £ -’: L -
. ; ¥ 40 =
N RN i i
10" 3 = Tam 30 i
: : R o = =
U S Lol ' 0 7
100 Excess bias (V)

0 400 800 1200 1600 F. Acerbi et al., IEEE J. Selected Topics Quantum o, =12.8ps

fme. ps Electron., Vol. 20, No. 6, 2014
A. Gulinatti et al., Electronics Letters, Vol. 41 No. 5, 2005
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Si SPADs: timing resolution with charged particles

* SPADs with very uniform electric field in SiGe process

e Very fast amplifier

e Sub-10ps coincidence timing resolution for MIPs

2 aligned SPADs in coincidence

FWHM = 22ps, 0gingle = 9-4PS Osingle = 6.6pS

012

o
—
I

=

=

o
]

Normalized Counts
_CD )
o )
= »

—

Days of Dectection 2023

0
Time [ps]

FWHM =22 + 2 ps
-

FWTM = 62 + 3 ps Gramuglia F, et al. 2022, Front. Phys. 10:849237.

doi: 10.3389/fphy.2022.849237
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Monolithic and hybrid SPAD arrays

rrmmmcm 4x4 pixels
* Many designs demonstrated, up to 3.2Mpixel i -
(Canon) { chumpn )
e |8 T
. E = 5
* Granularity: down to a few pum =| 8 ¥
. . % 1024 x 500
* SPAD arrays with 3D-stacked electronics % o E%
demonstrated (STM, Canon, Sony) e
11mm
* A few demonstrations of direct particle K. Morimoto et al., Optica, 7, 4, 346-354 (2020);
detection in SPADs/SiPMs ke W wMw
* Weakness: low radiation hardness -
DCR increases considerably at fluences LY== = P = R—

[1
HB-Bot
[1

>10%°- 10" 1MeVn,,/cm?

T. Al Abbas et al., IEEE IEDM 2016
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Timing with 3D detectors: TimeSPOT

Contact opening metal «— Bump contacts:’—-

passivation
"»‘_‘;oxide
. : . ‘® 1
* Thick active volume but short drift length: 1 % 7 ¥ Sk
. . o s o e, Resistivity
combines large signal and large slope | i & ls..bsm
i M BRI———— e
H . . R R R e
* Trench geometry (uniform electric field): e ———— . |

*r, o 3! Bias contact metal (can be deposlted aﬁer thinmng of suppbrt wafer) , p* Si Low

‘f e RN D B k!‘*‘ﬁ' 5"?‘2 B 3 B BT ]
| e R | ey

very narrow Time of Arrival distribution

2 3;. e i:?
PN R 75 5 Impinging pamcle | substrate
%iﬁﬁwﬂ% ﬁ%ﬁxupport wafer (to be thlnned) % %:;q;‘ﬁ ;;g' ;

s S X AR SR IR SR S A AR

y (um)

Half trench pixel ; 140

120

100

80

40

20

O"III'IIIII]I]I!IIIIIIIIIIII]II
: w

©

wv

065 o7 075 08 0.85
ToA [ns]

A. Lai, Vertex 2021
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Timing with 3D detectors: TimeSPOT

* Trench distance: ~20um
saturated velocity v, :
t .=D/v.,~ 200ps

coll — sat

* Weakness:
complex fabrication process,
mechanical stability of
wafers (yield)

Days of Dectection 2023

Ay'

)
2 L
_'5 24—
R i
s [
150 um E 22__
2 i
@ i
20—
EF
o [
2 13- T
E L
16| + +
l 141
12
Biasing electrode -
(P*) Collecting electrode -
(n’) 10_ | | L1 1 | 11 1 | L1 1 | 11 1 | L1 1 | 1 1 | | |
-140 -120 -100 -80 -60 -40 -20
Vbias [V]
L. Anderlini et al 2020 JINST 15 P09029
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Timing with MAPS: challenges and opportunities

* Advantages:
e Potentially 100% efficiency
* Excellent radiation hardness demonstrated for several processes

e Cost-effectiveness

* Challenges:
 Fast collection (100s of ps), uniform field and low noise at the same time

* Low jitter with acceptable power consumption



CMOS with large collection electrode for timing: CACTUS

VDD Metal power rails _ _
e e mmmm  'N-PiXel electronics

* Deep nwell collection diode
* FE electronics inside the pixel

* Fast and uniform charge =
collection
HR p-substrate :
* Substrate thickness: 200um, -
pixel size: 0.5 — 1 mm?
* Pixel capacitance: 1 —1.5 pF - %Srsource
60 —
50 f_ o=132ps
* Noise limited by the large 3
diode capacitance E
000 300 2000 3000 07000 2000 3000 4000
Y. Degerli et al., 2020 JINST 15 P06011 Time differences PMT - sensor (ps)
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SiGe approach

 SiGe process modified {HR substrate)

for the integration of p

detector

* High speed — low noise on-chiﬁ
preamplifiers placed outside t

anar silicon

SiGe
e pixels

* Hexagonal pixels with 130 and 75 um

side

e ~ 50ps timing resolution demonstrated

with 29Sr source

Days of Dectection 2023

G. lacobucci et al., 2019 JINST 14 P11008
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Depletion depth: 26um at -140V
* Large detector capacitance (70 - 220 fF)
Nearly 100% collection efficiency

Time resolution [ps]

70
60
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30
20
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110

II|II
120 1

30

11 I 11 1 1 | 111 1 I |
140 150 160 170
HV [V]



SiGe approach: Monolith chip

 Epitaxial silicon with 50 um thickness

* 100 um pixel pitch

* On-chip amplifiers with variable optical power

e 20ps time resolution can be reached at high power densities

MONOLITH prototype (2022) - no gain layer

— 80
a ™ -
- 70__\ ARSI NSRS SN S S U U0 0 SO ]
-8 ; \ CERN SPS Testbeam: 120:GeV/c pions
= | o
2 anb N\V.=70,:HV=200V i
o 60F \, - ]
o - N\ ]
o B \ ]
€ O\ I R B A ]
40:_ \ LI L L .
30 - :
20; ..................... ‘H"“""--l_f
10:_ """"""" e R :
il 4
S. Zambito et al 2023 JINST 18 P03047 3x10% 107" 2x107 1 23
Pdens—w [Wicm<]
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Fastpix

* Evolution of the MAPS developed for the ALICE
tracker: full depletion + speeding up the electron

lateral drift

* Test chip with small pixel pitches (10 - 20 um)

 Very low electrode capacitance (< 1fF)

Expected jitter (electronics): 20ps @ Q,, =1000 e"

NWELL COLLECTION
R Z ELECTRODE

SN - . R

NWELL | PWELL J E

LOWDOSE N-TYPE IMPLANT

EXTRA DEEP P-TYPE IMPLANT
DEPLETED ZONE

P= EPITAXIAL LAYER

Days of Dectection 2023

Charge vs time for MIP incident at corner (worst case)

500
450 -
— 400}
S :
5 350f
R
2. 300F
@
=2 ;
@ 250
=
o)
g 2000
o [
@ 150F
e z
LF’WELLJN""E-LL I % 100+ —— Square pixel
501 —— Hexagonal pixel
DEPLETION 0k e S S S S e Bt
BOUNDARY 0 5e-10 1e-09 1.5e-09
LOWDOSE Time [s]
N- IMPLANT

T. Kugathasan et al., Nucl. Inst. Meth. A Vol. 979, Nov. 2020
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Fastpix — test beam results

 Time walk correction

* Pixel-by-pixel correction for
best results

* 70e- threshold for 20um
and 50e- threshold for
10um pixels

5 PMOS

Pixel per pixel
in the n-well

mat ri x B electrode

Days of Dectection 2023

120001

10000+

8000+

6000

4000+

2000

All events, largest ToT pixel, after individual timewalk correction, inner pixels

-2.0

-1.5

-1.0

—— 0=0.123ns

At [ns]

1.0 1.5 2.0

E. Buschmann et al., 2021

Test beam: timing resolution < 140 ps
for both 10 and 20um pitch
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Monolithic avalanche detectors

Fine-pitch avalanche pixels with 6um pitch (Panasonic)

Pixel Cross section

Several recent examples of avalanche gain integrated

in CMOS sensors: B8 Potential Profile ,

- The feasibility of structures designed for photonics 1
applications can be verified for particle detection

- Foundries may be available to implement simple
process modifications, needed to add gain to CMOS F

sSensors 30 <20 <10 0 10

Potental (V)

Y. Hirose et al., IEEE ISSCC 2019

Depth(au)

LGADs on thick fully depleted substrates (Sensor Creations Inc.)
LGAD _ CMOS-integrated APDs with > 1GHz bandwidth
D CMOS cj'lchultry

t Ring ‘ v \ vdda (University of Vienna)

T | | [ | || lsr:icron | | | | | | _r
= — - .
, DPW \ |
200 um . p-well (amplification zone) n-well p-well |

I

| 50- 400 micron | |

. I

' p- (detection zone) !
|

I

S. Lauxtermann et al., Pixel 2018, Taiwan W. Gaberl et al., Opt. Lett., Vol. 39, No. 3, 2014

-
_.-——‘

= — -
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Monolithic sensors with gain @ University of Geneva

Measurements of sensor gain using 55-iron source

Avalanche gain in monolithic CMOS sensors: in climate chamber:

may be the key for combining very high

i i [y —Te
resolution and acceptable power consumption : oC
1204 — -
{ ——-25C
1104 ——-20C
S 0] TS
.E. _ -10C
_Ecu 90 -
Picosecond Avalanche Detector (PicoAD): ~ EU Patent EP18207008.6 Q o Preliminary
-g .
Schematic sketch of deep multi-junction PicoAD sensor process: o 70+
o i
Collection electrode incorporating electronics -g 60 _
-~
I 2 o
Top epitaxial E ]
layer - < 40 A
hole gain T
A in | 1
Bsgg?rl'lr} ae;%? ] 2 0 T T T T T T T T T T T
Down epitaxial layer - 90 100 110 120 130 140
electron gain
Substrate Vbias (_V)

M. Munker et al., Vertex, September 2021
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Monolithic sensors with gain @ University of Geneva

Test beam: time resolution of 30ps achieved
with a power density < 0.5 W/cm?

PicoAD proof-of-concept prototype (2022)

— 40p
2 :
5 35
g B
? 30—
o -
£ 25
=8 = r
T 20
;
z 19
E - i i i i
E , 10 - CERN SPS Tesgtbeam: 18069\»’;’{: pions
% LV, =4mV;HV=125V |
% 05 1 15 2 25 3

Power [W/cm?]

G. lacobucci et al 2022 JINST 17 P10040
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ARCADIA MAPS: gain add-on option

Fully Depleted PAD sensors

DC-coupled
preamplifier

\

deep
pwell

High Resistivity Si

VBback

* Sensors can be biased at low voltage

e DC coupling with front-end amplifier
is possible

Days of Dectection 2023

Fully Depleted PAD sensors

° ° Vio
with avalanche gain layer p

AC-coupled
preamplifier

Gain layer

pwell

deep
pwell

High Resistivity Si

Vback

* High voltage is needed on the top side

* AC coupling of front-end amplifier is
needed

L. Pancheri, Proc. IEEE EUROCON 2023
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Passive sensors with gain - test structures

Monolithic test devices with gain included in the

last ARCADIA engineering run

Devices with different
terminations

Days of Dectection 2023

§§@

.

Rectangular pad

SeNsors

4
/

Square pad sensors 8x8 active pixel matrix
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Optical signal with NIR pulsed laser

Sensors test structures:

effect of Vtop - Bottom-side illumination

40

35

Signal [mV]
bO |} o
] (@) (]

—
(S
T

10 +

—V, 15V—1V, 30V
—V, 20V —1V,, 35V
—V, 25V

Signal increases with Vn

I/bias '35V

Time [ns]
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PM250 G1 |

ND filter 2 |

Test-beam with active pixels is on-going
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Laser pulse width
< 100ps

Wavelength:
1060nm
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Conclusion

Depleted Monolithic active pixel sensors:

» Several versions providing valid cost-effective alternatives to hybrid sensors for
tracking applications

* Scaling to smaller process nodes is not straightforward: custom substrates and
implants are not always granted by foundries

* Meanwhile 3D integration technologies are evolving...

Picosecond timing applications - several alternative possibilities are under
investigation:

e LGADs with hybrid readout

* Monolithic or hybrid SPADs/SiPMs

* Hybrid sensors with 3D electrodes

* Monolithic sensors with gain (or CMOS LGADs?)



Thank you
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