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MALTA monolithic active pixel sensor Test Beam results
Author: Dumitru-Vlad Berlea1

Co-author: Carlos Solans Sanchez 2

1 Deutsches Elektronen-Synchrotron Campus Zeuthen (DE)
2 CERN

Corresponding Authors: dumitru-vlad.berlea@cern.ch, carlos.solans@cern.ch

TheMALTA monolithic active pixel sensor is a full-scale particle detector in the Tower Semiconduc-
tor 180 nm architecture, with a small collection electrode design. It features a novel asynchronous
readout based on a custom designed oversampling of a 37-bit wide bus and low front end power con-
sumption (<80 mW/cmˆ2). Coupled with radiation hardness up to 1x10ˆ15 neq x cmˆ2 (NIEL) and
80 Mrad (TID), MALTA is an interesting candidate for the inner radii tracking modules for HL-LHC
and beyond.
MALTA has been extensively tested (both irradiated and un-irradiated samples) in the SPS CERN
test beam and with radioactive sources in the lab. Over time, multiple iterations have taken place on
the initial MALTA chip design. Results from these measurement campaigns will be presented and
their implications on future chip design iterations will be discussed.

135

TEST ONLY - Test for title - SI for FCC
Author: Ulrich Parzefall1

1 Albert Ludwigs Universitaet Freiburg (DE)
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Corresponding Author: ulrich.parzefall@cern.ch

Here goes the content. Silicon tracking detectors for the FCC-hh require unprecedented radadiation
hardness up to 1015Neq . We develop them with the help of TCAD simulations in 3D and CMOS
technologies.

LGAD / 136

Spatial and temporal resolutions of sensors belonging to the sec-
ond FBK RSD production
Authors: Federico Siviero1; Nicolo Cartiglia2; Giacomo Borghi3; Gian-Franco Dalla Betta4; Giovanni Paternoster5;
Luca Menzio6; Lucio Pancheri7; Marco Ferrero6; Marco Mandurrino8; Marta Tornago6; Matteo Centis Vignali9;
Maurizio Boscardin10; Roberta Arcidiacono6; Valentina Sola6

1 INFN - National Institute for Nuclear Physics
2 INFN Torino (IT)
3 Fondazione Bruno Kessler
4 INFN and University of Trento
5 Fondazione Bruno KEssler
6 Universita e INFN Torino (IT)
7 University of Trento and TIFPA-INFN
8 INFN
9 FBK
10 FBK Trento

CorrespondingAuthors: gianfranco.dallabetta@unitn.it, marta.tornago@cern.ch, boscardi@fbk.eu, cartiglia@to.infn.it,
roberta.arcidiacono@cern.ch, gborghi@fbk.eu, marco.ferrero@cern.ch, marco.mandurrino@to.infn.it, luca.menzio@edu.unito.it,
paternoster@fbk.eu, lucio.pancheri@unitn.it, valentina.sola@cern.ch, matteo.centis.vignali@cern.ch, federico.siviero@to.infn.it

The second production of resistive silicon detectors at FBK, RSD2, features several innovative designs
of the electrode geometry aiming to maximize signal sharing among a well-defined number of pads.
This talk presents the first results obtained with the “cross” geometry, where the metal of the pads
is shaped like a cross.
This geometry is particularly well suited tomaximize charge sharing among 4 pads while minimizing
the spread over pads that are further away.

3D Sensors / 137

Investigation of the Time Resolution of LGADs and 3D sensors
using a beta source and a laser system
Authors: Leena Diehl1; Marc Hauser1; Karl Jakobs1; Montague King1; Ulrich Parzefall1; Christina Schwemmbauer1;
Dennis Sperlich1

1 Albert Ludwigs Universitaet Freiburg (DE)

CorrespondingAuthors: dennis.sperlich@cern.ch, karl.jakobs@uni-freiburg.de, m.king@cern.ch, c.schwemmbauer@cern.ch,
marc.hauser@cern.ch, leena.diehl@cern.ch, ulrich.parzefall@cern.ch

Collider experiments as the upcoming high-luminosity LHC or the future FCC will increase the de-
mands of the detectors used for tracking. In the FCC, sensors will not only face fluences of up to
1 · 1017 neq/cm2 , but also high pile-up scenarios. Thus sensors are needed which have a high radi-
ation tolerance, but also an excellent time resolution while still providing a good spatial resolution.
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Currently Low Gain Avalanche Diodes (LGADs) are the prime candidate when it comes to timing,
reaching a resolution of below 30 ps. However, 3D sensors are promising candidates as well, as they
have not only a good time resolution but also a proven superior radiation hardness.
In this study, the time resolution of both LGADs and 3D sensors was investigated with measure-
ments using a beta source, as well as measurements using a laser with infrared wavelength. These
timing-TCTmeasurements allow the investigation of the position dependence of the time resolution.
This is interesting especially for the 3D sensors, where the time walk component due to the more
complex electric field structure influences the time resolution strongly.

LGAD / 138

Characterization of Trench-Isolated LGADs before and after irra-
diation
Author: Marco Ferrero1

Co-authors: Ashish Bisht ; Luca Menzio 1; Roberta Arcidiacono 1; Federico Siviero 2; Maurizio Boscardin 3; Gia-
como Borghi 4; Matteo Centis Vignali 5; Nicolo Cartiglia 6; Ficorella Francesco 5; Giulia Gioachin 7; Omar Hammad
Ali 2; Marco Mandurrino 8; Giovanni Paternoster 9; Valentina Sola 1; Marta Tornago 1

1 Universita e INFN Torino (IT)
2 INFN - National Institute for Nuclear Physics
3 FBK Trento
4 Fondazione Bruno Kessler
5 FBK
6 INFN Torino (IT)
7 University of Turin
8 INFN
9 Fondazione Bruno KEssler

Corresponding Authors: omar.hammadali@to.infn.it, giulia.gioachin@edu.unito.it, federico.siviero@to.infn.it,
marta.tornago@cern.ch, matteo.centis.vignali@cern.ch, boscardi@fbk.eu, abisht@fbk.eu, paternoster@fbk.eu, roberta.arcidiacono@cern.ch,
marco.ferrero@cern.ch, valentina.sola@cern.ch, luca.menzio@edu.unito.it, cartiglia@to.infn.it, marco.mandurrino@to.infn.it,
ficorella@fbk.eu, gborghi@fbk.eu

Low Gain Avalanche Diodes (LGADs) are state-of-the-art silicon sensors for 4D tracking in high en-
ergy physics applications. A limitation of LGAD technology is the no-gain area (50-100µm) between
adjacent pixels, which reduces the fill-factor (active area/total area) of the sensor. FBK proposed a
novel strategy of LGAD-segmentation based on narrow trenches, that could potentially reduce the
width of the inter-pixel region to 10µm or less. FBK produced within the RD50 collaboration a batch
of Trench-Isolated LGADs (TI_LGADs), where a wide variety of trenches and fabrication parameters
have been explored.
In this work, we will present the pixel-isolation tests performed with DC electrical characterization
and TCT measurements. Moreover, for the first time, TI-LGADs irradiated with neutrons (up to
1.5E15 neq) and X-rays (up to 10 Mrad) have been tested, and we will present the preliminary results
on their characterization.

LGAD / 139

Detailed process characterization of carbonated LGADs through
Secondary Ion Mass Spectroscopy
Authors: Vagelis Gkougkousis1; Victor Coco2

1 CERN
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2 Syracuse University

Corresponding Authors: coco@lapp.in2p3.fr, egkougko@cern.ch

Using high resolution Secondary Ion Mass Spectroscopy (SIMS), the gain layer doping profiles of
carbonated FBK UFSD 2 and CNM RUN 10478 LGADs are evaluated. A combination of 55Cs− and
16O+ primary ion driven campaigns yield a high sensitivity in the order of 1.35 × 1014 atoms/cm3

for Boron concentrations along with a precise depth estimation within ˜ 5 nm. For Carbon pro-
file studies, a 62-hour Caesium pre-sputtering protocol is established which, combined with beam
parameter optimization, result in an unprecedented sensitivity of 2 × 1015 atoms/cm3. Through
advanced analysis techniques, conclusions are extracted concerning the implantation dose, energy
and activation for Boron and Carbon implants. The latter are validated though Monte-Carlo TCAD
process simulations, while Boron de-activation on carbon co-implantation is discussed. Finally, us-
ing as input the measured dopant profiles, electrical simulations are presented and compared with
previously reported laboratory data.

Simulations / 140

Silicon Electron Multiplier (SiEM)
Authors: Marius Mahlum Halvorsen1; Vagelis Gkougkousis2; Victor Coco3

1 University of Oslo (NO)
2 CERN
3 Syracuse University

Corresponding Authors: coco@lapp.in2p3.fr, egkougko@cern.ch, marius.maehlum.halvorsen@cern.ch

Silicon sensors for the future generation of collider physics experiments will require high perfor-
mances on spatial (< 10 µm) and time resolution (20 − 50 ps ) with a radiation tolerance up to
fluences of 1017 neq/cm

2. To meet these challenges, an innovative silicon sensor architecture is
proposed, achieving internal gain without relying on doping, the Silicon Electron Multiplier (SiEM).
The SiEM consist of a set of metallic electrodes buried within the silicon substrate which create a
high electric field region close to the readout electrode. Such a geometry results in charge multipli-
cation. Extensive studies of the SiEM behaviour through TCAD simulations demonstrating a gain in
excess of a factor 10 are presented. The impact of the multiplication electrode geometry and biasing
scheme on the gain and breakdown behaviour of the device is also discussed. Through transient
simulations, the time structure and formation of the signal is presented for the various cases. Fi-
nally, possible fabrication processes are presented with a highlight on very first studies done with
the Metal Assisted Chemical Etching technique.

LGAD / 141

Characterisation of UFSD4 production by FBK
Author: Marta Tornago1

Co-authors: Amedeo Staiano 1; Federico Siviero 2; Giacomo Borghi 3; Gian-Franco Dalla Betta 4; Giovanni Pater-
noster 5; Luca Menzio 1; Lucio Pancheri 6; Marco Ferrero 1; Marco Mandurrino 7; Matteo Centis Vignali 8; Maurizio
Boscardin 9; Nicolo Cartiglia 10; Roberta Arcidiacono 1; Valentina Sola 1; marco costa 11

1 Universita e INFN Torino (IT)
2 INFN - National Institute for Nuclear Physics
3 Fondazione Bruno Kessler
4 INFN and University of Trento
5 Fondazione Bruno KEssler
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6 University of Trento and TIFPA-INFN
7 INFN
8 FBK
9 FBK Trento
10 INFN Torino (IT)
11 University of Torino

CorrespondingAuthors: marco.mandurrino@to.infn.it, gborghi@fbk.eu, marco.ferrero@cern.ch, marta.tornago@cern.ch,
mcosta@to.infn.it, boscardi@fbk.eu, lucio.pancheri@unitn.it, federico.siviero@to.infn.it, amedeo.staiano@to.infn.it,
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valentina.sola@cern.ch, roberta.arcidiacono@cern.ch

In this contribution, I present the latest production of Ultra-Fast Silicon Detectors, UFSD4, manu-
factured by Fondazione Bruno Kessler. The production comprises of 18 wafers; on each wafer there
are R&D structures and 12 full sensors prototypes for the Endcap Timing Layer of the CMS experi-
ment at the High Luminosity LHC. Each of this 12 sensors has 16x16 1.3x1.3 mmˆ2 pads. The new
batch has been tested on wafer at FBK and additional measurements are ongoing in Torino on diced
structures, to perform both static and dynamic characterisation. Data have been analysed to study
the production yield and the gain layer uniformity, with the aim of verifying that UFSD4 meets the
requirements for the CMS sensors.

LGAD / 142

Sensitivity analysis of parameters characterizing the bulk radia-
tion damage on silicon devices
Authors: Alessandro Fondacci1; Marco Ferrero2; Nicolo Cartiglia3; Patrick Asenov4; Arianna Morozzi5; Daniele
Passeri6; Francesco Moscatelli7; Roberta Arcidiacono2; Tommaso CrociNone; Valentina Sola2

1 University of Perugia - Electronic engineering student
2 Universita e INFN Torino (IT)
3 INFN Torino (IT)
4 Universita e INFN, Perugia (IT)
5 INFN, Perugia (IT)
6 University & INFN, Perugia (IT)
7 IOM-CNR and INFN, Perugia (IT)

CorrespondingAuthors: francesco.moscatelli@cern.ch, marco.ferrero@cern.ch, arianna.morozzi@pg.infn.it, tom-
maso.croci@pg.infn.it, daniele.passeri@cern.ch, alessandrofondacci@gmail.com, patrick.asenov.asenov@cern.ch,
cartiglia@to.infn.it, roberta.arcidiacono@cern.ch, valentina.sola@cern.ch

The “Perugia 2019 Surface”radiation damagemodel is a Synopsys Sentaurus TechnologyCAD (TCAD)
numerical model which accounts for surface damage effects induced by radiation on silicon particle
detectors. In order to get a complete picture of the phenomena taking place in the volume of the ir-
radiated silicon detectors, the non-ionizing effects, referred to as bulk damage, also need to be taken
into account in the description of a more inclusive “New University of Perugia”model. These non-
ionizing effects are responsible for the increase of the leakage current in silicon sensors, the changes
in the effective space charge concentration and the charge collection efficiency. In this work, the
impact of the variation of some input parameters of the model, such as the electron/hole cross sec-
tions and acceptor/donor introduction rates on the changes in the leakage current, the full depletion
voltage, the charge collection efficiency and the damage constant α (a figure of merit of an irradiated
device) of a PIN diode and/or a Low-Gain Avalanche Detector (LGAD) is investigated.

LGAD / 143
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Present and future development of thin silicon sensors for ex-
treme fluences
Authors: Valentina Sola1; Roberta Arcidiacono1; Patrick Asenov2; Giacomo Borghi3; Maurizio Boscardin4; Nicolo
Cartiglia5; Matteo Centis Vignali6; Tommaso CrociNone; Marco Ferrero1; Alessandro Fondacci7; Giulia Gioachin8;
Simona Giordanengo9; Marco Mandurrino10; Luca Menzio1; Arianna Morozzi11; Francesco Moscatelli12; Daniele
Passeri13; Giovanni Paternoster14; Federico Siviero1; Marta Tornago1

1 Universita e INFN Torino (IT)
2 Universita e INFN, Perugia (IT)
3 Fondazione Bruno Kessler
4 FBK Trento
5 INFN Torino (IT)
6 FBK
7 University of Perugia - Electronic engineering student
8 University of Turin
9 Istituto Nazionale di Fisica Nucleare
10 INFN
11 INFN, Perugia (IT)
12 IOM-CNR and INFN, Perugia (IT)
13 University & INFN, Perugia (IT)
14 Fondazione Bruno KEssler

CorrespondingAuthors: gborghi@fbk.eu, federico.siviero@edu.unito.it, luca.menzio@edu.unito.it, cartiglia@to.infn.it,
marta.tornago@cern.ch, giordane@to.infn.it, marco.mandurrino@to.infn.it, daniele.passeri@cern.ch, giulia.gioachin@edu.unito.it,
alessandrofondacci@gmail.com, francesco.moscatelli@cern.ch, tommaso.croci@pg.infn.it, marco.ferrero@cern.ch,
roberta.arcidiacono@cern.ch, arianna.morozzi@pg.infn.it, boscardi@fbk.eu, patrick.asenov.asenov@cern.ch, mat-
teo.centis.vignali@cern.ch, paternoster@fbk.eu, valentina.sola@cern.ch

In this contribution, we present a new development of radiation-resistant silicon sensors. This in-
novative sensor design exploits the recently observed saturation of radiation damage effects on sili-
con, together with the usage of thin substrates, intrinsically less affected by radiation. The internal
multiplication of the charge carriers will be used to overcome the small signals coming from thin
substrates.
At the end of 2020, the Fondazione Bruno Kessler (Italy) delivered Low-Gain Avalanche Diodes
(LGAD) produced on 25 and 35 µm thick p-type epitaxial substrates, namely the EXFLU0 production:
I-V and C-V characterisation of the sensors has been performed before and after irradiation up to
1E17 neq/cm2, together with signal analysis from an infrared laser and beta stimulus.
The outcome of the laboratory tests will be implemented in the EXFLU1 production, in which opti-
misation of the sensor peripheries and the gain layer responsible for internal multiplication will be
pursued. The goal is to pave the way for a new design of silicon sensors that can efficiently operate
above fluences of 1E17 neq/cm2.

LGAD / 144

Development of AC-LGADs for large-scale high-precision time
and position measurements
Authors: Abraham Seiden1; Simone Michele Mazza1; Bruce Andrew Schumm1; Eric John Ryan1; Eric Ryan2;
Hartmut Sadrozinski3; Hartmut Sadrozinski1; Jennifer Ott1; Michal TarkaNone; Mohammad Nizam4; Mohammad
NizamNone

1 University of California,Santa Cruz (US)
2 University of California, Santa Cruz
3 SCIPP, UC santa Cruz
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4 University of California Santa Cruz

CorrespondingAuthors: jeott@ucsc.edu, mohammad.nizam@tifr.res.in, abraham.seiden@cern.ch, tarka.physics@gmail.com,
baschumm@ucsc.edu, ejryan@ucsc.edu, hartmut@scipp.ucsc.edu, hartmut@ucsc.edu, simone.michele.mazza@cern.ch,
nizamphys@gmail.com, eric.john.ryan@cern.ch

Low Gain Avalanche Detectors (LGADs) are thin silicon detectors with moderate internal signal
amplification. LGADs can provide time resolution as good as 17 pico-seconds for minimum ionizing
particles. In addition, the fast rise time and short full charge collection time (as low as 1 ns) of LGADs
are suitable for high repetition rate measurements in photon science and other fields. However the
current major limiting factor in granularity is due to structures preventing breakdown caused by
high electric fields in near-by segmented implants. As a result, the granularity of LGAD sensors is
currently limited to the mm scale.

In this contribution, we present measurements on AC-LGADs (also named Resistive Silicon Detec-
tors RSD), a version of LGAD which has shown to provide spatial resolution on the few 10‘s of
micrometer scale. This is achieved by un-segmented (p-type) gain layer and (n-type) N-layer, and a
di-electric layer separating the metal readout pads. The high spatial precision is achieved by using
the information from multiple pads, exploiting the intrinsic charge sharing capabilities of the AC-
LGAD provided by the common N-layer. The response depends on the location, the pitch and size
of the pads.

Using a focused IR-Laser scans directed both at the readout side on the front and the bias side on
the back of the sensor, the following detector parameters have been investigated in RSD produced
by FBK with the scope of optimizing the sensor design: sheet resistance and termination resistance
of the n-layer, thickness of the isolation di-electric, doping profile of the gain layer, and pitch and
size of the readout pads. Furthermore the electrical characterization (capacitance over voltage) of the
sensors with different connection configurations will be shown. Finally, charge sharing distributions
produced with data taken at the Fermilab test beam facility in the spring of 2021 will be shown. The
data will be used to recommend a base-line sensor for near-future large-scale application like the
Electron-Ion Collider where simultaneous precision timing and position resolution is required in the
tracking detectors.

3D Sensors / 145

Single cell 3D timing: Time resolution assessment and Landau
contribution evaluation via test-beam and laboratory measure-
ments
Authors: Marius Mahlum Halvorsen1; Vagelis Gkougkousis2; Victor Coco2

1 University of Oslo (NO)
2 CERN

CorrespondingAuthors: victor.coco@cern.ch, marius.maehlum.halvorsen@cern.ch, egkougko@cern.ch

The proven potential of 3D geometries at higher than 1016 neq/cm
2 radiation fluences, in combi-

nation with a small cell approach, makes them an excellent choice for a combined precision timing
tracker. In this study, the timing resolution of a single 50 x 50 µm 3D pixel cell is presented in
various temperatures through charge collection measurements with discrete electronics in a labo-
ratory setting. The series is complemented by an extensive test-beam campaign with 160 GeV SPS
pions, using a multi-plane timing telescope with an integrated pixelated matrix. Through a varied
incidence angle study, field uniformity, Landau contribution and collected charge are treated at in-
cidence angles of +/- 12o. Using state of the art numerical methods, the choice of instrumentation
on signal composition and induced bias on results is also evaluated.

Simulations / 146
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Dynamic characterization of the ARCADIA passive pixel arrays:
a comparison between simulation and experimental data
Author: Thomas Corradino1

Co-authors: Gian-Franco Dalla Betta 2; Coralie Neubuser 3; Lucio Pancheri 4

1 University of Trento and TIFPA - INFN
2 INFN and University of Trento
3 Universita degli Studi di Trento and INFN (IT)
4 University of Trento and TIFPA-INFN

Corresponding Authors: coralie.neubuser@cern.ch, thomas.corradino@unitn.it, lucio.pancheri@unitn.it, gian-
franco.dallabetta@unitn.it

Recently, an increasing interest towards the development of novel Monolithic Active Pixel Sensors
(MAPS) based on CMOS technology has spread inside the radiation detector community. The ARCA-
DIA project aims at the development of an innovative platform for the design of MAPS exploiting a
production process which is fully compatible with commercial 110nm CMOS technology. A first en-
gineering run, including both active sensors with integrated electronics and passive test structures,
has been completed in 2021. The designed sensors are fabricated on low doped n-type silicon sub-
strates with thicknesses equal to 100 and 200 µm or, alternatively, on n-type epitaxial layers with an
active thickness of 48 µm, grown on p-type silicon. The sensor is composed of a n-type collection
electrode located at the pixel centre. P-type regions (pwells and deep pwells) are formed at the pixel
periphery, where the front-end electronics can be hosted.
In order to select the optimal pixel layout in terms of charge collection speed, capacitance and oper-
ating voltage range, parametric simulations have been performed with a TCAD tool, focusing on the
pixel layout i.e. on the dimensions of the frontside p- and n-type implants. Transient simulations
on single pixel 3D domains have been used to reproduce the sensor response to an external infrared
(IR) and red laser, which illuminates the devices from the backside with an unfocused light spot.
Passive pixel arrays with different pixel pitches (50, 25 and 10 µm) and different pixel layouts have
been tested at a probe station as well as in an optical setup employing an IR or, alternatively, a red
laser.
An excellent agreement has been obtained comparing the data extracted from measurements and
simulations and thus proving the reliability of the adopted device models.
We will present the obtained results from this characterization activity, focusing on the compari-
son between experimental and simulated characteristics and on the dynamic performance of the
different pixel layouts.

CMOS / 147

Upgrade to the Belle II Vertex Detector with CMOS pixel sensors

Authors: Belle II / VTX-collaboration None; Maximilian Babeluk1

Co-author: Jerome Baudot 2

1 Austrian Academy of Sciences (AT)
2 IPHC - Strasbourg

Corresponding Authors: maximilian.babeluk@cern.ch, baudot@in2p3.fr

The success of the Belle II experiment at KEK (Japan) relies on the very high instantaneous lumi-
nosity, close to 6x10ˆ35 cmˆ-2 sˆ-1, expected from the SuperKEKB collider. The beam conditions
to reach such luminosity levels generate a large rate of background particles in the inner detection
layers of Belle II, which exceeds by far the rate of particles stemming from elementary collisions.
This beam-induced background creates stringent constraints on the vertex detector, in addition to
the requirements coming from the physics performance needed.
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The current Belle II vertex detector (VXD) has been operating very satisfactorily since the experiment
started full operation in 2019. While efforts are still ongoing to mitigate beam-induced backgrounds,
current prospects for the related occupancy rates in the VXD layers at full luminosity fall close to
the acceptable limits of the employed technologies.
In this context, the Belle II collaboration is considering the possibility to install an upgraded VXD
system on the time scale around 2026 and R&D activities on fully depleted CMOS sensors have
started. Such an upgrade should provide a sufficient safety factor with respect to the background
rate expected at the nominal luminosity and possibly enhance performances for tracking and ver-
texing.

New CMOS monolithic technologies for pixel sensors offer a combination of granularity, speed, low
material budget and radiation tolerance matching well Belle II requirements and could be exploited
to design a fully pixelated VXD, also benefiting from significant developments made in recent years
for other experiments.

This talk will review the context of the proposed VXD upgrade with monolithic technologies in Belle
II, providing details of the technological proposal and discussing performance expectations from
simulations. Especially, recent progresses on integration system to achieve the requested exquisite
low material budget will be presented.

Planar Sensors / 148

New test beam results of HPK planar pixel sensors for the CMS
Ph2 upgrade
Author: Massimiliano Antonello1

1 Universität Hamburg

Corresponding Author: massimiliano.antonello@cern.ch

The new Inner Tracker CMS pixel detector for the High-Lumi upgrade of LHC will be designed to
sustain and collect till to 1 MeV neutron equivalent fluence (ϕeq) of up to 2.3 x 1016 cm−2 for more
than 3000 fb−1 of integrated luminosity. Various solutions are being evaluated in terms of pixel
pitch, sensor designs, and vendors.

Planar n+-p sensors produced by Hamamatsu Photonics (HPK) with an active thickness of 150 µm
and pixel pitches of 25 x 100 and 50 x 50 µm2 are among these proposals. In 2017 a first production
was characterized and in 2019 a new set of improved prototypes was produced. Sensors were coupled
to the RD53A chips and the modules were irradiated at different fluences up to 2 x 1016 cm−2 and
extensively tested in the DESY II test beam facility in the last 2 years.

This talk will present an overview of all the results obtained for this new production in terms of
spatial resolution, hit efficiency, cluster breaking frequency at shallow angles and noise studies, to-
gether with a detailed comparison between the twomain sensor designs available for that production
(bricked and bitten).

3D Sensors / 149

Test Beamresults of FBK3Dpixel sensors interconnected toRD53A
readout chip after high irradiation
Author: Giulio Bardelli1

1 Universita e INFN, Firenze (IT)

Page 9



17th (Virtual) ”Trento”Workshop onAdvanced Silicon RadiationDetectors / Book of Abstracts

Corresponding Author: giulio.bardelli@cern.ch

Columnar pixel sensors, also known as 3D sensors, are considered for the innermost layers of the
tracking detectors of the CERN Large Hadron Collider High Luminosity upgrade (HL-LHC). In the
case of the CMS experiment, the first layer of pixel detectors will be installed at about 3cm distance
from the beam pipe; it will be exposed to unprecedented fluences of up to 2E16 neq/cm2 (1MeV
equivalent neutrons). In addition, in order to cope with the extremely track dense environment,
the area of a single pixel cell will be 2500 μm2 with an active thickness of 150 μm. In this presenta-
tion results obtained in beam test experiments with 3D pixel sensors interconnected to the RD53A
readout chip are reported. RD53A is the prototype, in 65nm technology, issued from RD53 collab-
oration for the future readout chip to be used in the upgraded pixel detectors. The irradiations of
the interconnected detectors were performed at different irradiation sites up to a maximum fluence
of about 2E16 neq/cm2. The sensors were produced in the FBK foundry in Trento, Italy, and their
development was done in collaboration with INFN (Istituto Nazionale di Fisica Nucleare, Italy). The
performance of the irradiated detectors was measured at different beam facilities (SPS-CERN and
DESY II). The analysis of collected data shows very high hit detection efficiencies and good spatial
resolutions as measured after irradiation. Analysis of most recently collected data is still underway;
an overview of the up-to-date results, together with details of the pixel sensors, will be shown. All
the results which make the object of this presentation are obtained in the framework of the CMS
experiment R&D activities.

Electronics and ASICs / 150

MONOLITH - picosecond time stamping capabilities in fullymono-
lithic highly granular silicon pixel detectors
Authors: Antonio Picardi1; Chiara Magliocca1; Didier Ferrere1; Fulvio Martinelli2; Giuseppe Iacobucci1; Holger
Ruecker3; Jihad Saidi1; Lorenzo Paolozzi4; MarzioNessi4; Mateus Vicente Barreto Pinto1; Pierpaolo Valerio4; Rafaella
Eleni Kotitsa1; Roberto Cardarelli5; Roberto Cardella1; Sergio Gonzalez Sevilla1; Theo Moretti1; Yana Gurimskaya1;
Magdalena Munker6; Stefano Zambito4; Matteo Milanesio1

1 Universite de Geneve (CH)
2 EPFL - Ecole Polytechnique Federale Lausanne (CH)
3 ihp-microelectronics
4 CERN
5 INFN e Universita Roma Tor Vergata (IT)
6 University of Geneva

Corresponding Authors: matteo.milanesio@cern.ch, stefano.zambito@cern.ch, sergio.gonzalez.sevilla@cern.ch,
giuseppe.iacobucci@cern.ch, m.vicente@cern.ch, yana.gurimskaya@cern.ch, rafaella.eleni.kotitsa@cern.ch, roberto.cardella@unige.ch,
roberto.cardarelli@roma2.infn.it, didier.ferrere@cern.ch, pierpaolo.valerio@cern.ch, jihad.saidi@cern.ch, theo.moretti@cern.ch,
lorenzo.paolozzi@cern.ch, magdalena.munker@cern.ch, fulvio.martinelli@cern.ch, marzio.nessi@cern.ch, antonio.picardi@cern.ch,
chiara.magliocca@cern.ch

Monolithic silicon pixel detectors are attractive candidates for future large-area trackers in particle
physics due to their advantages, for instance to reduce the production effort and material budget.
State of the art monolithic silicon pixel detectors can reach high spatial precision. Integrating pi-
cosecond time resolution in such devices would significantly improve their performance and further
widen their range of applications.
The MONOLITH ERC advanced project aims at achieving this by using SiGe BiCMOS electronics
and a novel sensor concept, the Picosecond Avalanche Detector (PicoAD). Standard SiGe BiCMOS
processes give access to ultra fast, high gain, low noise, low power frontend, implemented in a large
collection electrodemonolithic design. Using high-resistivity epitaxial layer material in combination
with a continuous deep and thin gain layer, the novel PicoAD sensor concept permits to achieve a
picosecond precise detector response over the full pixel cell. Placing the gain layer away from the
pixel junctions additionally allows for a small pixel pitch and high spatial precision.
Several prototypes of this technology have been produced and investigated in simulations, labora-
tory and test-beam measurements. This presentation gives an overview of the novel sensor concept
and the designed front end, and discusses the first preliminary results of the project.
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Simulations / 151

DC-coupled resistive silicon detectors for 4-D tracking
Authors: Alejandro David Martinez Rojas1; Luca Menzio2; Amedeo Staiano2; Arianna Morozzi3; Daniele Passeri4;
Enrico Robutti5; Federico Siviero2; Francesco Moscatelli6; Gian Franco Dalla Betta7; Giovanni Paternoster8; Giulia
Gioachin9; Lucio Pancheri10; Marco Ferrero2; Marco Mandurrino11; Marta Tornago2; Maurizio Boscardin12; Nicolo
Cartiglia13; Patrick Asenov14; Roberta Arcidiacono2; Roberto Mulargia15; Tommaso CrociNone; Valentina Sola2; Vin-
cenzo Monaco2; marco costa16; Ficorella Francesco17

1 INFN - National Institute for Nuclear Physics
2 Universita e INFN Torino (IT)
3 INFN, Perugia (IT)
4 University & INFN, Perugia (IT)
5 INFN e Universita Genova (IT)
6 IOM-CNR and INFN, Perugia (IT)
7 Universita degli Studi di Trento and INFN (IT)
8 Fondazione Bruno Kessler
9 University of Turin
10 University of Trento and TIFPA-INFN
11 INFN
12 FBK Trento
13 INFN Torino (IT)
14 Universita e INFN, Perugia (IT)
15 INFN Genova (IT)
16 University of Torino
17 FBK

CorrespondingAuthors: ficorella@fbk.eu, marco.mandurrino@to.infn.it, francesco.moscatelli@cern.ch, cartiglia@to.infn.it,
amedeo.staiano@to.infn.it, valentina.sola@cern.ch, boscardi@fbk.eu, daniele.passeri@cern.ch, giulia.gioachin@edu.unito.it,
monaco@to.infn.it, lucio.pancheri@unitn.it, marta.tornago@cern.ch, mcosta@to.infn.it, luca.menzio@edu.unito.it,
enrico.robutti@cern.ch, federico.siviero@edu.unito.it, arianna.morozzi@pg.infn.it, roberta.arcidiacono@cern.ch, patrick.asenov.asenov@cern.ch,
g.paternoster@cern.ch, roberto.mulargia@cern.ch, marco.ferrero@cern.ch, gian.franco.dalla.betta@cern.ch, tom-
maso.croci@pg.infn.it, alejandrodavid.martinezrojas@to.infn.it

In this work, we introduce a new design concept: the DC-Coupled Resistive Silicon Detectors, based
on the LGAD technology. This new approach intends to address a few known features of the first
generation of AC-Coupled Resistive Silicon Detectors (RSD). Our simulation exploits a fast hybrid
approach based on a combination of two packages, Weightfield2 and LTSpice. It demonstrates that
the key features of the RSD design are maintained, yielding excellent timing and spatial resolutions:
a few tens of ps and a fewmicrons. In the presentation, wewill outline the optimizationmethodology
and the results of the simulation. We will present detailed studies on the effect of changing the ratio
between the n+ resistivity and the low-resistivity ring, on the effect of noise, and on the achievable
temporal and spatial resolution.

3D Sensors / 152

SINTEF 3D pixel sensor pre-production for the ATLAS ITk.
Authors: Marco Povoli1; Ozhan Koybasi2; Angela Kok2; Anand Summanwar2; Ole Rohne3; Ole Dorholt3; Bjarne
Stugu4; Alexander Lincoln Read3; Heidi Sandaker3; Andreas Lokken Heggelund3; Simon Kristian Huiberts4; Magne
Eik Lauritzen4; Are Traeet4

1 SINTEF MiNaLab
2 SINTEF
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3 University of Oslo (NO)
4 University of Bergen (NO)

CorrespondingAuthors: bstugu@cern.ch, heidi.sandaker@cern.ch, ozhan.koybasi@sintef.no, andreas.lokken.heggelund@cern.ch,
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magne.eik.lauritzen@cern.ch, alexander.lincoln.read@cern.ch, ole.rohne@cern.ch, simon.kristian.huiberts@cern.ch

SINTEFMiNaLab recently completed its sixth fabrication run of 3D pixel detectors as pre-production
for the ATLAS ITk upgrade. The common sensor layout for RD53B sensors in 50x50 (1E) configu-
ration was used. In addition, sensors compatible with RD53A readout as well as 3D diodes and 3D
strips were included in the wafer layout. In this iteration of the technology, the active-edge was
removed and replaced with the standard slim-edge termination with ohmic columns. Sensors were
fabricated on 6”, Si-Si bonded wafers, with a device layer thickness of 150µm, using a single-sided
processing approach. The temporary metal layer was deposited, and the electrical characterisation
was completed in December 2021. In this presentation, we will focus on the measurement results
from standard planar test structures, 3D diodes and 3D pixel detectors. The fabrication process and
its challenges will be discussed together with some numerical simulation results.

Planar Sensors / 153

Process quality control of silicon sensors for the Phase-2 upgrade
of the CMS Outer Tracker for the HL-LHC
Author: Panagiotis Assiouras1

Co-authors: Dimitrios Loukas 1; Aristoteles Kyriakis 1; Yiannis Kazas 1

1 Nat. Cent. for Sci. Res. Demokritos (GR)

CorrespondingAuthors: panagiotis.assiouras@cern.ch, ioannis.kazas@cern.ch, aristoteles.kyriakis@cern.ch, dim-
itrios.loukas@cern.ch

After the current running period Run 3 the LHC will undergo a major upgrade with the instanta-
neous luminosity reaching at 7.5 × 1034 cm−2 s−1. In order to maintain or improve the physics
performance of the CMS detector in this challenging conditions of the HL-LHC, the entire tracking
system must be replaced with new detectors with higher radiation tolerance and improved tracking
capabilities. The upgraded CMS Outer Tracker will consist of 26592 new silicon sensors. CMS has
developed a systematic quality assurance plan in order to have continuous information about the
quality of sensors during the long production period and to ensure that the sensors meet the speci-
fications. Process quality control is one of the main procedures for characterizing the sensors along
with the sensor quality control and it is performed on dedicated test structures fabricated on the
same wafer with the sensor, allowing quick and easy access to the stability of the fabrication proce-
dure and the quality of the materials. The process quality control procedure includes measurements
on MOS, diodes, gated diodes, FETs, and Van Der Pauw structures. In this work, the experimental
apparatus of the process quality control is described along with the extraction procedure of the rel-
evant process parameters. Examples of experimental results from various wafers are presented as
well.

LGAD / 154

Quantum efficiency measurements of FBK silicon planar sensors
with optimized entrance window for soft X-Rays.
Authors: Anna Bergamaschi1; Maria del Mar Carulla AresteNone; Giacomo Borghi2; Maurizio Boscardin3; Matteo
Centis Vignali4; Omar Hammad Ali5; Giovanni Paternoster6; Jiaguo Zhang7; Ficorella Francesco4

Co-authors: Aldo Mozzanica 8; Roberto Dinapoli 9; Konstantinos Moustakas ; Davide Mezza 9; Pawel Kozlowski
8; Viktoria Hinger 9; Julian Heymes 10; Dominic Greiffenberg 11; Erik Fröjdh 12; Bernd Schmitt 9; Rebeca Barten 1;
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8 PSI - Paul Scherrer Institut
9 Paul Scherrer Institut
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CorrespondingAuthors: ficorella@fbk.eu, gborghi@fbk.eu, omar.hammadali@to.infn.it, matteo.centis.vignali@cern.ch,
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Single photon detection of X-rays in the energy range of 250 eV to 1 keV for hybrid detectors is diffi-
cult due to the low quantum efficiency (QE) and to the low signal-to-noise ratio (SNR).The low QE is
caused by the absorption of soft X-rays in the insensitive layers of the silicon sensor (entrance win-
dow). The entrance window is typically from a few hundred nanometers to a couple of micrometers
thick and is comparable to the absorption depth of soft X-rays photons (e.g., the attenuation length
of 250 eV X-ray photons is ˜ 100 nm in silicon). The low SNR is mainly caused by the small signal
amplitude (e.g, ca. 70 electrons for 250 eV X-ray photons in silicon) with respect to the electronic
noise.
In order to cope with these challenges, the QE should be improved by optimizing the entrance win-
dow to minimize the absorption of soft X-rays in the passivation layer, and to reduce charge recombi-
nation in the silicon/oxide interface and in the highly doped implants. To increase the SNR, and thus
achieve single photon resolution, the noise of the readout electronics needs to be reduced. However,
even with JUNGFRAU 1.1 (32 electrons r.m.s equivalent noise charge for the very high gain stage)
we obtain single photon resolution only down to ca. 600 eV. Low Gain Avalanche Diodes (LGADs)
with a multiplication factor between 5-10 increase the signal amplitude and therefore improve the
SNR for soft X-rays. Combining LGADs technology with an optimized QE technology can thus al-
low hybrid detectors to become a useful tool also for soft X-ray detection.
In the present work, the QE of backside illuminated single pad silicon p-i-n diodes with 9 different
entrance window variations is studied. The sensors are characterized at the Surface Interfaces Mi-
croscopy (SIM) beamline of the Swiss Light Source (SLS) using soft X-rays ranging from 200 eV to
1250 eV. From the investigation, a QE of 62.5% at 250 eV is obtained with one of the variations and
further optimization is planned based on this study.
In addition, the QE of the inverse LGADs (iLGAD) with a thin entrance window has also been in-
vestigated. The first measurements show similar QE values as the optimized QE technology for
p-on-n sensors without multiplication, thus proven the feasibility of implementing optimized QE
technology into LGAD technology. Further studies on the iLGADs optimized for soft X-rays, in
particular their gain variation as a function of the photon absorption depth, will follow the next
months.

Experiments, Applications, Systems / 155

The 100μPET project: a small-animal PET scanner for ultra-high-
resolution molecular imaging with monolithic silicon pixel sen-
sors
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Author: Mateus Vicente Barreto Pinto1

Co-authors: Frank Raphael Cadoux 1; Didier Ferrere 1; Giuseppe Iacobucci 1; Lorenzo Paolozzi 2; Jihad Saidi 1;
Pierpaolo Valerio 2; Stefano Zambito 2

1 Universite de Geneve (CH)
2 CERN

CorrespondingAuthors: lorenzo.paolozzi@cern.ch, franck.cadoux@unige.ch, jihad.saidi@cern.ch, pierpaolo.valerio@cern.ch,
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Recent developments in semiconductor pixel detectors allow for a newgeneration of positron-emission
tomography (PET) scanners that, in combination with advanced image reconstruction algorithms,
will allow for a few hundred microns spatial resolutions. Such novel scanners will pioneer ultra-
high-resolution molecular imaging, a field that is expected to have an enormous impact in several
medical domains, neurology among others.

The University of Geneva, the Hôpitaux Universitaires de Genève, and the École Polytechnique
Fédérale de Lausanne have launched the 100µPET project that aims to produce a small-animal PET
scanner with ultra-high resolution. This prototype, which will use a stack of 60 monolithic silicon
pixel sensors as a detection medium, will provide volumetric spatial resolution one order of magni-
tude better than today’s best operating PET scanners.

The R&D on the optimisation of the monolithic pixel ASIC, the readout system and the mechanics,
as well as the simulation of the scanner performance, will be presented.

Electronics and ASICs / 156

First tracks and initial timing results with Timepix4 ASIC
Authors: Elena Dall’Occo1; Kazuyoshi Carvalho Akiba2; Martin Van Beuzekom3; Robbert Erik Geertsema3; Timo-
thy David Evans4; Tommaso Pajero5; Victor Coco6

1 Technische Universitaet Dortmund (DE)
2 Nikhef
3 Nikhef National institute for subatomic physics (NL)
4 University of Manchester (GB)
5 University of Oxford
6 CERN

Corresponding Authors: kazu.akiba@cern.ch, robbert.erik.geertsema@cern.ch, martin.van.beuzekom@cern.ch,
victor.coco@cern.ch, elena.dall’occo@cern.ch, timothy.david.evans@cern.ch, tommaso.pajero@cern.ch

A single arm beam telescope based on the Timepix4 ASIC was built in order to
perform first tests of synchronous readout and track reconstruction.
The telescope is composed of four planes with n-on-p silicon sensors.
Two of these planes are instrumented with 300 µm thick sensors tilted with respect to the beam, to
provide high quality spatial measurements, while the remaining two have
100 µm thick sensors to achieve a better timing response.
Each detector assembly (sensor + Timepix4 ASIC) is readout with SPIDR4 system developed by
Nikhef and ASI.
They are cooled by a 3D printed titanium blocks directly attached to the test PCB, through which a
cooling fluid is circulated.
Both the cooling block and PCB have a circular cut-out to minimise the amount of material traversed
by incident particles.
In this presentation, the initial results of the timing and spatial resolution of this telescope will be
shown.
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Electronics and ASICs / 157

Amonolithic ASIC for the very high precision pre-shower detec-
tor of the FASER experiment at the LHC
Authors: ChiaraMagliocca1; Didier Ferrere1; Lorenzo Paolozzi2; Giuseppe Iacobucci1; MagdalenaMunker2; Marzio
Nessi2; Pierpaolo Valerio2; Rafaella Eleni Kotitsa1; Theo Moretti1

1 Universite de Geneve (CH)
2 CERN

CorrespondingAuthors: chiara.magliocca@cern.ch, magdalena.munker@cern.ch, marzio.nessi@cern.ch, giuseppe.iacobucci@cern.ch,
didier.ferrere@cern.ch, lorenzo.paolozzi@cern.ch, pierpaolo.valerio@cern.ch, rafaella.eleni.kotitsa@cern.ch, theo.moretti@cern.ch

The design of a monolithic silicon pixel detector for the preshower of the FASER experiment at LHC
is in progress, with the purpose of measuring and discriminating electromagnetic showers generated
by photons with O(TeV) energies and separation down to 200 µm.
The new detector requires the development of amonolithic silicon pixel sensor with hexagonal pixels
of 65 µm side, an extended dynamic range for the charge measurement and the capability to store
the charge information for thousands of pixels per event. The ASIC will integrate a fast front-end
electronics and analog memories inside the pixel area to allow for a frame-based event readout with
minimum dead area and O(100) ps time resolution. A description of the architecture and design
solution of the monolithic ASIC will be presented.

CMOS / 158

Performance Evaluation of Stitched Passive CMOS Strip Sensors

Authors: Arturo Rodriguez Rodriguez1; Dennis Sperlich1; Ingrid-Maria Gregor2; Jan-Hendrik Arling3; Jens Wein-
garten4; Leena Diehl1; Marc Hauser1; Marta Baselga4; Surabhi Sharma3; Sven Mädgefessel5; Tomasz Hemperek6;
Ulrich Parzefall1

1 Albert Ludwigs Universitaet Freiburg (DE)
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Future particle physics experiments are motivated by the increase in luminosity and thus the need
for intelligent tracking detectors providing fast track and momentum information to select events
of interest. The next generation tracking detectors are mostly all silicon detectors and thus finding
a cost effective solution to maximise the output is important. Commercial CMOS technology for
silicon strip sensors is a prime candidate, which allows the use of large and high-resistive wafers
and also provides the advantage of widely established industrial production processes.

The passive CMOS silicon strip sensors presented in this contribution is processed by a European
foundry, in a 150 nm CMOS technology. The sensor have three different strip design to study in two
different lengths and are formed by stitching of individual reticles. This study presents the probe
station measurement and test beam results of the sensors before and after irradiation.
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CMOS / 159

Depleted Monolithic Active Pixel Sensors (DMAPS) in 180 nm
TowerJazz and 150 nm LFoundry Technology for High Radiation
and High Rate Environments
Authors: Alexandre HABIBNone; Alexandre Rozanov1; Lars Philip Schall2; Christian Bespin3; David-Leon Pohl3;
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Monolithic active pixel sensors with depleted substrates are a promising option for pixel tracker
detectors in high radiation environments. Exploiting high resistivity silicon substrate and high bias
voltages in commercial CMOS technologies allows to enhance the radiation tolerance to levels of
high radiation environments. As part of the DMAPS development, two full-size prototypes with the
same column-drain readout architecture are currently tested and characterized in Bonn.

LF-Monopix2 is designed in 150 nm LFoundry CMOS technology employing a large charge collec-
tion electrode in which each pixel’s digital electronics are integrated. This generally results in short
drift paths and a homogeneous electric field across the sensor. Optimization of the pixel layout
minimizes potential cross talk from the digital circuitry into the sensor node compared to its prede-
cessor while reducing the pixel size to 50x150 um². The 180 nm TowerJazz CMOS technology used
for TJ-Monopix2 features a small charge collection electrode with separated readout electronics. An
additional n-type implant ensures full depletion of the sensitive volume. A smaller pixel size and
low detector capacitance are benefits of this design resulting in lower noise.

In this talk results of the ongoing characterization of both prototype DMAPS are presented. Lat-
est measurements for both Monopix chips as well as their predecessors are shown. Furthermore,
upcoming plans and preliminary results of the testbeam campaign for both Monopix2 chips are dis-
cussed.

Miscellaneous / 160

Radiation damage studies of new p-n junction SiC detectors
Author: Salvatore Tudisco1
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Silicon Carbide is one of the most promising materials for radiation detectors due to the high re-
sistance to radiation damage. In this work we present the study of the radiation damage of a new
large, p-n junctions silicon carbide device developed by SiCILIA collaboration. Several devices under
test were irradiated in different experimental conditions with different beams in order to study its
general performance as a function of fluence.

LGAD / 161

Defect spectroscopy studies on irradiated LGADs
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Si-based sensors, like Low Gain Avalanche Detectors (LGAD), operated in the high radiation envi-
ronment of the CERN-LHC, undergo a degradation in performance that is significantly determined
by defects formed during particle-interaction with the Si-crystal. In p-type Si a deactivation of ac-
tive boron is observed –the so-called “acceptor removal effect”(ARE). One explanation of the ARE
is the radiation induced formation of boron-interstitial oxygen-interstitial (BiOi) defects, that create
donor-type energy levels which induce positive space charge. In the highly boron-doped LGADmul-
tiplication layer the ARE can result in a complete disappearance of the gain at fluences higher than
2E+15 cm-2. However, assuming BiOi being the major ARE relevant defect cannot fully explain the
boron-deactivation in LGADs. Therefore, to investigate the defect formation in LGAD gain-layers
we performed defects spectroscopy studies using Deep Level Transient Spectroscopy (DLTS) and
Thermally Stimulated Current technique (TSC) that we will present and discuss in comparison to
defect studies made on irradiated standard p-type Si-diodes.

LGAD / 162

Readout development of a LGAD-based Hybrid Detector for Mi-
crodosimetry (HDM)

Author: Enrico PierobonNone

Co-authors: Marta Missiaggia 1; Michele Castelluzzo 1; Francesco Tommasino 1; Leonardo Ricci 1; Emanuele
Scifoni ; Vincenzo Monaco 2; Maurizio Boscardin 3; Chiara La Tessa
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Clinical outcomes collected over the past three decades have suggested that ion therapy has the
potential to be a treatment modality superior to conventional radiation for several types of cancer,
including recurrences, as well as for other diseases. Although the results have been encouraging,
numerous treatment uncertainties remain a major obstacle to the full exploitation of particle radio-
therapy.
To overcome therapy uncertainties optimizing treatment outcome, the best possible radiation qual-
ity description is of paramount importance linking radiation physical dose to biological effects.
Microdosimetry was developed as a tool to improve the description of radiation quality. By record-
ing the energy deposition at the micrometric scale (the typical size of a cell nucleus), this approach
takes into account the non-deterministic nature of atomic and nuclear processes, and creates a di-
rect link between the dose deposited by radiation and the biological effect induced. Microdosimeters
measure the spectrum of lineal energy y, defined as the energy deposition in the detector divided
by most probable track length travelled by radiation. The latter is provided by the so-called “Mean
Chord Length”(MCL) approximation, and it is related to the detector geometry.
To improve the characterization of the radiation field quality, we define a new quantity replacing
the MCL with the actual particle track length inside the microdosimeter. In order to measure this
new quantity, we propose a two-stage detector consisting of a commercial Tissue Equivalent Pro-
portional Counter (TEPC) and 4 layers of Low Gain Avalanche Detectors (LGADs) strips. The TEPC
detector records the energy deposition in a region equivalent to 2 um of tissue, while the LGADs are
very suitable for particle tracking, because of the thickness thinnable down to tens of micrometers
and fast response to ionizing radiation.
The concept of HDMhas been investigated and validated withMonte Carlo simulations. Currently, a
dedicated readout is under development. This two stages detector will require two different systems
to join complementary information for each event: energy deposition in the TEPC and respective
track length recorded by LGADs tracker. This challenge is being addressed by implementing SoC
(System on Chip) technology, relying on Field Programmable Gated Arrays (FPGAs) based on the
Zynq architecture. TEPC readout consists of three different signal amplification legs and is carried
out thanks to 3 ADCs mounted on a FPGA board. LGADs activated strip signal is processed thanks
to dedicated chips, and finally, the activated strip is stored relying again on FPGA-based solutions.
In this work, we will provide a detailed description of HDM geometry and the SoC solutions that we
are implementing for the readout.

3D Sensors / 163

Study of Irradiated CNM 3D Sensors
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For the high luminosity upgrade of the LHC, the CMS experiment is considering implementing the
innermost layers of its inner tracker with 3D pixels. This technology should allow the detector to
operate safely at unprecedented fluences that can be as high as O(2e16 Neq/cm2). In this study we
present results of pixelated 3D sensors fabricated at IMB-CNM and interconnected to the RD53A
demonstrator readout chip. The sensor plus chip ensembles were irradiated at the Fermilab irra-
diation test area with protons of momentum 400 MeV to fluences of approximately 1.3-2.0e16 and
measured in a test beam of 120 GeV protons. We show some preliminary results of the sensor per-
formance, including the hit detection efficiency and position resolution as a function of bias voltage
and angle. Sensor characterizationmeasurements also include the IV curve and the charge collection
profiles inside a pixel cell for orthogonal incidence at full depletion.

Experiments, Applications, Systems / 164

ATLAS ITk Pixel quad module test beam results
Author: Sejla Hadzic1
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As the module production for the ATLAS ITk Pixel detector approaches, prototype modules are
scrutinised with test-beam particles to measure their properties. First results are presented of the
reconstruction and analysis of these test-beam data for modules built with four front-end chips
attached to a single sensor, called quadmodules. The challenges of analysing data from quadmodules
are highlighted and a comparison with data from single chip modules is given.

LGAD / 165

TCAD Investigation of AC-LGAD
Authors: Abe Seiden1; Bruce Schumm1; Kyung-Wook (Taylor) Shin1; Mohammad Nizam1; Eric Ryan1; Hartmut
Sadrozinski1; Jennifer Ott1; Marcus Wong1; Simone Mazza1
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Corresponding Author: tashin@ucsc.edu

Low Gain Avalanche Diode (LGAD) detectors are entering the mainstream as sensors planned for
use in future particle detectors. However, their granularity is limited due to the need to isolate sepa-
rate segments (strips or pixels) of the detector through the gain layer, limiting the granularity scale
to approximately 1 mm. However, AC-coupled LGADs (AC-LGADs), also known as resistive silicon
detectors (RSDs), provide solution to this limitation by reading out the detected particles through
capacitive (AC) coupling through a thin passivation layer. The signal is collected temporarily under
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the surface electrodes through the use of a resistive n+ junction layer. In this way precise timing
is maintained, while precise position resolution is obtained through a combination of higher gran-
ularity and charge sharing between neighboring segments. In this work, we share the results of
parametric investigation of strip AC-LGADs using two independent Technology Computer Aided
Design (TCAD) tools: SilvacoTM Victory DeviceTM and SynopsysTM SentaurusTM. Results on the
signal size and delay as a function of distance from the strip center are presented, and compared
between each other as well as with test-beam data taken with a high-energy proton beam. Conclu-
sions are drawn about the suitability of the use of TCAD simulation tools in the refinement of the
design of AC-LGAD sensors.

LGAD / 166

Influence of the ionization density on LGAD gain as measured
with TCT, TPA-TCT and a beta source
Authors: Esteban Curras Rivera1; Marcos Fernandez Garcia2; Michael Moll1; Sebastian Pape3
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Low Gain Avalanche Diodes (LGADs) is one of the most promising sensing technologies for future
4D-tracking applications and has recently been qualified to be used in the ATLAS and CMS timing
detectors for the HL-LHC upgrade. LGADs achieve an excellent timing performance due to the pres-
ence of an internal gain that improves the signal-to-noise ratio.
These detectors are designed to exhibit a moderate gain with an increase of the reverse voltage.
However, the value of the gain strongly depends on the temperature. Thus, operation voltage and
temperature must be kept under control in the experiments to maintain the gain within the required
values. A reduction in the reverse bias or an increase in the temperature will reduce the gain signif-
icantly.
A further mechanism impacting on the gain was recently observed in LGADs. The gain measured
in these devices highly depends on the charge density generated by a laser or particle in the bulk.
Measurements performed with different detectors under different conditions showed that ionizing
processes that induce less charge density in the detector bulk lead to an increase in the detector’s
measured gain.
Measurements were already conductedwith IR-laser and Sr-90 in the lab confirming this mechanism.
In this talk, we will present new measurements performed with a table-top Two Photon Absorption
TCT system in a 300 um thick LGAD. Using this technique, very high charge carrier densities can
be created inside the detector bulk at different depths that lead to different signal gain values. We
present a model describing the observed data.

CMOS / 167

Timing properties of the RD50-MPW2 CMOS detector
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TheCERN-RD50 collaboration has been developingHigh Voltage CMOS detector prototypes for high
radiation environment based on high resistivity substrate and large collection electrode. In this con-
tribution we will present timing properties of the RD50-MPW2 chip manufactured in LFoundry 150
nm process, which features an active 8 x 8 matrix of pixels with an analog front end and discrim-
inator circuit. The time resolution and time walk of the detector were evaluated before and after
neutron irradiation. Charge in the sensor was generated by laser TCT with light injection from the
edge and back side.

CMOS / 168

Development of a backside biased HV-CMOS sensor in a 150 nm
process node for particle detection
Author: Nissar Karim1
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Zhang 1
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High Voltage-CMOS (HV-CMOS) sensors are an attractive option for tracking applications due to
their high-performance and cost-efectiveness. However, to meet the challenging specifications re-
quired by future physics experiments in terms of radiation tolerance, time resolution and granularity,
further R&D is needed to boost the performance of these sensors. UKRI-MPW0 is a new HV-CMOS
sensor prototype, developed in the 150 nm process technology from LFoundry, aimed at addressing
some of these specifications.

This contribution presents the main design aspects and preliminary laboratory evaluation results of
UKRI-MPW0. The prototype implements a novel sensor cross-section optimised for backside biasing
at unprecedented high voltages and targeting a large improvement in radiation tolerance. The chip
uses a 1.9 kΩ·cm high resistivity substrate, and samples have been thinned to 280 µm and backside
processed following two different techniques, namely plasma immersion ion implantation with laser
annealing and beamline implantation with rapid thermal annealing. The chip has two large active
matrices, several test structures consisting of small passive matrices with different pixel sizes (from
40 µm x 40 µm to 70 µm x 70 µm) to characterise the sensor depletion region, and of linear and circular
transistors to study their radiation tolerance. One of the active matrices uses linear transistors only,
whereas the other active matrix uses circular transistors. Each matrix has 20 rows and 29 columns of
pixels. The pixels are 60 µm x 60 µm and integrate analogue readout electronics inside the collecting
electrode. Each matrix has three different pixel flavours, which are continuous reset, switched reset
and modulated feedback, to study and improve the sensor time resolution. The chip has a total area
of 5 mm x 3.5 mm.

Preliminarymeasurements before and after neutron irradiation have shown the chip is able to sustain
high bias voltages much beyond other state-of-the-art HV-CMOS detectors. We are in the process
of measuring the active matrices with the Caribou readout system. The measurements shown at the
workshop will focus on diode and transistor I-Vs, and active matrix characterisation.
.

Electronics and ASICs / 169

Study of the charge carrier properties GaAs:Cr with Timepix3
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Recent advantages in crystal growth have facilitated the production of high resistivity (HR) chromium
compensated gallium arsenide (GaAs:Cr), which has become an alternative to silicon especially in
X- and gammas-ray detection and imaging, where such sensors profit from their higher absorption
efficiency. To explore charge transport properties of the material we measured the dependence of
the electrons and holes drift velocity on the electric field and the dependence of the diffusion coeffi-
cient on the electric field. It became possible by analyzing the detector response to charged particles
entering the detector at grazing angle. The holes lifetime and their mobility was measured using
the drift time information for the first time for HR GaAs:Cr material to be τ_{h} = 4.5±0.5 ns, μ_{h} =
320±10 cm2/V/s at 300 V. The measured parameters were validated by comparison of the measured
and the simulated data for various X- and gammas-ray sources in the energy range of 6 –60 keV,
protons of 125 MeV, and pions of 120 GeV/c. The sufficient lifetime of electrons (˜30 ns) and their
higher mobility (> 3000 cm2/V/s) in comparison with silicon make the GaAs:Cr sensors interesting
tools to fully exploit the timing precision of Timepix3 (i.e. 1.6 ns) in particle tracking applications
or for characterization of pulsed X-ray sources.

Miscellaneous / 170

Silicon Detectors Beyond LHC –RD50 Status Report
Authors: Ulrich Parzefall1; Gabriele D’Amen2
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Within the RD50 Collaboration, a large R&D program has been underway for more than a decade
across experimental boundaries to develop silicon sensors with sufficient radiation tolerance for
LHC-Phase-II trackers. While these trackers are now entering their construction phase, RD50 is con-
tinuing to study silicon sensors for particle tracking, but shifting the focus to applications beyond
the LHC.The next generation of collision experiments, such as the FCC, require unprecedented radi-
ation hardness in the range of a few 1017Neq as well as time resolutions of the order of 10ps. Another
challenge is to move the sensor technology away from traditional planar and passive float-zone sen-
sors that from large parts of the LHC-Phase-II trackers to sensor technologies such as CMOS where
front-end electronics can be integrated, and where a wide availability promises cost advantages.
Key areas of recent RD50 research also include technologies such as Low Gain Avalanche Detectors
(LGADs), where a dedicated multiplication layer to create a high field region is built into the sen-
sor, resulting in time resolutions of a few tens of ps. Another strong activity is the development of
sensor types like 3D silicon detectors.We also seek for a deeper understanding of the connection be-
tween macroscopic sensor properties such as radiation-induced increase of leakage current, doping
concentration and trapping, and the microscopic properties at the defect level. A new measure-
ment tool available within RD50 are the Two-Photon-Absorption (TPA) TCT systems, which allow
position-resolved measurements down to a few µm.

Planar Sensors / 171

Characterisation of the silicon oxide quality in HGCAL sensor
prototypes
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The quality of the silicon oxide layer in 8” sensor prototypes for the CMSHigh Granularity Calorime-
ter (HGCAL) is studied bymeans of X-ray irradiation of dedicated test structures at the CERNObeliX
facility. A fully automated irradiation and measurement setup called AXIOM (Automated X-ray Ir-
radiation and Oxide Measurements) has been developed at CERN for this purpose.

Different oxide variants provided by Hamamatsu are characterised and compared to the results ob-
tained with HGCAL 6” prototypes and sensors of the CMS outer tracker. A clear preference has
emerged from these studies, and the oxide type with the best performance has been irradiated up
to a dose of 3 MGy, the expected absorbed dose in the forward region of the detector at the end of
the High-Luminosity LHC run. The findings of this measurement campaign have contributed to the
choice of the oxide type for the next version of the HGCAL sensor prototypes, which will undergo
larger scale testing.

LGAD / 172

Development of Low Gain Avalanche Detectors at Teledyne e2v
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Low Gain Avalanche Detectors (LGADs) are a novel silicon sensor technology being developed to
design full 4D trackers able to measure precisely both spatial and temporal coordinates. The first
deployment of this technology will be in the ATLAS and CMS timing layers at the High Luminosity
LHC where, by adding fast timing information to each crossing track, they will allow to better sep-
arate overlapping events.
Further developments of this technology will be pursued in anticipation of their use at future col-
lider experiments where 4D tracking detector systems will be needed to cope with an unprecedented
number of pile-up and beam background events through the addition of precise timing information
to each point along the track. In this context, the University of Birmingham, University of Oxford,
Rutherford Appleton Laboratory and Open University are working with the UK foundry Teledyne
e2v to establish their processing line for LGAD production. The addition of Te2v to the currently
established LGAD manufacturers will significantly increase LGAD production volume capabilities.
This talk will present updates on the ongoing characterisation of the first batch of LGAD sensors
produced by Te2v, designed to match the specifications of the ATLAS and CMS timing layers. IV and
CV measurements have been completed on a set of wafers that allows to compare the performance
of the devices for different energy and dose of the gain layer implant. Diced structures from one of
the wafers have undergone full characterisation including gain and timing measurements. We will
present results from a set of un-irradiated devices and possibly first results after irradiation. Studies
are also ongoing to evaluate the jitter component of the timing resolution. Finally, we will present
plans for the design of the structures for the second batch of LGAD production at Te2v.
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High-injection carrier dynamics generated by MeV ions and fs-
laser, impacting the LGAD’s limiting response: SEB andGain sup-
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LGAD’s failure due to Single Burnout Event and charge collection insufficiency (gain suppression)
received a lot of attention recently,
Those radiation and high injection effects have some features in common, both deals with high
density of generated charge but what distinguishes them seems to be the main triggeringmechanism
for another. While SEB induces a localized high-current state, gain suppression is charge cloud
screening and gain polarization effect. While impact ionization by the holes seems to be suppressed
during “gain suppression”, their participation is crucial for self-sustaining of SEB.

SEB events have been investigated at ELI Beamlines in fs-laser tests, while the gain suppression
presented here is investigated in IBIC tests at RBI and at ELI Beamlines. Through the use of different
ion species at RBI and their respective energies, measurable charge signals give an insight into carrier
transport properties in a wide range of detector depths. This also allows us to investigate the roles
of two dominate phases of charge collection: the diffusion-dominated expansion phase of a charged
cloud and the bipolar phase where the external field penetrates the clouds resulting in rapid charge
injection into gain layer. The “transition” between those two phases can be seen as the “gain peak”,
more pronounced for more penetrating protons and carbons and at lower voltages. Gain suppression
in SEB events was also investigated.

Experiments, Applications, Systems / 174

PenetratingParticleAnalyser (PAN). Silicon tracker development.
Beamtest results
Authors: Daniil Sukhonos1; Giovanni Ambrosi2; Philipp Azzarello1; Xin Wu1
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Penetrating particle Analyzer (PAN) is an instrument designed to be used in deep space and inter-
planetary missions. It can precisely measure and monitor the flux, composition, and direction of
highly penetrating particles in the effective range between 100 MeV/nucleon and 10 GeV/nucleon. It
is a versatile device, which can potentially have an application in cosmic ray physics, solar physics,
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space weather and space travel. PAN is a compact magnetic spectrometer (less than 20 kg of mass)
with relatively low power budget (around 20W).These features allow the spectrometer to potentially
become one of the standard onboard devices accompanying future deep space human travel. The
device consists of permanent magnet sections, high resolution silicon strip detectors, scintillating
detectors and silicon pixel detectors. At the current stage of the device R&D, a first prototype, called
MiniPAN, was built. The MiniPAN is a reduced version of PAN designed to estimate the capabilities
and performance of a full-scale device - PAN. The MiniPAN consists of an aluminum supporting
structure, 2 sections of permanent magnets, 6 silicon strip detectors measuring a single coordinate
of a particle trajectory (X coordinate layers called StripX) and readout electronics. The StripX was
designed as thin (150 m) layer of long silicon strips with a fine pitch (25 m) and 2048 readout chan-
nels in order to push the limit of a position resolution up to 2 m and provide the best momentum
resolution for penetrating particles within the effective energy range.
In the second half of 2021 the beamtests were performed at CERN (Geneva) to demonstrate the perfor-
mance (signal/noise 8), the quality of the production of both single StripX layers and the MiniPAN
protortype with 6 StripX layers (with/out magnets installed). The preliminary position resolution
values obtained for 10 GeV/c negative pion beam are 6.4 0.64 m for the inner StripX module of
the MiniPAN. The reconstructed momentum resolution studies are still ongoing and the data taking
is continued using a cosmic ray setup built in the laboratory of the Department of Nuclear and Par-
ticle Physics of the University of Geneva. We will present current status of the hardware and the
preliminary results from the beamtest and cosmic rays data.

LGAD / 175

Stability of irradiated LGAD sensors in the Fermilab high-rate
proton beam facility
Author: Ryan Heller1
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Low Gain Avalanche Diodes (LGADs) will be employed in the CMS MTD and ATLAS HGTD up-
grades to mitigate the high levels of pileup expected in the High Luminosity phase of the LHC. Over
the last several years, much attention has focused on the development of radiation tolerant gain
implants that successfully provide gain even after the fluences expected at the HL-LHC, in excess of
1 x 10ˆ15 neq/cmˆ2. However, it has been observed that highly-irradiated sensors operated at large
bias voltage can be susceptible to single event burnout (SEB) when exposed to highly ionizing par-
ticles. The SEB mechanism has previously been studied in detail by CMS using the low-rate proton
beam at Fermilab. We present the results of a new campaign using a high-intensity proton beam that
demonstrates the successful operation of irradiated LGADs exposed to an extreme charged particle
flux comparable a year at the HL-LHC. We find that the SEB mechanism is mitigated by a slight
reduction in bias voltage, with little to no impact on the CMS MTD performance.

Planar Sensors / 176

Study of bulk damage induced by gamma irradiation in n-in-p
silicon diodes
Authors: Vera Latonova1; Marcela Mikestikova1; Iveta Zatocilova2
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Themain goal of the presentation is to show the dependence of the leakage current and full depletion
voltage on TID. Whereas the measured I-V characteristics show a linear dependence on TID, the
full depletion voltage and thus also the effective doping concentration significantly decreases with
higher gamma irradiation. The gradual decrease of the effective doping concentration with higher
TID can be associated with acceptor removal or donor introduction.
The study was performed on 8 × 8mm2 n-in-p diodes fabricated on standard float zone silicon
wafers with the initial resistivity of about 3 k� · cm. These diodes were irradiated in the range of
(10−564)MRad by 60Co gamma rays in an approximate charge particle equilibrium. An important
feature of these samples is the presence of contact pads on the guard ring, which enables us to
separate the bulk current from the total leakage current by grounding the guard ring during I-V and
C-V measurements.
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