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Preface

The main results of this work are the development and characterization

of a novel low-power radiation-hard CMOS pixel sensor and the study to

implement such a device into a larger module. This has been achieved with

the design and test of two prototypes: the MALTA, a large area sensor, and

the MiniMALTA sensor. The development targets the specifications of the

ATLAS ITk upgrade. The chips have been tested in various environments

and could prove, for the first time, that the used 180 nm CMOS imaging

process, including the modification described here, can be radiation tolerant

up to 1× 1015 1MeV neq/cm2, with margins for improvement.

The data transmission unit of the chips is a novel custom design of low-

power 5 Gb/s differential transmitter and receiver. The detailed measure-

ments proved that the target data rate could be achieved.

To adapt such a CMOS chip for applications in HEP experiments, the module

construction and system aspects have been studied, and it could be shown

that by using novel post-processing techniques the overall dead zone between

neighbouring chips can be reduced significantly. The concept of a mod-

ule, developed here with the MALTA sensor, demonstrates that monolithic

sensors could be used in this environment, with a reduction in overall mater-

ial budget. Chip-to-chip data communication has been implemented in the

MALTA sensor and proven in tests, promising to reduce the power consump-

tion and ease the module assembly. A further aspect of the system-level

needs for a pixel sensor that could have promising applications is the em-

bedding of cooling microchannels in the CMOS substrate directly. This has

been done for the first time using the MALTA chip. The tests demonstrate

that the microchannels and their fabrication steps do not degrade the chip
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performance.

The work of this thesis has been carried out as part of a CMOS mono-

lithic pixel development project, involving several institutes. In this preface,

I intend to clarify which is my contribution to the project, and how it is

presented in this thesis.

This research project has been supported by a Marie Sk lodowska-Curie In-

novative Training Network Fellowship of the ”European Union’s Horizon

2020 Research and Innovation Programme” under the Grant Agreement No

675587, STREAM 1.

Chapter 1 and Chapter 2 are a brief introductions to high energy physics,

with focus on the LHC, and silicon pixel detectors. All the content is taken

from the references mentioned in the text. Chapter 3 and Chapter 5 describe

the work carried out by me, together with several people from the ATLAS

CMOS community and the STREAM consortium. The work presented in

Chapter 4 has been entirely done by myself.

Chapter 3 includes the work presented at the PIXEL20182 conference and

published in the reference [1], which I wrote as the first author. Besides,

the work was presented in several other conferences, and published in the

proceedings in reference [2] [3] [4], of which I am one of the author. My con-

tribution to the work included in the references and in Chapter 3 is described

in the following.

Concerning the development of the first prototype, the MALTA sensor, I was

in charge of the design and integration of the pseudo-LVDS driver embedded

into the chip. As part of the design team, I have contributed to the concept

of the sensor, with emphasis on the layout and integration into the readout

system (Sec 3.5).

My contribution to the MALTA characterization started with the design,

production, and test of the chip carrier board, and with the collaboration in

developing and testing the readout system (Sec. 3.6).

To validate the MALTA chip (Sec. 3.7), I have performed measurements on

1STREAM - https://stream.web.cern.ch/about
2The 9th International Workshop on Semiconductor Pixel Detectors for Particles and

Imaging, PIXEL2018 - Taipei (Taiwan) - https://indico.cern.ch/event/669866/

https://stream.web.cern.ch/about
https://indico.cern.ch/event/669866/
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the sensor leakage current (Sec. 3.7.1), I have contributed to the sensor and

front-end measurements (Sec. 3.7.2), and I have developed several testing

tools, such as the script used for the sensor threshold scans. I took part in

all the testbeam campaigns involving the MALTA sensor (Sec. 3.7.4), with

active participation in the study of the measurements results.

For all the production runs, I have been involved in the choice of the material

and chip assembly, from the dicing to the first test of chips on the board.

Three iterations of the chip have been produced, and I gave a significant

contribution to the design of the various iterations, successfully fixing several

bugs of the design.

Following the outcome of the MALTA chip characterization, it was decided

to modify the process according to measurement and the technology simula-

tions, which are reported in Sec. 3.8.

My design tasks regarding the MiniMALTA sensor were about the integration

of the pseudo-LVDS data driver and receiver, and the chip layout design and

integration in the carrier board and readout. I have also designed the carrier

board and followed its assembly. I took part in the testbeam campaign and

in the study of the results of the sensor collection efficiency (Sec. 3.9.3).

I have realized the LAPA driver and receiver testchip. I was in charge of

the design of its carrier board, and I have carried out the characterization

of the chip (Chapter 4). I have presented the design of the LAPA driver

and testchip with a poster at the TWEPP20173 conference, and I wrote the

proceedings in reference [5], of which I am the first author.

Concerning the development of a large area sensor, I have performed the

studies on the module dead area, and realized the conceptual designs on the

pixel CMOS ITk pixel module (Sec. 5.1 and Sec. 5.2). I have performed the

measurements on the chip-to-chip data transmission (Sec. 5.3). I have also

designed the double chip carrier board and adapted the MALTA readout and

the testing tools to perform this measurement.

In the context of the studies on the sensor cooling with embedded buried mi-

crochannels ( Sec. 5.4) , I gave my contribution in the design of the layout of

3Topical Workshop on Electronics for Particle Physics - TWEPP 2017 - Santa Cruz -
USA - https://indico.cern.ch/event/608587/

https://indico.cern.ch/event/608587/
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the channels, including the participation on the production of the first dum-

mies in the cleanroom (Sec. 5.4.3). As an expert on the sensor and readout

side, I contributed to the integration of the processed sensor on the MALTA

carrier board for its readout. Finally, I was in charge of all the test performed

on the MALTA with embedded microchannels (Sec. 5.4.4).



Introduction

The Large Hadron Collider (LHC) [6] at the Conseil Européen pour la

Recherche Nucléaire (European Council for Nuclear Research) (CERN), in

Geneva, will be upgraded to the High Luminosity-LHC (HL-LHC), between

2024 and 2026. The increased luminosity of the machine will allow to probe

for new physics and improve the studies on known mechanism. The HL-

LHC requires an upgrade of its main experiments, which need to cope with

the challenging requirements of the new machine, such as the much higher

number of events per protons bunch crossing and an unprecedented level of

radiations. In Chapter 1, the LHC machine, its main experiments, and the

HL-LHC are presented.

Silicon pixel sensors, described in Chapter 2, are used in high energy phys-

ics experiments for vertices and particle tracks reconstruction. They provide

high granularity tracks information in the regions with the highest tracks

densities. This area of a particle detector is the also most critical in terms of

radiations and hit rate.

This thesis studied the possibility to develop novel depleted monolithic CMOS

pixel sensors, targeting the specifications of the high luminosity Inner Tracker

upgrade [7] of the ATLAS experiment [8]. The work combines the design

and characterization of two CMOS pixel sensor prototypes, presented in

Chapter 3, with studies and designs towards the integration of monolithic

pixel sensors into a detector system, presented in Chapter 4 and Chapter 5.

The first prototype developed in the context of this work is the MALTA chip,

a large scale pixel sensor, featuring low-power sensor and front-end, with a

novel asynchronous readout architecture. The characterization in the labor-

atory and testbeam validated the design. However, the sensor suffers from a
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reduced collection efficiency after being exposed to a high neutron fluence.

The characterization results have driven extensive studies on the technology,

yielding two process modifications towards a higher radiation hardness of the

sensor. The match between the process simulation and the characterization

of MALTA has triggered a new development, the MiniMALTA. The sensor

demonstrated to withstand the level of radiations expected at the outermost

layer of the ATLAS high luminosity pixel tracker. The design and character-

ization of both pixel sensors are presented in Chapter 3.

The two sensors required the design of several circuits, such as the data

transmission unit, which interfaces the chip with the detector readout. It

is a critical block in terms of power consumption and signal integrity, when

working in high hit rate environment, such as the ATLAS pixel tracker up-

grade. Low-power 5 Gb/s driver and receiver have been developed, targeting

this application. The circuits have been integrated into the two sensor pro-

totypes, MALTA and MiniMALTA, and in a dedicated testchip. The design

and characterization of both driver and receiver are presented in Chapter 4.

A pixel tracker is a very complex system: several layers of thousands of

sensor need to cover the highest possible radii around the interaction point,

and work at a low temperature, about −30 ◦C. The sensors, the mechanical

supports, the cooling system, and cables have to be properly designed, lim-

iting the material budget to do not degrade the measurements.

CMOS sensors can bring advantages in terms of system integration in the

next generation of high energy physics experiments, with respect to hybrid

sensors. The single die sensor of the monolithic approach reduces the com-

plexity of assembly and the material budget. Besides, the developments

presented in Chapter 3 and Chapter 4, demonstrated that monolithic sensors

could reduce the power consumption, and, as a consequence, the material

budget due to power cables.

In Chapter 5, the sensors designed in this thesis have been used to study the

system integration of monolithic pixel sensors into a tracker detector. In par-

ticular, chip dicing techniques and pixel modules have been studied, aiming

to reduce the sensor dead area. The data transmission between neighbor-

ing chips has been implemented and tested with the MALTA chip. Using
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this approach, several sensors act as a single large area sensor, reducing the

power consumption and material budget, promising to improve the system

integration.

Finally, in the last part of Chapter 5, the cooling strategy for monolithic

pixel sensors has been addressed with the implementation of microchannels,

buried in the sensor bulk. This novel approach is promising to reduce the ma-

terial budget and improve the efficiency of cooling circuits. A CMOS sensor

has been processed with a dedicated microchannels fabrication technology.

The preliminary electrical and functional tests validated the process and are

presented here.





Chapter 1

LHC Experiments and High

Luminosity Upgrade

1.1 Experiments at the Large Hadron

Collider

The LHC is part of the accelerators of the ”Conseil Européen pour la

Recherche Nucléaire” (European Council for Nuclear Research) (CERN) in

Geneva (Fig. 1.1). It is a proton-proton (p-p) and heavy ions collider situ-

ated in a tunnel buried around 100 m underground, in operation since 2010.

The protons are extracted ionizing hydrogen atoms and injected in the first

accelerator, the Linac 2, which accelerates them to the energy of 50 MeV.

The resulting beam is injected into the Proton Synchrotron Booster (PSB),

which accelerates the protons to 1.4 GeV, followed by the Proton Synchro-

tron (PS), reaching an energy of 25 GeV. Protons are then sent to the Super

Proton Synchrotron (SPS) where they are accelerated to 450 GeV and trans-

ferred to the LHC ring. Due to the characteristics of the acceleration method

the LHC, the beam is not continuous, but particles are grouped in packets

called bunches. These packets at the LHC are spaced in time of 25 ns, and

they are injected into the two counter circulating beam tubes of the LHC,

reaching the maximum energy of 6.5 TeV. The bunches of protons collide in

four points along the LHC, where the four big experiments are placed. These
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experiments will be described in the following sections.

The collision of the counter rotating packets is referred to as bunch crossing.

For each bunch crossing, several proton-proton interactions can occur. A

single interaction is referred to as an event, while an events pile-up is the

condition of more than one interaction in a bunch crossing.

The Low Energy Ion Ring (LEIR) is the first acceleration stage when op-

erating with heavy ions. The heavy ions beam is injected from the LEIR

to the same accelerators chain used for protons, up to the LHC. Tab. 1.1

summarizes the key specifications of the LHC.

Fig. 1.1. The CERN accelerators complex [9].The arrows indicate the direction of
the beam. The figure shows how protons coming from the Linac 2 are fed to the
LHC. The collisions happen at the four big experiments: ALICE, ATLAS, CMS,
and LHCb. The figure shows also other beamlines serving different experiments
at CERN.

Among the several experiments running at the LHC, the four big exper-
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Specification
Circumference 26 659 m
Nominal energy, protons 6.5 TeV
Nominal energy, ions 2.56 TeV/u (energy per nucleon)
No. of bunches per proton beam 2808
No. of protons per bunch (at start) 1.2× 1011

Bunches spacing 25 ns
Collision frequency 40 MHz
Luminosity 1034 cm−2s−1

Tab. 1.1. The key specification of the LHC for Run 2 [6].

iments located at the four collision points are described briefly. In Fig. 1.2,

this four experiments are shown: ALICE, LHCb, CMS and ATLAS. The LHC

represents the testing ground for the Standard Model (SM), which is a the-

oretical framework that describes the interaction among the constituents of

matter, the fermions, through the exchange of bosons, which are force carrier

particles [10]. The accelerator has been designed to provide enough statistics

for high precision measurements of the SM, as well as search of new physics.

The experiments taking place at the LHC have been conceived to investigate

the unanswered questions in the field of High Energy Physics (HEP), such as

the mass of the neutrino [11], the origin of dark matter [12] and, before 2012,

the proof of the existance of the Higgs boson [13] [14], which has been the

major achievement of the ATLAS and CMS experiments. Besides this, the

searches of other physics to overcome the limitations of the SM are on go-

ing. One example of such a theory is the SuperSimmetry (SUSY) [15]. This

theory introduces new supersymmetric partners of existing particles in the

Standard Model, referred to as sparticles, postulating a symmetry between

bosons and fermions.

Despite the fact that the LHC has enlarged the sensitivity reach for new phys-

ics, nothing new as been found so far. As an example, in the explored energy

ranges, no clear prove of the existence of the the SUSY sparticles evinces

from the measurements. However, this does not exclude the possibility of

having sparticles with different masses with respect to their partners, or that
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they are very rare. This is one of the searches motivating the next machine

upgrade (Sec. 1.2), which will allow measurements with higher statistics.

ATLAS

Fig. 1.2. The four experiments (yellow) at the LHC.

1.1.1 ALICE

ALICE (A Large Ion Collider Experiment) [16] is a dedicated heavy-ion

experiment located at point 2 of the LHC ring. It is designed to study the

physics of strongly interacting matter, with p-p, p-Pb and Pb-Pb collisions.

Particular focus is the study of the Quark-Gluon Plasma (QGP), which is

the state of matter where quarks and gluons are deconfined, i.e. where they

are not bound into hadrons. This condition can be recreated in collisions of

high-energy heavy ions at the LHC. The most stringent design constraint is

to cope with the extreme particle multiplicity in central Pb-Pb collisions, as

shown in the event display in Fig. 1.3.

The ALICE detector consists of a central barrel, which measures hadrons,

electrons, and photons, and a forward muon spectrometer along with some

smaller detectors for trigger and event characterisation. It has dimensions of

26 m in length and 16 m in diameter, and a weight of 10 000 tonnes. The
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Fig. 1.3. An event display of a Pb-Pb collison at the ALICE experiment [17].

Inner Tracking System (ITS) [18] is the first sub-detector system surrounding

the beam pipe. It is composed of six layers of silicon detectors: two layers

each of Silicon Pixel Detectors (SPD), Silicon Drift Detectors (SDD) and

Silicon Strip Detectors (SSD). A new ITS [19] has been developed based

on monolithics CMOS pixel sensors and will be installed during the Long

Shutdown 2 (LS2). This new tracker will consist of seven concentric layers

of Monolithic Active Pixel Sensors (MAPS), which are described in Sec. 2.9,

and covers a total area of 10 m2. This new system, together with an upgrade

of the TPC and the online-offline system will enable ALICE to fully exploit

the 50 kHz of interaction rate of Pb-Pb collision during Run 3.

1.1.2 LHCb

LHCb is an experiment dedicated to heavy flavour physics. Its primary

goal is to look for indirect evidence of new physics in Charge-Parity (CP)

violation and rare decays of beauty and charm hadrons [21]. At high en-

ergies, both B-mesons are predominantly produced in the same forward or

backward cone. The LHCb spectrometer is a single-arm with a forward angu-

lar coverage from approximately 10 mrad to 300 mrad (Fig. 1.4). The LHCb

detector has two Ring Imaging Cherenkov (RICH) systems in order to sup-

press background events and to provide B flavour tagging [21]. The LHCb
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Fig. 1.4. An event display of a Pb-Pb collison at the LHCb experiment [20].

includes the VErtex LOcator ”VELO”, which is the detector system closest

to the collisions at the LHC. Its sensitive elements are fourty-one silicon strip

detectors, used for vertex reconstruction. During operation, these are only

5 mm away from the collision point, inside the vacuum pipe. The VELO

allows physicists to locate the position of B particles to within 10 um [21].

1.1.3 CMS

The Compact Muon Solenoid (CMS) [23] is a general-purpose experiment

built to study p-p, p-Pb, or Pb-Pb collisions at the maximum centre-of-

mass energy and luminosity of the LHC. The prime motivation for the CMS

experiment was the reasearch for evidence of the Higgs boson [14]. A single

superconducting solenoid generates a magnetic field of 3.8 T. Several circular

concentric layers of different detectors measure the particles and use this

key data to build up collision events [23], as shown in Fig. 1.5. The Inner

Tracker (IT) is made of pixel and strip silicon detectors, with ten layers of

strip detectors and silicon pixel detectors in the high occupancy range close

to the interaction point. The tracker, a crystal Electromagnetic Calorimeter

(ECAL) and a brass/scintillator Hadron Calorimeter (HCAL) are within the

field volume of the 3.8 T superconducting magnet. Muons are measured

in gas-ionization detectors embedded in the steel return yoke. The overall

dimensions of the CMS detector are a length of 21.6 m, a diameter of 14.6 m

and a total weight of 14000 t.



LHC Experiments and High Luminosity Upgrade 7

Fig. 1.5. Display of an event, observed in the CMS detector, which exhibits
the signature of a Higgs boson produced in association with a Z boson. The
Higgs decays into a bottom and an anti-bottom quark, each depicted by the two
cones which represent jets of particles from the bottom quark decays. The Z
boson decays into an electron and positron, each depicted by the green lines and
the large green towers representing the energy deposits in the electromagnetic
calorimeter. The event could also be due to known Standard Model background
processes [22].

1.1.4 ATLAS

A Toroidal LHC Apparatus (ATLAS) [8] is one of two general-purpose

detectors at the LHC. Improved measurements of the Standard Model and

discoveries such as the Higgs Boson [13] are at the core of the physics search

in ATLAS. It consists of several sub-detectors systems, as shown in the cut-

away view in Fig. 1.6. The description of the detector system presented here

is based on the reference [8]. The detector system is cylinder-shaped with

a diameter of 25 m and a length of 44 m. The four major components of

the ATLAS detector are the Inner Detector (ID), the calorimeter, the Muon

Spectrometer, and the magnet system [8]. The ID is the closest detector

to the collision point. The ATLAS pixel tracker, which is part of the Inner

Detector, and its High Luminosity upgrade (Sec. 1.3) are taken as the refer-

ence specification for the pixel sensor developments presented in this thesis

(Chapter 3 to Chapter 5). For this reason, in Sec. 1.1.4, a more detailed de-

scription of the ID is presented. Here the other components of the detector

are described briefly.
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Fig. 1.6. Cut-away view of the ATLAS detector [8]. The main parts of the
detector are highlighted.

A solenoid magnet generates a 2 T magnetic field, which bends tracks from

charged particles for the innermost detector.

The ATLAS calorimeters are the first detectors placed outside the solenoid

magnet, as shown in Fig. 1.6. The Liquid Argon (LAr) is made of interspaced

layers of lead/stainless steel and liquid argon. The lead gives the shower de-

velopment with its short radiation length and the secondary electrons create

ionisation in the narrow gaps of liquid argon. Copper electrodes are used to

read out a signal from the ionization electrons drifting in the electric field

across the gaps.

The Tile Hadronic Calorimeter (TileCal), which is places after the LAr calori-

meter, uses steel-scintillator stacks to stop particles and measure their energy,

and the light emitted is transmitted in fibers and read out by photomultipli-

ers. Apart from muons and neutrinos, all particles should deposit all of their

energy in this section of the detector.

Eight toroidal magnets are used to generate a magnetic field to bend the

muons tracks. The toroidal magnets are made of a barrel toroid and two

end-cap toroids, which produce a toroidal magnetic field of approximately
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0.5 T and 1 T, in the central and end-cap regions, respectively.

The muon spectrometer is the outermost layer in the ATLAS detector. It

consists of many different detector systems: Monitored Drift Tubes (MDTs),

Thin Gap Chambers (TGCs), Cathode Strip Chambers (CSCs) and Resistive

Plate Chambers (RPCs). These detectors are used to reconstruct the muons

momenta. The following paragraph provides a short description of the Inner

Detector.

The Inner Detector

Fig. 1.7. View of the layers composing the ATLAS Inner Detector: Insterable
B-Layer (IBL) and the Pixel Detecor, the Silicon Strip Tracker (SCT), and the
Transition Radiation Tracker (TRT) [24]. The radii of each of the layers is shown.

The current Inner Detector (ID), shown in Fig. 1.7, is placed around the

beam pipe at the very centre of the ATLAS detector. It is surrounded by
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a superconducting solenoid magnet with a field of 2 T to bend the tracks of

charged particles in the plane perpendicular to the beam axis. The inner-

most part of the detector, the Insertable B-Layer (IBL) [25], is the closest

to the collision point with a very high density of particle tracks. The spa-

tial resolution is a crucial specification for the detectors placed in this area.

Silicon pixel detectors, described in detail in Chapter 2, are used in the first

layers of the ID, allowing to achieve a hit spatial resolution of about 10 µm

and 70 µm [26] in the transversal and longitudinal directions, respectively.

The Pixel Detector [27] is made of four cylindrical barrel layers at radii from

3.3 cm to 12 cm. Six end-cap disks of silicon pixel detectors cover the forward

region up to a pseudorapidity1 η = 2.5 . The IBL was introduced in the LS1

(see Fig.1.9). The four layers are composed by Hybrid Pixel Detectors (HPD),

which are described in Sec. 2.8. In the three outermost layers n+ − in − n
planar sensors [29] are interfaced to FE-I3 front-end chips [30], while the IBL

sensors use the FE-I4 chip [31]. The IBL includes planar (n+ − in− n) and

3D (n+ − in− p) sensors [32], with the latter placed in the higher η region.

The interested reader is referred to the reference [33] for what concerns the

various kind of sensors.

Four barrel layers and eighteen end-cap disks of silicon strip detectors are

located outside of the pixel detector volume, forming the Semiconductor

Tracker (SCT) [27]. The Transition Radiation Tracker (TRT) [34], made

of straw tubes, is the outermost tracking system before the solenoid magnet.

The ID was designed to operate for ten years at a maximum instantaneous lu-

minosity of 1034cm−2s−1 and 23 pile-ups per 25 ns bunch crossing. The defini-

tion of the luminosity can be found in the next section. The pixel detector will

be exposed to non ionizing damages of a fluence of 1015 1MeV neq/cm2 [24].

In Sec. 2.10, the radiation damages on silicon detectors, as well as the unit

1MeV neq/cm2, are described.

The High Luminosity-LHC [35], described in the following section, will need

an upgrade of the ID, which will be replaced by a new tracker, entirely made

1The pseudorapidity η is a spatial coordinate describing the angle of a particle relative
to the beam axis. It is defined as η ≡ − ln

[
tan

(
θ
2

)]
, where θ is the angle between the

particle three-momentum p and the positive direction of the beam axis [28].
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of silicon pixel sensors and silicon strip sensors (Sec. 1.3). This work aims

to develop new monolithic pixel sensors suitable for this purpose (Chapter 3),

and study their integration into the detector system (Chapter 4 and Chapter 5).

1.2 High Luminosity-LHC

The number of useful events is important when rare events with a small

production cross-section σp are studied. The luminosity L defines the ratio

of the rate of a particular reaction dR
dt

to the reaction partial cross-section

σp [36]

dR

dt
= Lσp (1.1)

The unit of luminosity is cm−2s−1

In a collider such as the LHC, the luminosity characterizes the beam that

can be provided by the machine. In the case of two counter rotating bunched

beams colliding, the luminosity will depend on the number of particles per

bunches in the two beams N1 and N2, on their density distribution ρ, on

the number of bunches Nb and on the revolution frequency f in the collider.

As an example, here is reported the case of two identical Gaussian bunched

beams counter travelling along the z axis and colliding:

L =
N1N2fNb

4πσxσy
(1.2)

where σx and σy are the standard deviations of the beam density distribu-

tions, in the x and y axis, respectively [36].

The graph in Fig. 1.8 shows the integrated luminosity provided by the LHC

to the ATLAS and CMS experiments in its years of operation. Since the start

of the second run (2015-2018) at a collision energy of 13 TeV, the integrated

luminosity was 160 fb−1 [35].

One of the highlights results of the LHC and its experiments has been
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the observation of a new particle of mass 125 GeV by the ATLAS and CMS

collaborations, the Higgs Boson [13] [14], in 2012.

After 2023, the statistical gain in running the accelerator without a con-

siderable luminosity increase beyond its design value will become marginal.

To be noted that the LHC is running at the maximum energy achievable

by the machine. Therefore to maintain scientific progress and to explore

its full capacity, the LHC will be upgraded to the High Luminosity LHC

(HL-LHC) [35]. As shown in the timeline in Fig. 1.9, in the current Long

Shutdown 2 (LS2) detectors and injectors are starting to upgrade in view of

the final installation of the HL-LHC in the LS3. The High Luminosity data-

set will surpass the 300 fb−1 of the LHC dataset within a few months [35].

With an integrated luminosity of 3000 fb−1 [35], the HL-LHC will allow preci-

sion measurement of the Higgs boson and to search for signatures of physics

beyond the SM, as introduced in Sec. 1.1. The ATLAS and CMS experi-

ments expect comparable precision, with an estimated uncertainty of 2-5%

for many of the investigated Higgs boson couplings to elementary fermions

and bosons [38] [39].

The increase level of luminosity will allow as well the search for new physics.

The search can be roughly divided into two sections: search for SUSY and

search for exotics which includes the rest of Beyond Standard Model (BSM)

physics. Even though nothing beyond the SM is discovered yet, measure-

ments at the LHC so far allowed to exclude the existence of new physics

in the searched energy ranges. The small production cross section of elec-

troweak sparticles, introduced in Sec. 1.1, will benefit significantly from the

high integrated luminosity provided by the HL-LHC [40].

At the nominal luminosity of the HL-LHC, the average number of in-

teractions per bunch crossing will be approximately 200. Most of these in-

teractions do not contribute to the search for new physics. The tracking

systems of the experiments have to be upgraded to cope with the increased

pile-up (Fig. 1.10) , with enough additional segmentation to associate charged

particles with the correct interaction vertices and be able to select interesting

events.

The absorbed radiation dose in the experiment areas will increase of more
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Fig. 1.10. Comparison of a collision in the current LHC, with a maximum pile-
up of about 70 event (left), and in the HL-LHC, where up to 200 (right) events
should be reconstructed by the upgraded trackers, sketched in the pictures [40].
The trackers of the current LHC experiments are not suitable for the high events
pile-up of the HL-LHC and, therefore, they need to be upgraded.

than 1 order of magnitude close to the interaction point, with respect to the

current machine. The ATLAS and CMS caverns will be exposed to similar

dose. This thesis targets the ATLAS silicon tracker upgrade. However, the

developments can be interesting for similar environment, such as the one of

CMS. In Fig. 1.11 the simulated dose for the CMS cavern after an integrated

luminosity of 3000 fb−1 is presented. Detectors are required to operate in

this environment, which becomes very challenging, especially near the colli-

sion point. All the materials in the caver, such as mechanical support, cables

and cooling system, need also to survive to this radiation levels. In Sec. 1.3

a similar simulation for the ATLAS case is presented.

The CMS and ATLAS detectors will be upgraded in LS3 in parallel with

the machine. Particularly, the pixel trackers will be changed because of their

already accumulated dose, the much higher events pile-up and the increased

required radiation-hardness. As an example, the new layout for the CMS

tracker is presented in Fig. 1.12. In Sec. 1.3 The corresponding layout for

the ATLAS pixel tracker upgrade is described in details. The granularity of

both the outer tracker and the pixel systems will be increased by roughly a

factor four [40].

In Sec. 1.3, the ATLAS Inner Tracker (ITk), which will replace the current

Inner Detector (ID) is described, with a particular focus on the pixel sub-

system. Unlike the ID, the new Inner Tracker will be entirely made of silicon
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detectors.

1.3 ATLAS Inner Tracker Upgrade

A schematic layout of the ATLAS ITk is shown in Fig. 1.13. Two sub-

detectors constitute the ITk, the first made of pixel detectors (Sec. 2.7.2),

drawn in red in the picture, and the second made of silicon strip detectors

(Sec. 2.7.1), in blue.

Fig. 1.13. A schematic depiction of the ITk Layout [41]. Only one quadrant and
only active detector elements are shown. The active elements of the strip detector
are shown in blue, and those of the pixel detector are shown in red. The horizontal
axis z is along the beam line with zero being the interaction point. The vertical
axis is the radius measured from the interaction region. In the Pixel Detector, one
can distinguish 5 Inner Barrel (up to z = 1100 mm), consisting of horizontal and
inclined modules. The end-caps modules are placed along perpendicularly to the
beam line. The CMOS pixel sensors developed in this thesis target the outermost
layer of the ITk.

The ITk pixel detector consists of 5 layers of modules, including one or

four front-end chips (Sec. 5.2) and covers large pseudorapidities up to | η |= 4.

The layout of the three outermost pixel layers includes three different sec-
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tions, one with a flat layout and one with an inclined layout and the end-

caps. In the flat section covering low pseudorapidity η < 1.2 , the mod-

ules are placed in parallel to the beam axis, while modules are placed per-

pendicular to the beam axis in the high η > 2 region (end-caps). In the

intermediate pseudorapidity region, the modules will be tilted at an angle

ranging from 55◦ to 67◦ with respect to the beam axis forming an inclined

section< 1.2η < 2.1 [41]. The two innermost layers include a flat layout

region and end-caps.

The full detector consists of about ten thousand hybrid pixel modules with

thin planar sensors in the outermost layers and 3D sensors in the innermost

layer. The pixel size (either 50 × 50 µm2 or 25 × 100 µm2) is considerably

reduced with respect to the ID pixels, to achieve the targeted track recon-

struction efficiency of > 99% for muons and > 85% for pions and electrons at

a fake rate of less than 10−5 [42]. Fake tracks are generated the reconstruc-

tion algorithms from random associations of genuine clusters from tracks and

(to a much smaller extent) noise hits. At the HL-LHC the high event pile-up

could result in a reduced tracking efficiency or a significant increase in back-

ground contributions arising from fake tracks.

As will be discussed in Sec 2.10, the main source of radiation damage for a

sensor is the Non Ionizing Energy Loss (NIEL). The simulated fluence distri-

bution in 1 MeV neutron equivalent particles neq per cm2 in the ITk volume

is plotted in Fig. 1.14. In the baseline scenario described in [7], the outer pixel

barrel and the end-cap detector will be operated to collect a total integrated

luminosity of up to 4000 fb−1, while the inner barrel and end-caps should

be replaced after 2000 fb−1, because of the excessive accumulated damage.

This translate to radiation level of ∼ 1.3× 1016 1MeV neq/cm2 for the inner-

most layer and a maximum ∼ 3 × 1015 1MeV neq/cm2 for the outer barrel.

After the expected fluence the minimum sensor hit efficiency requirement

is 97% [7], which allows an acceptable tracks reconstruction, as commented

above.

The ITk hybrid pixel modules, consist of one or four readout chips bump-

bonded to a silicon sensor, planar or 3D. The front-end chip of the hybrid

will be ∼ 20 × 20 mm2 large, for a total area of ∼ 40 × 40 mm2, in the case
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Layer/Ring Flat Barrel Inclined Barrel End-cap
Layer 0 223 136.7 80.9
Layer 1 26.6 27.8 37.7
Layer 2 18.3 20.1 21.0
Layer 3 12.9 12.7 13.3
Layer 4 9.9 9.1 9.3

Tab. 1.2. Average hits per chip per event for 50×50 µm2 pixels, using tt− events
with 200 pile-up, for different layers and regions of the ITk pixel detector [7] .

of a quad module. The front-end chip is being developed in the TSMC2

65 nm CMOS technology by a joint collaboration between the ATLAS and

CMS experiments, the RD53 Collaboration [43] [44]. The first prototype

developed, the RD53A chip, has been implemented and tested with prototype

sensors [45]. The ATLAS front-end chip will consist of a pixel matrix of

400 × 384 pixels and a 2 mm wide chip periphery. For the outer layer of

the flat section of the ITk, CMOS pixel modules are considered as a ”drop-

in” solution to replace the hybrid modules. Monolithic Active Pixel Sensors

(MAPS) will be introduced in Sec. 2.9 and two prototypes designed in view of

the ATLAS ITk in a 180 nm CMOS technology will be discussed in Chapter 3.

As mentioned in the previous section, the pixel detectors are required to

cope with very high events pile-up. Tab. 1.2 summarizes the estimated hit

occupancy for the modules in each area of the ITk. An average hit rate of

80 Mhz/mm2 can be considered for the outermost pixel layer. The sensors

and the readout architecture have to be sufficiently fast to match the hit

rate requirement within the 25 ns of the bunch crossing. Modules will have

to transmit data at high speed with an expected maximum bandwidth of

5.12 Gb/s. The ITk data transmission will be discussed in more detail in

Sec. 4.1.

Together with the high granularity of the detection system, a low material

budget is needed, limiting the multiple scattering to achieve the targeted

2Taiwan Semiconductor Manufacturing Company. https://www.tsmc.com/english/

default.htm

https://www.tsmc.com/english/default.htm
https://www.tsmc.com/english/default.htm
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%X0

Front-end chip, 150 µm thick 0.19
Sensor, 150 µm thick 0.17
Bumps 0.03
Module incl. SMD components 0.27
Flex adhesive 0.01
Total 0.67

Tab. 1.3. Material budget for the main componets of the ITk pixel modules in
units of the radiation length %X0, which has been estimated based on experience
with the ATLAS IBL [7] .

track reconstruction efficiency, which ranges from 85 to 95% [42]. A particle

passing a material of thickness L will leaves it with some displacement on

the plane and a deflection angle θ, with respect to the entry trajectory. In

good approximation, the θ angle has Gaussian distribution centred in zero,

with a width corresponding to

θ0 ∝
1

p

√
L

X0

(1.3)

where p is the particle momenta and X0 the radiation length. For a

good track reconstruction, the theta0 has to be limited, according to its sim-

ulated maximum acceptable value. The design parameter to control θ0 is

the material budget, usually indicated in units of radiation lenght X0. The

expected material budget of the ITk pixel modules is 0.67% of the radiation

lenght X0 (Tab. 1.3). The large number of pixel modules of the ITk imposes

to minimize material of the local support and cooling to limit the material

budget of the detector system. Therefore low mass carbon fiber local sup-

ports with thin cooling pipes will be used. For the same reason, a serial

powering scheme [46] will be implemented to power the readout chips. A full

parallel powering scheme would increase the material budget considerably,

because of the large density of modules and the consequently large number

of power cables needed. Parallel power is currently foreseen within a single



22 ATLAS Inner Tracker Upgrade

module, while groups up to 14 modules will be powered in series [42]. An

additional chip, the Pixel Serial Powering Protection (PSPP) [47], should be

used parallel to every module to mitigate the risk to loose a full serial power-

ing chain in the case of an open module failure. Part of this work is related to

the development and the possible integration of monolithic CMOS sensors in

the outer layers of the ITk pixel detector (Chapter 5). The development and

results of sensor prototypes are presented in Chapter 3. Chapter 4 describes

the design and performace of a data driver designed in view of the ATLAS

upgrade.



Chapter 2

Silicon Pixel Sensors

In this Chapter, silicon pixel detectors for high energy physics are de-

scribed. After an introduction on elements of semiconductor physics in

Sec. 2.1, from Sec. 2.2 to Sec. 2.5 the principle of operation and the basic

structure of a silicon particle sensor are presented. The sensor segmenta-

tion is illustrated Sec. 2.7, with a more detailed description of Hybrid and

Monolithic pixel sensors, in Sec. 2.8 and Sec. 2.9, respectively. Finally, in

Sec. 2.10, an overview of the radiation damages in silicon sensors is given.

This Chapter is based mainly on the references [33] and [48] and several other

sources referenced in the text.

This Chapter focuses on the concepts which have been useful in the work

presented in Chapter 3, Chapter 4 and Chapter 5, and it does not intend to

cover all the aspects of silicon pixel sensors.

2.1 Semiconductor Physics

A free electron can assume any energy level, while bound electrons can

assume only discrete energy levels. In a crystal, the large number of electrons

interacting with the reticle form a continuous range of electron states, which

are called energy bands. In a semiconductor, one can distinguish the valence

band, defined as the highest energy band which would be filled by electrons

at a temperature of 0 K, and the band just above in energy, the conduction
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band. These bands are characterized by the energy levels EV and EC, which

are the maximum energy state in the valence band and the minimum energy

state in the conduction band, respectively. The difference between the two

levels defines the energy bandgap, and it is Eg = 1.12 eV for silicon at room

temperature.

An electron which moves from the valence band to the conduction band will

become a free negative charge carrier. In the same way, the ”missing”electron

in the valence band can be assumed as a free positive charge carrier, referred

to as hole. Together they are forming an electron/hole pair (e/h).

A semiconductor is called intrinsic if the concentration of impurities is neg-

ligible compared to the thermally generated free electrons and holes. The

concentration of free electrons n with an energy E can be calculated by

multiplying the density of states in the conduction band N(E) with the

probability of their occupation given by the Fermi-Dirac function F (E) [33]:

n =
∫ ∞
EC≡0

N(E)F (E) dE (2.1)

where

F (E) =
1

1 + eE−EF/kT
(2.2)

The Fermi energy EF is the energy level with an occupancy probability

of 0.5, k is the Boltzman’s constant, T the absolute temperature and E is

the energy of the states. Equivalently this can be done for holes. One can

then calculate the concentration of free electrons n and holes p obtaining the

following equations:

n = NCe
−(EC−EF)/kT (2.3)

p = NVe
−(EF−EV)/kT (2.4)

where the quantities NC and NV are the effective density of states in the
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conduction band and valence band, respectively. For an intrinsic semicon-

ductor n = p and it is possible to calculate the intrinsic carrier concentration

ni as well as the intrinsic Fermi level Ei

n2
i = np = NCNVe

−Eg/kT (2.5)

Ei =
EC − EV

2
+

3kT

4
ln
(
mp

mn

)
(2.6)

where mp and mn are the effective mass of hole and of electron, respect-

ively. Eq. 2.5 is known as the law of mass action [49]. At room temperature

Ei ≈ EC−EV

2
.

2.2 A Semiconductor as a Detector

INCIDENT 
RADIATION

SENSOR PREAMPLIFIER
PULSE
SHAPING

ANALOG TO 
DIGITAL 
CONVERSION

TO DIGITAL 

READOUT

Fig. 2.1. Simplified schema of a particle sensor and its associated front-end
electronics [33]. The sensor converts the energy deposited by a particle into a
signal. The signal is usually amplified, shaped, and converted to digital by the
front-end electronics.

In Fig. 2.1, the main components of a generic particle sensor, coupled to its

front-end electronics are shown. Depending on the system, the electronics up

to the analog to digital conversion is referred to as front-end. The electronics

elaborating the digital signal is the readout. However, these definitions are

not strict.

A particle sensor converts the energy deposited by a particle into a signal.

After pre-amplification and pulse shaping, a discriminator sets a threshold

level. If the signal is above the threshold, it is converted into digital and sent
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to the readout electronics. As hits can be generated by noise, the threshold

can be tuned to detect particles limiting the noise hits rate. The analogue

signal before the discriminator usually embeds energy information in its pulse

width or height. This analogue pulse can be read out before the discriminator

or converted into digital words by the analogue to digital conversion block

(encoding the Time over Threshold, as an example). A semiconductor is

intended at equilibrium when no external forces, such as voltages or gradient

temperature, are acting on it. In a semiconductor at equilibrium, free charge

carriers are continuously generated and recombined, and the concentration

of carriers follows the law of mass action (Eq. 2.5). A traversing particle

loses energy in the material (Sec. 2.4), and generates e/h pairs, which will

induce a signal by moving inside the sensor. The mean energy to generate

an e/h is around 3.6 eV in the case of silicon [33]. The exceeding energy with

respect to the bandgap (1.12 eV ) will generate phonons, which will dissipate

as thermal energy. For comparison, in ionizing gas-filled chambers, a particle

passing through the gas generates ions and electrons. The energy required for

gas ionization is about 20 eV, which is much higher than the 3.6 eV required

by silicon [33], resulting in a better energy resolution. In the following section

is described how the transport of free charges in a semiconductor can occur.

The free charges transport principles are important in order to understand

how a traversing particle generating free charges (Sec. 2.4) induces a signal

in a sensor (Sec 2.5.1).

2.3 Transport of Charge Carriers

One can identify three different sources of transport in a semiconductor

sensor: thermal, diffusion, and drift.

A charge carrier moving because of its thermal energy behave as a particle

with a kinetic energy of 3/2 kT . The travelled distance averaged over many

charge carriers in equilibrium condition is zero.

If there is a gradient in the concentration of carriers, random movements of
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free charges cause a diffusion current density Jdiff .

Jn,diff = −qDn∇n (2.7)

Jp,diff = qDp∇p (2.8)

where Dn and Dp are the diffusion constants [49]. Diffusion transport

does not depend on the electric field, and the charge velocity is low as it is

originated from random movement. Besides, as the random movement is not

directional, the charge carrier path from one point to another is usually long.

2.3.1 Drift Transport

If an external electric field is applied to a semiconductor, the free charge

carriers will be accelerated between random collisions with the semiconductor

lattice. The drift current densities Jn,drift and Jp,drift, for electrons and holes

respectively, can be found as

Jn,drift = −enµnE (2.9)

Jp,drift = epµpE (2.10)

where µ is the mobility of the free charges, which depends on the material

and on the applied electric field [49]. Fig. 2.2 shows the mobility of electrons

and holes as a function of the applied electric field E. Increasing the electric

field above a certain value, about 105 V/cm, does not lead to an increase of

the drift current. The mobility decreases and, therefore, the carriers drift

velocity vd = µE saturates at about 1× 107 cm/s, in the case of silicon.

The proportionality factor between the current density and the electric

field is the conductivity σ or, equivalently, the specific resistance ρ of the

material:

σ =
1

ρ
= enµn + epµp (2.11)
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Fig. 2.2. Electron and holes mobility in an intrinsic semiconductor [33]. The
higher electron mobility favors sensors which make use of free electrons. The
mobility of both electrons and holes reduces with the electric field. This reduc-
tion causes the saturation of the velocity of the carriers at electric fields above
105 V/cm.

High resistivity semiconductors (few kΩcm) are used for radiation hard

silicon detectors, as described in Sec. 2.5.

The transport of free charges is a critical aspect of silicon particle sensors.

All the charge carriers ionized by a traversing particle (Sec. 2.4) should be

sensed before they get trapped or they recombine. Drift transport is preferred

over diffusion as it is more directional and the carriers can reach higher

velocity. As it will be presented in Sec. 2.5.1, the carrier movement in the

semiconductor can induce a signal in the sensor. The shorter path of a drift

transport reduces the risk of losing the charge before it generates a signal.

The risk of charge loss in a long path is higher after irradiation, as the induced

damages increase the trapping probability (Sec. 2.10). The sensors of this

project (Chapter 3) have been designed to be operated at full depletion and

collect charge by drift, to improve the sensor radiation hardness. However,

the first generations of monolithic pixel sensors, such as several chips of the

MIMOSA series [50] or the ALPIDE sensor [51], have been designed to collect

charges by diffusion without full depletion, which makes them reliable enough

to work in relatively low radiation environments. Non-depleted pixel sensors

are usually easier to design and fabricate.
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2.4 Interaction of Particle with Matter

Particles passing through a sensor will interact with the matter depositing

part of their energy. The amount of deposited energy depends on the particle,

on its energy and the traversed material. The following sections describe the

interaction of electromagnetic radiation and charged particles with matter.

2.4.1 Electromagnetic Radiation

Photons interact with the sensor mainly via three processes: photoelectric

effect, Compton effect and pair production.
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Fig. 2.3. Probability of photon absorption for 300 µm thick silicon (thick line) as
a function of the photon energy. Photoelectric effect dominates at low energies,
pair production at high energies. CdTw is drawn for comparison. The higher Z of
CdTe leads to higher absorption probability [33].

In the photoelectric effect and pair production, the photon is completely

absorbed, while in the Compton effect it is scattered in the material. A

monochromatic photon beam penetrating through a material is attenuated

in intensity according to

I(x) = I0e
− x

µ (2.12)
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with I0 and I(x) being the initial and final beam intensity after traversing a

material of thickness x. The attenuation length µ is a function of the medium

and of the photon energy [33]. Fig. 2.3 shows the probability for photon

absorption in a 300 µm thick silicon layer and for cadmium telluride [33].

The cross-section of the three processes depends on the photon energy and

on the Z of the material. The probability of interaction with silicon at high

energy is relatively low. Thus it is used for photon detection up to energies

of about 100 keV, while higher Z materials are used for X-Ray detection.

2.4.2 Ionising Energy Loss for Charged Particles

The charged particles traversing a material loose energy mainly via ion-

ising collisions with electrons. The Bethe-Bloch formula (Eq. 2.13) describes

the mean particle energy loss per unit length [52] in the range 0.1 ≤ βγ ≤
1000

−
〈

dE

dx

〉
= Kz2Z

A

1

β2

(
1

2
ln

2mec
2β2γ2Tmax

I2
− β2 − δ(βγ)

2

)
(2.13)

with K = 4πNAr
2
emec

2 and where

� −
〈

dE
dx

〉
is the mean rate of energy loss of the particle usually given in

MeV
g/cm2

� NA is the Avogadro’s number,

� z is the charge of the particle in units of electron charge,

� me is the classical electron mass,

� re is the classical electron radius,

� mec
2 is the electron rest mass energy,

� Z/A is the ratio between the atomic number and the atomic mass of

the sensor material,

� I is the mean excitation energy,

� β is the velocity of the traversing particle in units of the speed of light,
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Fig. 2.4. Mass stopping power for positive muons in copper as a function of
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The minimum ionization is usually taken as a specification when designing a sensor,
as the minimum readable signal is derived from this value.

� γ is Lorentz factor ( 1√
1−β2

)

� δ(βγ) is the density effect correction for high particle energies.

The maximum kinetic energy that can be transferred by a particle of mass

M to an electron is [33]

Tmax = K
2mec

2β2γ2

1 + 2γme/M + (me/M)2
(2.14)

The stopping power expressed in −
〈

dE
dx

〉
for a positive muon passing

through copper is shown in Fig. 2.4 [48].

From Eq. 2.13 one can notice that the dependence on the absorbing ma-

terial is fairly weak, as Z/A ≈ 1/2 for most of the materials and the other
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maximum. (b) Most probable energy loss in silicon scaled to the mean loss of a
minimum ionizing particle [48].

material properties appear in the logarithmic term. Tmax (Eq. 2.14) and the

factors β and γ depend on the mass of the particle M .

2.5 The p-n Junction

A silicon crystal can be doped with donors atoms (elements of group V)

or acceptors atoms (elements of group III), which make the silicon n-type

or p-type respectively. Dopants will introduce available energy levels in the

band diagram, which translate in a displacement of the Fermi level from the

intrinsic level towards the conductive band in the case of n-type, or to the

valence band, in the case of p-type material. Defining ND and NA as the

donors and acceptor concentrations, in case of n-type or p-type the Fermi

level becomes

EF = Ei + kT ln
ND

ni

(n− type) (2.15)

EF = Ei − kT ln
NA

ni

(p− type) (2.16)

that is valid if all the dopants are ionized, which can be considered the
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case at room temperature [49]. The basic element of a silicon particle sensor

is the p-n junction, which consist of n-type silicon in contact with p-type

silicon. A schematic view of a p-n junction at equilibrium is shown in Fig. 2.6.

Putting in contact n-type and p-type materials, the different concentrations

of majority carriers will lead to a diffusion current, removing all free carriers

from the junction region. Ionized dopants fill the junction area. This area is

referred to as the space-charge region or depleted region. The fixed charge of

the ionized dopants will generate a built-in potential Vbi, as shown in Fig. 2.6.

Therefore, a drift current is generated, which balance the diffusion current.

Outside of the depleted region | Ei−EF | is defined by Eq. 2.15 and Eq. 2.16

for the n and p neutral regions respectively, and considering the relation

between Ei and the conductive and valance band in Eq. 2.6, one can draw

the band diagram of a p-n junction at equilibrium, as shown in Fig. 2.7.

The Fermi level is constant in the material. Therefore in the case of an

abrupt junction, from Eq. 2.15 and Eq. 2.16, one can find [49]

Vbi =
kT

q
ln
NDNA

n2
i

(2.17)

A reverse bias voltage V can be applied to the junction in the same

direction of Vbi making the space charge region W larger than the one at

equilibrium

W = xn + xp =

√
2ε0εSi

q
(

1

NA

+
1

ND

)(V + Vbi) (2.18)

Comparing Eq. 2.18 with Eq. 2.11, one can find that

W ∝
√
ρ(V + Vbi) (2.19)

Thus high resistivity silicon will require a lower voltage to reach the same

depletion depth W . This is relevant as the depleted volume of a p-n junction

constitutes the sensitive region of a particle detector. The availability of high
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Fig. 2.6. p-n junction schematization with space charge density profile, electric
field, and potential [53]. This device can be used as a particle sensor. The free
charges generated in the space charge region will be drift by the electric field.
This principle can be used to sense charge carriers ionized by a traversing particle
(Sec. 2.5.1).
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x

Fig. 2.7. Band diagram of an unbiased p-n junction, showing the Fermi energy
level Ef and the intrinsic energy lever Ei [54]

resistivity substrates, compatible with the CMOS technology, has enabled the

development of radiation hard monolithic CMOS sensors, which are described

in Sec. 2.9. If the n and p regions have different doping concentration, the

depletion will extend more in the higher resistivity zone, the less doped one.

At a certain reverse bias voltage Vdepl, the depletion area extends through

the entire device thickness. Radiation hard sensors, like the ones developed

in this project (Ch. 3), are usually operated with a reverse bias > Vdepl, as

in the depleted region, the probability of charge loss is reduced, due mainly

to the dominating drift transport. Above a certain breakdown voltage Vbreak,

the current will increase considerably, compromising the functionality of the

device. The charge carrier generated inside the depletion region W will drift

towards the edges of the region because of the electric field. The thermally

generated carriers will form the leakage current Ileak, which will increase with

the volume of the depleted region, as shown in the IV curve in Fig. 2.8. Ileak

increases with temperature, and it doubles approximately every 8 K. The

leakage current curve is relevant to understand the operating condition of a

device. The IV curves, measured on the sensor developed in this project are

presented in Sec. 3.7.1.

The carriers generated by the ionizing energy loss of a traversing particle
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Fig. 2.8. Typical shape of an IV-curve of a silicon sensor [33]. The current
increases with the volume of the depleted region. When reaching full depletion
at Vdepl, the current is constant until breakdown occurs. Vmax is the maximum
voltage at which the sensor should be operated.

(Sec 2.4) will drift, generating a signal in a pixel detector, as presented in

Sec. 2.5.1. As e/h pairs are generated, the signal can be collected by both

electrodes of the diode. In pixel detectors (Sec. 2.7.2), usually, only one of

the two electrodes is used to collect carriers.

2.5.1 Signal Formation

The e/h pairs generated by a traversing particle will induce a signal into

the electrode. This is usually referred to as charge collection, which is mis-

leading as it associates the signal formation only to the charge reaching

the electrode. The actual current formation starts before this occurs [55].

The generated free charge, in a depleted p-n junction, will move by drift

under the effect of the electric field, with an average velocity vdrift (Sec.

2.3.1). From the Shockley-Ramo theorem [55] [56] the induced current will

be i(t) = q vdrift · Ew. The weighting field Ew is obtained by applying a

unit potential to one electrode, zero potential to all the other electrodes and

solving the Laplace equation ∇2φw = 0, where φw is the weighting potential.

In this case, the unit potential is applied to the collection electrode.

The collected charge is the integral of the current i(t) over the collection

time. In Fig. 2.9 the weighting potential φw for different collection electrode
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Fig. 2.9. Plot of the weighting potential. Two infinite parallel plates (a), and a
collecting electrode of 1/3 (b) and 1/10 (c) times the wafer thickness [33].

sizes, is plotted. The electrode is placed at 0 in the ordinate axis. The

dimension of the opposite electrode, placed at 1 in the ordinate axis, is taken

as infinite in the abscissa. One can notice that if the electrode is smaller

or comparable to the detector thickness, the weighting potential will get

considerably smaller along with the sensor depth. Therefore, the charge has

to travel almost to the collection electrode to induce a current. This must

be taken into account when designing sensors with small collection electrode,

with respect to the pixel, ensuring that the carriers ”reach” the electrode.

In sensors, usually only one electrode is read out, and therefore, only one kind

of charge carrier will contribute to the signal formation. Sensors are usually

operated under full depletion, to avoid charge recombination, which would

reduce the induced signal. Another source of charge loss is trapping due to

defects. The density of traps increases after irradiation, as will be presented

in Sec. 2.10. Diffusion transport is not favorable for particle detection, as the

carriers travel much slower and the path is brownian, which increase the risk

of recombination and trapping before forming a signal.
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Fig. 2.10. Schematic cross-section of the NMOS and PMOS transistors. The
p substrate can be a p-epitaxial layer. S, D, G, and B indicates the source,
drain, gate, and bulk contacts of the devices, respectively. The two devices are
complementary and can be used to build both analog and digital circuits. The
CMOS process can be adapted to build monolithic silicon sensors, such as the one
described in Sec. 3.2

2.6 CMOS Technology

The CMOS (Complementary Metal-Oxide-Semiconductor) is a technolo-

gical approach allowing the realization of integrated circuits containing two

polarities of Metal Oxide Semiconductor (MOS) transistors, patterned on the

same chip. In this section, these two MOS structures are introduced. The

CMOS technology is available from many vendors, and was a fundamental

stimulus in electronics, leading to the VLSI (Very Large Scale Integration)

circuit concept.

The basic transistor structure available in this technology is the Metal Ox-

ide Semiconductor Field-Effect Transistor (MOSFET), which uses an electric

field to control the shape and hence the electrical conductivity of a channel

of one type of charge carrier in a semiconductor material on the central ter-

minal. The two available polarities are referred to as NMOS and PMOS. In

Fig. 2.10, their cross-section is sketched. The technology uses a p-type sub-

strate, where several fabrication steps pattern the desired layout building the

circuits. The substrate can be a p-epitaxial grown layer, which is a deposited

p-type crystalline overlayer on the crystalline p-substrate.

The NMOS device is formed with two n+ implants, referred to as the drain
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and source of the transistor, spaced by the p substrate layer, which has a

much lower doping dose with respect to the n+ implants. A sandwich of

Silicon Oxide and conductive material, such as polycrystalline silicon, on top

the p-type area forms the gate of the transistor. This terminal is used to con-

trol the formation and the shape of the channel of carriers in the transistor.

The channel depends as well on the polarization of drain and source. The

distance between the two n+ is referred to as channel length L. The transistor

width W corresponds to the transversal direction in which the oxide extends,

with respect to the channel length. Polycrystalline silicon and metal lines

are used to contact the three terminals of the device.

The PMOS structure is built inside a low-dose n-well. The source and drain

implants are p+ in this case. The channel will be formed in the n-well. The

substrate contact of a CMOS transistor is referred to as bulk. High doping

implants of the respective type are used to bias the bulks. In CMOS circuits,

it is usually connected to the ground and the power supply, in the case of

NMOS and PMOS, respectively.

CMOS devices can be used to build both analog and digital circuits. The

introduction of high resistivity p-epitaxial layers, compatible with the CMOS

technology, has allowed embedding electronics and particle sensor in the same

silicon die, as is described in Sec. 2.9. The sensors developed in this thesis

(Chapter 3) use this monolithic approach. The description of the principle

of operation of the CMOS devices is beyond the scope of this thesis and can

be found in the literature [57] [49]. However, the design and description of

some electronics circuits (Chapter 3 and Chapter 4) are at the core of this

work.

2.7 Sensor Segmentation

Silicon technology allows to selectively dope a substrate, creating a large

number of p-n junctions and thus creating a segmentation of the detector.

Having this segmented structure allows the sensor to provide position-sensitive

information. The two main types of segmented silicon sensors are silicon strip

and silicon pixel sensors, which are described in the following sections.
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2.7.1 Strip Sensors
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Fig. 2.11. Sketch of a single-sided strip sensor. In this case, p-types strips are
implanted on an n-type substrate. P is the pitch of the strips. The metal on
top of the strip form an electrical contact. The sensor is operated by applying a
voltage between the backside metallization and the strips. The region underneath
the strips is then depleted. Increasing the reverse bias would enlarge the depletion
zone [33].

Strip (microstrip) sensors are realized with strip-like implants which con-

stitute multiple electrodes of a p-n junction, as shown in Fig. 2.11. In single-

sided microstrip sensors, only one of the electrodes is segmented. An incident

particle will induce signal only in a few microstrips. The signal detected by

the readout electronics gives precise position information in one dimension,

while the sensor size gives the other dimension information.

Segmenting as well the second electrode with strips (i.e. the bottom electrode

in Fig. 2.11), in an orthogonal direction with respect to the first electrode (

top in the figure ) realizes a two-dimensional sensor.

The readout electronics is usually AC coupled to the strips: an oxide layer and

a metal electrode are deposited on top of the implant, forming a metal-oxide-

silicon structure [49]. The DC leakage current coming from the electrode will

not flow into the readout electronics because of this capacitor. In this way,

only signals induced by traversing particles will be red out. The physical con-

nection between the metallization of the strips and the readout electronics

is usually made with ultrasonic wirebonds, which have a minimum diameter
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around 25 µm, limiting the minimum size of the strips.

Typical detector thicknesses for high energy applications are around 300 µm,

and the strip pitch is usually in the order of 80 µm. For the ratio between the

electrode size and the sensor thickness, most of the signal will be formed as

soon as the free charge carriers arrive close to the electrode (Sec. 2.5.1). The

sensors are usually operated fully depleted to improve the charge collection

after irradiation.

2.7.2 Pixel Sensors

To provide spatial information in two dimensions, one can subdivide the

strip along their length into shorter segments. This kind of implants are

called Pad if their dimension is larger than the sensor thickness and they

can be directly wire-bonded to the readout electronics. If their dimension

is small compared to the thickness, the structure is referred to as a pixel.

Pixel detectors provide high-resolution spatial information. Pixel detectors

can be divided into two categories: Hybrid Pixel Detectors (HPD), where a

dedicated front-end chip is interfaced to the sensor, and Monolithic Active

Pixel Sensors (MAPS), where a single chip integrates the sensitive matrix

and the readout electronics. The interface between the sensor and the front-

end chip is usually done with bump bonding, which is an assembling technique

that uses some additional soldering material to interface two pads, one on

top of the other. This method is referred to as flipchip. Fig. 2.12 shows the

cross-section view of both concepts.

A pixel is a p-n junction working in reverse bias, and the two electrode

separated by non-conductive material form a capacitance. In the next section,

the impact of the pixel capacitance on the front-end and sensor design is

discussed. This allows understanding the electrical differences between HPD

and MAPS.

2.7.3 Pixel Capacitance

The pixel capacitance includes two main contributions: the inter-pixels

capacitance and the capacitance to the backside, both depending on geomet-
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Fig. 2.12. Schematic cross-section view of hybrid and monolithic pixel detectors.
In the hybrid pixel (left) the contact of each pixel is bonded to an ASIC front-end.
In the monolithic pixel (right) the sensor and the front-end are integrated into the
same die.

rical properties of the pixel and on the sensor depletion.

Apart from the capacitance of the p-n junction, other contributions, such as

the bump-bond capacitance in case of hybrids (Sec. 2.8 ), might need to be

considered.

The capacitance of the input transistor of the front-end should also be taken

into account. In particular it becomes a key design parameter when the pixel

capacitance is very small, i.e. in small collection electrode monolithic pixel

sensor, described in Sec. 2.9.2.

It is important to optimize the total capacitance at the input pre-amplifier

(Fig 2.1) of the front-end to control the noise, the power consumption of the

sensor, and the crosstalk between pixels.

The thermal noise of the front-end input transistor is usually the dominant

noise source, neglecting the low frequency contributions such as leakage cur-

rent and 1/f noise [49]. Here the integration time τ is taken small enough

(≤ 1µs) to make negligible the noise contribution of the leakage current. In

this case the input equivalent noise charge ENC can be approximated to its

thermal component ENCthermal [33]
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ENC2 ≈ ENC2
thermal≈

4

3

kT

gm

C2

τ
(2.20)

with gm the transconductance of the input transistor [57], τ the integ-

ration time of the front-end amplifier, T the device temperature, k the

Boltzmann’s constant, and C the input capacitance.

The key parameter for the design of a sensor front-end is the signal to noise

ratio S/N . From Eq. 2.20, considering only the thermal noise of the input

transistor:

ENC ∝ C
√
gm

(2.21)

S

N
=

S

ENC
∝ Q

C

√
gm (2.22)

where ENC is compared to the input signal charge Q [58].

Depending on the CMOS transistor working region [57]

√
gm ≈

m
√
I ≈ m

√
P (2.23)

where I is the transistor bias current and P the power consumption [58]. m

is between 2 and 4. It equals 2 if the input transistor is in weak inversion [57],

or 4 for strong inversion [57].

One can assume that P of the first stage of the front-end is the dominant con-

tribution to the analog power consumption Panalog of the sensor. Rearrenging

the Eq. 2.22 and Eq. 2.23, for a defined S/N specification at a certain band-

width (τ), Panalog is inversely proportional to the ratio between the collected

charge Q and the input capacitance C [58]

Panalog ∝
(
Q

C

)−m
(2.24)

This makes Q/C the key parameter to reduce analog power consumption,

favouring designs with a small capacitance, given a signal to noise ratio.
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Neighbouring p-n junctions will show a parasitic capacitance between each

other. The parasitics capacitance between adjacent pixels is referred to as

inter-pixel capacitance.s The crosstalk between neighbouring pixels depends

on the ratio between the inter-pixel capacitance and the total input capacit-

ance. The design of the pixel should reduce the inter-pixel capacitance. The

crosstalk is negligible in the case of the sensors developed in this work.

2.8 Hybrid Silicon Pixel Detectors

Hybrid detectors are the most common pixel sensors in high energy phys-

ics experiments. The sensor and the readout chip are interfaced via bump

bonds. Different bump bonding techniques are available, requiring a min-

imum pixel pitch in the order of 25 µm. The sensor can be optimized for a

particular application using various p-n junction geometries. Both the CMS

and the ATLAS experiments, use n+-in-n substrates [59] for the sensors,

which show good performance in terms of radiation hardness. In Fig. 2.13, a

sketch of the cross-section of an n+-in-n ATLAS hybrid pixel sensor is shown.

3D pixel sensors, currently in use in the ATLAS Inner Barrel Layer (IBL) [60],

are the baseline for the ATLAS ITk innermost layers [61], while planar n-in-p

sensors are considered for the outer layers.

The readout front-end chip is an Application Specific Integrated Circuit

(ASIC), usually made in CMOS technology, available from many vendors.

The use of different technologies for the sensor and the front-end chip allows

an optimization of the sensor for what concerns collection efficiency and ra-

diation hardness, and of the readout chip for signal processing.

The interface of the two silicon elements, the sensor and the front-end chip,

constitutes the limitation for the use of the HPD. The large size of the

electrode needed for the bump bonding implies a large pixel capacitance

(∼ 30 fF). As a consequence, it is required a large input capacitance at the

front-end, hence a large power consumption (see Eq. 2.24). Besides, the in-

put charge needs to in the order of thousands of electrons after irradiation

to achieve a good signal to noise ratio S/N , as the ENC would be large

(> 100 e−), again because of the large input capacitance (Eq.2.20).
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Fig. 2.13. Pixel sensor and front-end chip cross-section (n+-in-n), e.i. ATLAS
pixel detector. The guard rings and the n+ implantat at the edge region fixes the
voltage at 0 V in the cutting region, i.e. the edges of the silicon die. P-spray
implants [33] are used to isolate the n+ electrodes [62].

With the increasing bump density, non-standard processes are required,

with an increase in cost and a reduced production rate.

2.9 Monolithic Active Pixel Sensors

Monolithic Active Pixel Sensors are made in standard CMOS technology,

often with some process adjustments, allowing the chip to include both sensor

and front-end, as previously commented. The availability of high resistivity

substrates compatible with CMOS technology (Sec. 2.6) has enabled the de-

velopment of Depleted-MAPS (DMAPS), which are of high interest in HEP

experiments. Monolithic detectors offer advantages in terms of detector as-

sembly and production cost, as no flip-chip process is needed.

Two different DMAPS design approaches are shown in Fig. 2.14 and de-

scribed in the following sections. These are often called large fill factor and

small fill factor, where the fill factor is the ratio between the total pixel

area and the sensitive area. This naming is originally used in commercial

camera sensors. Contrary to camera designs, for sensors in HEP the e/h

can be generated far from the collection electrode and travel in the depleted

volume inducing a signal, even in a small fill factor design. For this reason,

in this text, the two design approaches will be referred to as small collection



46 Monolithic Active Pixel Sensors

oxide
n+n+ p+p+

(high ohmic > 1kΩ cm)

PMOSNMOS

p+
E

h

e-

~5
0 -

 10
0 µ

m

-Vb

deep n-well

n-
we

ll

deep p-well

n-wellp-well

p-substrate

(a) Large collection electrode design.

oxide
n+n+ p+p+p+

(high ohmic >1kΩ cm)

PMOSNMOS

n+

p+

~5
0 

- 1
00

 µ
m

n+

e-- --
-
-

+ +

+

n+n+p+

next
pixel

+Vb

-Vb

deep p-well n-contact
n-wellp-

well

p-substrate

(b) Small collection electrode design.

Fig. 2.14. Sketch of the cross-section of two different MAPS designs. (a) The
large electrode covers almost the full pixel area. In this example, a deep n-well
is used to collect electrons. The electronics are embedded inside the collection
electrode. An addition deep p-well is used to isolate the bulk of PMOS from the
collection electrode. (b) The small collection electrode extends for only a small
fraction of the pixel area, in the order of 10% of the total area. In the example,
an n+ implant acts as collection electrode. The in-pixel electronics are isolated
with a deep p-well implant [63] .
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electrode and large collection electrode.

2.9.1 Large Collection Electrode

In the cross-section in Fig. 2.14a, the deep n-well constitutes the collection

electrode, which extends underneath the pixel area. The NMOS transistors

are isolated from the sensor with a deep p-well layer. The use of such a

large implant improves the radiation hardness, as full depletion can be easily

achieved and the electrons have to travel a short path to generate a current

(see Sec.2.5.1). The pixel capacitance is comparable to the one of a hybrid

detector (> 100 fF) due of the large junction between the p-substrate and

the deep n-well. Therefore, they do not present relevant advantages in terms

of S/N , power consumption and crosstalk with respect to HPDs.

2.9.2 Small Collection Electrode

In this approach, the free carriers are collected by the electric field in an

area which is a small fraction of the pixel. The in-pixel circuits are isolated

using a deep p-well , which prevents electrons to be collected by the PMOS

n-well, as shown in the cross-section in Fig. 2.14b. The collection electrode

with an area of few µm2 induces a signal at the input of the front-end, with

a much smaller input capacitance (∼ 5 fF), improving power consumption,

timing performance and noise with respect to HPDs and monolithic large

collection electrode designs.

The spatial separation of charge collection from digital electronics and the

large distance between collection electrodes (in the order of the pixel pitch)

reduces the risk of crosstalk.

As the junction is relatively small, it is not easy to fully deplete the sensor and

the particle drift for a longer path (about half of the pixel pitch), affecting

operation after irradiation. This limitation can be overcome with a process

modification, which include an additional n− layer, as is discussed in Sec. 3.2.

This modified technology has been used to design the sensors which are part

of this project (Chapter 3).
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Fig. 2.15. Schematic representation of the location of defect energy levels related
to the valence and conduction bands. (b) Additional donor and acceptor levels
affect the depletion behaviour. (c) Deeper levels act as trapping centres and
decrease the charge collection efficiency [64] [65].

2.10 Radiation Damage in Silicon Detectors

In Sec. 2.4, it has been described how the particle energy loss mechanism

is used for particle detection. The interaction of a particle with the sensor can

also damage electronics and the silicon bulk. One can identify two different

sources of radiation damages: the Total Ionizing Dose (TID), mainly affect-

ing transistors operation, and the Non Ionizing Energy Loss (NIEL), which

creates defects centres in the silicon bulk. The effects of these damages will

be discussed in the following sections.

2.10.1 Non-Ionizing Energy Loss Effects

Heavy particles lose a fraction of their energy due to non-ionizing inter-

actions with the silicon lattice. If the released energy is large enough, the

silicon nucleus can be displaced and create vacancies or interstitials in the

lattice. Unlike ionizing damages, the displacements are usually irreversible.

A minimum recoil energy of about 25 eV is necessary to remove a sil-
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icon atom from its lattice position. The energy released by radiation when

interacting with the lattice depends on the traversing particles and their

energy. In the cases of neutrons or protons, the deposited energy is com-

parable, due to their similar masses. To release recoil energy of 25 eV, the

proton or neutron need to have an energy of at least 190 eV. The energy

is much higher in the case of electrons because of their lower mass, and it

corresponds to ∼ 260 keV [66] [33]. Comparing the cross-sections of different

particles and energies,1 MeV neutrons are usually used as reference particles.

Therefore, fluences are given in units of 1 MeV neutron equivalent fluence

1MeV neq/cm2 and the Non-Ionizing Energy Loss (NIEL) [67] is used to

compare the effect of different particles with different energies.

The effects of the damages are summarized in the band diagram in Fig. 2.15.

The defects can introduce new centres of carriers generation inside the bulk,

add donor or acceptor levels, or introduce charge traps. The generation

centres are localized defects in the bulk, which can easily generate free

charges. The leakage current will increase considerably after irradiation due

to new centres of charge carriers generation inside the space charge region.

The increase of the current generated in the depleted volume ∆Ivol is pro-

portional to the equivalent fluence Φeq as [33]:

∆Ivol = αΦeq (2.25)

where α is the current-related damage rate. α varies with time and tem-

perature, modelling the annealing of the sensor, which is a heat process that

alters the structure of the material, used to improve the performance of irra-

diated silicon sensors [68]. α can be considered in the order of 1×10−17 Acm−1

at room temperature [69]. As previously commented in Sec. 2.5, the leakage

current strongly depends on the temperature. To avoid a thermal runaway,

irradiated sensors are operated at low temperature (∼ −30◦C). Referring to

Fig. 2.8, the current generated in the volume (V < Vdepl) is reduced lowering

the temperature, while the current generated at the surface is less affected by

temperature, due to the much lower carriers mobility in oxide and interfaces.
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Fig. 2.16. Depletion voltage Vdep and effective doping concentration | Neff | of
a 300 µm thick silicon detector up to a fluence φeq = 1015 1MeV neq/cm2. The
n-type substrate is inverted to p-type at phieq ≈ 1012 1MeV neq/cm2 [70] .

In Sec. 5.4, a brief overview on cooling systems for HEP pixel detectors, and

the implementation of embedded cooling microchannels in a CMOS detector

are presented.

The additional donors and acceptors levels will also modify the effective dop-

ing concentration Neff , defined as the difference between donor concentration

ND and acceptor concentration NA. The effective fluence can be estimated

from the depletion voltage Vdepl [33]. The example in Fig. 2.16 shows the Neff

of a 300 µm thick n-doped silicon during neutron irradiation. To be noted

that the n-type sensor will behave as a p-type like sensor only under bias.

The Charge Collection Efficiency describes how many of the generated

charge carriers are ”collected” by the electrode (Sec. 2.5.1) connected to the

readout. As already mentioned in Sec. 2.5, the charge carrier can recombine

or be trapped before generating a signal. The dislocated atoms in the lat-

tice can act as additional traps, increasing the probability of trapping and

reducing the charge collection efficiency after irradiation. The trapping in an

irradiated device can be described by the trapping time constant τtrap, which

is the average time for a charge to be trapped after irradiation. It is inversely

proportional to the trap concentrations, and so to the fluence φ , as



Silicon Pixel Sensors 51

1

τtrap

=
1

τtrap0

+ γφ (2.26)

with τtrap0 being the trapping time constant before irradiation, and γ the

proportional factor modelling the dependence of the trapping time constant

on the fluence [33]. Therefore, to avoid a charge collection efficiency reduc-

tion, the drift path has to be as short as possible and the number of collected

charge carriers should be sufficient to generate a signal above the front-end

threshold (Sec. 2.2).

After irradiation, the leakage current increases and the charge collection is

degraded. Therefore, the threshold of the front-end needs to be adjusted,

balancing the maximum acceptable noise hits rate and the minimum require-

ment of charge collection efficiency.

2.10.2 Total Ionizing Dose Effects

The total ionizing dose (TID) is measured in Gray, following the SI unit

system. Traditionally and still very often measurements are presented in rad

(Radiation Absorbed Dose).

� 1 Gray = 1 J/kg (SI unit)

� 1 Gray = 100 rads

The e/h pairs generated in silicon by ionization will recombine according

to their lifetime, which is inversely proportional to the charge carrier mo-

bility µ. The carriers generated in the silicon dioxide (SiO2) used in silicon

technologies such as CMOS (Sec. 2.6 ) have a much larger lifetime than the

ones in bulk silicon. The electrons have a mobility µn,oxide ≈ 20cm2/V s that

is around ten millions times higher than the mobility for the holes in the

oxide µn,oxide ≈ 2×10−5cm2/V s, resulting in the trapping of the holes in the

oxide, which alters the electrical behaviour of the device.

In modern deep sub-micron CMOS technologies, including the ones used

in HEP, the silicon dioxide thickness of transistor gates is reduced to the or-
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Fig. 2.17. 3D cross section of an NMOS transistor after ionizing dose. Positive
charges are trapped in the field oxide, leading to a localized leakage current path,
where the field oxied act as a ”gate” between source and drain.

Fig. 2.18. Layout (a) and cross section (b) of two enclosed layout NMOS tran-
sistors [71]. The current between drain and source is flowing underneath the gate.
This avoids any leakage path between the field oxides, which would affect the
performance of the transistors after ionizing radiation damages. The p+ guard
ring is used to isolate the two devices, avoiding STI oxides.
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der of few nanometers. Therefore, a thinner oxide will reduce the number of

trapped holes and, besides, the tunnelling effect will become more and more

effective to neutralise the radiation-induced positive charge [72]. The effect is

thus negligible in the case of the gate oxides. The same consideration is not

valid for field oxides or shallow trench isolations (STI) [49] used in CMOS

technologies to isolate transistors. The damages of these thick oxides will in-

crease the leakage current. In Fig. 2.17, the source of leakage current due to

the holes trapped in the field oxide is shown. The trapped holes can generate

a leakage path between the source and the drain of a transistor. Removing

the area where the field oxide act as a ”gate” oxide between drain and source

can avoid the leakage.

Therefore, a proper layout can limit the increase of leakage current, using the

so-called Hardness-by-design layout techniques, such as the Enclosed Layout

Transistor (ELT) [71] [73], shown in Fig. 2.18. Differently from a standard

device layout (Fig. 2.17), here all the source-to-drain current flows under-

neath the gate, thus eliminating any leakage path underneath the field oxide

or along the active area edge. Besides, a p+ guard ring is implemented. A

guard ring is an implant which isolated two different areas of silicon. In

Fig. 2.18, the guard ring is used to isolate the two neighbouring ELT NMOS

devices.

A critical transistor of the front-end circuit used in this project (Sec. 3.7.2

and Sec. 3.9.2) is designed with this particular layout, improving the sensor

TID tolerance.

Single Event Effects

Ionizing radiation can also induce Single Event Effects (SEE), which is

an instantaneous variation of the state of digital circuits. The charges can

trigger several mechanisms in the electronics. SEEs can be mitigated with

proper design techniques, such as triplicated logics with majority voter or

Error Correcting Coding [74].

A Single Event Upset (SEU) occurs when the capacitance of a node is

charged by the ionized carriers. The charge can generate a bit flip on re-
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Fig. 2.19. CMOS technology cross section showing the parassitic BJT transistors.
The first bipolar [49] is a npn, formed by the n+ implants of the NMOS (emitter),
the p-substrate (base) and the n-well of the PMOS (collector). The second is a
pnp transistor, formed by p+ implants of the PMOS (emitter), the n-well (base)
and the p-type substrate (collector ). An ionization charge can turn on one of the
two transistors, triggering a positive-feedback loop, generating a severe current.
This condition is referred to as Single Event Latch-up [75].

gisters, in a memory or in state machines, becoming a persistent effect. This

can corrupt the data or modify the chip configuration. In the first case, the

information is lost; in the second case, the chip needs to be re-configured.

The ionized charges can generate a Single Event Latch-up (SEL), because

of the parasitic Bipolar Junction Transistors (BJT)1 circuit of the CMOS

device, which is shown in Fig. 2.19. The circuit is equivalent to a thyristor,

which can be intended as a diode controlled by a terminal. The terminal in

this case corresponds to both the n-well and the p-substrate. The ioniza-

tion charge can turn it on, causing a severe current flow between substrate,

wells and, implants. This can easily damage the device due to thermal effect.

SEL can be stopped removing power to the thyristor circuit, and so to the

device. SEL can be prevented, including bulk contacts of both NMOS and

PMOS transistor close to the drain-source or using oxide trenches to isolate

the bulks [76].

TID and SEE characterization are not included in the tests of pixel sensors

presented in Chapter. 3. However, TID measurements on the devices de-

1Bipolar Junction Transistors are devices which are made of two adjacent junctions, npn
or pnp. Unlike CMOS devices, they use both electrons and holes as charge carriers [49].
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veloped in this thesis and on a dedicated SEU test chip are currently ongoing,

to validate the technology with respect to ionizing radiations.





Chapter 3

CMOS Pixel Sensors

In this Chapter, the implementation and characterization of two CMOS

DMAPS prototypes, MALTA and MiniMALTA, are presented. The target

application is the outermost layer of the ATLAS ITk pixel detector. The

sensor needs to be radiation tolerant up to a fluence of 1×1015 1MeV neq/cm2

and a TID of 80 Mrad.

Both prototypes are made in a multiple wells technology, implementing a

small collection electrode pixel (Sec. 3.2), based on the one used in the

ALPIDE prototype [51].

The Monolithic from Alice To Atlas pixel sensor (MALTA) (Sec. 3.5) has

been designed after the promising results of a demonstrator [77], produced

in this process. The design phase lasted one year, from September 2016 to

September 2017, with the chip available at the beginning of 2018. MALTA

implements a fast low power front-end and an asynchronous readout, prom-

ising to reduce the power consumption further while maintaining high hit

rate capability.

The results of the MALTA characterization (Sec. 3.7) triggered extensive

technology studies, which led to some process fixes to improve the sensor

radiation hardness (Sec. 3.8).

A second prototype, called MiniMALTA (Sec. 3.9), which includes the process

fixes and variations on the front-end, was designed in fall 2018 and available

at the beginning of 2019. The sensor, is currently being characterized. The
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(a)

(b)

Fig. 3.1. Schematic cross section of the first MAPS sensor (a) [78] and of one of
the MIMOSA sensors (b) [50]. Both sensors integrate in-pixel NMOS transistors.
In both cases, the collection electrode is made with an n-well forming a junction
with the low doped p epitaxial layer.

first results (Sec. 3.9.3) confirmed that the improved technology withstands

non-ionizing fluences up to 1×1015 1MeV neq/cm2 with low power consump-

tion. Finally, the results of the available prototypes are used to compare

the available monolithic and hybrid technologies (Sec. 3.10), in view of the

next generation of HEP experiments, such as the ATLAS High Luminosity

upgrade. Both sensors embed data transmission blocks described in details

in Ch. 4.

3.1 CMOS Sensors for Particle Detection

CMOS Image Sensors (CIS) have been developed for digital cameras in

the early ’90, with a continuously growing market over the years [79] thanks

to the low production cost, the increasing density of pixels (40M with ∼ 1 µm

pixel pitch) and integration of complex functionalities.

The earliest CIS technologies use low resistivity p− epitaxial layers as a sens-

itive layer for photon detection, which can be used for particle detection.

The large availability of this technology from several vendors make it very

interesting for developing trackers. The first publication on the use of MAPS

is from 2001 [78], where a particle sensor made with standard CMOS tech-

nology with a minimum channel length of 0.6 µm is described. The sensing



CMOS Pixel Sensors 59

diode was made by the n-well used in the CMOS electronics (Sec. 2.6), form-

ing a junction with the low doped p epitaxial layer, as shown in Fig. 3.1a.

This early development has continued with a series of sensors, referred to

as MIMOSA [50]. These sensors have been made in several CMOS techno-

logies, proving that the approach is easily portable to the several available

vendors. The earliest MIMOSA chips have two main limitations: the sensitive

volume is not fully depleted, and the charge is collected by diffusion transport

(Sec. 2.3); only NMOS transistors are available in the matrix, as shown in the

cross section in Fig. 3.1b, reducing the possibility of having complex in-pixel

electronics. The diffusion transport limited the operation to relatively low ra-

diation environments, up to a NIEL fluence of about 1×1012 1MeV neq/cm2.

An important step forward has been made in 2008 with the MIMOSA26 [80],

which is the first sensor implementing zero suppression, while the previous

chips were implementing a rolling shutter analog readout application, which

is not convenient for particle detection. The MIMOSA26 sensors are used

in many applications, including one of the telescopes used in this project

(Sec. 3.7.4).

MIMOSA-28 was the first MAPS used in a high energy physics detector,

the STAR Heavy Flavour Tracker (Fig. 3.2). It featured a 2T in-pixel circuit,

with discriminators at the end of the columns and zero-suppression [81]. The

sensor was made in 0.35 µm CMOS technology.

Several developments have been done to include PMOS and NMOS into the

pixel and improve the radiation hardness of the sensor.

3.2 A Multiple Wells Technology for Small

Collection Electrode CMOS Pixel

Sensors

A multiple wells technology for small collection electrode pixel sensors has

been developed for the ALPIDE chip [51], implemented for the ALICE ITS

upgrade (Sec. 1.1.1). The advantage of a small collection electrode design

is the low pixel capacitance (< 5 fF), which reduces the power consumption
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Aluminum conductor Ladder Flex Cable
MAPS

Fig. 3.2. A section of the STAR Heavy Flavour Tracker, made of MIMOSA-28
monolithic CMOS pixel sensors [81]. Each of the ladders composing the tracker
(shown at the bottom) includes 10 sensors of 2× 2 cm2.

.
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Fig. 3.3. (a) Cross section of the process of the small collection electrode pixel
implemented in the ALPIDE chip [51], and (b) its biasing scheme. A deep p-
well shields the n-wells with circuits from the sensor and allows full CMOS in
the pixel [82]. The reference ground is the front-end electronics ground AVSS.
The n-well collection electrode bias voltage (VN−Ele. ≈ 1 V) is fixed by a reset
circuit (Fig.3.9). The deep p-well is reversely biased. VP−WELL is limited to a
minimum bias of −6 V by the breakdown of the junctions with the n-implants of
the NMOS transistors of the electronics inside the matrix, as shown in (b). The
pixel geometry does not allow full depletion over the sensor area. The dash line
in (b) indicates the short between deep p-well and substrate where the sensor is
not depleted. Therefore VSUB must be equal to VP−WELL .
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Fig. 3.4. (a) Cross section of the modified process, implementing a small elec-
trode pixel. The n− blanket extends the junction to the full pixel size. The
reference ground is the electronics ground VSS. For reverse biases of the deep
p-well higher than 5 V, the depletion reaches the n-well collection electrode, as
shown in this picture, yielding a low sensor capacitance [82]. (b) The biasing
scheme of the modified process. The reference ground is the front-end electron-
ics ground AVSS. The n-well collection electrode bias voltage (VN−Ele. ≈ 1 V) is
fixed by a reset circuit (Fig.3.9). The deep p-well is reversily biased. VP−WELL

is limited to a minimum bias of −6 V by the breakedown of the junctions with
the n-implants of the NMOS transistors of the electronics inside the matrix. The
substrate is isolated from the deep p-well, which allows to have VSUB < −6 V,
enhancing the vertical electric field towards the collection electrode.



CMOS Pixel Sensors 63

requirement of the front-end, as commented in Sec. 2.7.3 and Sec. 2.9.2. The

cross section of a pixel is shown in Fig. 3.3a. The process is similar to the

one presented in Fig. 2.14b. A high resistivity (> 1 kΩ) p− epitaxial layer is

grown on a p-type substrate. Typical values for the thickness of this layer

are in the range between 18 and 30 µm.

A small n-well constitutes the collection electrode. Hybrid pixel front-end

chips use the die substrate as ground reference. In this monolithic technology,

it is crucial to reversely bias the p− epitaxial, and therefore the substrate,

with respect to the collection electrode, to collect charges and deplete the

sensing volume. The electronics ground AVSS (Fig. 3.9) is taken as refer-

ence ground. The voltages described in this text are referred to this ground.

The n-well collection electrode is connected to the input of the analog front-

end and typically biased at about 1 V, by the analog front-end. A fraction of

the epitaxial volume gets depleted applying a moderate reverse bias (∼ 6 V),

as shown in the figure. The electric field in the depleted volume allows col-

lecting by drift the electrons generated by the energy deposition of an ionizing

particle, which are transported towards the n-well collection electrode. Inside

the undepleted volume, instead, the diffusion transport is dominant.

The n-wells of the PMOS will collect electrons if not shielded, as they are

typically biased at 1.8 V, hence limiting the amount of charge collected by

the electrode and causing a noise injection into the electronics. Therefore,

a high dose deep p-well implant is added to separate the CMOS electronics

from the epitaxial layer. A reverse bias can be applied to this layer, up to

6 V before having a breakdown between the deep p-well and the PMOS bulk.

The collection electrode implemented in the ALPIDE chip is about ∼ 2 µm,

which is around 100 times smaller than the pixel area [51]. In this text, the

electrode size is always referring to its radius.

As commented in Sec.2.3, the electrons generated in the undepleted volume

travel laterally by diffusion and they will be sensed by the electrode only

when entering into the depleted zone and drifted close to the electrode. The

diffusion transport is much slower and non-directional with respect to drift

transport, increasing the probability of recombination or trapping before col-

lection. Therefore, this technology suffers from a limited radiation hardness
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to NIEL effects, because of the increased density of traps and recombina-

tion/generation centers after irradiation, as commented in Sec. 2.10.1. The

ALPIDE chip works up to a NIEL of 1 × 1013 1MeV neq/cm2, sufficiently

high for the modest ALICE requirements. To improve NIEL tolerance up

to 1 × 1015 1MeV neq/cm2 and beyond for more demanding applications, a

larger depletion area is required, extending the full sensitive volume.

A process modification has been developed introducing a low dose n− layer

underneath the collection electrode and covering the entire pixel area, as

shown in the cross section of the technology in Fig. 3.4a [82]. The n− im-

plant is sufficiently low dose to fully deplete it up to the n-well implant of the

collection electrode, with a reverse bias of a few Volts. This yield a sensor

capacitance of only a few fF. Before full depletion is achieved in the n− layer,

the front-end input capacitance is much higher than at full depletion.

Since the p-well in the pixel matrix and the substrate are now separated

by a depletion layer and hence isolated, they can be biased independently,

provided a sufficiently large potential barrier prevents the holes in the p-

well from entering the epitaxial layer and hence avoids punch-through [82].

Punch-through occurs applying a potential > 10 V between deep p-well and

substrate, as reported in the measurements in Sec. 3.7.1.

The INVESTIGATOR prototype is a demonstrator chip included in the same

production run of ALPIDE. This chip was used to validate the process modi-

fication described above (Fig. 3.4a) in terms of radiation hardness and per-

formance [77]. It includes a large number of pixel variants with a simple

front-end and simultaneous analog readout on 64 pixels. Measurements have

confirmed a collection efficiency of around 98% after neutron irradiation at

1 × 1015 1MeV neq/cm2 in sub-matrices with pixel sizes of 30 × 30 µm2 and

25 × 25 µm2, with a 3 µm electrode [83]. The measurements also demon-

strate the compatibility of the technology with the timing requirement of the

HL-LHC proton bunch crossing of 25 ns [83].

The encouraging results of the INVESTIGATOR chip motivated the devel-

opment of two large scale pixel matrices and test structures, designed in the

same technology towards the implementation of a final CMOS sensor com-

patible with the ATLAS ITk requirements (Sec. 1.3). As will be shown in
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Sec. 3.7.4, the large scale prototypes demonstrated that, even with the modi-

fied process, with a pixel pitch larger than 30 µm, the technology suffers from

collection efficiency loss after 1 × 1015 1MeV neq/cm2. This has been solved

with two further process modifications, presented in Sec. 3.8. All the chips

mentioned above have been fabricated in the commercial 180 nm TowerJazz

(TJ) CMOS image sensor (CIS) technology1, with the process modification

above described, which was developed in collaboration with the foundry. The

STREAM engineering run [2], which includes the two large scale prototypes,

is described in the next section.

3.3 The STREAM Engineering Run

1 2

54 63

Fig. 3.5. The TowerJazz 180 nm modified process STREAM engineering run
reticle [2]. The chips are listed in Tab. 3.1. The reticle is about 3× 2.5 cm2.

The reticle produced in the TJ modified process for the STREAM engin-

eering run is shown in Fig. 3.5. Tab. 3.1 summarizes the chips included in

1TowerJazz - Israel - https://towerjazz.com

 https://towerjazz.com
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the reticle.

# Chip
1 MALTA
2 TJ-MonoPix
3 INVESTIGATOR 1
4 Flip-Chip MALTA Interconnect
5 INVESTIGATOR 2
6 pseudo-LVDS for the ATLAS Pixel Apparatus (LAPA) testchip

Tab. 3.1. List of The main chips included in the STREAM reticle.

MALTA [1] is a full ITk-size sensor with a 512 × 512 pixel matrix, with

a total area of about 2 × 2 cm2, and an asynchronous readout architecture.

TJ MonoPix [84] is a half-size ITK sensor with a matrix of 224× 448 pixels,

with a total area of about 1× 2 cm2, and synchronous readout architecture.

The MALTA and MonoPix share the same analog front-end design, which

targets low noise and low power consumption. While the TJ-MonoPix is

based on a well-established synchronous architecture, the MALTA chip is

a more aggressive design, which targets high hit rate capabilities and low

power consumption [1]. After a brief description of the MonoPix in Sec. 3.4,

the design and characterization of the MALTA chip are discussed in Sec. 3.5

and Sec. 3.7. The LAPA testchip [5] is a dedicated 5 Gb/s LVDS driver

and receiver test chip, included into this run to test the performance of

the driver embedded in MALTA. The design and the test results of this

chip are presented in Chapter 4. The INVESTIGATOR 1 and 2 are new

iterations of the test matrix mentioned in Sec. 3.2, useful to compare with

previous production runs using the same process [77]. The Flip-Chip MALTA

Interconnect is a bridge chip, which can be used to transmit power and data

between neighbouring MALTA detectors, as it will be described in Sec. 5.3.

The reticle includes also a dedicated transistor level testchip to assess the

effects of TID damages (Sec.2.10.2) [2].
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Fig. 3.6. TJ-Monopix pixel circuit and read-out, based on column drain architec-
ture [85].

3.4 The TJ MonoPix Sensor

The CMOS development for the ATLAS ITk involves a community of

several institutes. The TJ-MonoPix was developed in parallel to MALTA. A

short description of the chip is reported here. It will be useful to understand

the comparison between the two different design approaches, presented in

Sec. 3.10. The TJ-MonoPix implements the well-established column-drain ar-

chitecture in the small collection electrode design [85]. It includes a 224 × 448

pixels of 36.4× 40.0 µm2, for a total matrix of area of 8.01× 17.92 mm2 [86].

The input capacitance value of the small collection electrode is about 100

times lower than a large collection electrode design with the same pixel size,

allowing to reduce the pixel analog power from 20µW/pixel to 1µW/pixel

achieving the same performance [86]. The scheme of the front-end, in-pixel

logic and architecture is illustrated in Fig. 3.6. The TJ-MonoPix and MALTA

share the same analog front-end, which includes a charge sensitive amplifier

followed by a discriminator and hit buffer, and is discussed in Sec. 3.5.1. A
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Chip Area 2× 2 cm2

Pixel Size 36.4× 36.4 µm2

N. of Pixels 512× 512
Matrix Area 1.87× 1.87 cm2

Digital Periphery 2× 0.2 cm2

Sensitive Layer Thickness 25/30 µm

Tab. 3.2. The geometrical specification of the MALTA sensor.

time-stamp is provided from the periphery 2 to the pixel matrix. It is used to

latch the Time of Arrival (ToA) and Time over Threshold (ToT) information

on 8-bit RAM cells, located inside the pixel. The readout implements zero

suppression with a token propagation scheme, and it presents a synchronous

output to the periphery containing the pixel address, ToA and ToT inform-

ation on a 24-bit bus, shared at the column level [86].

The same architecture has been used in the LF-MonoPix [87], which is based

on a 150 nm CMOS technology and large collection electrode. The two

chips, together with MALTA chip, target the same application and give a

benchmark for different monolithic technologies and readout architectures in

terms of power consumption, hit rate capabilities and radiation hardness. In

Sec. 3.10, the three chips will be compared.

3.5 The MALTA Sensor Design

The MALTA sensor [1] a 2× 2 cm2 large chip which implements an ITk

full-scale matrix of 512× 512 square pixels with a pitch of 36.4 µm, as sum-

marized in the MALTA specifications in Tab. 3.2. The layout of the device is

shown in Fig. 3.7. The pads (90× 90 µm2) are distributed in two staggered

lines on three sides of the chip (left, right and bottom in the figure), with

a constant pitch of 120 µm. The digital periphery is placed at the bottom

of the matrix, and is about 2 mm high, covering the full width of the chip.

The main control I/Os are placed at the bottom of the chip: the Slow Con-

2In silicon pixel sensors, the periphery indicates the circuits which are placed outside
of the matrix.
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S0 S1 S2 S3 S4 S5 S6 S7

PERIPHERY

Fig. 3.7. The layout of the MALTA chip. The active area is divided into eight
sectors, from S0 to S7 (Tab. 3.3), indicated by the vertical rectangles, superim-
posed in green. The distributed digital periphery is placed at the bottom of the
matrix, with height of ∼ 2 mm. The pads are highlighted in yellow.
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trol input and output, used to configure and read the register of the digital

periphery; a Master Clock input, needed to synchronize the digital circuitry

of the periphery; an input for the test pulse; a Bunch Crossing (BC) Trigger,

which can be used to increase an internal counter associated with the pulses,

and finally a chip reset. The control I/Os are implemented in a differential

pseudo-LVDS standard (see Sec. 4.2), while the chip reset is an active low

single-ended CMOS input. An array of 40 pseudo-LVDS drivers is used as

the main data output, which is described in Sec. 3.5.2. The drivers are the

same ones used in the LAPA testchip, described in Chapter 4. The output

data is also available with CMOS transceivers on the right and left sides of

the matrix, allowing to transmit and merge data of neighbouring chips in a

single output, as will be presented in Sec. 5.3.

The large area of the chip requires particular attention to the power supply

strategy. Four independent power domains are used to supply the CMOS

circuits: AVDD for the analog front-end, DVDD for the digital pulse trans-

mission and periphery, a dedicated DACVDD to supply the digital to analog

converter (DAC) and LVDD for the LVDS drivers. AVDD and DVDD pads

are distributed along the y-axis (top-bottom), with a pad pitch of 120 µm,

to minimize the resistive voltage drop on the power supply in this direction.

A dense power lines mesh has been implemented on the matrix to reduce the

voltage drop along the x-axis. The LVDD power domain is localized at the

bottom of the chip and separated from the digital power domain, to reduce

current spikes on the supply lines at high hit rates.

3.5.1 Sensor and Front-End

In Fig. 3.8, the layout of the pixel is shown. The analog and digital cir-

cuits are separated and shielded to minimize cross talk. The front-end design,

which is shown in Fig. 3.9, is based on the one of the ALPIDE chip [88]. The

shaping time has been reduced to ∼ 25 ns, to be compatible with the HL-

LHC bunch crossing frequency (40 Mhz). In ALPIDE, instead, the shaping

time is in the order of 1µs.

The fast response is achieved increasing the current in the main branch (M0-
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DigitalAnalog
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Fig. 3.8. Layout of the MALTA pixel. The analog (blue) and digital (red) circuits
are isolated and shielded to avoid cross talk. An isolation area is kept around the
collection electrode, which reduces further the input capacitance [4].

Fig. 3.9. The simplified scheme of the MALTA analog front-end. The schematic
of the diode and PMOS reset are presented on the left. The pulse shape of
signals is sketched at the pixel input (PIX IN), at the amplifier (OUT A) and
discriminator (OUT D) output [4]. For simplicity, only the junction constituted
by the substrate is considered.



72 The MALTA Sensor Design

Electrode Deep p-well
ID Reset Size / Spacing Extension
S0 Diode 2µm / 4.0µm Medium
S1 Diode 2µm / 4.0µm Maximum
S2 Diode 3µm / 3.5µm Maximum
S3 Diode 3µm / 3.5µm Medium
S4 PMOS 3µm / 3.5µm Medium
S5 PMOS 3µm / 3.5µm Maximum
S6 PMOS 2µm / 4.0µm Maximum
S7 PMOS 2µm / 4.0µm Medium

Tab. 3.3. The MALTA sectors. The medium and maximum deep p-well extension
layouts are shown in Fig. 3.10.

(a) Maximum Extension. (b) Minimum Extension.

Fig. 3.10. The two layouts of the deep p-well (transparent yellow pattern),
implemented in the MALTA sectors. The different layouts make resulted in a
different behaviour of the two sectors, as presented in Sec. 3.7.4.
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M3) to 500 nA. M1 acts as a source follower, and the amplification is caused

by transfer of charge from CS to COUTA
, with CS >> COUT A. M3 and M5

form a low-frequency feedback to stabilize OUT A. The M5 transistor has

been designed with an enclosed layout (Fig. 2.18) for better tolerance against

ionizing radiation (TID Sec. 2.10.2). A clipping mechanism (M6) guarantees

the return to baseline after less than 200 ns, reducing the dead time. M7-M9

form a simple discriminator at the output of the pixel [4]. The total analog

power consumption is about 0.9µW/pixel.

Eight different pixel flavors, differing for reset mechanism (diode or PMOS)

and electrode and deep p-well geometries, are implemented in the matrix, as

illustrated in Tab. 3.3. The test demonstrated that the deep p-well geometry

affects the electric field towards the collection electrode, and therefore the

collection efficiency, as is illustrated in Sec. 3.7.4.

An ionization charge of 63 e-h pairs per µm path length is assumed [89], i.e.

1575 e− considering a 25 µm thick p− epitaxial layer as sensing volume. The

measurements of the sensor IV curves, presented in Sec. 3.7.1, confirmed that

the epitaxial layer is fully depleted at a reverse bias > 6V . The front-end has

been therefore optimized for a threshold of ∼ 200 e−. The circuit is biased

by 7-bit voltage and current DACs, which are placed at the bottom of the

matrix and distributed along the chip width, as shown in Fig. 3.11. This

layout reduces the impact of the power supply voltage drop on the front-end

bias. The current and voltage reference can be externally overridden and/or

monitored.

In Sec. 3.7.2 the results on the measurements of the analog front-end are

presented. The last stage of the front-end is a discriminator (M7-M9). Its

output triggers the in-pixel logic to transmit hit information to the peri-

phery asynchronously. The timewalk between pulses out of the discriminator

embeds charge information. The asynchronous pulse transmission and the

well-defined delays of the architecture preserve this timewalk information at

the chip output. The architecture is described in the following section.
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Fig. 3.11. The current DAC at the bottom of the MALTA matrix.
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Fig. 3.12. The MALTA asynchronous readout architecture (a), with details on the
pixel pulsing scheme and on the NAND structure implemented for hit propagation
(b) [1].
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3.5.2 Asynchronous Architecture

In Fig. 3.12, the schematic of the MALTA asynchronous architecture is

shown. The pixels are organized in groups of 2×8. 64 groups form a double-

column. Hits from a pixel are sent to dedicated logic, which is common

within the group, generating a reference pulse with a programmable width

of 0.5 ns, 1 ns or 2 ns. This pulse is used to shape all the pulses associated

with a hit, and as a hit acknowledge pulse at the output of the chip.

The group logic generates a 16-bit pixel address as well as a 5-bit encoded

group address. Pulses are then distributed in two parallel 22 bit wide buses,

one reserved for the even groups, the other for odd groups. Therefore each

bus corresponds to 32 groups (either blue or red in figure 3.12a). This scheme

prevents conflicts on the buses when hits are shared between pixels. Only

non-adjacent groups and pixels within the same double-columns share the

same buses.

The key to preserving charge and time information at the output of the

chip is to balance the delays of the transmission lines. The buses along the

column are carefully designed to balance the load, achieving a well-defined

delay from each pixel to the bottom (output) of the matrix. NAND gates

are used as buffering stages and to inject the pulses into the shared bus

(Fig. 3.12b), obtaining a fully balanced and symmetric chain, independently

from the substrate bias.

The end of column logic is shown in Fig. 3.13. At the bottom of the matrix,

the two buses are merged into a single one of 22+1 bits, with the extra bit

indicating the group parity (blue or red in the figures). In the same way,

seven consecutive merging structures combine pulses from the 256 double-

columns of the matrix, as in Fig. 3.13. Tab. 3.4 summarizes the final number

of parallel bits associated with a hit at the output of the chip.

Two possible solutions to merge signals at the bottom of the matrix are

implemented: a priority arbitration stage, which delays pulses arriving sim-

ultaneously, and a simple OR structure. In the first case, three Delay Count

bits provide timing information for off-line reconstruction, useful when hits

arrive simultaneously. In the second case instead, the address of hits arriving
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Bit ID
0 Reference
1:16 Pixel Address
17:21 Group Address
22 Group Parity
23:25 Delay Count
26:33 Double Column ID
34:35 Bunch Crossing ID
36:39 Chip ID

Tab. 3.4. List of the 40 parallel output bit generated by the MALTA readout
architecture [1].
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Fig. 3.13. The end of column logic, where the hits from double-columns are
merged together in consecutive stages. The first two stages are drawn. The top
hit merger combines pulses of even and odd groups of a double-column, adding a
group party bit (+1b). The bottom stage merges hits from two adjacent double-
columns and adds a bit to the double-column address (+2b). Six more stages are
implemented in the chip.
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at the same time at the input of the same OR gate will be corrupted.

The 2-bit Bunch Crossing ID are associated to the counter triggered by the

Bunch Crossing Trigger input, mentioned in Sec. 3.5. It can be used to syn-

chronize the operation of the chip with the 40 MHz bunch structure of the

LHC.

Hits from neighbouring chips can be merged using the same structure presen-

ted in this section. The two chips will work as a single one, with 512 double-

columns, using the Chip ID as an additional address bit. More details on

this feature are presented in Sec. 5.3.

3.6 The MALTA Readout System

Fig. 3.14. A 3D view of the MALTA single chip carrier board.

The readout system used to characterize MALTA sensor is based on a

high density 10 layers carrier board interfaced with a VIRTEX VC707 FPGA

evaluation board3. In Fig. 3.14, a 3D model of the carrier board is presen-

ted. It allows to independently power the six power domains of the chip

with external power supplies or with radiation-hard DCDC converters4, to

3Xilinx Virtex-7 FPGA VC707 - https://www.xilinx.com/products/

boards-and-kits/ek-v7-vc707-g.html
4FEASTMP DCDC converters - http://project-dcdc.web.cern.ch/

project-dcdc/Default.html

https://www.xilinx.com/products/boards-and-kits/ek-v7-vc707-g.html
https://www.xilinx.com/products/boards-and-kits/ek-v7-vc707-g.html
http://project-dcdc.web.cern.ch/project-dcdc/Default.html
http://project-dcdc.web.cern.ch/project-dcdc/Default.html
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be plugged on the board. It embeds NTC sensor for temperature measure-

ments and trimmers, which can be used to override the bias of the front-end.

The chip is placed on an area including cooling vias and an opening about

1 × 1 cm2 large. The traces are carefully balanced to avoid delays between

the 40-bit parallel data output. The chip is connected to the board via ∼ 700

aluminium wedge wirebonds (Fig. 3.15).

Conductive glue is used to connect the chip substrate to a plane to backbias

the sensor. The analog and digital electronics grounds are tied to the refer-

ence 0 V ground of the PCB with a star connection. The substrate is biased

below 0 V and can span in a large range of voltages during operation. For

this reason, it is not used as reference voltage for the PCB.

The carrier board is interfaced with the FPGA evaluation board via FMC

connector. The output data is asynchronously sampled by the FPGA, which

is capable to identify pulses with a minimum width of 250 ps.

Fig. 3.15. The MALTA chip assembled on its carrier board, with details on the
dense wirebonds at the bottom of the chip.

3.7 MALTA Characterization

In this section, the characterization of the MALTA sensor is presented.

Measurements have been performed on non-irradiated sensors, and sensors

irradiated with neutrons at the Ljubljana TRIGA reactor [90], up to a fluence

of 1× 1015 1MeV neq/cm2 and a TID of about 1 Mrad. Measurements after

ionizing irradiation up to the 80 Mrad dose required by the outermost layer

of the ATLAS ITk are not included in this work, and have been investigated
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by the collaboration [91]. However, the ionizing damages (Sec. 2.10) are not

expected to degrade the sensor performance characterized here.

The sensor leakage current, which matches the technology simulations, is

presented in Sec. 3.7.1. The detector front-end and the architecture have

been characterized, and the results are presented in Sec. 3.7.2 and Sec. 3.7.3,

respectively.

A number of issue of the chip were found during the characterization. An

issue with the pixel masking scheme limited the possibility of efficiently redu-

cing the noise, especially after irradiation. The measured threshold dispersion

higher than the simulated one, and an unexpected Random Telegraph Noise

(RTS) ( Sec. 3.7.2 ) limited the operation at a relatively high threshold before

irradiation. Besides, to reduce the noise rate, the PMOS reset sectors (S4

to S7) were masked connecting the reset transistor gate to the power supply

during the test beam campaign described in Sec. 3.7.4.

The priority arbitration stage, described in Sec. 3.5.2, resulted to be malfunc-

tioning at the first production of the sensor. The asynchronous structure has

been extensively simulated in the analog domain, showing the desired per-

formance. However, the device shows an high current on the digital power

domain and oscillations of the analog output of the pixels, if this structure is

enabled, which made not possible a characterization of the structure. Sim-

ulations have shown that the problem could be related to a limited power

mesh above this structure. Due to the limited available time combined with

the complexity debugging of an asynchronous structure with simulation in

the digital domain without a validation from the measurements, all the tests

have been performed with the alternative solution of the merging OR-gates

structure, described in Sec. 3.5.2. In the second pixel sensor presented in

this thesis, the MiniMALTA (Sec. 3.9), the priority arbitration stage has

been been replaced with memories, as described in Sec. 3.9.1

A combination of the factors described above limited the collection efficiency

to a maximum of 96% before irradiation. After irradiation, the sensor effi-

ciency drops down to 77%, given by regions of a very low electric field at the

pixel edges. This result is below the requirement of 97%, after irradiation.

In Sec. 3.7.4, the sensor collection efficiency characterization is presented.
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The MALTA sensor has been produced in three iterations, referred to as A,

B, and C. These versions, designed and produced between September 2016

and fall 2018, features improvements on the digital control of the chip. The

masking scheme has been fixed in the third iteration of the chip.

The outcomes of the tests allowed to fix the sensor efficiency after irradiation

(Sec. 3.8), to verify and improve the front-end performance (Sec. 3.7.2 and

Sec. 3.9.2), and to demonstrate the advantages of both asynchronous architec-

ture and small collection electrode, in terms of power consumption(Sec. 3.10).

3.7.1 Sensor Leakage Current

P-WELL

Elecrode

VP-WELL VSUBV

SUB

AVSSAVSS AVSS

VEle

Fig. 3.16. The IV curves measurement setup.

The leakage current of the MALTA sensor has been measured on the deep

p-well and substrate contacts of the chip. Fig. 3.16 shows the schematic of the

measurement setup. During operation, the collection electrode (see Fig. 3.4a)

is biased at VEle. = 0.8 V with respect to the analog ground. Substrate and

p-wells are biased with a negative voltage with respect to the analog ground.

For convenience, the absolute values of the p-well and substrate voltages are

plotted in the following figures. In the same figures, the y-axis shows the

absolute values of the p-well and substrate currents on a logarithmic scale,

with the current intended positive as in Fig. 3.16. The logarithmic scale
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allows a better representation of exponential processes, such as the punch-

through current, which can be seen as the condition when the two space

charge regions, of two different junctions, get in touch, generating a current

flow in the direction depending on the electric field.

The substrate voltage has been swept starting from the value of the voltage

applied to the deep p-well to values lower than the punch-through voltage. If

instead, the substrate voltage is higher than the p-well, the small depletion

of the epitaxial layer at the edge of the pixel, which is mostly controlled

by the substrate bias, would not sufficiently isolate the p-wells from the

backside, resulting in punch-through [92]. In MALTA, the punch-through can

also occur when the substrate is much lower than the p-well voltage. This

happens when the electric potential between the p-well and the substrate

is high enough to overcome the potential barrier in the depleted volume.

Therefore, a current will flow from the p-well to the substrate.

The sensor tested are named following their wafer (W) and reticle (R)

numbers.

Before irradiation (Fig. 3.17), the substrate leakage current is smaller than

−10µA before punch-through occurs, while the p-well current reaches a max-

imum of −55µA, when reversely biased at 6 V. The leakage current gen-

erated in the p-well is larger than the one in the substrate, because of the

surface and interface contributions to the free carrier generation, which is

higher in the p-well. At VSub − Vp−well ≈ 15 V, the holes start flowing from

the p-well to the substrate, generating a punch-through current.

Samples have been irradiated with neutrons, at a fluence of 1 ×
1015 1MeV neq/cm2. In Fig. 3.18 and Fig. 3.19, the leakage current meas-

ured at room temperature, on both substrate and p-well, is plotted. The

two samples measured have different doping concentrations in the n− layer,

which is more doped in the case of W12R1. The substrate and p-well current

at −25 ◦C for the same two irradiated samples are plotted in Fig. 3.20 and

Fig. 3.21, respectively.

The increase of substrate current from VSub−Vp−well = 0 V to VSub−Vp−well =

6 V is due to the growing depleted volume, until reaching full depletion of the

p− epitaxial layer, at the plateau of the IV curves. In Tab. 3.5, the currents
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Fig. 3.17. The absolute value of the current of the MALTA sensor W7R12 at
room temperature, before irradiation. The current is measured on both substrate
(top) and deep p-well contacts (bottom). The colors indicate different p-well
biasses: 2 V in red, 4 V in blue, 6 V in green. The substrate current is positive.
The p-well current is inverted from positive (triangles) to negative (stars) when
the punch-through current equals the leakage current.
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(b) W12R1 - High Dose n−.

Fig. 3.18. The absolute value of the current at the substrate contact of two
MALTA samples, W4R2 (a) and W12R1 (b) at room temperature, after irradiation
at 1 × 1015 1MeV neq/cm2. The colors indicate different p-well biasses: 2 V in
red, 4 V in blue, 6 V in green. The substrate current is positive.
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(a) W4R2 - Low Dose n−.
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(b) W12R1 - High Dose n−.

Fig. 3.19. The absolute value of the current at the p-well contact of two MALTA
samples, W4R2 (a) and W12R1 (b) at room temperature, after irradiation at
1× 1015 1MeV neq/cm2. The colors indicate different p-well biasses: 2 V in red,
4 V in blue, 6 V in green. The p-well current is inverted from positive (triangles)
to negative (stars) when the punch-through current equals the leakage current.
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Fig. 3.20. The absolute value of the current at the substrate contact of two
MALTA samples, W4R2 (a) and W12R1 (b) cooled at −25 ◦C, after irradiation
at 1 × 1015 1MeV neq/cm2. The colors indicate different p-well biasses: 2 V in
red, 4 V in blue, 6 V in green. The substrate current is positive.
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Fig. 3.21. The absolute value of the current at the p-well contact of two MALTA
samples, W4R2 (a) and W12R1 (b) cooled at −25 ◦C, after irradiation at 1 ×
1015 1MeV neq/cm2. The colors indicate different p-well biasses: 2 V in red, 4 V
in blue, 6 V in green. The p-well current is inverted from positive (triangles) to
negative (stars) when the punch-through current equals the leakage current.
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of the studied sensors at full depletion are summarized.

Chip ID Fluence n− Temp. ISub Ip−well

[ 1MeV neq/cm2] Dose [ ◦C] [µA] [µA]
W7R12 0 Low 25 4.50± 0.11 60.88± 0.03
W4R2 1× 1015 Low 25 491.57± 0.20 660.31± 0.43
W12R1 1× 1015 High 25 272.43± 0.18 389.69± 0.31
W4R2 1× 1015 Low −25 2.41± 0.17 216.02± 0.18
W12R1 1× 1015 High −25 2.31± 0.22 134.00± 0.25

Tab. 3.5. Absolute value of the leakage current of the MALTA sensor at full
depletion, before punch-through occurs. The p-well is biased at Vp−well = 6 V.
All the currents are positive, following the convention in Fig. 3.16.

Comparing the two irradiated sensors W4R2 and W12R1, the lower dop-

ing dose of the n− of W4R2 can explain the slightly higher leakage current.

The punch-through starts at VSub − Vp−well ≈ 10 V for the W4R2 sample

and at about 18 V for the W12R1, which is expected as the lower doping

dose of the n− leads to lower isolation between p-wells and substrate. The

punch-through between p-wells and substrate occurs at a lower voltage than

the breakdown in the junctions with the n collection electrode. Therefore

the breakdown voltage is not measured.

At room temperature, the absolute value of the substrate current increases

after irradiation from ∼ 5µA to about ∼ 270µA, considering chips with

consistent n− implants (W7R12 and W12R1). In the same case, the absolute

value of the p-well current is increased by ∼ 320µA. The expected increase

of the substrate volume current Ivol (Eq. 2.25) is about 100µA at a fluence of

1×1015 1MeV neq/cm2 and considering α = 1017 Acm−1. The model is based

on a simple pn structure, while the studied sensor has a complex geometry.

This could justify the difference between the predicted value and measure-

ment results.

Therefore, the substrate leakage current seems to be dominated by the carri-

ers generated in the volume. The p-well leakage current is instead dominated

by generation at the surface and at the interfaces with oxides. This is because

the p-wells are right underneath the electronics and the sensor surface.

The measurements performed at −25 ◦C show the expected decrease of leak-
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age current at low temperature (Sec. 2.10.1). The substrate current is drastic-

ally reduced, confirming that it is generated in the volume. The p-well leakage

current is reduced by a factor ∼ 3.5 only. This is caused by the fact that

the charge carriers generation at the surface is not strongly dependent on the

temperature.

It was not possible to measure the leakage current of the same sample before

and after irradiation. This is because the irradiation facility accepted only

bare chips. Therefore, this measurement would require to disassemble a chip

from its board after the first test before irradiation. This is not possible due

to the fragility of the devices. Other irradiation facilities, such as proton

beam facilities, should be used to allow this measurement.

3.7.2 Front-End analog Measurements

Following the ITk requirements, the pixel needs to respond within a time

window of 25 ns, which corresponds to the LHC bunch crossing. This al-

lows associating a hit with the correct bunch crossing. Therefore, the rise

time, which varies depending on the ionized charges, has to be fast enough to

cross the threshold within a 25 ns time window. The response of the MALTA

sensor to a 90Sr source has been measured from the analog output of a single

pixel. The signal is measured at the output of the front-end (Fig. 3.9), before

the threshold discriminator, triggering on scintillator placed behind MALTA.

The scintillator is also used as a time reference. Fig. 3.22 shows the results

of this measurement.

Here, the in-time threshold is defined as the minimum number of collected

electrons needed to trigger the discriminator within a 25 ns window. Hits

with a lower number of collected electrons will induce a slower signal, which

will be discriminated out-of-time. A fixed delay of 5 ns has been considered

with respect to the fast scintillator trigger. This fixed delay, which is neg-

ligible for what concerns the in-time efficiency, is caused by the front-end

response and the measurement setup.

In this measurement, the front-end gain has been set to have a threshold of

210 e−. The x-axis shows the amplitude of the hits, and the y-axis shows
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Fig. 3.22. The timewalk, measured on the analog output signal of a MALTA single
pixel using a fast scintillator as time reference. The x-axis shows the amplitude
of the hits, and the y-axis shows the time needed to reach this amplitude. The
response of the front-end to a large charge (> 3 MIP) needs about 3 ns to cross
the threshold. An additional 2 ns delay caused by both the signal buffering stages
and measurement setup are considered. The vertical red line indicates the in-time
threshold of 130 mV, which corresponds to 300 e−. The 5.3% of hits arriving after
the horizontal red line are out-of-time, are secondary hits in shared clusters [4].
The result matches with the simulation.
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Fig. 3.23. The timewalk curve measured on the analog output signal of a MALTA
pixel after neutron irradiation at a fluence of 1 × 1015 1MeV neq/cm2, with an
ionizing dose of 1 Mrad. The vertical red line indicates the in-time threshold,
which corresponds to 510 e−, considering 7 ns of delay, extrapolated form the
measurement baseline. The 6.7% of hits, which are out-of-time, are secondary
hits in shared clusters.
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the time needed to reach this amplitude. All the signals with an amplitude

higher than ∼ 130 mV are detected within 25 ns. Converting the amplitude

from mV to electrons, one gets an in-time threshold is 300 e−, which corres-

ponds to 20% of a MIP. The small portion of hits which comes out-of-time

(5.3%) is made of second hits of shared clusters. In pixel sensors, a cluster

is a group of pixels triggered by the same traversing particle. The first hit of

a cluster (seed pixel), instead, is collected within the time window of 25 ns,

which makes the detector in-time efficient, as these hits are not lost. This

demonstrates that the front-end matches the design specification in terms of

gain and timing at a power consumption of 0.9µA per pixel.

The difference in rise time, as well as the timewalk, between the response

of pixels of a cluster, embeds relative charge information. This could allow

counting the number of seed pixels in a cluster, overcoming the absence of

Time over Threshold information.

After neutron irradiation at 1× 1015 1MeV neq/cm2 and an ionizing dose of

about 1 Mrad (Fig. 3.23), the portion of the in-time collected hits is compar-

able to the one before irradiation. A large delay of 7 ns has been considered,

because of the different front-end settings mainly. Due to the radiation dam-

ages, it was not possible to operate the sensor with the same settings, redu-

cing the front-end gain and, therefore, increasing the threshold from 210 e−

to 510 e−. However, the higher threshold settings and the low collection ef-

ficiency (Sec. 3.7.4) compromise the reliability of the measurement, as the

percentage of hits lost because of these factors, is not evaluable.

The threshold of the front-end is set with DACs, shared by all pixels.

The simulation of the front-end, showing a pixel-to-pixel threshold variation

of about 10 e− RMS [4], justified the absence of an in-pixel threshold tuning.

In Fig. 3.24, the measured threshold distribution on the first two sectors of

the chip is shown, before and after irradiation. In both cases, the RMS is

around 3 times higher than expected. The degradation of the pixel-to-pixel

threshold variation with respect to simulation is related to the NMOS tran-

sistor model used when the bulk (p-well) is back-biased at −6 V (which is

the case of the pixel as in Fig. 3.4a). The transistor models, indeed, are

usually available only within the technology power supply range, which in
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(a)

(b)

Fig. 3.24. Threshold distribution measured on sector 1 and 2, before (a) and after
(b) neutron irradiation at 1× 1015 1MeV neq/cm2. In both cases, the threshold
dispersion is about 3 times higher than expected from the simulation. After irra-
diation the increased noise rate forces operation at higher threshold settings and
causes an increase of the threshold dispersion.
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(a)

(b)

Fig. 3.25. The ENC distribution (Sec. 2.7.3) measured before (a) and after (b)
neutron irradiation at 1× 1015 1MeV neq/cm2. In both cases, an RTS noise tail
is measured.
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this case is specified up to ±1.98 V. Therefore, the simulation deviates from

the measurements which are performed at Vp−well = −6 V.

After irradiation, the front-end was tuned at a higher threshold to reduce the

noise rate. The threshold distribution RMS is also increased because of the

increased noise.

In Fig. 3.25, the ENC distribution (Sec. 2.7.3) is plotted, before and after

neutron irradiation. Analog simulations, including parasitic extraction, give

an expected noise level of less than 10 e− ENC [4]. While the peak value of

the measurement matches the simulation before irradiation, the distribution

shows a relevant Random Telegraph Noise (RTS) tail with respect to the ex-

pected Gaussian noise distribution. The transistor M3 (Fig. 3.9), which was

designed with the minimum channel length, is the source of this RTS noise.

When an electron gets trapped in a transistor channel, it causes a change

on the transistor Vth and consequently it influences the gate voltage, if not

biased. The variation of the Vgate of M3 injects the RTS noise into the analog

signal. This effect can be mitigated increasing the channel length.

The channel length of M3 has therefore been increased in the second proto-

type, the MiniMALTA chip, reducing the RTS noise, as will be presented in

Sec. 3.9.3.

The RTS noise and the increased pixel-to-pixel threshold variation limited

the minimum threshold to a relatively high value (∼ 250 before irradiation),

and thus affecting the charge collection efficiency of the pixel before and after

irradiation, as is discussed in Sec 3.7.4.

3.7.3 Asynchronous Architecture Performance

The delay introduced by the NAND gates buffering structure (Sec. 3.5.2)

has been characterized in simulations and verified with measurements,

presented here. Pixels at the top, centre, and bottom of the same double-

column have been pulsed simultaneously to characterize the address depend-

ent delay.

Fig. 3.26a shows the response to a test pulse of the analog output of the

top pixel (in green) and the sensor reference pulse (in yellow). In this case,
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(a)

(b)

Fig. 3.26. Measurement of test pulsing of three pixels. (a) Monitored discrim-
inator output of the pixel at the top of the column (green) and reference signals
(yellow) [10 ns/div; 500 mV/div]. (b) Time distribution of response to the pulsing
of pixels at the top (blu) middle (green) and bottom (red) of a double-column [1].
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signals have been measured using an oscilloscope. The measurement has

been repeated collecting multiple pulses from the same set of pixels using the

MALTA readout system (Sec. 3.6). In Fig. 3.26b, the time distribution of

the collected pulses is plotted. In both measurements, one can identify the

three pixels pulsed simultaneously and responding with a defined delay.

Both the sending of the test pulse up the column and the pixel output down

are associated with a certain delay, depending on the pixel position within

the column.

As shown in Fig. 3.12b, the test pulse reaches a pixel with a delay depend-

ing on the address in the column. The maximum difference in propagation

delay for the pulse signal corresponds to the one between the bottom and

top pixel, which from simulations is 17.5 ns. The other component of the

delay, the hit propagation from a pixel to the chip output, depends on the

number of NAND gates repeating the signal. The output signals from the

bottom pixel arrive first, then those from the pixels at the centre, and last

those from the pixels at the top. The maximum relative propagation delay,

in this case, corresponds to 7.5 ns in simulations when pulsing the top and

bottom pixel. The sum of the two propagation delays (test pulse and pixel

response) has to be considered to validate the results, as in measurement, the

two delays cannot be distinguished. The sum of the maximum propagation

delays of the test pulse and the output signal is 25 ns, matching the meas-

urements shown in Fig 3.26 [1]. As the timing depends on the pixel address,

it can be corrected off-line. In-chip correction can be implemented in future

prototypes.

3.7.4 Efficiency Before and After Irradiation

Extensive test beam measurements have been performed at the CERN

SPS, with a 120 GeV pions beam, to characterize the MALTA chip before

and after irradiation. The telescope used for the measurements is the KarTel

telescope [93] based on MIMOSA-26 [80], a MAPS with a matrix of 1152×576

square pixels 18.4 µm, for a total active area of ∼ 2 × 1 cm2. The Proteus

software [94] has been used to reconstruct the data of the telescope, adopting
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Fig. 3.27. Difference between the expected x (a) and y (b) position of the track
in the DUT plane and the position of the closest cluster. The resolution of the
binary readout of the MALTA square pixel is dominating the distribution, over the
telescope resolution, yelding to a non-gaussian distribution of the residuals, with
a σ ≈ 36.4 µm√

12
≈ 11 µm.
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Fig. 3.28. The error distribution of the tracks intercepts on the x-axis (a) and
y-axis (b) of the DUT plane. The high energy pions and the high granularity of
the telescope planes yield to a resolution < 2µm
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a linear fit method, as a very low scattering is expected with such a high

energy beam.

In Fig. 3.27, the distributions of the residuals of the clusters on the x-axis

and y-axis are shown. The distribution is dominated by the MALTA square

pixel resolution of (36.4 µm)2√
12

� σ2
Track [33], where σ2

Track is the error of the

intercept of the tracks on the DUT plane, which is taken as the origin for

tracks reconstruction. Therefore, the resolution of the telescope corresponds

to the error propagation of the tracks on the DUT plane, where the origin

of the reconstructed tracks is defined. The high energy pions and the high

granularity of the telescope planes allow achieving a resolution lower than

2 µm, as shown in the tracks error distribution in Fig. 3.28.

In Fig. 3.29, the in-pixel collection efficiency maps before irradiation, at

600 e− and 230 e− threshold settings, are shown. Hits at the pixel corners

are lost when operating the sensor at high threshold. This is caused by

charge sharing between four pixels. Therefore, each of the pixels collects a

charge lower than the threshold. The correspondent cluster size map, plot-

ted in Fig. 3.30a, shows a cluster size at the corner, which is lower than 2.

The cluster size indicates the number of pixels fired by the same traversing

particle. The charge sharing at the pixel corners should cause an average

cluster size higher or equal than 2.

At low threshold (230 e−), with a dispersion of 36 e− and an average ENC of

7 e− [1] [3], one can observe a reduction of the efficiency at the center of the

pixel and an increase at the edges, where the shared charge is now sufficiently

above threshold, as confirmed by the cluster size map shown in Fig. 3.30b.

In this case, the loss of hits when the particles traverse the center of the pixel

is probably related to the not fully functional pixel masking scheme, the ran-

dom telegraph noise together with the use of the OR merging structure, as

previously commented. The OR structure can lead to the corruption of hits

information at high hit rate. The increased noise rate at a threshold of 230 e−

or lower increases the probability of hits loss, when using the OR merging

structure. When the charge is shared, instead, it is more probable that at

least one of the hits of the cluster is read out. This forces to operate the chip

at the relatively high minimum threshold, achieving an average collection
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Fig. 3.29. In-pixel collection efficiency maps of the MALTA sensor, operating
with a threshold of 600 e− (a) and 230 e− (b). Data from equivalent subsets of
four pixels are analyzed and plotted together. The white dash lines indicate the
edges of the pixels. The black grid highlights the regions at the center of the pixels
and at the edges between two or four pixels. The average collection efficiency of
each of this region of interest is reported in the plot. When lowering the threshold,
the efficiency increases at the pixel corner, while it gets lower at the center. This
effect is caused by the use of the OR gate structure, the RTS noise, and some
very noisy pixels, which contribute corrupting hits information. The effect is more
visible at low threshold, as more pixels become noisy.

(a) (b)

Fig. 3.30. In-pixel cluster size maps of the MALTA sensor operating with a
threshold of 600 e− (a) and 230 e− (b). Data from equivalent subsets of four
pixels are analyzed and plotted together. The cluster size at the pixel corners
increases lowering the threshold because of charge sharing.
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efficiency of 96 % before irradiation [1].

After neutron irradiation at 1× 1015 1MeV neq/cm2, the sensor suffers of

an efficiency drop down to 77 %, as shown in Fig. 3.31 [1]. The increased

noise level, which cannot be reduced because of the not fully functional pixel

masking scheme, forced to operate the chip at a threshold of about 250 e−.

As shown in the plots, lowering the threshold increases the efficiency at the

edge of the pixels, as the efficiency is slightly increasing from 43% (320 e−)

to 56% (250 e−) at the corner of the four pixels. In the centre of the pixel,

instead, more hits are lost, lowering the threshold to 250 e−. In this case, the

efficiency is reduced from about 96% to below 90%. The reduction of the

efficiency at the center of the pixel seems to be related to the use of the OR

merging structure, as explained for the unirradiated sensors.

The collection efficiencies of sector 2 and sector 3 in Fig. 3.32 demonstrate

that the charge loss at the edge of the pixels is correlated to the layout of the

deep p-well. Sector 3, which has a larger opening on the deep p-well, shows

higher efficiency than sector 2, in the direction of the deep p-well opening [1].

Similar results have been found with the other sensor of the STREAM run

(Sec. 3.3), TJ-Monopix [95], where the average collection efficiency after

1× 1015 1MeV neq/cm2 is of 69.4%, in the case of large deep p-well opening,

and 50.7% for the small opening. In the case of TJ-Monopix, an efficiency

loss correlated to pixel layout is also measured before irradiation, relating

the inefficiency as well to the active areas, which are suspected to affect the

local doping.

The correlation with the implants layout and the collection inefficiency comes

from the low lateral electric field at the edge of the pixels, increasing the prob-

ability to capture the signal charge by radiation-induced traps before indu-

cing a signal. Extensive technology simulations confirmed this, as described

in Sec. 3.8 [92]. In a point inside the pixel, the electrical field towards the

electrode decreases with the distance between the point and the electrode.

Therefore, the collection efficiency loss at the corners gets more critical in

relatively large pixels. 30 × 30 µm2 and smaller pixels were studied during

the INVESTIGATOR measurement campaign [77]. In this case, the charge

loss was lower than the one measured with MALTA, which has a larger pixel
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Fig. 3.31. In-pixel collection efficiency maps after neutron irradiation at 1 ×
1015 1MeV neq/cm2, with different threshold settings [1]. The average threshold
for the corresponding sector is noted. When lowering the threshold, the efficiency
increases at the pixel corner, while it gets lower at the center. This effect is caused
by the use of the OR gate structure, the RTS noise, and some very noisy pixels,
which contribute corrupting hits information. The effect is more visible at low
threshold, as more pixels become noisy. After neutron irradiation the collection
efficiency is degraded, achieving a maximum average of 77%.
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(a) Sector 2 (b) Sector 3

Fig. 3.32. Top: in-pixels efficiency plots after 1×1015 1 1MeV neq/cm2 neutron
irradiation for sector 2 and sector 3. Bottom: layout of the deep p-well (transpar-
ent yellow pattern). The difference in efficiency after irradiation, between different
sectors, is correlated with the difference in layout of the deep p-well, which is shown
at the bottom and superimposed in white on the efficiency maps (top) [1].
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pitch.

3.7.5 Outcomes from the MALTA chip characteriza-

tion

The MALTA sensor has been implemented to demonstrate the perform-

ance of a small collection electrode design in terms of power consumption,

in-time efficiency, and radiation hardness. A novel asynchronous architec-

ture, promising to cope with high hit rate with low power consumption, has

been implemented in the chip. The chip has demonstrated to match the

design specification in terms of power consumption, analog, and digital per-

formance. A pixel requires only 0.9µW of analog power, thanks to a small

low-capacitance collection electrode. The fast low-power front end responds

within a 25 ns time window to a collected charge above 300 e−. Several is-

sues have been identified and have been corrected in subsequent submissions.

The front-end suffers from an RTS noise, not predicted by simulation, limit-

ing the operation of the chip at a higher threshold. The source of the noise

was identified in the small channel length of an NMOS transistor, which has

been enlarged in a second prototype, the MiniMALTA, drastically reducing

the RTS noise, as described in Sec. 3.9.

The asynchronous architecture is capable of transmitting pulses to the

readout of the chip with a well-defined delay, depending on the address.

This delay could be corrected off-line.

The sensor shows a collection efficiency of 96% before irradiation, with a

little reduction at the center of the pixel, due to the unexpected RTS noise

and the not fully functional pixel masking scheme.

However, the pixel suffers from efficiency degradation to an average of ∼ 77 %

after irradiation at 1 × 1015 1MeV neq/cm2, caused by the very low electric

field at the edge of the pixel.

The characterization of the MALTA chip is a significant step towards the

implementation of radiation hard and low-power large scale DMAPS for

HEP experiments. Technology simulations [92], triggered by the MALTA

and TJ Monopix results, have addressed to two simple process fixes, de-
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scribed in Sec. 3.8, which have been implemented in a second prototype,

the MiniMALTA (Sec. 3.9), based on the same front-end and architecture

of MALTA. The improved sensor is fully efficient after a NIEL fluence of

1 × 1015 1MeV neq/cm2, as described in Sec. 3.9.3. In addition to this, the

chip has allowed proving the advantages in terms of power consumption of

both small collection electrode design and asynchronous readout, as discussed

in Sec. 3.10.

3.8 Towards an Improvement of the Multiple

Wells Sensor Process

Fig. 3.33. Electrostatic simulation of the MALTA pixel [92], shown in a cross-
section of the pixel centre. From left to right: lateral electric field; electric field
along the sensor depth; electrostatic potential. The black arrows mark the electric
field streamlines. The star symbol indicates the electric field minimum, which
corresponds with the edge between the two pixels. The white lines mark the
edges of the depleted regions. The collection electrode is biased at 0.8 V, and
−6 V are applied to the p-well and substrate. Simulations indicate a very low
electric field at the pixel corners (the center of the figure). This implies a long
path toward the collection electrode, for charges generated in the corner.

In this section, the technology studies of the reference [92] are summar-

ized, to explain the MALTA collection inefficiency and to address the fixes

implemented in the second prototype, the MiniMALTA sensor.

3D Technology Computer Aided Design (TCAD5) simulations on the MALTA

process (Fig. 3.4a) identified the low electric field at the edge of the pixels as

the source of the collection inefficiency. The simulations have been performed

in the case of a MIP traversing the pixel corner. This case corresponds to

5 TCAD Synopsys Sentaurus, https://www.synopsys.com/silicon/tcad.html.

https://www.synopsys.com/silicon/tcad.html
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the longest distance to the electrodes. Defect levels have been introduced

to model the effect of radiation damage, as described in [96]. The collection

electrode is biased at 0.8 V. The characterization of the MALTA sensor has

been performed with the p-wells biased at −6 V, and the substrate bias ran-

ging from −6 V to −40 V to enhance the vertical electric field. The focus of

this simulation is the lateral electric field from the edge of the pixel towards

the collection electrode. Therefore, the simulation have been performed ap-

pling −6 V to both p-wells and substrate [92] Cut through the pixel centre

of the simulated 3D pixel cell are presented in Fig. 3.33, where the centre of

the picture corresponds to the corner between four pixels.

The two collection electrode implants are visible at the edge of the image.

For symmetry, one can deduce that the lateral electric field at the edge of the

pixels must be equal to zero. The free electrons generated in this area drift

to the top of the pixel following the vertical electric field. The carriers will

get out of the minimum electric field because of random movement and then

drift towards one of the collection electrodes. The simulated streamlines are

in agreement with these considerations. The longer path and the low velocity

of the charges become critical after NIEL damage, as the electrons will be

trapped or recombined more frequently, as commented in Sec. 2.10.1. There-

fore, the critical point to increase the collection efficiency is to reduce the

drift path of the charges, increasing the lateral field towards the electrodes.

Two technology improvements have been studied and compared with the

MALTA process: one introducing a gap in the low dose n− layer, the other

an additional deep p-well, referred to as extra deep p-well, as illustrated in

Fig. 3.34. Both approaches add a junction along the sensor depth, signific-

antly increasing the lateral electric field, but also shifting the minimum of

the electric field deeper into the silicon, compared to the MALTA pixel.

The simulations demonstrate that both the improvements reduce the isol-

ation between deep p-well and substrate, considerably reducing the punch-

through voltage (Sec. 3.7.1). This should be confirmed with IV measurements

on silicon test structures, which are not included in this work.

The simulated current, induced by a MIP traversing the pixels corner,

is presented in Fig. 3.35, before and after neutron irradiation at 1 ×
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(b)

Fig. 3.34. Cross section of the sensor process improvements: (a) the low dose
n− implant is removed at the edge of the pixel; (b) an extra deep p-well is added
at the edge of the pixel [1]
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1015 1MeV neq/cm2. The charge collection time is reduced by a factor two

for the proposed processes with respect to the MALTA pixel. The same trend

is observed after irradiation. However, the overall pulse heights are signific-

antly reduced in this case, because of the higher trapping and recombination

probability of the charge carriers.

In Fig. 3.36, the pulse height for different integration times is shown.

Considering a MIP generating about 1500 e− at the pixel corner, and the

charge sharing between four pixels, each electrode can collect a maximum

of 375 e−. The collected charge needed to fire the pixel is lower than this

value, and corresponds to the design specification of the MALTA front-end

threshold, around 200 e− (Sec. 3.5.1).

Before irradiation, the charge collected with the MALTA pixel is sufficiently

above the threshold before 25 ns, as measured on the front-end output in

Fig. 3.22. After irradiation, the pulse is below the front-end threshold, in

agreement with the measured collection efficiency drop at the pixel boundary

(Sec. 3.7.4). In the case of the two fixes, the ionized electrons are integrated

within 10 ns, before and after irradiation. This is because of the much shorter

drift path and the higher electric field. Besides, the charge loss after irradi-

ation is considerably reduced compared to the MALTA case. The collected

charge is now around threshold and should correctly trigger the front-end

discriminator.

The simulation indicates that the two process fixes should considerably in-

crease the charge collection efficiency after irradiation and reduce the collec-

tion time. However, the post-irradiation models are not specifically developed

and tuned for epitaxial material, limiting the quantitative precision of post-

irradiation predictions. Besides, as the charge is marginally above 200 e−,

the MALTA front-end and threshold dispersion should be fixed to operate

the sensor with a threshold well below this value.

Finally, the pulse height can be increased with a thicker sensitive layer, with a

consequent increase of ionized electrons. Although a thicker depleted volume

will affect the electric field. The results of simulations motivated the devel-

opment of the second prototype, the MiniMALTA, described in the following

section.
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Extra deep p-well

n- gap

(a)

Fluence of

1015 neq/cm2

MALTA process

Extra deep p-well

n- gap
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Fig. 3.35. Simulated current versus time for different sensor designs with a pixel
size of MALTA, simulating a MIP incident at the pixel corner [92]. The extra
deep p-well and the n− gap are the two proposed process modifications, shown
in Fig. 3.34b and Fig. 3.34a, respectively. The two fixes are compared to the
MALTA process. Both process modifications improve the charge collection time
and the pulse height with respect to the MALTA process, before (a) and after
NIEL damage (b).
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(a)

Fluence of
1015 neq/cm2

(b)

Fig. 3.36. Simulated collected charge versus integration time for different sensor
technologies with the pixel size of MALTA, before (a) and after (b) irradiation [92].
Both process fixes reduce the collection time and increase the pulse height.
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3.9 The MiniMALTA sensor
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Picture of Mini-MALTA

Fig. 3.37. The layout of the MiniMALTA sensor and a picture of the chip. The
main blocks of the chip are highlighted on the layout.

The MiniMALTA chip was designed and produced in a Multi Project

Wafer run to implement and verify the process fixes, described in Sec. 3.8.

Both n− gap and extra deep p-well layer do not need additional process R&D

at the foundry and can be added to the original MALTA pixel layout. The

layout of the chip is presented in Fig. 3.37. The demonstrator is 5× 1.7 mm2

large, including a matrix of 64× 16 of 36.4 µm2 square pixels (same pitch as

for the MALTA). The matrix readout architecture is the same as MALTA,

where the merging/OR structure at the bottom of the columns has been

upgraded to a synchronization memory, as described in Sec. 3.9.1. The chip

is configured using a slow control digital periphery, based on shift registers,

and 8-bits current and voltage DACs to bias the front-end. Two data output
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are available: a fast output (1.2Gb/s) based on the ALPIDE DTU [97] and a

slow output (40MHz), which uses the LAPA driver (Sec. 4.3). The chip uses

two reference clocks, at 40 and 640 MHz, respectively. Two LAPA receivers

are integrated on the chip to input the clocks.

The matrix includes splits6 on the reset circuit, front-end, and pixel lay-

out, as indicated in Fig. 3.38. The sectors on the left (S0 to S3) include

a modified version of the MALTA front-end. Here, the transistors M3 and

M6 (Fig. 3.38a) have a larger channel to reduce the RTS noise measured on

MALTA (Sec 3.7.2). Specifically, the channel width over length of the M3

transistor was changed from 1 µm/0.18 µm to 1.22 µm/0.38 µm, also in-

creasing the front-end gain, as will be described in Sec. 3.9.2. These sectors

are indicated as enlarged transistors in the figure. To compare the perform-

ance of the two versions of the front-end, the right side of the chip (S4 to S7)

implements the standard MALTA front-end. The splits on the sensor techno-

logy are distributed vertically in the chip. The MALTA process is indicated

as standard in the figure. For both n− gap and extra deep p-well processes, a

diode reset has been implemented. Wrong connections in the layout did not

allow to test the two PMOS reset sectors and limited the maximum negative

bias of the deep p-well to −2 V.

3.9.1 Synchronization Memory

The MiniMALTA readout architecture is shown in Fig. 3.39. The data

can be read out in fast or a slow mode.

Fast Readout Mode

The asynchronous output signals of the MALTA-like matrix, with 16

columns and 64 rows, are stored asynchronously into 16 synchronization

memories (S0-S15 in Fig. 3.39). As in MALTA, the 22-bit word at the output

of the matrix contains the pixel address, the group address and the reference

signal, which is used in MiniMALTA to latch the address bits into the syn-

6A set of splits is intended as a group of sub-matrices which include different variations
of the same sensor and/or electronics.



CMOS Pixel Sensors 113

(a)

S0

S1

S2

S3

S4

S5

S6

S7

standard

n- gap

standard, 
PMOS 
reset

extra-deep 
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Fig. 3.38. The MiniMALTA front-end (a). The electrode and the reset circuits
are the same as MALTA (Fig 3.9). The highlighted transistors M3 and M6 have
been enlarged with respect to MALTA to reduce the RTS noise. The eight sectors
of the matrix (b).
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Fig. 3.39. The scheme of the synchronization memory at the bottom of the
MiniMALTA double-columns. OUTA and OUTB indicate the output of either
the even or the odd groups of a double-column (blue or red). The pixel readout
architecture is the same as MALTA (Fig. 3.12a). MEM DATA corresponds to the
output of the slow readout mode. DOUT is the output of the fast readout mode.
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chronization memories.

Each output of the double-column (blue or red in the figure) is stored into

its own synchronization memory. The double-column structure has not been

modified with respect to MALTA. However, since the matrix height is only 64

pixels, only the two least significant bits of the group address are used, while

the other group address bits are set to 1. The parity bit used in MALTA

(Tab 3.4) is now removed, as groups with different parity are stored in sep-

arated memories.

Inside the synchronization memory, apart from storing the address data,

precise time-of-arrival information is added, by latching the value of a 4-bit

Gray7 counter running at 640 MHz. Thus the output of the synchronization

memory contains 4 bits of this ”fine time” information, with Gray encoding.

The priority encoder reads out the hits from the synchronization memories,

giving priority to leftmost memory, in case there are simultaneous hits in

multiple memories. Here, the 4-bit memory address is added to the data

words, along with 3 bits of Gray-encoded Bunch Crossing Identifier (BCID)

information, which comes from the synchronization memories and is gener-

ated using an external clock of 40 MHz.

The data from the priority encoder is stored into a First In First Out (FIFO)

memory with a depth of 64 words, and, at this point, 15 bits of BCID in-

formation are added to the hits. Note that, unlike the previous time-stamps,

these bits are not Gray-encoded. The output word of this FIFO is described

in Tab. 3.6.

This 48-bit word is then 8b/10b encoded8 to yield the final 60-bit data word,

the DATA OUT<59:0> in Fig. 3.39. This data word is serialized in two

40 MHz clock cycles and sent out at 1.2 Gb/s through the ALPIDE DTU.

7The Gray encoding is a binary encoding with a fixed lenght, where consecutive numbers
differ of one bit only.

8The 8b/10b encoding maps 8-bits words with 10-bits symbols, obtaining a DC bal-
anced signal, useful for example for AC coupled data transmissions.
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Bit ID
47:44 Memory address
43:28 Pixel Address
27:23 Group Address
22:19 Fine Time
18 Reference
17:15 BCID
14:0 Binary BCID

Tab. 3.6. The output word of the MiniMALTA FIFO, corresponding to MEM
DATA<47:0> in Fig. 3.39.

Slow Readout Mode

The slow readout mode bypasses the 8b/10b encoding and the ALPIDE

DTU. It outputs the data at 40 Mb/s using the 40 MHz clock. The serialized

48-bit word described in Tab. 3.6 is sent out through the LAPA driver. An

acknowledge output signal marks the beginning and the end of a word. The

minimum distance between two data words is two clock cycles (50 ns).

3.9.2 Front-End Measurements

The front-end and the sensor performance have been tested in the

laboratory on various samples, before and after irradiation. All the sensor

process splits of the matrix include both the new and the standard MALTA

front-end (Fig. 3.38).

In Fig. 3.40, the threshold distributions of the two different front-ends are

shown. The measurement has been performed before and after neutron

irradiation at 1 and 2×1015 1MeV neq/cm2. All sensor share the front-end

settings and are operated at a temperature of −20 ◦C, with a substrate bias

of −6 V and a deep p-well bias of −2 V.

For regions with standard transistors, the average threshold is

570 e− (unirradiated), 360 e− (1×1015 1MeV neq/cm2) and 290 e−

(2×1015 1MeV neq/cm2) [98]. In regions with enlarged transistors, the

correspondent average threshold values are lower than the one of the
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improved sectors: 290 e− (unirradiated), 220 e− (1×1015 1MeV neq/cm2) and

160 e− (2×1015 1MeV neq/cm2) [98]. The lower threshold of the enlarged

transistors sectors, with respect to the standard, is related to an increase of

front-end gain, caused by the larger channel length of the M3 transistor.

The gain of the first stage, which is similar to a common source amplifier [57],

is approximately equal to gmM1rdsM3, where gmM1 is the transconductance of

the transistor M1 and rdsM3 the output resistance of M3, proportional to the

channel length. Simulations predict an increase of gain of ∼ 20%, compared

to the standard front-end, while the measured threshold reduction is quite

higher.

The mismatch between simulations and measurements might be related to

the model of the NMOS transistors when the bulk is biased at a voltage

lower than the ground. Standard transistor models from foundries are

accurate within the specific CMOS technology power supply range, which

is exceeded in this case, as already discussed in Sec. 3.7.2. In the pixels of

MiniMALTA, the pwell of the NMOS bulks are biased at −2 V, which varies

the transistor threshold voltage Vth [49].

The measured threshold reduces with the fluence, even if the sensors use

the same front-end settings. The shift of threshold could be caused by a

reduction of the pixel input capacitance after neutron irradiation. As a con-

sequence, the same collected charge will induce a higher pulse in an irradiated

sensor. If this is the case, the correlation between the NIEL damage and the

suspected capacitance reduction is currently unknown. However, it is not

possible to exclude that the working point of the front-end and DACs have

changed after irradiation.

In Fig. 3.41, the noise distributions of the same set of measurements is shown.

The new front-end (Fig. 3.41a) has a smaller RTS noise tail but is not en-

tirely removed. Both front-ends show similar peaks of the noise distribution,

before and after irradiation, i.e. 10 e− before irradiation and about 20 e−

after irradiation. The noise increase seems to be stable after a fluence of

1× 1015 1MeV neq/cm2. The RMS of the noise distributions is higher in the

standard front-end (∼ 5 e−) with respect to the improved ones (∼ 3 e−), as

expected because of the RTS tail. Both measurements validate the new front-
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Fig. 3.40. Threshold distributions for unirradiated and neutron irradiated Mini-
MALTA samples at 1 − 2 × 1015 1MeV neq/cm2. Sensor regions with enlarged
(a) and standard (b) transistors are shown. The chips were operated at −6 V
substrate voltage and −2 V p-well voltage, −20 ◦C, with same front-end settings.
The enlarged front-end shows a lower threshold dispersion, validating the new
design.
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Fig. 3.41. ENC distributions for unirradiated and neutron irradiated Mini-MALTA
samples at 1 − 2 × 1015 1MeV neq/cm2. Sensor regions with enlarged (a) and
standard (b) transistors are shown. The chips were operated at −6 V substrate
voltage and −2 V p-well voltage, −20 ◦C and with identical front-end settings.
The enlarged front-end shows a reduced RTS noise tail, while the peaks are similar,
validating the new design.
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Fig. 3.42. Picture of the MALTA telescope. It includes three MALTA planes per
arm. The Detector Under Test is placed inside a cold-box (center), together with
an additional telescope plane, used to define the Region of Interest.

end design, indicating that there is yet margin for improvement, enlarging

more the channel length and the gain.

3.9.3 MiniMALTA Collection Efficiency

The MiniMALTA collection efficiency has been characterized in testbeam

at the ELSA accelerator, operated by the University of Bonn, Germany,

which provides a 2.5 GeV electron beam. A telescope based on MALTA

planes (Fig. 3.42) has been used for this purpose. The DUT is placed inside

a cold-box, together with a telescope plane used as a trigger and to define

the Region of Interest. The Proteus software [94] has been used for tracks

reconstruction, as in the MALTA testbeam campaign. Because of the high

scattering in the telescope planes of the relatively low energy electrons, a

General Broken Line tracks fitting method [99] has been used, achieving a

resolution of ∼13.5 µm, as shown in the residuals plots in Fig. 3.42.

The following measurements have been performed with a deep p-well



CMOS Pixel Sensors 121

100− 80− 60− 40− 20− 0 20 40 60 80 100
m]µ [Track - XClusterX

0

10

20

30

40

50

60

70
310×

E
nt

rie
s

mµ = 13.5 σ

100− 80− 60− 40− 20− 0 20 40 60 80 100
m]µ [Track - YClusterY

0

10

20

30

40

50

60

70
310×

E
nt

rie
s

mµ = 13.6 σ

Fig. 3.43. Difference between the expected X- (left) and Y- (right) position of
the track in the Mini-MALTA plane and the position of the closest cluster. The
Gaussian fit (red lines) yields σX = 13.5 µm and σY = 13.6 µm.
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Fig. 3.44. Efficiency maps for non-irradiated (a) and irradiated (b) MiniMALTA
samples at 1×1015 1MeV neq/cm2 . Different sensor regions are visible: standard
MALTA-like (S0-S4), modified with extra deep p-well (S1-S5) and modified with
extra n− gap layer (S3-S7), standard(right side S4-S5-S7) and enlarged (left side
S0-S1-S3) transistors front-end.
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voltage of −2 V. The p-epitaxial layer is fully depleted at a substrate voltage

of about −6 V. As discussed in Sec. 3.8, the critical component of the electric

field for the collection efficiency is the one from the edge of the pixel towards

the electrode. Lowering the substrate voltage below −6 V does not enhance

this lateral electric field. Therefore, the collection efficiency measurement

results are similar in a range of substrate voltages from −6 V to −12 V. The

substrate voltage for each of the measurements is noted in the plots.

In Fig. 3.44, the efficiency maps for unirradiated and irradiated (1 ×
1015 1MeV neq/cm2) MiniMALTA sensors are plotted. The eight sectors of

the matrix (Fig.3.38b) are noted in the figure and summarized in Tab. 3.7.

Sector ID Front-End Sensor Reset Mechanism
S0 Enlarged Standard Diode
S1 Enlarged Extra Deep p-well Diode
S2 Enlarged Standard PMOS
S3 Enlarged n− Fap Diode
S4 Standard Standard Diode
S5 Standard Extra Deep p-well Diode
S6 Standard Standard PMOS
S7 Standard n− Gap Diode

Tab. 3.7. The MiniMALTA sectors (Fig. 3.38b). The standard indicate the
sensor/ front-end implemented in the MALTA sensor. n− Gap and Extra Deep
p-well are the two process modifications, described in Sec. 3.8.

The PMOS reset sector is not included in the characterization, as com-

mented in Sec. 3.9. The sectors with the MALTA front-end (right) show

a higher threshold compared to the enlarged transistors (Sec. 3.9.2). The

higher threshold leads to a lower collection efficiency on the right sectors.

Before irradiation, the collection efficiency of the sensor splits (n− gap, extra

deep p-well, and standard from top to bottom) are comparable, in agreement

with the MALTA characterization (Fig. 3.29b). After neutron irradiation at

1× 1015 1MeV neq/cm2, the efficiency of the standard MALTA sectors drops

down, while sector 1 and 3 show high efficiency ∼ 99%. Comparing the splits

with the same kind of sensor but different front-ends (e.g. S1 and S5), it is
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evident that the lower threshold of the new front-end improves the collection

efficiency.
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Fig. 3.45. Efficiency versus threshold on neutron irradiated MiniMALTA samples
at 1 × 1015 1MeV neq/cm2. Different sensor regions are presented: standard
MALTA (circles), modified with extra deep p-well (triangles) and modified with
extra n− gap layer (rectangles). Results are also shown for sensor regions with
standard (empty markers) and enlarged (filled markers) transistors, as well as
for sensors with different epitaxial layer thicknesses: 25 µm (orange or light blue
symbols) and 30 µm (red or dark blue symbols). The substrate is biassed at −6 V.

The plot in Fig. 3.45 shows the sectors average efficiency of two neut-

ron irradiated samples at a fluence of 1 × 1015 1MeV neq/cm2, for different

threshold values. The two samples differ for the thickness of the epitaxial

layer, as indicated in the picture. Both samples were reversely biased with the

substrate voltage of −6 V. Analyzing the sectors with the standard MALTA

sensor (filled and empty circle in the plot in Fig. 3.45), it is evident that the

improved front-end alone leads to an increase of the collection efficiency from

the ∼ 73% measured on MALTA (Fig. 3.31) to 95%. The improvement is

confirmed comparing the two front-ends in MiniMALTA.

As previously commented, the MALTA collection efficiency (Sec. 3.7.4) was
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degraded by the high threshold imposed by the RTS noise and the not fully

functional pixel masking scheme. However, the front-end improvement alone

is not sufficient to compensate for the loss of charge generated at the edge of

the pixel, after irradiation. Both n− gap and extra deep p-well sensor fixes

have similar behaviour, bringing the average collection efficiency to about

98%, in agreement with the results of the TCAD simulations in Sec. 3.8.

This result demonstrate that the sensor is compatible with the 97% collection

efficiency requirement of the ITk, after a fluence of 1× 1015 1MeV neq/cm2.

Looking for further improvements, the charge loss at the pixel edges could

be more counter-balanced with an even higher lateral field component at the

edge of the pixel. Alternatively, the sensitive volume could be increased.

However, the measurements do not clarify if the thicker epitaxial layer of the

sample W2R1 is beneficial for the charge collection. This can be justified

by the accuracy of the thickness of the epitaxial layer, which is ±2.5 µm,

leading to almost overlapping results for the two wafers. The not significant

variation between the efficiency of the two samples could also be related to

the different electric field in the sensitive area, as the chips are operated with

the same voltage bias but have a different depleted volume.

Samples have been irradiated with higher neutrons fluence than the

required by the ITk (1 × 1015 1MeV neq/cm2), to verify the limit of

this technology. A MiniMALTA sample, irradiated at a fluence of 2 ×
1015 1MeV neq/cm2, has been characterized during the same testbeam cam-

paign. In Fig. 3.46, the collection efficiency maps at different threshold set-

tings are plotted. This sample has been operated with a substrate bias of

−10 V, which marginally improves the collection efficiency. The threshold

needs to be set lower than 150 e− to achieve an average collection efficiency

above 90%, as shown in Fig. 3.47. Due to the excessive noise level after

high fluence, it is not possible to further reduce the threshold settings. The

large channel front-end alone is not sufficient to achieve a collection efficiency,

above 80%, with the standard MALTA sensor at this threshold. The sectors

including front-end and sensor fixes achieve an average collection efficiency

around 94%, which put the sensor just below the requirement of 97%, setting

the outermost layer of the ITk as the limit for this development. However,
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Fig. 3.46. 2D efficiency maps for irradiated Mini-MALTA sample at 2 ×
1015 1MeV neq/cm2 at various threshold settings. Different sensor regions are
visible: standard MALTA-like (S0-S4), modified with extra deep p-well (S1-S5)
and modified with extra n− gap layer (S3-S7), standard(right side S4-S5-S7) and
enlarged (left side S0-S1-S3) transistors front-end.
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Fig. 3.47. Efficiency versus threshold on neutron irradiated Mini-MALTA samples
at 2 × 1015 1MeV neq/cm2. Different sensor regions are presented: standard
MALTA-like (circles), modified with extra deep p-well (triangles) and modified
with an extra n− gap layer (rectangles). Results are also shown for sensor regions
with standard (open markers) and enlarged (full markers) transistors, as well as
for sensors with different epitaxial layer thicknesses: 25 µm (orange or light blue
symbols) and 30 µm (red or dark blue symbols). The substrate is biassed at
−10 V.
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as described above, the pixel has yet margin for improvements.

The process studies (Sec. 3.8) could also be improved. In the TCAD simula-

tions, the n− gap layout shows a slightly higher induced pulse with respect

to the extra deep p-well one. The collection efficiency measurement presen-

ted here demonstrates similar performance between the two fixes. The noise

distribution does not clarify the mismatch between simulation and measure-

ment, as the ENC is lower than the simulated pulse height difference ( 40 e−).

This suggests that further tuning of the post-irradiation simulation models

is needed.

3.9.4 Outcomes from the MiniMALTA Sensor Charac-

terization

The preliminary characterization of the MiniMALTA sensor, presented

in this section, confirms the expected improvements in terms of collection

efficiency and front-end performance. Both the process fixes, promising to

improve charge collection (Sec. 3.8), demonstrated a radiation hardness up to

1× 1015 1MeV neq/cm2 fluence with a threshold of 120−e or lower, matching

the requirement of the outermost layers of the ATLAS ITk. The new front-

end shows higher gain and a reduced RTS noise. However, the collection

efficiency after 2 × 1015 1MeV neq/cm2 drops to < 95%, which is a prom-

ising result but not sufficient to work in a very high radiation environment,

such as the innermost layers of the ATLAS ITk. The final characterization

of the sensor is currently ongoing. In particular, studies on the charge col-

lection timing, cluster sizes, in-pixel collection efficiency, TID damage and

SEE should be completed to assess the sensor technology. In view of further

developments of the sensor, a smaller pixel pitch and an even higher front-

end gain should increase the charge collection at even higher fluence. The

front-end should also be improved to further reduce the RTS noise.

In the next section, the results of MALTA and MiniMALTA are used to com-

pare different monolithic sensor designs and architectures in terms of power

consumption.
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3.10 Power Consumption for a Small Col-

lection Electrode and Asynchronous

Readout Architecture

The need for a lower power consumption motivated the development of

the asynchronous readout architecture and the small collection electrode.

The very high hit rate of the future generation of HEP detectors makes the

power consumption a critical parameter. Trackers need the lowest possible

material budget to reduce the probability for scattering the particles as they

emerge from the interaction point, achieving a good track reconstruction ef-

ficiency. More power requires more material budget in cabling and cooling

structures [100]. In this section, the power consumption of different DMAPS

designs, based on results of available prototypes, including the ones developed

in this thesis, are discussed.

In small collection electrode monolithic CMOS pixel sensors, the power con-

sumption due to radiation-induced leakage current is relatively small com-

pared to hybrid pixel, as the depleted volume is usually relatively thin. How-

ever, the leakage current gets relevant at high fluence, as seen in Sec. 3.7.1.

The rest of the power is consumed in the analog front-end, the digital cir-

cuitry, and the data transmission.

The front-end power consumption strongly depends on the input capacitance,

and therefore on the collection electrode (Sec. 2.7.3). The input capacitance

of a large collection electrode is quite large (≈ 100 fF) and comparable to hy-

brid pixels. Therefore, also their analog power consumption is comparable.

In the case of a small collection electrode, the input capacitance is limited to

few fF, which reduces the analog power consumption.

The distribution of a 40 MHz clock over a 2 × 2 cm2 matrix in a 180 nm

technology requires a power consumption of 57 mW/cm2 [86], which is saved

in the case of the asynchronous readout, as it does not require any clock

distribution over the matrix. The digital circuits of the matrix are active

only if there hits. Therefore, the digital power consumption in the matrix

is proportional to the hit rate. Furthermore, the absence of a continuous
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switching CMOS signal in the matrix simplifies the design and the risk of

digital to analog coupling.

To compare the electrode designs and the readout architectures implemen-

ted in currently available DMAPS prototypes, three different scenarios for

a sensor, fulfilling the ITk requirements, have been studied:A small collec-

tion electrode implementing an asynchronous readout; B small collection

electrode with synchronous architecture; C large collection electrode with

a synchronous architecture. The power consumption of the 2 × 2 cm2 large

sensor have been estimated from simulations and measurement of available

prototypes: TJ MALTA for the case A , one on the TJ Monopix for the case

B and LF-Monopix, which was implemented with a large collection elec-

trode [87], for the case C. The three scenarios are compared Tab. 3.8, where

the power consumption at the ITk hit rate is given per pixel and for the

full matrix. The low-capacitance of the small collection electrode reduces

Scenario A B C

Architecture TJ Asynch. TJ Synch. LF Synch.
Coll. Elect. Small Small Large
Pixel size 36.4× 36.4µm2 36.4× 40µm2 50× 150µm2

Number of pixels 512× 512 512× 512 400× 132
Matrix Analog 238 mW 238 mW 1000 mW

(∼0.9µW/pixel) (∼0.9µW/pixel) (∼18µW/pixel)

Matrix Digital 12 mW 240 mW 80 mW
(∼0.05µW/pixel) (∼0.9µW/pixel) (∼1.5µW/pixel)

Periphery Digital 267 mW 225 mW 225 mW

Total Power 514 mW 703 mW 1305 mW

Tab. 3.8. Estimated power consumption of ITk full scale 2× 2 cm2 DMAPS [1].
Both small collection electrode and asynchronous architecture lead to a lower
power consumption.

the analog power consumption per pixel by a factor 20, resulting in a factor

4 reduction for the full 2 × 2 cm2 matrix, which is relevant considering the

higher granularity of A and B. The asynchronous readout consumes 20 times

less digital power than the synchronous one, comparing A to B. From the
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comparison between A and C one can deduce that the advantage of no clock

distribution increases with the detector granularity, as the power saving is

reduced to a factor ∼7 in this specific case [1]. This matches the power con-

sumption analysis in [100]. The asynchronous readout requires some extra

power in the digital periphery for the output data serialization and synchron-

ization, following the ITk readout system requirements. This step is needed

in most of the applications, to facilitate the data handling and compatibility

with standard readout.

The projection of the results of available prototypes into a final ITk design

indicates a consistent reduction on power consumption in the case of small

collection electrode and asynchronous architecture. The advantage becomes

more relevant with the increase of detector granularity and hit rate [100],

which are the trend for future HEP experiments. Further development

of the technology should be done towards higher radiation hardness (>

1 × 1015 1MeV neq/cm2), to enable the use of small collection electrode

DMAPS in high hit rate application, such as the innermost layers of the

ATLAS ITk. The data transmission is independent on the sensor design and

readout architecture, but it becomes the dominant source of power consump-

tion at very high data rate and in case of transmission over long distances. In

Chapter 4, studies on the ITk data transmission and the design of low-power

5 Gb/s differential driver and receiver are presented.



Chapter 4

LAPA: Pseudo-LVDS Driver

and Receiver for the ATLAS

Pixel Apparatus

In this chapter, the driver and the receiver designed as a part of the

development for the 180 nm CMOS pixel sensor are presented. As mentioned

in Chapter 3, the circuits have been integrated into MALTA (driver) and

MiniMALTA (driver and receiver). The characterization of the circuits has

been done with measurements on a dedicated testchip, called LAPA (pseudo-

LVDS for the ATLAS Pixel Apparatus). After a brief introduction about

the ITk data transmission (Sec. 4.1) and the LVDS (Low Voltage Differential

Signal) standard (Sec. 4.2), the design of the driver and receiver (Sec. 4.3

and Sec. 4.4) are discussed in detail. The last section (4.5) focuses on test

and characterization of the circuits, performed using the testchip.

4.1 Data Transmission Requirements for the

ITk

The requirements concerning data transmission of the ATLAS ITk de-

tector are defined in its Techical Design Report [7]. In this section, the key

specifications are summarized. The front-end chip has to cope with the high
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hit rate in the innermost part of the experiment. The hit rate on a sensor

varies with its location, with respect to the collision point. Tab. 4.1 contains

the average output data rate for each of the ITk layers and rings, depending

on the used Level 0 (L0)1 trigger rate. The expected data rate per front-

end is also included. The table is based on the average occupancy estimates

(Tab. 1.2) and on the data format implemented in the RD53A front-end [45].

The very high data transmission rate required by each sector of the detector

requires a proper data transmission strategy, to minimize the power con-

sumption and the material budget, achieving a reliable data transmission.

Layer/Ring Data rate Data rate Design data rate
(1 MHz L0) [Gb/s] (4 MHz L0) [Gb/s] per FE [Gb/s]

Layer 0 3.97 - 5.12
Layer 1 0.89 - 2.56
Layer 2 0.52 2.08 5.12
Layer 3 0.32 1.28 2.56
Layer 4 0.22 0.88 1.28
Ring 0 2.15 - 5.12
Ring 1 1.07 - 2.56
Ring 2 0.65 2.60 5.12
Ring 3 0.39 1.56 2.56
Ring 4 0.27 1.04 1.28

Tab. 4.1. Data rates for pixel barrel layers and for the forward rings for 1 MHz
and 4 MHz Level 0 trigger (L0) accept rate. The rates are averages per event,
considering for each of the layers the the module receivig the highest hit rate. The
selected nominal data rate per front-end (FE) chip is also indicated [7]. High-speed
links are required in every sector of the detector, making the data transmission
challenging.

For the hybrid pixel detectors, the ITk collaboration was planning to

manage high-speed transmission by a custom active cable solution and us-

ing radiation-hard integrated circuits, called Aggregator chip and Equalizer

1The Level 0 trigger of the ATLAS detector is the first trigger used to select interesting
events. It acts on-line and it is hardware based, made of FPGAs evaluate data from the
ATLAS calorimeters and muon tracker, before the data is stored [8].
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chip [7], used to combine data on a single line, with a total bandwidth of

5.12 Gb/s. The lpGBT chip [101] is now being considered as a possible solu-

tion to pack and transmit data. The length of the link to the first aggregation

chip is currently under discussion.

The actual prototype of the hybrid ATLAS front-end chip, the RD53A [45],

can output its data with four 1.28 Gb/s lines, achieving a maximum output

bandwidth of 5.12 Gb/s, if all the four outputs are used. The Aggregator chip

or the lpGBT, will combine four outputs into a single one. The four links

could come from a single front-end or from a module of four chips, as shown

in Fig. 4.1. The price to pay for this solution will be an increased number of

lines (four serial lines and one additional power line for the Aggregator chip).

The path length for data transmission is not fixed yet, and several cable types,

such as flex PCBs, twin-ax cables and twisted pairs cables, are considered

for the electrical transmission over a combined length up to 8 m [42], before

converting the signal into optical. A different approach has been adopted for

Fig. 4.1. Examples of possible aggregation strategies for the high-speed data
transmission links [7].

this project, aiming to embed in the sensor a driver capable of coping with

the maximum expected data rate of 5.12 Gb/s. This solution would be an

advantage in terms of system integration, with a reduced number of lines.

Besides, it would exploit the MALTA architecture, which can aggregate sig-

nals from different chips. For this scope, the LAPA driver has been designed

(Sec. 4.3).
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Parameter Description Min Max Nominal
VOH Output voltage high - 1475 mV -
VOL Output voltage low 925 mV - -
VODIFF ± | VOH − VOL | ±200 mV ±400 mV -
VOCM (VOH + VOL)/2 - - 1200 mV

Tab. 4.2. Main DC parameters of the LVDS standard.

4.2 LVDS Standard and the Pseudo-LVDS

The Low Voltage Differential Signal (LVDS) is a standard [102] which

specifies a process-technology-independent low-voltage (less than 1 V swing)

point-to-point signal interface.

The LVDS allows transmitting signals at high-speed and low power consump-

tion. Industry standards define the specifications of LVDS and M-LVDS

technologies in ANSI/TIA/EIA-644A and ANSI/TIA/EIA-899, respectively.

Fig. 4.2 shows how an LVDS point-to-point interface is realized.

100 Ω

Via

Vib

Voa

Vob

A

B

A'

B'

DRIVER INTERCONNECT RECEIVER

Fig. 4.2. LVDS driver-receiver point-to-point interface.

Some of the DC specifications of a standard LVDS driver are presented in

Tab. 4.2. The binary differential output is defined by the sign of the differ-

ential output voltage VODIFF = Voa − Vob = ± | VOH − VOL |, where VOH and

VOL are the two possible states of the nodes A and B (Fig. 4.2). The output

common mode voltage is defined as VOCM = VOH+VOL

2
, corresponding to the

average of the voltages at each of the two output nodes, if a DC balanced
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signal is transmitted. In this project, the nominal power supply is 1.8 V.

The standard common voltage of an LVDS transmitter is around 1.2 V, which

may compromise the operation of PMOS transistors at high-speed, as a re-

duced margin on the drain-source voltage VDS would impose relatively high

width over length ratios for the transistors, hence an increase of parasitic ca-

pacitance [57]. According to the standard, LVDS receivers can accept a wide

range of the input common mode voltage, from 0 V to 2.4 V, because AC

coupled interfaces are used frequently, and the design of wide input range

receivers is not critical. For these reasons, the specification of VOL, VOH

and VOCM have been adjusted in this project following a ”pseudo-LVDS”

approach, lowering VOCMto 0.8 V.

4.3 The ”Pseudo-LVDS” Driver

In this Section, the pseudo-LVDS for the ATLAS Pixel Apparatus

(LAPA) driver is presented. The circuit is capable to drive up to 6 mA,

at a maximum data rate of 5 Gb/s with low power consumption. It includes

a capacitively-coupled pre-emphasis circuit, which can be tuned to achieve the

target performance and optimize the power consumption. At maximum data

rate and maximum pre-emphasis strenght, the driver consumes up to 30 mW

(Tab. 4.7). A brief analysis of the ALPIDE pseudo-LVDS driver (Sec. 4.3.1)

introduces the challenges that have been addressed with the LAPA design.

The final driver will then be presented in Sec. 4.3.2, with highlights on some

of its components: the main driver and on the pre-emphasis circuit (Sec. 4.3.5

and Sec 4.3.6). The design and simulations of the driver have been published

in the reference [5].

4.3.1 The ALPIDE Pseudo-LVDS Driver

The pseudo-LVDS driver implemented in the ALPIDE chip [97] was taken

as reference for this design. The circuit is capable to transmit data up to

1.2 Gb/s over a ∼ 6 m long differential transmission line, by steering a max-

imum current of 5 mA. As already mentioned in Sec. 3.2, ALPIDE and its
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(a)

(b)

Fig. 4.3. The ALPIDE main driver and pre-emphasis (P-E) circuits (a). The out-
put pads are the High Speed Data HSDATA P and HSDATA N , on the ALPIDE
pinout in (b) [97].

driver are based on the same 180 nm CMOS technology node used for this

project.

The schematic of the main driver H-bridge is shown in Fig. 4.3, together

with the Pre-Emphasis circuit (PE) [103] and the Common Mode FeedBack

(CMFB) loop circuit.

The output current of the H-bridge is defined by the bias voltage VBND,

while the CMFB can lock the output common mode voltage VOCM con-

trolling VBCMFB. The PE is an additional H-bridge, connected in parallel to

the main one, which is active only when the signal is commuting to improve
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rise and fall time. A simplified scheme of the main circuit is described later

in Sec. 4.3.4.

The measured signal-integrity performance matched simulations [104]. The

first implementation of the driver block operates at 4.3 mA current. With

pre-emphasis, the overall consumption ranges between 26 and 38 mW, de-

pending on the data rate. A significant part of its power consumption is

given by the single-ended to differential block (STD) [104], which is made of

CMOS inverters converting the signal from single-ended to differential and

driving the H-bridge. This circuit works at the frequency of 1.2 Gb/s with a

rail-to-rail voltage swing, and it drives a considerable capacitive load (∼ pF).

In the final iteration of the design, the optimization of this block reduced the

total consumption between 15 mW and 25 mW, with a contribution of the

STD block between 2.2 mW and 4.2 mW [104].

The Data Transmission Unit (DTU) of the chip includes a Phase Locked

Loop (PLL), a Serializer and the above described pseudo-LVDS driver.

The ALPIDE chip consumes about 20 mW/cm2 in the outer layers and

40 mW/cm2 in the innermost, where the hit rate is the highest. The mat-

rix consumes only < 7 mW/cm2, thanks to the low input capacitance of the

small collection electrode (Sec. 2.9.2). The power consumption for each of the

blocks of the ALPIDE chip is summarized in the graph in Fig. 4.4. The DTU

consumes almost half of the total chip power consumption, reaching about

68 mW [51]. The localized power consumption of the transmitter results in

a hotspot in the chip, which is visible in the thermal image in Fig. 4.4.

A considerable increase of the driver power consumption is expected mov-

ing to the ITk data rate requirement of 5.12 Gb/s (Tab. 4.1). For this reason,

studies on different transmitter topologies have been carried out (Sec. 4.3.4),

aiming to limit power consumption at high-speed.

4.3.2 Driver Design Overview

The layout of the LAPA driver is shown in Fig. 4.11. Four main compon-

ents, highlighted in the figure, are integrated into an area of 240× 285µm2,

with the same 120µm2 pad pitch adopted in the MALTA chip:
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Fig. 4.4. The power consumption of the different blocks of the ALPIDE chip
(a). The chip can work as Master or Slave. In the latter, the DTU is not active.
The higher hit rate in the inner layer causes higher power consumption. The
transmitter consumes up to ∼ 40% of the total power. (b) Thermal image of the
ALPIDE chip in operation. The hotspot corresponds to the DTU location in the
chip [100].
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PAD
P

PAD
N

INPUT

Fig. 4.5. Layout of the LAPA driver with some relevant components highlighted:
in yellow the seven main drivers, in orange the ESD protections, in light blue
the common mode voltage feedback amplifier, in green the sixteen pre-emphasis
circuits. The physical implementation is shown on the right.

� 7 parallel main drivers, based on an H-Bridge (Sec. 4.3.5) with switch-

able current sources, which can steer a maximum output current IL of

∼ 6 mA;

� 15 selectable pre-emphasis blocks (Sec. 4.3.6), made of capacitively-

coupled charge injection circuits, used to tune the signal rise/fall time;

� a tunable common-mode feedback circuit;

� an ElectroStatic Discharge (ESD) protection circuit, to prevent dam-

ages in the circuit from the input pads.

The number of active main drivers units can be adjusted to reduce switch-

ing capacitance and static current, hence power consumption, if a smaller

current swing can be tolerated by the application. The specifications of the

driver are summarized in Tab. 4.3.

The optimization of power consumption and signal integrity has been
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Spec. Min. Max. Nom.
VOCM - - 0.8 V
VODIFF ±0.24 V ±0.6 V ±0.4 V
IL 0.8 mA 6 mA 4 mA
Bit Rate - 5 Gb/s -
Power - 30 mW 22 mW

Tab. 4.3. The specifications of the LAPA driver, considering a 100 Ω differential
termination and a 1 pF Cload per output pad. The nominal and maximum power
consumption are evaluated for a 2.5 GHz clock output, at the half and the full
pre-emphasis strenght, respectively. In Tab. 4.7, a detailed power consumption
summary is shown.

achieved with a full custom design, post-layout simulations2, and innovative

circuit solutions. After same power consumption considerations, in Sec. 4.3.4

a summary of the preparatory topology studies, performed to design the

LAPA H-bridge, is presented.

4.3.3 Power Consumption Considerations

To implement a topology which allows high-speed data transmission with

relatively low power, one has to identify the dominant parameters affect-

ing the power consumption. An ideal current-steering differential driver is

dominated by the static power dissipation over the load resistance. The cur-

rent required to charge the capacitive output load of the H-Bridge is always

available, so the dynamic power contribution is negligible. The H-Bridge

transistors steering the current through the load usually have a considerable

area, in order to drive a current of ∼ 4 mA. The large area transistors have

a high parasitic capacitance at the gate. Assuming the transistor working in

triode region [57], the gate capacitance can be approximated as

Cgs =
1

2
CoxLW + CovW (4.1)

2The post-layout simulation includes an electrical model of the routings in an integrated
circuit, which are extracted by the design tool. It usually uses RC electrical models.
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where Cgs is the parasitic capacitance between gate and source of the MOS,

Cox is the gate oxide capacitance per unit of area, Cov the overlap capacit-

ance per unit of length, L the length of the MOS channel, and W the channel

width [57].

As other circuits, made of inverters working as buffers, drive these transist-

ors (see the STD block in Sec. 4.3.1), it is essential to consider the dynamic

power consumption due to the charging and discharging of their gate capa-

citance Cgs. The static power consumption of these driving inverter circuits

is negligible, as here the short circuit current is limited by the fast rise/fall

time (∼ 100 ps) [105].

The total power consumption can be summarized as

PLVDS = Pdynamic + Pstatic (4.2)

where Pstatic represents the contribution of the static current over the

load, and Pdynamic refers to the power needed by the inverters driving the

H-Bridge. With a good approximation, the dynamic power consumption

increases linearly with the switching rate f and the gate capacitance (∼
CoxLW ), and with the square of the voltage swing VH − VL :

Pdynamic ≈ fCOXLW (VH − VL)2 (4.3)

where the contribution of the overlap capacitance Cov (Eq. 4.1) has been

neglected. The static power consumption of the H-Bridge can be simply

calculated considering the static current Istatic, flowing from power supply to

ground:

Pstatic = DVDD Istatic (4.4)

being DVDD the power supply voltage. The static power consumption is

constrained by the technology, which imposes the power supply, and the spe-
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Fig. 4.6. Topology A, corresponding to the H-Bridge of the ALPIDE main driver
(a). Topology B: four transistors operate as current sources in a H-Bridge structure
(b).

cific application, which sets the desired voltage swing (VODIFF = RLIstatic).

At high frequency, the dynamic power consumption may become dominant,

as it depends on f . For this reason, it should be limited by the design ap-

proach. The use of small switches improves the dynamic power consumption,

hence overall speed for a given driving capability. However, the minimum L

is set by the technology (180 nm in this particular case), and the W cannot

be arbitrarily reduced, as the transistor of the H-Bridge should stay in satur-

ation [49] as much as possible during the signal transition, from VH to VL or

vice-versa, for high-speed operation. A considerable saving on Pdynamic would

be achieved, reducing VH− VL, as the power increases with the square of the

voltage swing. In this case, the limitation is again given by the operation of

the transistor and its driving capability.

4.3.4 Preparatory Topology Studies

Two possible H-Bridge topologies have been studied to achieve the final

design of the LAPA driver. The topology A corresponds to the one of the

ALPIDE pseudo-LVDS, which is taken as reference for what concerns power

consumption. The schematic used for simulations is presented in Fig. 4.6a.

M6 and M4 are the current source of the H-Bridge, M1, M2, M3 and M5
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MOS W [µm] L [µm] Area[µm2] mult. AreaTot[µm2]
M0 10.15 0.18 1.827 1 1.827
M1 10.15 0.18 1.827 1 1.827
M2 28.65 0.18 5.157 1 5.157
M3 28.65 0.18 5.157 1 5.157
M4 1 1 1 80 80
M6 18 1 18 160 2880

Tab. 4.4. Area of the transistors used in topology A.

steer the current on a resistive load, forming the output voltage VODIFF.

Complementary CMOS (rail-to-rail, from power supply to ground) signals

drive the two branches of the bridge.

The topology B is shown in Fig. 4.6b. Here four transistors are used

as current sources. The gate voltage VG is switched between two different

voltage levels, VnH(VpL) and VnL(VpH) which define on current ION and the

off current IOFF respectively, for the NMOS (PMOS) transistors. The output

current IL flowing on the resistive load RL is

IL = ±(ION − IOFF) (4.5)

with the sign depending on the input data and considering the same

IOFF and ION for NMOS and PMOS, which is achievable tuning the gate

voltages. IOFF avoids to switch-off the transistors, improving the speed with

a little increase on static power consumption, due to an increase of the static

current. In the two branches, IOFF will constantly flow from power supply to

ground, thus

Is = IL + 2IOFF. (4.6)

Simulations have been performed with a purely resistive load of 100 Ω and

a VODIFF of ±200 mV to compare a preliminary version of the two designs.

The resulting designs are summarized in Tab. 4.4 and Tab. 4.5.

The designs are preliminary topology evaluations, as simulations do not
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MOS W [µm] L [µm] Area[µm2] mult. AreaTot[µm2]
M0 5.73 0.18 1.03 1 1.03
M1 5.73 0.18 1.03 1 1.03
M2 14.3 0.18 2.57 1 2.57
M3 14.3 0.18 2.57 1 2.57

Tab. 4.5. Area of the transistors used in the topology B.

WL(input) VH VL (VH − VL)2

[µm2] [ V] [ V] [ V2]

A 6.98 1.8 0.0 3.24
B 3.60 1.4 0.4 1.00

Tab. 4.6. Comparison of the parameters influencing the dynamic power consump-
tion for the two topologies. All the parameters favour the topology B, in terms of
power consumption.

include parasitic components in the output load, and the swing is reduced,

with respect to the ITk specification. However, they provide a reliable indic-

ation of the area saving of the topology B. Just removing the bias transistors,

saves ∼ 3000 µm2. The bias transistors M6 and M4 of the ALPIDE topology

need to be very large indeed, to limit their VDS and keep relatively small the

switching transistors, hence reducing their gate capacitance Cgs.

Comparing the dynamic power of topology B with respect to A, the capa-

citance of the gates Cgs, which have to be driven by CMOS inverters [57],

is reduced by a factor two (transistors area from ∼ 7µm2 to ∼ 3.6µm2),

and (VH − VL)2 is reduced by a factor three. Both the area and the dynamic

power consumption favour the topology B.

Following this study, the design effort was focused on topology B. It is im-

portant to analyse in details the schematic, elaborating the dynamic and

static power consumption formulas:

PdNMOS = fCOXLWn(VnH − VnL)2 (4.7)

PdPMOS = fCOXLWn(VpH − VpL)2 (4.8)
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Ps = DVDD(IL + 2IOFF) (4.9)

where PdNMOS and PdPMOS are the dynamic power required to drive the

NMOS and the PMOS transistors, respectively. For simplicity the following

analysis is carried out for the NMOS only, as the PMOS case is similar and

can be treated analogously. To act as current sources, all the four transistors

must be kept in saturation to control their drain source current IDS:

IDS ≈
1

2
µnCOX

Wn

L
(VGS − VTh)2(1 + λVDS) (4.10)

with µn the electron mobility, VTh the transistor threshold voltage, and λ

the channel-length modulation parameter [49]. If we apply this Eq. 4.10 to

ION and IOFF:

ION =
1

2
µnCOX

Wn

L
(VnH − VTh)2(1 + λVOH) (4.11)

IOFF =
1

2
µnCOX

Wn

L
(VnL − VTh)2(1 + λVOL) (4.12)

As VODIFF = RLIL is fixed by the specification, and because of Eq. 4.5,

ION will depend on IOFF, which has to be properly designed. The choice of

IOFF is a compromise of the following considerations:

� increasing IOFF increases the static power consumption;

� increasing IOFF increases the VnL, reducing the dynamic power con-

sumption (Eq. 4.10).

� for a given Wn, the saturation condition must be satisfied, limiting the

increase of VnL.

A comparison between the estimated power consumption (

Eq. 4.2, 4.3, 4.4) and the simulation results is given in Fig. 4.7. With

a negligible offset, the trend of the simulated power consumption matches

the one expected from the equations presented here, validating the model.

In Fig. 4.8, the simulated dynamic power consumption for different con-

figurations of transistors, with different width W and off current IOFF, is
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Fig. 4.7. Comparison of the power consumption evaluated with Eq. 4.7, 4.8
& 4.9, in orange, and simulated, in green. The trend of the power consumption
is the same in both cases, validating the model.

shown. In the figure, the arrows indicate the minimum of the dynamic power

consumption for each value of IOFF, confirming that the transistor’s width

can be tuned to improve the power consumption, as the equations indicate.

However, the improvements are marginal, and the smallest transistor width

should be chosen to reduce the area and ease the design of the voltage biases,

which is critical. Indeed, voltages need to be buffered and selected using

transmission gates [106] [57], which will be traversed by a considerable cur-

rent (∼ mA), as shown in Fig. 4.9.

Large area transistors must be used to limit the voltage drop across these

switches, with a severe increase on the dynamic power consumption given by

the drivers of this large transmission gates. For this reason, a improved ver-

sion of this topology was adopted for the design of the LAPA driver, avoiding

bias buffers and transmission gates, as described in the next section.

4.3.5 The Main Driver

The H-Bridge of the LAPA driver combines the advantages of an IOFF

current improving the speed, with switches integrated into the H structure.

In Fig. 4.10, the LAPA driver H-Bridge schematic is shown. Each half branch
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Fig. 4.9. Transient current which should be provided by the voltage buffers to
bias two of the reference voltage of the H-Bridge B: VpH (yellow) and VnH(red).
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Fig. 4.10. Schematic of the LAPA H-Bridge and its operating principle: if DATA+
is low and DATA- is high, IL will flow from the positive branch to the negative [5].
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of the H-Bridge has a three transistor circuit that acts as a switchable current

source: the transistor defining IOFF (e.g. M2) is in series with the transistor

defining ION(e.g. M1). Another transistor (e.g. M5), operated as a switch, is

in parallel with the transistor defining the OFF current. When the switch is

in the off state, the half branch output current is limited to IOFF, and when

it is on, the output current is equal to ION.

This scheme, with respect to the ALPIDE case, avoids current sources in

series with the H-bridge, resulting in a larger operating margin above sat-

uration, allowing a reduction in transistor size (width). In addition, the

switching transistors (M5, M6, M12, and M13) are driven by CMOS inverters,

removing the transmission gates used in the topology B in Sec. 4.3.4. These

switching transistors are relatively small and do not need large drivers, lim-

iting the increase of dynamic power.

Referring to the schematic shown in Fig. 4.10, IOFF is defined by the voltage

references VpH (M4-M10) and VnL (M2-M13); ION instead is defined by the

voltage references VpL (M3-M9) and VnH(M1-M7). The LAPA driver, which

integrates seven parallel H-Bridges, is optimized to operate with a400 mV

output differential voltage VODIFF and a common mode voltage VOCM equal

to 0.8 V. A feedback amplifier allows locking the VOCM, setting the VpL of

an arbitrary number of main driver units, and, therefore, the PMOS ION.

Each H-Bridge is optimized to drive an IL of 0.8 mA. In nominal condi-

tion (Tab. 4.3) five blocks will provide a total current of 4 mA to the load.

Simulations have been performed in several operational corners, including

laboratory and experimental area temperatures, of 25 ◦C and −30 ◦C, re-

spectively, with power supply tolerance of ±10%. The modular approach of

the design is used to optimize the circuit performance depending on corners.

The number of active units can be adjusted to drive the required static cur-

rent, hence optimizing the dynamic power consumption, if a smaller voltage

swing can be tolerated.

The driver is designed to receive a CMOS signal as an input. A single-

ended to differential block is integrated into each of the seven H-Bridges, as

shown in the layout in Fig.4.11. Post-layout parasitic extracted simulations

were used to fine-tune the design of the full custom CMOS inverters, which
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Fig. 4.11. Layout of the LAPA H-Bridge and the STD [5]. The single-ended
signal, routed in violet at the centre of the layout, is converted to differential and
routed symmetrically to the two branches of the bridge. The seven blocks share
the output node on the brown metal left and right sides of the picture.

guarantees a balanced signal rise/fall time and synchronization between the

positive and negative output branches. A careful routing prevents crosstalk.

The branches of the seven parallel blocks are connected to the output pads

and protected from ESD with diodes.

4.3.6 Capacitively Coupled Pre-Emphasis

Waveforms at high-speed can be improved, in terms of rise/fall time, by

applying a pre-emphasis to the signal using a capacitively-coupled charge in-

jection circuit [107]. A similar approach has been developed in the VeloPix

chip for the LHCb experiment upgrade [108].

LAPA integrates 16 independent capacitively-coupled charge injection cir-

cuits, which can be activated or not. Many pre-emphasis strategies use a

duplicated driver which operates during level transitions only [97] [103]. The

scheme used in this project (Fig. 4.12) does not imply the use of additional

logic or duplicated output drivers. It uses the input signal transitions, and

does not require additional clocking, reducing area and power consumption.

Each of the 16 independent circuits consists of a custom CMOS buffering

stage, driving a coupling capacitance of 25 fF. The pre-emphasis strength is

then tunable, to optimize the performance in terms of speed and dynamic
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Fig. 4.12. Schematic of the pre-emphasis circuit, highlighted in red [5]. An invert-
ing stage is directly capacitively coupled to output pads. The input is shared with
the main driver. The blue arrows represent the charge injection, which improves
the signal rise/fall time.

power consumption.

The timing of the charge injection, with respect to the H-Bridge operation,

has been tuned with post-layout simulations, to achieve the minimum rise/fall

time. The 16 circuits are embedded in between custom output pads, as shown

in Fig. 4.13. A 3D view of the capacitor is shown in Fig. 4.14: the bottom

metal of the output pad (gold) constitutes one of the plate of the charge

injection capacitor, while the metal below (pink) is divided in smaller plates,

driven by the inverters of the different pre-emphasis blocks.

In Fig. 4.15, the output eye-diagrams of the LAPA driver with a 5 Gb/s

Pseudo Random Bit Stream (PRBS) input, and different pre-emphasis

strengths are shown. The rise/fall time reduces increasing pre-emphasis

strength. The number of active blocks can be adjusted depending on the

load to improve the eye-opening, which might be reduced by the oscillation

caused by the parasitic inductance of the load. This effect increases with a

larger coupling capacitor. In the simulated scenario, the best waveform is

obtained using eight active blocks.
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Fig. 4.13. Detail of the layout of two of the 16 pre-emphasis blocks (highlighted
in green), integrated into the LAPA driver: the data is transmitted from the input
line (red), converted to differential with an STD circuit and driven to metal 4
(blue) capacitively coupled with the metals of the output pad (brown).

Fig. 4.14. 3D view of the coupling capacitor driven by the pre-emphasis blocks.
In pink the bottom plates of the capacitors, in gold and silver the two metals of
the output pads. The gold layer forms the second plate of the capacitors. The
layer thicknesses are not to scale.
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Fig. 4.15. LAPA driver eye diagrams with zero (a), eight (b) and sixteen (c)
active pre-emphasis blocks. The input signal is a 5 Gb/s PRBS. The circuit is
simulated with extracted parasitics (R and C), a capacitive output load of 1 pF
for each of the pads, and a 100 Ω differential termination resistor. An inductive
model of wirebonds is included, which causes the signal oscillations. An acceptable
eye-opening is obtained with half of the available pre-emphasis strength (b).
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Fig. 4.16. Comparison of the 0 V crossing time, for the eye diagrams in Fig. 4.15.
In the case of zero pre-emphasis two crossing points are measured. The peak-
to-peak jitter shows a little improvement from zero pre-emphasis (∼ 18 ps ) to
maximum pre-emphasis (∼ 14 ps). The reduced rise/fall time at high pre-emphasis
shifts the mean value to the left.



154 The ”Pseudo-LVDS” Driver

Pre-Emphasis 1.28 Gb/s 5 Gb/s
0 9.5 mW 14.6 mW
4 10.6 mW 18.8 mW
8 11.6 mW 22.8 mW
12 12.6 mW 26.6 mW
16 13.6 mW 30.0 mW

Tab. 4.7. Simulated power consumption in for different data rates and number
of active pre-emphasis blocks. The static power consumption is 7.2 mW. The
dynamic power consumption increases with the frequency and the number of active
pre-emphasis blocks.

Besides, the modular approach adopted allows saving power, as reducing the

number of active blocks to the minimum necessary for an acceptable eye dia-

gram, will reduce the power consumption. In Tab 4.7, a summary of the

driver power consumption, in different scenarios, is presented. The simula-

tions show that using eight of the available modules improve the eye diagram,

and allows to save about 7 mW with respect to the maximum pre-emphasis

configuration. The optimal configuration may vary, depending on the load.

4.3.7 Integration into the MALTA Chip

DACs

0 1 39... ...

Fig. 4.17. Detail of the LAPA array, embedded into MALTA. Pads are visible in
light blue. The DACs are placed on the left side. The pads are used to power the
drivers and the DACs, independently from the rest of the chip. The bottom pads
are the data output pads
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40 LAPA drivers have been integrated at the bottom of the matrix of

the MALTA chip (Sec.3.5). The array of drivers includes staggered power

pads and 4-bit DACs to bias the circuit, as shown in Fig. 4.17. The control

of the H-Bridges, the pre-emphasis circuits, and the common mode voltage

feedback is shared between the 40 drivers. A dedicated power domain is used,

to avoid noise injection on the digital power supply domain, due to the fast

switching of the CMOS inverters integrated into the driver.

4.4 LAPA Receiver
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Fig. 4.18. Schematic of the LAPA receiver. A NMOS and a PMOS differential
pairs [57] working in parallel constitute the first stage. The IOFF current improves
the speed of the two differential pairs. The signal is translated to single-ended
rail-to-rail by balanced current mirrors and repeated afterwards with a CMOS
buffering stage.

A 5 Gb/s LVDS receiver has been designed to be implemented in a test-
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chip, together with the LAPA driver. In Fig. 4.18, a simplified scheme of the

block is presented. The input stage of the receiver is made of two parallel

differential pairs, one based on PMOS (M1 - M2) and one on NMOS (M8

- M9). The use of two complementary branches improves the tolerance to

common mode and voltage swing variations. An additional off current IOFF

is injected into the diode-connected loads (M3, M6, M10, M13) of the input

stages, to avoid these transistors and the one in the second stage to switch

off, hence improving circuit speed.

The largest portion of the total area is occupied by the current sources of the

differential input. The current mirrors of the second stage convert the differ-

ential signal to single-ended (node A). Both PMOS and NMOS branches con-

tribute in charging and discharging the same node A. The last custom CMOS

buffering stage can drive up to 20 fF at the maximum data rate 5 Gb/s, with

a rail-to-rail voltage swing.

The circuit has been optimized for the same pseudo-LVDS signal of the LAPA

driver (Tab. 4.3). The nominal input common mode voltage is VICM = 0.8 V

and the nominal differential input voltage is VIDIFF = ±400 mV. At lower

speed, the receiver is compatible with standard LVDS (Sec. 4.2), and could

tolerate a different VICM and a reduced input voltage swing.

In simulations, the receiver shows a peak-to-peak jitter of ∼ 15 ps at

5 Gb/s (Fig. 4.19), with a low static and dynamic power consumption of

3.7 mW and 1 mW respectively. The simulated jitter is similar to one

achieved by the LAPA driver. However, the distribution of the jitter is not

Gaussian, indicating that there is a deterministic source of jitter. Two cross-

ing points are measured in eye diagram, which are caused by Inter Symbol

Interference (ISI)3 [109]. Detailed simulations of the circuit demonstrated

that the two crossing point are generated by the two differential pairs at the

input of the receiver. The plots in Fig. 4.20 demonstrate that transmitting

consecutive pulses of minimum width (i.e. code 1010) does not allow the re-

ceiver to achieve the same voltage levels of a code with one bit flip (i.e. code

0001). Although the total jitter is very low, the deterministic jitter caused by

3The Inter Symbol Interference is a distortion of the signal. One symbol influences the
subsequent ones
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Fig. 4.19. Simulated output eye diagram of the LAPA receiver, with a 5 Gb/s
PRBS signal. The input common mode voltage is VICM = 0.8V and the input
differential voltage is VIDIFF = ±400mV . The peak-to-peak jitter is ∼ 15 ps, on
a capacitive output load CL = 20 fF. Two crossing points are visible, caused by
Inter Symbol Interferacen (ISI).

the ISI of the receiver affects the measurements performed with the testchip,

as shown in the following section.

4.5 LAPA Test-Chip and Measurements

To test the performance of both the driver and the receiver, a testchip has

been designed and produced in the STREAM engineering run (Fig. 3.5). The

layout of the chip is shown in Fig. 4.21: on the left side 10 data transmission

channels repeat the signal from the input to the output; on the right side,

several control and bias pads are used to configure the circuit. The chip area

is 5× 1.67 mm2 large.

The schematic of a single data transmission channel is shown in Fig. 4.22.

Each channel can use as a 1.8 V CMOS receiver or the LAPA receiver, al-

ternatively. Similarly, a CMOS/LAPA driver can be selected as output. The

in-chip data transmission is single-ended and the path is shared between the

two I/O formats. Dedicated power pads at the input and output of the chan-
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Fig. 4.20. The simulated eye diagram of two different codes (1010 and 001),
injected into the receiver at 5 Gb/s, and measured at the output of the differential
pair stage of the receiver. Referring to the schematic in Fig. 4.18, (VNA − VNB)
and (VPB − VPA) are plotted, in the top and bottom plot respectively. In both
cases, the simulations show two crossing points, indicating that the first stage
causes ISI.
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Fig. 4.21. Layout of the LAPA testchip. Pads are visible in white [5].
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Fig. 4.22. Schematic of a data-path channel and its physical implementation [5].
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nel prevent voltage drop on the power lines. Full custom buffering stages and

routings have been designed using post-layout simulations.
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Fig. 4.23. Simulated eye diagram at the output of the LAPA pseudo-LVDS
testchip [5]. The input signal, which is a 5 Gb/s PRBS with VICM = 0.4 V,
50 ps of rising/falling time, and VICM = 0.8 V, is sent to the LAPA receiver, and
measured at the output of the LAPA driver. The simulated peak-to-peak jitter is
45 ps.

The simulated output eye diagram of the LAPA testchip at 5 Gb/s is

shown in Fig. 4.23, achieving a peak-to-peak jitter of around ∼ 45 ps. The

simulation has been performed including post-layout parasitics, for what con-

cerns the driver and receiver. A simplified model of the CMOS buffers chain

and of the power supply network has been used. The deterministic jitter

introduced by the receiver causes a degradation of the eye diagram at the

output of the the driver, with respect to the simulation of the stand-alone

driver. Multiple crossing point are now visible indeed, while the simulation

of the driver alone shows one crossing point only (Fig. 4.20).

Fig. 4.24 shows the simulated eye diagrams at the output of the testchip

for some isolated codes, transmitted at 5 Gb/s, together with eye diagram of

pseudo random bit streams at 5 Gb/s and 2.5 Gb/s. The deterministic jit-

ter introduced by inter-symbol interference of the receiver is now increased,
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Fig. 4.24. Simulated eye diagrams at the output of the LAPA pseudo-LVDS
testchip. Different codes, transmitted at 5 Gb/s, show different crossing points
(top), demonstrating that the output of the driver is affected by ISI, as expected
from the simulations of the receiver (Fig. 4.20). The crossing points of the isolate
codes are visible in the 5 Gb/s PRBS eye diagram (middle), while the 2.5 Gb/s
PRBS eye diagram (bottom) shows random jitter only.
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with the crossing points of the codes 0001 and 1010 more separated in time.

This is caused by the combination with the random jitter introduced by the

transmission line and the driver.

The eye diagram at 2.5 Gb/s does not show deterministic jitter, demonstrat-

ing that the 200 ps width pulses cause ISI at the receiver.

(a) (b)

Fig. 4.25. The LAPA testchip carrier board (a), with a detail of the chip assembled
(b).

The chip has been assembled on a carrier board and tested with input

differential PRBS at different data rate, from 2 Gb/s (Fig. 4.26a) to 5 Gb/s

(Fig. 4.26b). The output signals have been probed on an external 100 Ω ter-

mination resistor. The eye diagrams confirm the performance expected from

simulations, with a total jitter larger than expected (107 ps peak-to-peak at

5 Gb/s, with respect to the 45 ps from simulation). The histogram of the

jitter at 5 Gb/s shows several deterministic peaks, while the one at 2 Gb/s

shows a gaussian distribution, in agreement with the simulations in Fig. 4.24.

As the distance of the peaks of the deterministic jitter (∼ 55 ps) is compatible

with the simulated jitter (∼ 45 ps), the simulations seems to be sufficiently

accurate to describe the deterministic behaviour of the circuit. However,

the mismatch with the simulated total jitter can be caused by the use of

a simplified model of the power network and of the CMOS buffering chain.

The configuration of the chip during the measurement and the PCB traces

could be an additional source of random jitter. Moreover, the carrier does

not include a termination resistor, which was mounted on a auxiliary board

interfaced with coaxial cables, which might degrade the signal.
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Simulation of a full extracted chip could establish if the measured perform-

ance are degraded by the measurement setup. Additional test should be

performed on an improved version of the carrier board with shorter traces,

termination resistor, and AC coupling. Bit Error Rate measurements should

be performed as well to confirm that the degradation of the eye diagram at

5 Gb/s is acceptable.

The total power consumption of the chip at 1.28 Gb/s is 68.4 mW, when

working with one driver terminated and maximum pre-emphasis strength.

The power consumption of the driver only is equal to ∼ 10.5 mW, in agree-

ment with simulation in Tab. 4.7. The driver static power is ∼ 7.6 mW, with

only ∼ 3 mW of dynamic power consumption. This confirms the improve-

ment with respect to the ALPIDE driver, which consumes up to 25 mW at

the same speed of 1.28 Gb/s (Sec. 4.3.1). The results are confirmed by the

current drained by the dedicated LVDD power domain of the MALTA chip.

Each of the forty drivers embedded in MALTA consumes about 9 mW per

driver.

4.5.1 Test with a ATLAS ITk Flex Prototype

The chip performance has been tested transmitting data trough a flex

prototype designed for the ATLAS ITk, shown in Fig. 4.27. The simulated

AC analysis of its transmission lines, performed with ideal driver and receiver,

is also shown. The flex shows a considerable loss at DC of ∼ 2 dB, which

corresponds to an input resistance of around 20 Ω. The signal loss at 1.28 GHz

is of 15 dB. The results of the measurements are shown in Fig. 4.28. The

signal degradation is too high to transmit data at 5 Gb/s, as indicated by

the simulation of the flex model. Measurements have been performed at the

currently planned ITk single-channel data rate of 1.28 Gb/s (Sec. 4.1). The

flex shows a severe degradation of the signals at DC. The number of active

main driver units was increased from the nominal five to seven, supplying a

current of around 6 mA to achieve VODIFF = ±400 mV and compensate the

DC loss. The eye-opening at the output of the flex is much smaller than the

one at the input.
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(a) 2 Gb/s

(b) 5 Gb/s

Fig. 4.26. Measurements of the eye diagram of the LAPA testchip with histograms
of the jitter. The total peak-to-peak jitter is 64 ps at 2 Gb/s (a) and 107 ps at 5
Gb/s (b). Both measurement were performed with full pre-emphasis and 5 active
main drivers.
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(a)

(b)

Fig. 4.27. Prototype of the flex for data transmission in the ITk detector (a) with
the simulated AC response (b).

The collaboration is currently evaluating different option for data trans-

mission. The tested prototype shows a considerable degradation of the signal

in both DC and AC. The flex prototype was optimized to reduce the material

budget, which is critical in tracker detectors. The LAPA driver is capable of

transmitting data at 1.28 Gb/s over this cable, with a degraded eye-opening

diagram. However, both simulation and measurements indicate that the flex

design should be improved.

4.6 Summary

In this chapter, the pseudo-LVDS driver and receiver designed for the

ATLAS ITk have been presented. The driver is a critical block for what

concerns the power consumption and system integration. For this project, a

specification of 5 Gb/s has been considered, to cover the maximum expected

bandwidth of a sensor, with a single channel, reducing the number of links

(Sec. 4.1).
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(a)

(b)

Fig. 4.28. 1.28 Gb/s eye diagram at the input (a) and at the output (b) of the
flex prototype. The transmission lines considerably degrade the signal.

Extensive studies performed to reduce the driver power consumption have

been presented in Sec. 4.3.4. A modular approach has been chosen for the

design, allowing to adjust dynamic and static specifications of the driver, op-

timizing the power consumption depending on the requirements. The driver

implements a capacitively coupled pre-emphasis circuit to improve speed per-

formance (Sec. 4.3.6). The circuits have been integrated into the MALTA

chip (driver), into the MiniMALTA (driver and receiver), and on a dedicated

testchip, proving to meet the data rate specification with low power con-

sumption: ∼ 30 mW in the case of the driver (Tab. 4.7), and ∼ 5 mW in the

case of the receiver, both at the maximum data rate of 5 Gb/s (Sec. 4.5). The

output jitter measured on the testchip is about 107 ps, while the expected jit-

ter peak-to-peak of the stand-alone driver and receiver are about 10 ps . The

receiver and, thus, the testchip are affected by deterministic jitter, which, if

not acceptable by the application, might be solved in a second iteration of

the design of the receiver.

At the current ITk data transmission rate of 1.28 Gb/s, the driver consumes

about 10.7 mW. Tests with a prototype of the ITk cable have been success-

fully performed up to 1.28 Gb/s, which is the data rate used by the hybrid

solution for the ITk.



Chapter 5

Large Area Sensor and System

Integration

Pixel tracker detectors for high energy physics need to cover the largest

possible pseudo-rapidity with several layers, for efficient track reconstruction.

The next generations of trackers will need to cover a larger area with respect

to the current ones. While the ATLAS Pixel Inner Detector covers an area

of ∼ 1.7 m2 [8], the ITk proposal is to cover with the pixel barrels a surface

of 8.3 m2, of which 2.3 m2 constitute the outermost barrel [7].

The area covered by a single silicon pixel module is limited compared to the

full detector system. In the case of hybrid pixel detectors (Sec. 2.8), the

front-end chip is limited by the reticle size constraints (Sec. 5.1). This is

given by the CMOS foundries, with typical area sizes of the order of 4 cm2,

while the silicon sensors can be typically much larger (wafer scale). A hybrid

module consists of many front-end chips bump-bonded to a single sensor die,

with a planned module area of 16 cm2 for the ITk. Modules are usually glued

on a flexible printed circuit (flex), providing power and data connection, as

well as mechanical support.

DMAPS (Sec. 2.9) are made with industrial CMOS processes, with the sensor

integrated into the ASIC, and the reticle size limits their area. A CMOS mod-

ule, therefore, consists of a flex circuit and one or more chips. In Fig. 5.1,

a comparison between the cross sections of a hybrid pixel module and a
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monolithic pixel module is shown. A limiting factor for monolithic modules,

Wire-bondFlex

FE
Sensor

Stave surface

(a)

Wire-bondFlex CMOS Sensor

Stave surface

(b)

Fig. 5.1. Comparison between cross section of hybrid quad-module (a), and
a monolithic compatible quad-module (b) for ATLAS Inner Tracker Pixel De-
tector [7]

with respect to hybrids, is the not sensitive area given by the mechanical

distance between dies. Not sensitive areas are commonly indicated as dead

area. Therefore, reducing this area is a key concern for achieving large area

detectors.

Large area pixel detectors would as well reduce the material budget, as they

require fewer connections for data transmission and power, and the assembly

cost, as fewer modules can cover the same area. This chapter presents de-

velopments and studies performed with the MALTA prototype towards the

implementation of a large CMOS pixel detector module.

To minimize the dead area, different industrial dicing techniques have been

explored (Sec. 5.1), achieving a sharp chip edge at only ∼ 5 µm from the

sealring. The plan for the ITk pixel module is presented in Sec. 5.2. In

Sec. 5.2.2, the steps performed within this project towards the study of a

compatible monolithic pixel module are presented.

The use of DMAPS reduces the material budget, as the overall thickness is

reduced. Besides, the material budget includes also data and power lines. Hit
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transmission and merging between neighbouring chips could reduce intercon-

nections to the readout, hence simplifying module design, assembly, and the

overall material budget. With chip-to-chip data transmission, several chips

can work as a single sensor. In Sec. 5.3, the implementation of chip-to-chip

data merging and transmission, tested with the MALTA sensor. is described.

Chips working in a radiation environment have to be operated at low tem-

perature (e.g. −30 ◦C), to limit the increase of leakage current (Sec. 2.10),

thus avoiding thermal runaway. The cooling systems in trackers use liquid

or gas flowing in the mechanical supports, controlling the temperature of the

chip. Good thermal contact between the chip and the mechanics is needed to

transfer the heat efficiently. Microfabrication allows building microchannels

buried in the silicon substrate of DMAPS. In Sec. 5.4, the results of elec-

trical tests performed on a MALTA with embedded microfluidic channels are

presented, together with a brief description of the process.

5.1 Dead Area and Wafer Dicing

Placing two chips next to each other is the first step towards the assembly

of a large area pixel detector or a DMAPS module. In Fig. 5.2, the two sources

of the dead area in a module are sketched: the periphery, which is usually

at the bottom of the chip and does not integrate pixels, and the spacing

between matrices, indicated as active area gap in the picture. The periphery

area might be reduced, adopting a more scaled CMOS technology, which can

integrate the same functionalities in a smaller area. A proper tracker layout

can avoid track reconstruction inefficiency due to the periphery dead area,

overlapping to it a sensitive area of a second module. This is feasible as the

periphery is usually placed only on one edge of a chip, hence of a module.

Overlapping modules can also cover the active area gap between matrices.

The integrated circuits are surrounded by a guard ring (sealring), which is a

doped area preventing undesired current flowing from the broken crystal at

the edge of the die [33]. In silicon pixel detectors, this guard ring has to be

designed to work with the substrate biased at high voltages. Multiple con-

centric rings are used in hybrids for HEP (e.g., Fig. 2.13). Small collection
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Fig. 5.2. Drawing of the dead area in a CMOS module [7]. a indicates the
distance between two sensitive areas; g-g is the gap between the sealrings of the
two chips, and pg is the physical gap between the two silicon dies. The area of
the periphery is also part of the dead area.
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electrode DMAPS, such as MALTA, use relatively low voltages to achieve

full depletion. Therefore, fewer concentric rings are needed, hence reducing

the dead area. In Fig. 5.3, the cross section of the MALTA sensor sealring is

shown. It includes only one ring, for a total width of about 10 µm. CMOS

P= EPITAXIAL LAYER

+P SUBSTRATE

PWELL
DEEP PWELL

NWELL

ELECTRODE

PMOSNMOS

NWELL

PWELLPWELL

DEEP PWELL

PWELL

DEPLETED ZONE

TYPE IMPLANTLOW DOSE N-

MATRIXSEALRING (~30𝜇𝑚)

Fig. 5.3. Schematic cross section (not to scale) of the edge of the matrix, and the
sealring of the MALTA/MiniMALTA process. The leftmost p-well is used to bias
the substrate. The n-well of the sealring allows controlling the depletion volume
edges. It will ”compete” with the pixel electrode in collecting electrons coming
from outside the matrix and from the edge pixel as well. A simple ring is used, as
the substrate voltage is limited (< 50 V).

integrated circuits are produced in wafers of different sizes, reproducing mul-

tiple time the same pattern, called reticle, which can integrate one or more

chips. The process of separating the different chips from a wafer is referred

to as wafer dicing. During dicing, wafers are typically mounted on a dicing

tape, which has a sticky backing that holds the wafer on a thin sheet metal

frame. Several dicing techniques commercially available differ by through-

put, edge sharpness and cut accuracy [110]. An ideal dicing would make the

physical gap equal to the guard ring to guard ring gap (Fig. 5.2), bringing

the active area gap to the minimum allowed by the sensor technology. As

already commented in Sec. 3.3, the MALTA chip has been implemented in

an engineering run reticle, including eleven other chips. The dicing of such a
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structure becomes complex and expensive as it requires many steps to sep-

arate the chips.

Two dicing techniques have been explored with the MALTA chip: a blade

cutting and Stealth Laser Dicing [111]. In the first one the wafer, usually

already thinned, is placed on tape and cut using a blade. In Fig. 5.4, the

three steps adopted to separate the twelve chips of the STREAM reticle are

shown.

MALTA MONOPIX

TEST CHIPS

Fig. 5.4. Blade cutting dicing scheme of the STREAM reticle. The first step
(red lines) separates the MALTA, the Monopix, and the block of testchips at the
top of the reticle. After re-taping, the second (green lines) and the third (orange
lines) steps separate the testchips. For better clarity of the image, the schema is
superimpose to the reticle diced with Stealth Laser Dicing.

As the cuts partially overlap other chips, it is necessary to re-tape after

each step the parts that have to be cut, making the process expensive and
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slow. In the reticle of a final production run, the dicing schema should have

less scribe lines, as no testchips should be included. The scribe lines are

optimized to minimize the space between the edge of the MALTA die and

its guard ring. The minimum gap between the die edge and the sealring,

achieved with this technique, is about 21 µm.

The Stealth laser Dicing (SD)1 is a zero-waste, dry process which does not

require any cleaning. The stealth laser can be applied to multi-project-wafers

(MPW) or MEMS and various materials, as the dry process suits products

which have to be protected from water or contamination. SD is a two-stage

process. Firstly, the laser beam is focused in the inside of the workpiece

creating a so-called modified layer/SD layer. Secondly, in order to separate

the dies, an external force is applied to singulate the dies along the modified

layer. The cut is done following the reticle GDS-file2, achieving extremely

high accuracy. The chips are separated on tape.

In Fig. 5.6, the edges of a MALTA chip, diced with SD are shown. The cut

is 4 µm to 6 µm away from the guard ring, which is about 18 µm lower than

the best blade cut available. To calculate the total dead area, one has to

consider the matrix to sealring gap, which if fixed by the sensor design, and

the die to die gap, which is limited by the mechanical placing of the sensors.

In the MALTA case with SD cutting, the distance between the sealring and

the sensitive matrix is about ∼ 33 µm (∼ 51 µm from the centre of the

outermost pixel), as shown in the sealring cross section in Fig. 5.3. Typically,

a mechanical distance between chips of 20 µm can be achieved. The total

dead area would be 84 µm in the case of SD, and 120 µm in the case of blade

cut. The module should be designed to do not introduce additional dead

area. In the next section, a CMOS pixel module for the ITk is described.

1DISCO EUROPE https://www.dicing-grinding.com/services/laser/
2Graphic Database System (GDS) file is a format of the output of an integrated circuit

computer-aided design tool, to be sent to the foundry for production.
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Fig. 5.5. Detail of the edges of a MALTA chip, cutted using Blade dicing. The
edge of the chip is 21 µm to 27 µm away from the sealring, achieving a minimum
chip dead area of ∼ 52 µm (gap between chip edge and the matrix). In the figure,
the measuremnts 3 (top) and 2 indicate the distance between the chip edge and
the centre of the outermost pixel.
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Fig. 5.6. Detail of the edge of a MALTA chip cutted using Stealth laser Dicing.
The edge of the chip is 4 µm to 6 µm away from the sealring, achieving a minimum
chip dead area of ∼ 33 µm (gap between chip edge and the matrix). In the figure,
the measuremnt 2 indicates the distance between the chip edge and the centre of
the outermost pixel.
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5.2 ITk Pixel Module

The ATLAS ITk detector will be made of thousands of pixel sensors.

The basic unit composing the tracker is referred to as Pixel Module. In this

section, the concept of a CMOS monolithic pixel module, developed in this

project for the ITk detector, is presented. The baseline for this design is

the ITk hybrid pixel module, which is currently in prototyping phase in the

ATLAS community. The CMOS module should work as a ”drop-in” solution

for the detector, to be used in place of the hybrid one in the outermost barrel

layer (L4 is Fig. 1.13), without any impact on mechanics, cooling, readout,

and powering. As mentioned several times, the modules of this layer need to

withstand a fluence of 1.5 × 1015 1MeV neq/cm2 and a TID of ∼ 80 MRad,

which has been achieved in the DMAPS developed in this thesis (Chapter 3).

The monolithic modules should be designed in order to be compatible with

the power network, the ATLAS ITk readout system, and the detector support

mechanics used for the hybrid case.

The advantages of using monolithic modules are several: the production cost

is reduced by the absence of bump-bonding assembly, which also reduces the

production time; the material budget is reduced, as the total silicon detector

thickness can be reduced from∼ 300 µm to∼ 50 µm (as the module based on

ALPIDE [19]); the power consumption is lower in the case of a sensor based

on small collection electrode (Sec. 3.10); the high voltage power supply for

the sensor bias is reduced from ∼ kV of the hybrid to ∼ 10 V of a small

electrode monolithic. In the following subsection, the planned ITk hybrid

module solution is briefly presented.

5.2.1 Hybrid Module

The collaboration plans to use two different module designs to realize

the ITk layout (Fig. 1.13): a quad-module and a single front-end module,

with a sensitive area of 4× 4 cm2 and 2× 2 cm2, respectively. In the hybrid

case, the modules differ for the number of front-end chips, bump-bonded to

a single sensor. Single modules will be used only in innermost barrel. The

rest of the barrel tracker will be made of about 5000 quad-modules. The
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outermost barrel covers an area of about 3 m2, which is about 45% of the

outer barrel. The production of such a large number of modules is critical in

terms of time, and using monolithic sensors could reduce the delivery time.

The quad-module is the most critical in terms of required number of modules,

(a)
(b)

Fig. 5.7. (a) 3D view of a quad-module. The hybrid is glued underneath the flex
circuit (in green). Some electrical components are placed on the opposite side
of the flex. The connections to the readout and power lines are made with two
connectors mounted at the end of the tail. (b) Drawing of a quad-module viewed
from the front-end chip side, all dimension in mm. Front-end chip dimensions are
in green, with the wire-bond pad area indicated in gold. Sensor dimensions are in
blue and the distances from to the outermost bump-bond pads of the lower left
chip are given in red [7].

interconnections, and assembly. For this reason only the quad-module design

is discussed here. In Fig. 5.7, a 3D and 2D sketch of the hybrid and the

module are shown. The hybrid is glued on the flex and connected via wire

bonds (Fig 5.1a).

The four front-end chips have to be powered, receive clock and commands

signals, and send the data output to the readout system. A total number

of 19 links is needed to operate the module, as summarized in Tab. 5.1.

The number of data output links should be the same for quads and single

modules, as described in Sec. 4.1. The low voltage and the module ground

should implement a module-to-module connection, realizing a serial powering

scheme, as described in Sec. 1.3. Two connectors are placed in the tail of
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Connection Lines
High Voltage 1
NTC In/Out 2
Tilock In/Out 2
Low Voltage 1
Module GND 1
Command 2
Clock 2
Data Output 2× 4
Total 19

Tab. 5.1. The number of connections required to interface an ITk module to
readout and power. The number of lines has to be low, to allow routing in a few
copper layers, i.e. 2.

the flex circuit, to interface with power and data cables. One of the critical

points is the high-speed data signal quality, and the lines should be carefully

designed, to avoid degrading signals. The available module prototypes use a

two-layers flex circuit, glued to four FE-i4 front-end chips [31].

Following the baseline given by the hybrid quad prototype, a concept of

an equivalent CMOS module has been studied, as is presented in the following

section.

5.2.2 A Concept of the CMOS Module

The difference between the cross sections of an hybrid module and a

CMOS module has been presented in Fig. 5.1. As the sensor and the front-

end are integrated in the same silicon die, the module is only made of the

sensor and the flex, with a reduction in material budget. Wire bonds can be

used to connect the chip to the flex, as in the hybrid module.

While a hybrid module can be made of a single large area sensor, bump-

bonded to many front-end chips, a monolithic sensor is limited in size by the

reticle (i.e. 2.5 × 3 cm2 in the 180 nm technology used in this thesis). This

limitation can be overcome using post-process techniques, such as Redistri-

bution Layer (RDL) or using Stitching, as it is done for image sensors [112].
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In this project, CMOS sensors with an area comparable to the one of the AT-

LAS hybrid front-end chip are considered. A quad-module is therefore made

of four CMOS sensors, covering a area of 4×4 cm2. The goal is to reduce the

dead area caused by the spacing between chips. Using the dicing technique

described in Sec. 5.1, a minimum distance of ∼ 28 µm between the sealrings

of two neighbouring chips can be achieved. Fig. 5.8 shows a layout of a flex

designed to put together four DMAPS, forming an ITk quad-module. The

MALTA pad layout has been taken as a reference. Some apertures at the

center and at the edge of the flex have been introduced, to allow wire-bonding

the pads placed on the left and right sides of the sensor (Fig. 3.7). This pads

can be connected from the chip to the flex or implementing a chip-to-chip

connection (Sec. 5.3), if the sensor uses chip-to-chip data and power trans-

mission. The concept is symmetrical (left/right and top/bottom), and the

tail to interface the power and data networks can be included in the design

on both right and left sides.

The MALTA sensor is the first available large scale CMOS prototype for

the ITk. It has a sensitive area which is large enough to build a module

prototype, compatible with the hybrid one. However, the MALTA sensor

has not been optimized for this specific purpose. The MALTA design aims

to prove the performance of a small collection electrode DMAPS (Sec. 3.5),

in terms of radiation hardness and in-time efficiency, and to test the novel

asynchronous architecture (Sec. 3.5.2). To achieve this results in a short

time, the compatibility with the output data format required by the ITk

readout [7] was not included in the chip. The MALTA, instead, presents

a 40-bit wide differential parallel output, as described in Tab. 3.4. This

large number of outputs allows to extensively characterize the asynchronous

readout architecture. However, the limited area of the quad-module flex does

not allow to route the 4 × 40 differential lines of the four chips, with good

signal integrity. Besides, the connectors suitable for this large number of pins

are to big to be integrated in a complex system, such as the ITk.

However, the MALTA chip can be used to study the assembly of a CMOS

module and test the behaviour of this technology in the module configuration.

Fig. 5.9 shows a 3D view and the layout of a MALTA adaptor card, which
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(a)

(b)

Fig. 5.8. (a) Layout of the ITk CMOS module concept [1]. The flex circuit is
visible (black) and the edges of the sensors, glued below the circuit, are drawn
(yellow). Wirebonds (gold and light blue lines) and the top copper layer (red) are
also visible. (b) The 3D view of the back of the flex with the glued CMOS sensors
(silver) with the mechanical gap between the chips, which can be lowered down
to 20 µm, achieving a total active area gap of about 84 µm.
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Fig. 5.9. The MALTA adaptor card, which interfaces four sensors to two MALTA
readout systems [1]. The design includes six copper layers. The outputs of the
four chips are routed to two FMC connectors. In the layout (a) the tracks are
visible in green (internal layer) and in red (top layer). The chip edges are sketched
in yellow. The two FMC are placed on both the right and left side of the card.
The connectors and the other components are placed on the top layer of the card,
while the chips are glued on the bottom layer, as shown in the 3D view (b), where
the chips are drawn in light blue.
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includes four MALTA chips, interfaced with two MALTA readout systems.

The board consists of six copper layers. The differential outputs are directly

wire bonded to an internal layer (green traces in the layout in Fig. 5.9a) of

the board. They are routed to the output FMC connectors, which are the

same used by the MALTA readout system (Sec. 3.6).

The chips are placed following the concept shown in Fig. 5.8, although the dis-

tance between the sensors has been increased to 270 µm. This large distance

allows to realize a chip-to-chip wire bonding connection, having ∼ 350 µm

between the pads of neighbouring chips, which corresponds to the minimum

length for an aluminium-wedge wire bond. The card presents also copper

pads to operate the chips without the chip-to-chip connection.

The MALTA sensor layout has not been optimized to reduce the dead area.

Considering the large dead area caused by the pads on the left and right

sides of MALTA, a gap between active matrices of ∼ 1.7 mm is expected.

The active matrix of MALTA is 770 µm far from the sealring edge on the

left and right side of the chip, because of the two columns of staggered pads.

This distance is much larger than what can be achieved with CMOS sensors

and modern dicing techniques (Sec. 5.1). Pads distributed over the matrix

should be considered for the next prototypes to achieve the minimum dead

area.

Particular care has to be taken concerning the power and ground distribu-

tion in the CMOS module. The substrate of a hybrid pixel front-end chip

is usually bounded to the local ground of the mechanics. The substrate of

a monolithic CMOS sensor, such as MALTA, is part of the sensing junction

and has to be reversely biased with a typical voltage range from 6 V to 20 V.

Therefore, it is not convenient to tie it to the mechanics ground. The pro-

posed module concept implements the same approach already used in the

malta PCB design (Sec. 3.6). The substrate is attached with conductive glue

to a plane of the module providing back-bias to the sensor. The analog and

digital grounds are bound to the module and local mechanics 0 V-ground.

The ITk is planning to adopt a serial powering schema between modules, as

shown in Fig. 5.10. In a serial powering scheme, sensor modules are placed

in series and powered with a constant current source. In this way, power
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Fig. 5.10. The serial powering scheme of the ITk [113]. HV indicates the High
Voltage. LV is the Low Voltage. Each module is indicated with M. The n Mod-
ules are powered in series for what concerns the LV. Inside a module, the LV is
distributed in parallel to the Front-Ends (FE). Th HV is distributed in parallel to
modules, and it shares the current return line with the LV.

can be transmitted at low current and high voltage, and consequently allow

a reduction in material budget due to cables. The reduction factor of the

transmitted current is equal to the number of modules in a serial powering

chain [114], which rages from 9 to 16 in the planned ITk scheme.

This approach can be adapted to power the CMOS sensors presented in this

work, provided some modifications are applied. Parallel power distribution

should be used between the sensors of a CMOS module, and serial powering

between modules. The serial scheme for the CMOS electronics power do-

mains, indicated here as Low Voltage (LV), is comparable to the one used

in the hybrid design, which make monolithics compatible with the ATLAS

baseline solution.

The deep p-well and substrate bias voltages of the MALTA and MiniMALTA

technology can be considered as the equivalent of the High Voltage (HV) used

for the hybrid sensors. In the current powering scheme of the ATLAS ITk,

the HV for 3D sensors is distributed in parallel to the modules and shares the

same return line with the LV serial powering. The local ground of module is

shifted with respect to the one of a neighbouring module by a voltage corres-
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ponding approximately to the LV value. Therefore, the closest module to the

current source, in a chain of n modules, will be biased with a high voltage

corresponding to about HVn = HV − nLV [113] (Fig. 5.10), which can be

considered HVn ≈ HV , as LV ≈ 2 V and HV > 100 V for hybrids. This

approach cannot be adopted for this CMOS sensor, as deep p-well and sub-

strate reverse operational biases are about 6 V and 12 V, respectively. Two

different solutions are under development in the CMOS collaboration. The

first make use of charge pumps [115], embedded in the monolithic sensor, to

generate the voltages for deep p-well and substrate starting from the local

LV of a module. This method could further reduce the material budget and

makes the sensors of a module more independent, as a failure of one charge

pump would affect the operation of a single sensor and not the rest of the

module.

The second solution uses two additional and independent serial powering

Pwell
Regulator

Iin_2 Iin_3

+
_

+
_

V1 V2

Psub
Regulator

Main Domain 
Regulator

Iin_1

Pwell
Regulator

Psub
Regulator

Main Domain 
Regulator

Fig. 5.11. One of the serial powering solutions under development for CMOS
modules [116]. One regulator for each power domain is used for each module.
lin 1, lin 2 and lin 3 are the independednt serial powering lines, the Main Domain
corresponds to the LV, Pwell and Psub indicate the deep p-well and substrate
power domains. The power supplies V1 and V2 shift the voltage of lin 1 and
lin 2 by Vdeep p−well and Vsub (Fig. 3.4b), respectively.

lines, with separated return lines [116], as shown in Fig. 5.11. The same

voltage regulator circuits are used for the three power domains, shifting in

voltage of the return line by Vdeep p−well and Vsub with respect to the LV

return line, which is connected to the ground reference.

Prototypes of the charge pumps [115] and voltage regulators [116] have been



Large Area Sensor and System Integration 185

developed and successfully tested with the same TowerJazz CMOS techno-

logy of MALTA and MiniMALTA sensors.

5.2.3 Next Steps and Studies Outcome

The next DMAPS prototypes should be designed in view of assembly

of large area detectors with the lowest possible dead area. The MALTA

should be used to characterize the technology in a module configuration,

while the next prototypes should take into account the design constraints

highlighted by the development of the MALTA adaptor card and the CMOS

module concept. The number of data output should be reduced to the one

foreseen for the hybrid module. The use of pad over matrix and chip-to-chip

connection should favour the implementation of a device with a gap between

sensitive areas of ∼ 84 µm. The relevant advantages, given by the use of

monolithic sensors, in terms of assembly, mechanical integration and power

consumption, should be exploited in a next iteration of a CMOS sensor.

In the following section, the chip-to-chip connection and data transmission,

implemented in the MALTA chip, is presented.

5.3 Chip-To-Chip Data Transmission

The data transmission from a detector is critical for what concern power

consumption (Sec. 4.3.3), material budget, and system integration, as more

outputs means more interconnections and cabling. Fig. 5.12 shows a possible

implementation of a master-slave quad-module, where one chip (the master)

receives and merge hits from the slaves, transmitting to the readout system.

In this case, the master is also used to configure the slaves. With a single

interface to the readout, only one driver would pilot a long connection to the

readout, while the other chips transmit data on a short distance.

The MALTA pixel detector implements CMOS transceivers at the right

and left edges of the die, which can be used for chip-to-chip data transmission.

As shown in Fig. 5.13, the internal column of the staggered pads can transmit

the power from one chip to the other, while the external column is dedicated
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MASTER

SLAVE SLAVE

SLAVE

Configuration

Fig. 5.12. A quad-module with master and slave sensors. In grey, the sensors
active area (∼ 4× 4 cm2). In orange, the digital periphery of each CMOS sensor.
The red arrow indicates the transmission of hit information from the slaves to
the master, and from the master to the output. The configuration is sent to the
master, which transmits it to the slaves.

POWER
DATA

Fig. 5.13. Detail of the side pads of the MALTA chip.
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to data transmission. The large number of parallel power pads prevents an

excessive voltage drop on the power lines (Sec. 3.5). The asynchronous data

merging of MALTA is exploited to merge hits from neighbouring chips in

a single data stream. Two chips can be assembled one next to the other,

as shown in Fig. 5.14a and Fig. 5.14b , where the two MALTAs can be

configured as master or slave, alternatively. The schematic of the merging

structure implemented in MALTA and the data flow configuration registers

are shown in Fig. 5.14. The data can be transmitted to the right chip (red

path) or to the left (blue path). For simplicity, the description of the data

flow is carried out only for the red path, which corresponds to Fig. 5.14a.

The CMOS Left Bottom/Top array of the master is connected to the CMOS

right Bottom/Top array of the slave. The merger level 7 corresponds to the

last stage of the merging structure presented in Sec. 3.5.2, which generates

a 40 bit wide word for each hit, as presented in Tab. 3.4. Both master

and slave send the data to their Right Merger block. The slave Right Merger

transmits hits information to the CMOS Right Bottom or Top array, which is

configured to work as transmitters. The Right Merger of the master receives

data coming from its own matrix, and from the CMOS Left Top/Bottom

array, working as receivers. The master will then send the merged hits from

Chip 0 and 1 to its 40 bits wide LVDS array. The output word associated with

a hit includes four bits encoding the Chip ID, which allows reconstructing

data merged from a maximum of 15 slaves.

The carrier board, designed to test the chips, interfaces both chip 0 and 1

with the same FPGA-based readout system of the MALTA single chip-carrier

(Sec. 3.6). The clock, slow control, and test pulse lines are independent

for each of the chips. Transmission to the left and to the right have been

tested with source scans, with a threshold of ∼ 300 e−. As for the single-chip

measurements in Chapter 3, the OR gate structure is used instead of the

arbitration stage (Sec 3.5.2).

Fig. 5.15 shows the hit maps of an 55Fe source placed on top of the two

chips. The test demonstrates that the two chip can successfully transfer

the data from one chip to the other and to the readout system. The total

current needed by the digital domain for the two chip in this configuration
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Fig. 5.14. (a) (b) Two MALTA chip assembled on the double chip carrier board,
with a simplified scheme of the two possible master/slave configurations [1]. (c)
The detailed schematic of the merger structure and the registers to configure to
transmit data. The red path and the blue path describe the transmission from the
left chip to the right chip, and vice-versa.

corresponds to 37 mA, which is less than 1 mA higher than the digital current

drained by two chips, working independently. Therefore in the MALTA case,

transmitting data between two neighbouring allows saving a current of ∼
180 mA, needed by the an LVDS array.
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Fig. 5.15. Hit maps of a 55Fe source, placed on top of the double chip board:
the MALTA 0 (right) and MALTA 1 (left). In the plots at the top, the MALTA 0 is
working as a master, receiving and merging hits coming from MALTA 1, working
as a slave. Only the master is red out. After swapping master and slave (at the
bottom) and acquiring data with the same exposure time, no difference evinces
from the hitmaps. Few double columns are masked per chip (white lines along
the y-axis).
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Fig. 5.16. Magnification of the aluminium-wedge bonding interconnection
between chips. The die to die distance is limited to ∼ 330 um by the wire bonds
minimum length.

5.3.1 Chip-To-Chip Assembly

Various interconnection techniques can be used to interface two chips. In

the test presented in the previous section, the MALTA CMOS pads were

connected with aluminium-wedge bonding, as shown in Fig. 5.16. The chips

have been manually placed on the carrier board and the minimum die to die

distance is given by the wire bond minimum length, which leads to a gap

between chips of ∼ 330 um. This gap can be reduced with the use of pads

over the matrix, which would overcome the limitation of the minimum length

of the aluminium-wedge wire bonds.

A second option is to connect the two chip with a third chip, assembled

with flip-chip technique. A simple interconnection chip with a pad layout

compatible with two MALTA as been produced in the same MALTA reticle.

It includes pads and routings to transmit data and power from one chi to

the other. The layout of the chip and a drawing of the flip-chip structure is

shown in Fig. 5.17.
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(a)

(b)

Fig. 5.17. (a) Sketch (not in scale) of the cross section and the top view of the
Flip-Chip MALTA interconnection. (b) The layout of the available interconnection
chip.
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The interconnection chip, flipped and aligned to the two MALTA pads,

can be soldered with bumps the two adjacent sensors. The layout of this

interconnection chip would result in a pad-to-pad gap of 250 um. The inter-

connection chip can be made in any CMOS technology and allows integrating

additional circuitry, such as buffers and logics.

5.4 Cooling Microchannels Embedded in

Thin CMOS Detectors

Another critical aspect of the integration of the pixel modules in a tracker

is the interface with the cooling system. Microchannels can be integrated into

silicon and used to cool down the sensor. In this section, it will be described

the characterization performed on a CMOS sensor after the integration of

buried microchannels. The MALTA chip has been used for this purpose,

developing a dedicated process, compatible with a CMOS chip. After the

prototyping steps with dummy chips, the buried channels have been im-

plemented in a standard 100 µm thick MALTA. The preliminary functional

tests, presented here, demonstrate that the electronics and sensor perform-

ance are not degraded by the microchannels fabrication process and their

presence in the silicon bulk.

The motivations for this development are described in Sec. 5.4.1. An over-

view of the available microchannel technologies is presented in Sec. 5.4.2, and

the CMOS compatible process, developed to implement the buried channels

in MALTA, is described in Sec. 5.4.3. Finally, in Sec.5.4.4, the results of

functional tests on a chip embedding microchannels are presented.

5.4.1 Pixel Sensor Cooling for HEP Experiments

Silicon sensors suffer from an increased volume leakage current after ex-

posure to radiation, which can lead to a thermal runaway, as described in

2.10. HEP experiments include cooling systems to keep silicon detectors at

low temperature and stable temperature. The typical operating temperature
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of the trackers at the LHC is −30◦C. The critical parameters for designing

a cooling structure are three:

1. the thermal conductivity, which has to be very high to facilitate cooling;

2. the mismatch of the coefficient of thermal expansion (CTE)3 [117],

between the various parts of the cooling structure, the module and the

pixel sensor, which causes stress at the interface of the materials;

3. integration in the mechanics or in the sensor, aiming to limit the ma-

terial budget.

In Fig. 5.18 presents the solution adopted for the cooling system of ITk

pixel modules. The module support will be made of low mass carbon struc-

tures and evaporative CO2 will be distributed through the pixel detector

in thin-walled titanium cooling pipes [7]. A cooling block and a plate will

put in thermal contact the module with the pipe. The mechanical struc-

ture is designed for the ITk operational thermal range, which corresponds to

−55◦C < T < +60◦C [7].

Fig. 5.18. Schematic representation of a tilted module cell of the ATLAS ITk.
The Pyrolitic graphite plates are used as heat spreader [7].

The interest in cooling silicon-embedded microchannels is growing for ap-

plications into the present and next generation of physics experiments [118].

3The CTE describes the fractional change in size per degree change in temperature at
a constant pressure.



194 Cooling Microchannels

These solutions are interesting for the excellent thermal efficiency, the ab-

sence of CTE mismatch with silicon sensors and electronics, and the very

low contribution in the material budget, satisfying the parameters enumer-

ated above.

The NA62 [119] is the first experiment which adopts this technology for

cooling silicon detectors. Here, a silicon plate with embedded channels is as-

sembled on the bottom of the sensor, with pipes connected to the inlet/outlet

holes of the plate to circulate the cooler, as shown in Fig. 5.19. Microchannels

embedded in silicon plates have been adopted to cool down also the VELO

detector upgrade [121], circulating evaporative CO2. In Fig. 5.20, the top

view and cross-section of the VELO pixel module with cooling silicon plate

is shown. Integrating microchannels into the sensor substrate would avoid

the use of additional material and to assemble the plates on the module,

which is a complex and time-consuming operation. In the case of monolithic

pixel sensors, a single die would include the sensor, electronics, and cooling

circuit. To study the compatibility of the integration of microchannels in the

substrate of a CMOS device, channels have been successfully processed in

the MALTA chip, using an optimised process of the Buried Channels Tech-

nology (BCT) [122]. The available microchannel fabrication technologies are

compared in the next section, highlighting the motivation to use BCT for

this project.

5.4.2 Microchannels in Silicon Detectors

Among the available microchannels fabrication approaches, one can dis-

tinguish the ones using wafer bonding from the bondless techniques. In the

first, open channels are etched in a silicon wafer, as shown in Fig. 5.21. Deep-

Reactive Ion Etching (DRIE), which is an anisotropic etching process [123],

is commonly used for this purpose. The channels opened at the surface of the

wafer, are sealed with a second wafer through wafer bonding. This process

involves a high temperature annealing step for the silicon-to-silicon direct

bonding process, at about 1000◦C. Using a glass wafer, instead, the temper-

ature needed to perform an anodic bonding process is around ∼ 400◦C, but a
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(a)

(b)

Fig. 5.19. (a)Cross section of the NA62 module with the microchannel cooling
plate [119]. The real channels are visible in the SEM picture(left-bottom). The
final modules with the pipes to circulate the fluid is show [120].



196 Cooling Microchannels

(a)

(b)

Fig. 5.20. Top view (a) and cross section (b) of the VELOpix upgrade module,
with silicon embedded microchannel plate [121]. The microchannels plates are
shown in light blue.

(a)

(b)

Fig. 5.21. (a) Sketch of the cross section of the microchannels fabricated with
DRIE etching, achieving a maximum aspect ratio of 10. (b) A second wafer
(in light blue), made of silicon or other materials, is used to seal the channels
fabricated on the first one (in grey) [122].
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potential has to be applied between glass and silicon. On the other hand, it

lets you see through, facilitating visual inspection [118]. The bonding tech-

niques currently available are not compatible with CMOS technologies, as

the temperature required would destroy the electronics. Besides, the process

requires a minimum wafer thickness and does not ensure repeatable results,

as many factors can lead to failures, such as the cleanliness of the substrate

and wafer surface.

a) Trench etching b) Passivation layer deposition 

 

 

 

c) Anisotropic etching 

 

 

 

d) Channel isotropic etching e) Passivation removal f) Trench sealing 

Fig. 5.22. Basic steps of the buried channels fabrication process [122].

Bondless techniques bring benefits in terms of material budget and com-

patibility with electronics, because of the reduced minimum workable device

thickness, and the lower temperature required by the process. The buried

channel technology is a very promising approach to implement channels into

a silicon die, combining isotropic and anisotropic etching steps. The principle

of the process is illustrated in Fig. 5.22. Narrow trenches of few micrometres

are created with DRIE etching, reaching a depth in the order of 30 µm.

The openings are then protected with a thin layer of passivating material,

to avoid undercuts of the sidewalls during the next steps. The bottom part

of the passivation is removed using anisotropic etching. The depth of the

trenches defines the centre of the channel, which is created by etching the

silicon with isotropic etching. The narrow trenches are then filled with de-

position or growing of thin-film, sealing the channels. Currently, studies and

prototyping are ongoing to develop a process flow which allows obtaining

defects free microchannels in a reliable and repetitive way. Prototypes with
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buried microchannels have been already obtained by FBK4, in Trento [124],

and also at CERN [125].

Fig. 5.23. Longitudinal (on the left) and transversal (on the right) buried chan-
nels [124]. The fluid flows in the direction indicated by the arrow.

Two possible trenches layouts can generate a microchannel, as shown in

Fig. 5.23. The longitudinal layout (the left in the picture) is an intuitive and

straightforward strategy in which a narrow trench runs along the direction of

the desired channel, through its entire length. The flow direction coincides

with the trench length. The channel depth, in the case of isotropic etching,

coincides with the channel width [122].

The transversal layout is made of several parallel trenches of limited length,

with a fixed pitch along the path of the channel. Therefore, the channel is

obtained by the coalescence of each void created during an isotropic etching

step. The flow direction is perpendicular to the trenches length. This layout

has been used to implement BCT in the MALTA sensor [122].

If the temperature, at all the processing steps, is maintained below the upper

limit imposed by the metals in the CMOS device, the BCT can be applied

on the backside of a MAPS. This is described in the following section.

5.4.3 Implementation of Buried Microchannel in a

CMOS Pixel Detector

Studies towards embedding buried microchannels in the MALTA pixel

detector have started in 2017 with dummy chips, based on the STREAM

reticle and fabricated at the CMI of EPFL5, were the silicon processing was

4Fondazion Bruno Kessler - https://www.fbk.eu/en/
5EPFL Center of Microfabrication, Lausanne - https://cmi.epfl.ch/
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performed. The dummies included an aluminium metal layer with the same

layout of the pads of the real chips.

The buried channels microfabrication process developed in this project [122]

uses XeF2 as isotropic etcher to create round-shaped cavities, and parylene as

passivation, as well as for sealing of the threnches [125]. A first microchannels

layout, made with transversal channels was implemented in the dummies.

After the validation of the layout and the process steps, the channels have

been successfully implemented in several functional MALTA sensors [122].

In Fig. 5.24, the cross section of the main microfabrication steps, applied

to the CMOS technology of the MALTA sensor, is shown. A pattern of small

trenches, 3 µm× 10 µm wide, is etched on the backside of the die, reaching

a depth of 30 µm. After protecting the trenches side-walls with parylene,

microchannels are etched isotropically with XeF2, starting from the bottom

of the trenches. The final diameter of the microchannels is 40 µm, resulting

in an overall depth of the microfluidic circuitry of about 50 µm.

100 µm thick MALTA sensors with a 25 µm thick p− epitaxial layer

(Fig. 3.4a) have been successfully processed, maintaining a short distance

(50 µm) between the channels and the electronics. A thin film of parylene

(5 µm) seals the microchannels. It is finally cured by a thermal cycle, up to

300 ◦C, which is compatible with CMOS chips. The process has been carried

out at single die level, which is more convenient in terms of material during

this prototyping stage. The details of each of the process steps are reported

in Appendix A [122].

Fig. 5.25 presents the trenches layout used to fabricate the buried chan-

nels, superimposed to the MALTA chip layout. The channels are etched un-

derneath the sensor matrix, which is drawn in violet. A detailed picture on

the transversal trenches layout is also presented. The layout is designed with

five channels running in parallel underneath the bottom part of the matrix,

to cool down the area close to the LVDS drivers array, that should constitute

a hotspot for the chip, due to its power consumption density, as described

in Sec. 4.3.3. The resulting buried channels are illustrated in the scanning

electron microscopy (SEM) picture taken on a dummy chip, in Fig. 5.26. The

measurements match the expected dimensions of the channels, with a little
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Fig. 5.24. On top, the schematic cross section of the microfabrication process
used to embed buried microchannels in MALTA. On bottom, a picture of the
buried channels implemented on a dummy chip [126]. A safety margin of 50 µm
is kept between the channels and the p− epitaxial layer.
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Fig. 5.25. The layout of the trenches etched with DRIE (red), superimposed
to the pad layout of the MALTA chip (yellow). The eight sectors of the matrix
are also visible (violet). Inside the green and the blue squares are highlighted the
transversal trenches layout of channels and the geometry used to etch the inlet
hole, respectively.



202 Cooling Microchannels

Fig. 5.26. Measurements performed on the cross section of a dummy chip [122].
The differences between the expected dimensions are in the order of magnitude
of 1 µm.

Fig. 5.27. Optical microscope picture of the inlet hole for the tiny tubes and the
conntector, etched in a functional MALTA sample.
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mismatch between different dummies, in the order of ∼ 1 µm. The cause of

the mismatch is under investigation [122].

The inlet hole is formed using the pattern of trenches shown in Fig. 5.25,

which produces an acceptable hole, even if the resulting surface is not smooth,

as shown in Fig. 5.27. Few prototypes of the connector have been developed,

demonstrating liquid circulation in dummies up to the failure pressure of

110 bar [126]. The connectors prototypes are designed to be compatible with

the MALTA carrier board, taking advantage of the aperture underneath the

chip, as shown in Fig. 5.28. The design of a jig compatible with the connector

assembly and wire bonding is still under development.

(a) (b)

Fig. 5.28. Two of the connectors prototypes developed to circulate the liquid in
the MALTA buried microchannels [122]. The fluid flow has been tested with a
manual pump, up to a failure pressure of 110 bar. The chip with the connector
has been appropriately glued to the board (b)

5.4.4 Electrical and Functional Test of CMOS Pixel

Sensor with Buried Microchannel

This section presents the preliminary measurements performed to demon-

strate that the functionality of a pixel CMOS sensor is not degraded after

the BCT process. In the following text, the prototype under test is referred

to as MALTA BCT. A good measurement would be to characterize the same

sample before and after the microfabrication process. Unfortunately, it is not
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Fig. 5.29. The MALTA with buried microchannels, assembled on board. The
inlet hole and trances are visible from the PCB aperture (on the right picture).
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possible to remove a glued MALTA from its board, without damaging the

silicon, because of the fragility given by its thickness of 100 µm and its large

area. Moreover, the small pads of MALTA would not allow to wirebond the

chip a second time.

Therefore, the MALTA sample with buried microchannels is compared to a

standard sample, diced from the same wafer. Before the electrical and func-

tional test, the microchannels were tested with a liquid flow, injected with

a manual pump. The connector was then removed and the chip glued and

wirebonded on the carrier board, as shown in Fig. 5.29.

The digital control of the chip is not affected by the BCT process, as expec-

ted. The current drained from the analog matrix and digital power supply

matches the one of a standard device with the same settings. Fig. 5.30 shows

the sensor leakage current, measured at the deep p-well and substrate con-

tact, using the scheme in Fig. 3.16. The leakage and the punch-through

currents are compatible with the ones of a standard MALTA (Sec. 3.7.1).

However, in this sample the deep p-well leakage current is about three times

larger than the one of sensor W7R12 (Fig.3.17). This variation is probably

not related to the BCT process, as the deep p-well is far from the channels.

In addition, the BCT should cause the same effect on the substrate, which is

not the case. The IV characterization should be confirmed by testing more

samples.

The energy resolution of a pixel has been characterized with a 55Fe source.

Fig. 5.31 shows the histogram of the analog pulse height, measured on the

output of a single pixel. The two energy peaks have been fitted with a

gaussian distribution. However, the charge sharing modifies the distribution,

which justifies the slightly high χ2
α of both fits. The energy resolution, cal-

culated considering the Fano noise6, are comparable for both peaks. The

6The Fano noise is a fluctuation of an electric charge obtained in a detector, arising from
processes in the detector. The Fano factor is a measure of the dispersion of a probability

distribution of a Fano noise, and it is defined as F =
σ2
W

µW
where σ2

W is the variance, and µW
is the mean of a random process in some time windo W . In particle sensors, the Fano factor
results from the energy loss in a collision not being purely statistical. For example, if w is
the average energy for a particle to produce a charge carrier in a detector, then the relative

FWHM resolution for measuring the particle energy E is: R = FWHM
µ

= 2.35
√

Fw
E , For
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Fig. 5.30. The substrate and p-well current measured on the MALTA BCT sensor.
The n-electrode is biased at 0.8 V, and the deep p-well is reversely biased at 6 V
(Fig. 3.16). A punch-trough current is measured at | VSUB |> 26 V.
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Fig. 5.31. Histogram of the pulse height of the front-end response to a 55Fe
source, for the standard MALTA (W9R13) and MALTA BCT (W9R1). The two
energy peaks Kα (green) and Kβ (red) are fitted in the bottom plots. The two
chips show comparable analog performance.
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difference between the two mean value of the fits µ∆ = µβ − µα, which in

energy corresponds to 0.6 KeV, is about 1 mV. This indicates a small gain

variation of 4%. This value is well within the threshold dispersion measured

in standard MALTA front-end, discussed in Sec. 3.7.2. The measurements

confirm that the BCT process does not degrade the analog performance and

the sensor energy resolution.

Telescope Front ArmDUT Cold boxTelescope Back Arm

C0C1

W9R13
MALTA 

C2

Trigger

C5

W9R1
MALTA BCT

C6

Trigger

C3

2.5 GeV 

Electron 
Beam

Fig. 5.32. Scheme of the planes of the telescope used for the MALTA BCT
efficiency measurements. The MALTA BCT and the second MALTA (red) have
been compared.
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Fig. 5.33. (a)The reduced χ2 of the reconstructed tracks, which indicates a good
track reconstruction. (b) The residuals distribution on the x-axis, demonstrating
a resolution of about 14 um.

The collection efficiency has been measured during the same testbeam

campaign involving the MiniMALTA sensor (Sec. 3.9.3), replacing it with the

MALTA BCT. Fig. 5.32 shows the scheme of telescope planes with the two

silicon F=0.115 [127]. R has been subtracted from the FWHM of the fit.
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detectors under test (DUT). As for MiniMALTA, a General Broken Line [99]

fit has been used to align the telescope and reconstruct tracks, with a res-

olution of ∼14 µm, as shown the distribution of the residuals in Fig. 5.33.

The Proteus [94] software has been used to reconstruct and analyse the data

from the telescope. During this MALTA BCT testbeam campaign, the max-

imum collection efficiency measured was limited to about 70% for all the

tested devices. This is probably caused by a failure in the interface with the

MALTA readout system, occurring after swapping the MiniMALTA readout

with the MALTA in the telescope DUT plane. Due to the limited beam

time available, it was chosen to continue taking data and address the limited

efficiency in a future testbeam campaign.

In Fig. 5.34, the collection efficiency map for the MALTA BCT is shown,

superimposed to the matrix and the buried channels layouts. The region of

interest includes pixels above one of the inlet holes and part of the chan-

nels. The measurement involves sector 2 and 3 of the matrix (Tab. 3.3). The

threshold of the chip was set to ∼ 300 e−, achieving a flat efficiency distri-

bution, with an average value of ∼ 71%. The area with the microchannels

has been divided into four regions of 16 × 32 pixels. A magnification of the

four regions and the corresponding average efficiency is plotted in the same

Fig. 5.34. For comparison, the same has been done for four equivalent re-

gions, which are far from the channels (red in the figure). The collection

efficiency projection in the x-axis and y-axis is also shown.

In a standard MALTA, no difference is expected between the regions of pixels

from the same double columns, and, therefore, from the same sectors. From

the plots, one can deduce that this statement is valid also in the case of the

MALTA BCT. The buried microchannels and the inlet hole do not degrade

the collection efficiency, as one would expect as they are fabricated out of

the sensor depleted volume.

The collection efficiency of four equivalent regions of the standard MALTA

placed in the plane C1 of the telescope (Fig. 5.32) are plotted in Fig. 5.35.

This sample is the same used for the iron source spectrum comparison,

presented in Fig. 5.31. The collection efficiency distribution of the standard

MALTA is flat and comparable to the one of the MALTA BCT. However,
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Fig. 5.35. Efficiency map and average effiency of four equivalent regions of the
standard MALTA, placed in the plane C1 of the telescope (Fig. 5.32).

the average efficiency of this sensor is reduced to around 65%. The higher

threshold settings ( > 350 e−) and the worse position in the telescope caused

the additional inefficiency of the standard MALTA. Besides, this demon-

strates that the measurement setup limited the efficiency to 70% and not the

MALTA BCT.

5.4.5 Outcome and Possible Future Developments

In this section, the development of buried microchannel in a monolithic

CMOS pixel detector has been presented. The buried channels have been

fabricated in a 100 µm thick MALTA chip. The measurements performed

on a first sample demonstrated that the process is compatible with CMOS

electronics and monolithic sensors. The electrical and functional tests per-

formed on the sensor energy resolution and collection efficiency demonstrate

that the channels buried in the substrate below the sensitive volume do not

degrade the performance of the device.

The tests performed are a relevant step towards the development of BCT

techniques, to be adopted in future trackers. More prototypes should be pro-

duced to validate the process for large scale production. The sensor should

be further tested with circulating liquid, and an assemble connector, which

is under development at the time of writing. Electrical tests should be per-

formed on a larger number of samples. As an interesting study, buried chan-

nels should be fabricated into the sensitive volume of a sensor, to verify the
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effect of microprocessing and fluid circulation inside the depleted volume of

a silicon sensor.

The development included in this work aimed to prove the feasibility of the

process and its compatibility with CMOS technology. In this work, a 3D

printed connector glued on the chip has been used to circulate the liquid.

This solution was chosen to achieve a good fluid circulation in a short proto-

typing time. Long term, reliable, and low mass solutions should be studied

to enable the use of this technology in large trackers.
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The High Luminosity upgrade of the LHC, planned to start its physics

program in 2026, will allow to improve the precision of the measurements on

the SM, such as the ones of the Higgs boson, as well as to search for new

physics and probe for very rare mechanisms. The new machine will increase

the radiation dose and the number of collisions per bunch crossing, providing

unprecedented challenges for the detectors. The detectors need to be up-

graded to cope with these new requirements. The ATLAS experiment will

replace its actual tracker with the new ITk detector, entirely made of strip

and pixel silicon sensors. The pixel tracker is the closest sub-detector to the

interaction point, and its sensors and chips need to cope with the highest

track density and radiation level in the experimental area. Here, the NIEL

fluence will range from 1 × 1016 1MeV neq/cm2 to 1 × 1015 1MeV neq/cm2,

and the TID from 500 Mrad to 100 Mrad, from the innermost to the outer-

most pixel layer. The pixel sensors need to be capable to read out hits within

the 25 ns time window of the LHC bunch crossing, with a hit rate of about

80 MHz/cm2 in the outermost layer, corresponding to about 10 hits per chip

per bunch crossing.

This document describes novel designs and the integration of a large area de-

pleted monolithic pixel sensor, compatible with the challenging requirements

of the next generation of high energy physics trackers.

The latest developments on CMOS pixel sensors allowed operating the

sensor with full depletion (DMAPS) to improve the radiation hardness, and

achieving high performance in terms of speed and readout capability. There-

fore, the interest in radiation hardness monolithic pixel sensors has grown in

the community, as these high performing devices are promising to ease the
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assembly of pixel trackers, with a reduction in cost, production time, and

material budget. This project is a relevant step towards the use of DMAPS

in this challenging environment, targeting the specification of the outermost

pixel layer of the ATLAS ITk upgrade. Over a period of three years, several

chips have been successfully developed and tested.

The MALTA, which is the first sensor designed in this project, is a full

scale 2 × 2 cm2 large sensor with 512 × 512 squared pixels with a pitch of

36.4 µm. The chip features a low-power front-end and a novel asynchron-

ous readout architecture. The sensor is designed with an n+ small collection

electrode operating at full depletion. The n-well electrode, with a diameter

of about 3 µm is implanted in a high resistivity p− epitaxial layer. A thin n−

layer underneath the electrode yields full depletion of the sensor, extending

the junction to the entire pixel surface, to enhance its radiation hardness to

NIEL effects. The sensitive layer is about 25 µm thick, with a MIP gen-

erating about 1500 e/h pairs, when passing through. The small collection

electrode sensor, the front-end design, and the readout architecture are novel

approaches, which target low power consumption. In this project, these

designs have been implemented for the first time in a large area sensor. The

MALTA chip has been extensively characterized in laboratory and testbeams,

and the results are reported in this document.

The sensor and front-end are capable of coping with the 25 ns timing require-

ment of the LHC bunch crossing. The asynchronous readout architecture

propagates well the signal to the output. Both small area collection electrode

and asynchronous readout confirmed to reduce the power consumption, re-

spectively by a factor 4 and more than 20, with respect to an equivalent large

collection electrode or hybrid solution. The advantage of an asynchronous

architecture in terms of power is more relevant at high hit rate, such as the

one of the next generation of trackers. This is an important achievement as in

these experiments the power consumption needs to be reduced to guarantee

a low material budget, due to cabling.

During the sensor test, it was observed an not predicted RTS noise and a

threshold dispersion higher than simulation. This, together with some issues

on the pixel masking schema, limits the operation of the sensor at an average
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threshold of 250 e−, about 50 e− higher than the target of the design.

The higher threshold than expected affected the collection efficiency of the

sensor, which is a key performance parameter for pixel sensors to achieve

good track reconstruction. The testbeam results show an average collection

efficiency of 96% before irradiation. However, this first version of the sensor

suffered from a severe collection efficiency drop to 77%, after neutron irradi-

ation at a fluence of 1× 1015 1MeV neq/cm2.

The collection inefficiency of the MALTA sensor has triggered extensive tech-

nology simulations, correlating the collection efficiency map with the layout

of the sensor, in agreement with the measurements.

Two process fixes have been developed, merging the results of measure-

ments and simulations. The fixes have been implemented in a second proto-

type, the MiniMALTA sensor. It embeds eight sub-matrices with either one

of the two process modifications or the same process of the MALTA pixel, for

a total of 64× 16 squared pixels of 36.4 µm pitch. Two versions of the front-

end are included in the matrix: an improved front-end, aiming to increase

the gain and reduce the RTS noise, and the standard MALTA front-end. A

synchronization memory and a serializer have been added at the bottom of

the matrix.

The improved front-end shows a lower RTS noise and a higher gain, allowing

to operate the sensor at a minimum threshold of 120 e−, which contributes

to increasing the collection efficiency after irradiation.

The testbeam measurements demonstrated that both the process modifica-

tions improve the collection efficiency after irradiation, in agreement with the

technology simulation. The sectors of the chips featuring both the process

and the front-end fixes achieve a collection efficiency of 97% after neutron

irradiation at a fluence of 1 × 1015 1MeV neq/cm2, with a threshold below

200 e−. This demonstrates that the technology is compatible with the next

generation of high energy physics tracker, such as the outermost pixel layer of

the ATLAS ITk. The average collection efficiency of the sensor drops below

95% after a higher NIEL fluence of 2× 1015 1MeV neq/cm2.

Further studies are ongoing on both the pixel sensors, aiming to character-

ize timing, hit rate capability, and radiation hardness to ionizing damages.
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The results of the measurement led to a re-spin of the MALTA sensor. It

will include the two process modifications and a different kind of substrate

material, an high resistivity Czochralski wafer.

The high hit rate of these new trackers implies a very high output data

rate. The ATLAS ITk pixel sensors need to transmit data to the readout

system with a maximum bandwidth of 5.12 Gb/s per matrix of 2×2 cm2. For

this purpose, I have designed and tested the LAPA driver and receiver. They

are low power consumption pseudo-LVDS circuits, working at a maximum

data rate of 5 Gb/s. These blocks have been embedded in both the MALTA

and the MiniMALTA, as well as in a dedicated testchip. In the simulation,

both circuits show a low peak-to-peak jitter, of 10 ps and 15 ps, respectively.

However, the receiver shows a deterministic jitter when transmitting short

pulses of 200 ps width.

The testchip includes a data transmission chain, with the receiver and the

driver used as input and output, respectively. The chip correctly propagates

the signal at a maximum data rate of 5 Gb/s. It shows a peak-to-peak jitter

of 45 ps in simulation, while the measurements demonstrate a higher peak-

to-peak jitter, of about 100 ps, with an acceptable eye-opening. However,

the deterministic jitter introduced by the receiver degrades the signal with

respect to the stand-alone driver. The chip should be further tested, with an

improved version of the carrier board to study the source of the additional

jitter.

The chip has been tested as well on an ATLAS data transmission flex cable

prototype at a maximum data rate of 1.28 Gb/s, which is the reference band-

width used for the design of the flex. The driver transmits data along

the cable with a reasonable eye-opening. No final requirements of the eye-

diagram characteristics are currently available. However, both simulations

of the flex prototype and the measurements with the LAPA suggest that the

flex design should be improved to achieve an efficient data transmission.

CMOS pixel modules will reduce the complexity of the detector assembly

and the material budget for the trackers. They do not require bump-bonding

and can work with low power consumption. In this work, studies and develop-

ment have been performed towards the design of a monolithic pixel module,
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compatible with the ITk hybrid pixel module.

Two dicing technique has been explored using the MALTA sensor, yielding

a minimum dead area of about 33 µm between the sensor edge and its act-

ive area, which corresponds to less than a MALTA pixel size. A concept of

a quad-module has been studied to understand the layout and mechanical

constraints that should be considered for the design of a final version of an

ITk CMOS pixel sensor.

The chip-to-chip data transmission has been successfully implemented in the

MALTA chip. This approach allows reducing the power consumption of the

module, operating several neighbouring chips as a single large area sensor.

This can yield a reduction of the data links and thus reduce the assembly and

design complexity, with a possible saving in the material budget. The col-

lection efficiency of two chips in this configuration will be soon characterized

with testbeam.

Silicon sensor working in a high radiation environment have to be cooled

at low temperature to avoid thermal runaway, caused by the increase of leak-

age current. Embedding cooling microchannels in thin CMOS sensors can

improve the thermal conductivity close to the sensor, without mismatch of the

CTE between the sensor and the last stage of the cooling circuit. A dedicated

buried channels technology process has been developed and implemented into

the MALTA sensor. The preliminary tests presented here demonstrate that

the sensor and electronics performance is not degraded after the process and

after liquid circulation in the microchannels. Further electrical and mechan-

ical tests are ongoing, together with developments towards better integration

of the cooling circuit and carrier board.

In summary, the results discussed here show that the technology de-

veloped in this project could be adopted for detectors such as the ATLAS

ITk outer pixel layers. Thought further developments for CMOS sensors are

continued in the community, due to time constraints, the baseline choice for

the ATLAS ITk is a hybrid pixel sensor solution.

This thesis can yet represent a good starting point for the development of

a large area CMOS monolithic pixel sensor, for future detector upgrades

and projects. This work demonstrated the advantages of a small collection



218 Conclusions

electrode monolithic sensor, implementing an asynchronous readout archi-

tecture. Both contribute to reducing the overall power consumption at high

hit rate, with consequent advantages in the detector material budget. The

novel designs of the low-power pseudo-LVDS driver and receiver could im-

prove the system integration and data transmission efficiency in current and

future trackers, being easily portable to other CMOS technology. The same

is valid for the buried microchannel cooling approach, which needs to be

consolidated but is a promising candidate for implementing a more efficient

cooling system for the next generation of trackers.

The results of this work highlighted that CMOS pixel sensors are ready

to provide high tracking performance in high hit rate and high radiation

environments, with a low power consumption and material budget. The

depleted monolithic sensors technology has yet a considerable margin for

improvements, which can bring the DMAPS to work in even more challenging

environments.
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Appendix A

Microchannel fabrication

process

Tab. A.1. Process steps used for embedding microchannels in the MALTA chip.

Step Description Cross Section

01

BS protection with UV

tape

02
FS parylene coating
Thickness: 3 µm

03 UV tape removal

Continued on next page
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Table A.1 – Continued from previous page

Step Description Cross Section

04
BS SiO2 sputtering
Target 1 µm

05 Manual coating 3 um

06

Exposure and develop-

ment

07
Chip on carrier wafer
Note carrier with 2 µm SiO2

08 SiO2 etching

09 Trenches etching

Continued on next page
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Table A.1 – Continued from previous page

Step Description Cross Section

10

Parylene sidewalls pas-
sivation
Thickness 200 nm

11 Parylene etching

12
Channel etching
XeF2

13 Chip detachment

14

BS Parylene and PR

stripping

15 FS parylene stripping

Continued on next page
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Table A.1 – Continued from previous page

Step Description Cross Section

16 FS tape protection

17
Parulene trench filling
Thickness 5 µm

18 UV tape removal

19 Thermal cycle
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[104] Lattuca, A., Beolé, S., Mazza, G., “Development of Integreted

Electronics for Monolithic pixel detectors for the ALICE-ITS

upgrade”, available at: http://cds.cern.ch/record/2316325 Presented

01 Mar 2016. 2016.

[105] Veendrick, H. J. M., “Short-circuit dissipation of static cmos circuitry

and its impact on the design of buffer circuits”, IEEE Journal of Solid-

State Circuits, Vol. 19, No. 4, Aug 1984, pp. 468-473.

[106] Ovens Kevin, H. B., Bittlestone Clive, “Transmission

gate circuit”, Patent 5 430 408, July, 1995, available at:

http://www.freepatentsonline.com/5430408.html

[107] Mensink, E., Schinkel, D., Klumperink, E. A. M., van Tuijl, E., Nauta,

B., “Power efficient gigabit communication over capacitively driven rc-

http://www.sciencedirect.com/science/article/pii/S0168900219306655
https://indico.in2p3.fr/event/14305/contributions/17786/attachments/14696/18009/moreira_benodet201705191708.pdf
https://indico.in2p3.fr/event/14305/contributions/17786/attachments/14696/18009/moreira_benodet201705191708.pdf
https://indico.in2p3.fr/event/14305/contributions/17786/attachments/14696/18009/moreira_benodet201705191708.pdf
http://cds.cern.ch/record/2316325
http://www.freepatentsonline.com/5430408.html


Bibliography 239

limited on-chip interconnects”, IEEE Journal of Solid-State Circuits,

Vol. 45, No. 2, Feb 2010, pp. 447-457.

[108] Gromov, V., Zivkovic, V., Beuzekom, M. v., Llopart, X., Poikela, T.,

Buytaert, J., Gaspari, M. D., Campbell, M., Wyllie, K., “Development

of a low power 5.12 Gbps data serializer and wireline transmitter

circuit for the VeloPix chip”, JINST, Vol. 10, No. 01, 2015, pp.

C01054. 7 p, available at: http://cds.cern.ch/record/2158928

[109] Lee, E. A., Messerschmitt, D. G., Digital communication. Springer

Science & Business Media, 2012.

[110] Hooper, A., Ehorn, J., Brand, M., Bassett, C., “Review of wafer di-

cing techniques for via-middle process 3DI/TSV ultrathin silicon device

wafers”, Proceedings - Electronic Components and Technology Confer-

ence, Vol. 2015, 07 2015, pp. 1436-1446.

[111] Lee, Y.-C., Lin, J.-T., “A new approach to wafer sawing: Stealth Laser

Dicing technology”, 10 2015, pp. 348-350.

[112] Turchetta, R., Guerrini, N., Sedgwick, I., “Large area CMOS

image sensors”, Journal of Instrumentation, Vol. 6, No. 01, jan

2011, pp. C01 099–C01 099, available at: https://doi.org/10.1088%

2F1748-0221%2F6%2F01%2Fc01099

[113] Macchiolo, A., “The Phase-2 ATLAS ITk Pixel Upgrade”, Jun 2018,

available at: https://cds.cern.ch/record/2626211
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