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How do we go forward?
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58 CHAPTER 3. SOLID STATE DETECTORS

Future flavour physics experiments will operate in a high-occupancy environment
where event reconstruction will be very challenging. The physics programme enabled
by the LHCb Upgrade II relies on an e�cient and precise vertex detector with real time
reconstruction of tracks from all LHC bunch crossings in the software trigger system,
which also would highly benefits from having 4D-tracking. The higher occupancy ex-
pected in future running will also demand increased detector granularity for the LHCb
tracker.

Reduction of material in the region close to the interaction point leading to significant
improvements in tracking precision and e�ciency at low transverse momentum, is critical
to achieving the physics goals of Heavy Ion experiments, such as ALICE, and those
planned for the EIC and particularly at future e+e� colliders. Better position and timing
resolution, and lower power consumption would also benefit the upgrades of Belle and
NA62, which will occur during this decade. Devices with O(10 ps) timing resolution will
be highly desirable for 4D-tracking reconstruction at the foreseen 1000 collision pile-up
of the FCC-hh.

One aspect common to most future facilities is the requirement for the front-end elec-
tronics to perform very complex tasks, such as those required for 4D-tracking or by the
transfer o↵-chip of very large data volumes. 3D-stacking is therefore a key technological
development that needs to be included in future high-performing trackers.

Following these needs, Task Force 3 Solid State Detectors has identified the essential
Detector R&D Themes (DRDT) which capture the most critical requirements.

DRDT 3.1 - Achieve full integration of sensing and microelectronics in mono-
lithic CMOS pixel sensors.
Developments of Monolithic Active Pixel Sensors (MAPS) should achieve very high spa-
tial resolution and very low mass, aiming to also perform in high fluence environments.
To achieve low mass in vertex and tracking detectors, thin and large area sensors will
be crucial. For tracking and calorimetry applications MAPS arrays of very large areas,
but reduced granularity, are required for which cost and power aspects are critical R&D
drivers. Passive CMOS designs are to be explored, as a complement to standard sensors
fabricated in dedicated clean room facilities, towards hybrid detector modules where
the sensors is bonded to an independent ASIC circuit. Passive CMOS sensors are good
candidates for calorimetry applications where position precision and lightness are not
major constraints (see Chapter 6). State-of-the-art commercial CMOS imaging sensor
(CIS) technology should be explored for suitability in tracking and vertex detectors.

DRDT 3.2 - Develop solid state sensors with 4D-capabilities for tracking and
calorimetry.
Understanding of the ultimate limit of precision timing in sensors, with and without
internal multiplication, requires extensive research together with the developments to
increase radiation tolerance and achieve 100%-fill factors. New semiconductor and tech-
nology processes with faster signal development and low noise readout properties should
also be investigated.
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DRDT 3.3 - Extend capabilities of solid state sensors to operate at extreme
fluences.
To evolve the design of solid state sensors to cope with extreme fluences it is essen-
tial to measure the properties of silicon and diamond sensors in the fluence range
1⇥1016 neq cm�2 to 5⇥1018 neq cm�2 and to develop simulation models which correspond-
ingly include results from microscopic measurements of point and cluster defects. All
technologies will need improved radiation tolerance for use at future hadron collider ex-
periments. Exploration of alternative semiconductors and 2D-materials should already
start, having as a target full functionality even after the extreme fluences present in the
innermost parts of the detectors. A specific concern to be addressed is the associated
activation of all the components in the detector. Exploration is desirable on alternative
semiconductors and 2D-materials to further push radiation tolerance.

DRDT 3.4 - Develop full 3D-interconnection technologies for solid state de-
vices in particle physics.
3D-interconnection is commercially used, for instance in imaging sensors, to use the
most appropriate technology process for the di↵erent functionalities of the devices. For
particle physics detectors, this process would allow more compact and lighter devices
with minimal power consumption. This approach also provides an alternative to the use
of finer feature sizes to enable lower pitch and new digital features. An enhanced R&D
e↵ort towards building a demonstrator as a starting cornerstone is highly desirable. A
demonstrator programme should be established to develop suitable silicon sensors, cost
e↵ective and reliable chip-to-wafer and/or wafer-to-wafer bonding technologies and to
use these to build multi-layer prototypes with vertically stacking layers of electronics,
interconnected by through-silicon vias (TSVs) and integrating silicon photonics capabil-
ities.

The timelines for these R&D themes can be found at Figure 11.1 with explanation
in the caption and associated text. R&D on DRDT 3.1, DRDT 3.2, and DRDT 3.4
is needed for multiple facilities listed in Figure 3 and Figure 4 of the Introduction, all
the way through to the FCC-hh/muon collider era, as detailed below. For DRDT 3.3
there is fortunately more time to address the two orders of magnitude greater radiation
hardness requirements of experiments at the FCC-hh with respect to those at HL-LHC.

3.2 Main drivers from the facilities

Figure 3.1 presents the Detector Readiness Matrix which summarises the requirements
for future solid state detectors. The table reports on the horizontal axis the facilities
while the vertical axis lists the quantities with the most demanding specifications, such
as the spatial and temporal precision, power consumption, material contribution, and
radiation tolerance, that must be achieved. The colour coding is explained in the caption.

Figure 3.2 complements Figure 3.1 by showing, in the same format, the required
values of the parameters listed on the vertical axis as a function of time (and facility).
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DRDTs provide a framework for future R&D in solid state. 
Where and how do we want to participate? 



Monolithic CMOS pixel sensors
o High granularity and low power consumption demonstrated by state-of-the art (e.g. 

ALPIDE), further improved by the use of smaller technology nodes à vertexing at e+e-
experiments.

o Large R&D programme in fully depleted MAPS the past 10 years achieved proven 
radiation hardness up to ~2E15 1 MeV neq/cm2 à opens path to exploitation also in high 
radiation environments.

o Low cost, large volume production and ease of assembly favour use in large area 
trackers (i.e. CMOS is the new strips).

– Tracking detectors is an area where there is a lot of UK expertise.
– Also consider overlapping requirements with calorimeters, and UK work on this,

possible synergies?
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ALPIDE	cross	section		Collection	electrode	

•  TJ	CMOS	180	nm	INMAPS	imaging	process	(TJ)	>	1kΩ	cm	p-type	epitaxial	layer	

•  Small	2	µm	n-well	diode	and	reverse	bias	for	low	capacitance	C(sensor+circuit)	<	5	fF	

•  40	nW	continuously	active	front	end	D.	Kim	et	al.	DOI	10.1088/1748-0221/11/02/C02042	

•  Qin/C	~	50	mV,	analog	power	~	(Q/C)-2	NIM	A	731	(2013)	125	

•  	Zero-suppressed	readout,	no	hits	no	digital	power	G.	Aglieri	et	al.	NIM	A	845	(2017)	583-587	

	

29.24	μm	

26.88	μm
	

ALPIDE @ ALICE ITS

ATLAS ʹ ATLASPix3

31

ATLASPix3 - General design features
� Engineering run in the 180 nm HV-CMOS process 

from TSI
� Total chip area is 2 cm x 2 cm
� Fabricated in 2019

ATLASPix3 ʹ Chip details
� Matrix with 132 columns x 372 rows
� 150 ʅm x 50 ʅm pixel size
� In-pixel comparator
� Column drain readout with and without trigger
� Trigger latency < 25 µs
� Radiation hard design with SEU tolerant global 

memory
� Serial powering (only one power supply needed)
� Data interface is very similar to RD53 readout chip 

(ATLAS)

E. Vilella (Uni. Liverpool) ʹ DMAPS seminar

R. Schimassek, Mu3e collaboration 
meeting, 2019

� Power consumption is ~200 mW/cm2 (with 25 ns time resolution)
� Very initial measured results available
� Expected radiation tolerance is 100 Mrad and 1 x 1015 1 MeV neq/cm2

11 December 2019 ʹ Birmingham

ATLASPix3 
180 nm TSI

hemperekΛuni-bonn.de FEEϮϬϭϴ ϳ

LFoundry timeline

LF-Monopix (monolitic FE-Iϰ)
� Pixel size: ϱϬum x ϮϱϬ ђm
� Chip size: ϭϬ mm x ϭϬ mm
� Ϯ00um and ϭ00um version
� Bonn н CPPM н IRFU

(Aug. Ϯ0ϭϲ)

LF-CPIX (Demonstrator)
� Pixel size: ϱϬum x ϮϱϬ ђm ;FEIϰͿ
� Chip size: ϭϬ mm x ϭϬ mm
� Ϯ00um and ϭ00um version
� Bonn н CPPM н IRFU

(April Ϯ0ϭϲ)
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CCPD_LF prototype: 
� Pixel size: ϯϯum x ϭϮϱ ђm ;FEIϰͿ
� Chip size: ϱ mm x ϱ mm ;Ϯϰ x ϭϭϰ pixͿ 
� Bondable to FEIϰ ;нpixel encodingͿ
� ϯ00um and ϭ00um version
� Bonn н CCPM нKIT

(Aug. Ϯ0ϭϰ)
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н smaller test structures

LF-MONOPIX 
150 nm LFoundry

MALTA and TJ-MONOPIX 
180 nm TJ

area of 20.48 ⇥ 20.00 mm
2. The size of the die is 20.66 ⇥ 23.14 mm

2, see figure 2. This includes the
chip guard ring which is surrounded by an 11 µm seal ring to minimize dead space between chips on
a ladder.

Fig. 2. The MuPix10 layout: Active matrix at the top and periphery at the bottom. The color change in the
active matrix is a feature of the routing scheme, see section 4.5

Fig. 3. A functional description of the MuPix architecture. From the in-pixel electronics with injection
capability to the discriminator and readout infrastructure in the periphery. [1]

The architecture of MuPix10 follows the standard MuPix approach depicted in figure 3. The deep
n-well contains a folded cascode amplifier with a PMOS input transistor and a source follower as line
driver, implemented as floating logic. An additional supply voltage of nominally 1.2 V is required
by the amplifier, which is not provided by the HDI. Therefore a voltage regulator is implemented
to generate this additional voltage level from the 1.8 V supply, see section 4.2. The pixel line driver
transmits the amplified signal via a point-to-point connection to the periphery to its digital partner-
cell. This signal is AC-coupled to two parallel comparators which allow to apply di�erent threshold
schemes for hit detection and time sampling. Two timestamps are stored for each hit. The rising edge
is sampled with 11 bit in 8 ns bins (TS1). A second, 5 bit, timestamp (TS2) is stored on the crossing

3

MuPix10 
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Monolithic CMOS sensor technology for HEP matured significantly in the 
past decade.

Upcoming experiments (Mu3e, ALICE ITS3, EIC, LHCb upgrades, ...) will 
consolidate its use in vertex and (large) tracking systems for the future.



Traditional hybrid pixel detectors (not 4D)
o Technology of choice (still) for vertex detectors in high luminosity experiments.

o State-of-the-art pixel detectors for HL-LHC achieve radiation-hardness up to 
~1E16 1 MeV neq/cm2 fluence and 5MGy TID, hit rate up to 3 GHz/cm2.

o Developments for future applications target reduction of price and complexity, 
smaller pixel pitch, higher logic density.

– Passive CMOS sensor (planar sensors fabricated at CMOS imaging foundries).
– New interconnection technologies (fine pitch bump-bonding, ACF, …).
– 65 à 28 nm ASICs.

L. Gonella | Future UK Si R&D Workshop | Sept 2022

Possibly not too attractive for future e+e-.

Currently only possibility for vertex at future hh colliders, but so far in future 
that other options might also become available.

Of more interest are hybrids with 4D capability.



Towards 4D trackers
o State-of-the art: ATLAS & CMS timing layers.

– 1.3 x 1.3 mm2 pads UFSD (LGAD).
– ALTIROC & ETIROC ASICs, 200-300 

mW/cm2.
– Resolution ~ 45 ps/hit.

o Advanced prototypes:
– Timepix4 soon to be coupled with TI-LGAD.

o 55 x 55 μm2 pixels, ~ 0.6 mW/cm2, target 
resolution <100 ps/hit.

– TIMESPOT1 with trenched (3D) detectors.
o 55 x 55 μm2 pixels, ~ 5-10 W/cm2, 

resolution ~ 30 ps/hit.

o Demonstrators:
– Resistive readout (large pixels, excellent 

spatial and temporal resolution).
– Monolithic developments: FASTPIX (CMOS), 

MonPicoAD (SiGe), Monolith (SiGe, w/ gain).

L. Gonella | Future UK Si R&D Workshop | Sept 2022

439th RD50 Workshop, Valencia, 2021

TI-LGAD Technology
Segmented Standard LGAD Trench-Isolated LGAD
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New TI-LGAD technology proposed by FBK:
� JTE and p-stop are replaced by a single trench.
� Trenches act as a drift/diffusion barrier for electrons and 

isolate the pixels.

� The trenches are a few microns deep and < 1um wide.
� Filled with Silicon Oxide
� The fabrication process of trenches is compatible with the 

standard LGAD process flow. 
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State-of-the-art: sensors for ATLAS and CMS
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• The ATLAS and CMS timing layers will use about 25 m2

of UFSD sensors
• Very well tested
• Will be used up to ~ 2 E15 neq/cm2

• Gain ~ up to 40 when new ==> up to 20 fC
• Signal duration ~ 1 ns
• Low noise
• Rate ~ 50-100 MHz
• Excellent production uniformity

Handle wafer

Shortcomings:
• Large no-gain area between pads ==> not suitable for 4D tracking
• Intrinsic temporal resolution ~ 25-30 ps due to Landau noise
• Poor spatial resolution

HPK2  
16x16 array

2.1 cm
Prototype of the 
final CMS sensor
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n+/p+

Multiplication region
n+

Gain layer

Epi-silicon (p-)

Support wafer (p+)

Epi-silicon (p-)

Support wafer (p+)

New TI-LGAD technology proposed by FBK:
� JTE and p-stop are replaced by a single trench.
� Trenches act as a drift/diffusion barrier for electrons and 

isolate the pixels.

� The trenches are a few microns deep and < 1um wide.
� Filled with Silicon Oxide
� The fabrication process of trenches is compatible with the 

standard LGAD process flow. 
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State-of-the-art: sensors for ATLAS and CMS

p-stop

VBias

Epi p-bulk

oxide Gain layer

JTE

No gain
50-80 mm

JTE

• The ATLAS and CMS timing layers will use about 25 m2

of UFSD sensors
• Very well tested
• Will be used up to ~ 2 E15 neq/cm2

• Gain ~ up to 40 when new ==> up to 20 fC
• Signal duration ~ 1 ns
• Low noise
• Rate ~ 50-100 MHz
• Excellent production uniformity

Handle wafer

Shortcomings:
• Large no-gain area between pads ==> not suitable for 4D tracking
• Intrinsic temporal resolution ~ 25-30 ps due to Landau noise
• Poor spatial resolution

HPK2  
16x16 array

2.1 cm
Prototype of the 
final CMS sensor

Challenges to get to 4 trackers: 
spatial resolution & low power ASICs.

Latest developments include developments of monolithic 4D 
sensors and use of alternative technologies to silicon (SiGe).



Considerations to choose opportunities
o UK expertise and interests

– There is plenty of expertise in solid state detectors in the UK, and many different 
physics interests.

– Can we converge on a few, common R&D themes that suit multiple physics tastes 
(i.e. colliders/experiments) and bring together all expertise?

o UK links with industry
– Involvement of UK industry is a bonus in any proposal and participation in R&D and 

construction can increase UK role at future facilities.
– Consider also links with industry overseas (e.g. RAL – TowerJazz).

o Leadership potential
– Is there a technology on the roadmap(s) that offers opportunity for leadership?
– Can we (UK HEP community) have the next new idea?

o Applications beyond HEP
– Electron microscopy, X-ray cameras, synchrotrons and Free Electron Lasers, pCT, 

advanced clinical beam delivery instrumentation, …
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Fig. 8 Overview of R&D
developments for hybrid and
monolithic pixel detectors

thin sensors produced in a commercial process, suitable for the vertex region of an FCC detector. However, new technologies such
as TSVs, microbumps, wafer stacking as well as alternative interconnection technologies blur the distinction between purely hybrid
and monolithic approaches and will offer excellent potential for optimised devices for the future.

Figure 8 presents an overview of several variants of hybrid and monolithic pixel developments.

3.2 Monolithic CMOS MAPS

The recent developments of low-mass and low-power CMOS MAPS (Monolithic Active Pixel Sensors) combined with the possibil-
ities of large area coverage make this a very interesting technology option for FCC-ee. In recent years commercial CMOS processes
with quadruple-well technologies to allow for full CMOS circuitry inside the pixel cell as well as high-resistivity substrate wafers
to enable depleting part or the full sensing volume have become available and are being explored by a large community.

The current state of the art in terms of installed detectors is represented by the upgrade of the ALICE ITS during LS2, which is
the largest CMOS MAPS tracking detector ever built (≈ 10 m2). This tracker has been installed in the ALICE experiment and is
currently being commissioned. The ALPIDE sensors are built in a commercial 180 nm imaging process and feature 27 × 29µm2

pixels. The innermost three layers of this 7 layer tracker are constructed with a material budget of 0.35%X0 using 50µm thin MAPS
connected to an aluminium-based flex cable and mounted on a low material budget mechanical support and cooling structure. The
ALPIDE use a high-resistivity epitaxial layer as a sensing volume on top of a low-resistivity p-type substrate. By applying a moderate
reverse bias (≤ 6V) the sensing volume around the collection electrode (≈ 3µm diameter) can be partially depleted. This is fully
compatible with operation in the ALICE radiation environment with total ionising doses of ≈ 3 Mrad and NIEL fluences of ≈ 2
×1013 1 MeV neq cm2. During Pb–Pb collisions with an interaction rate of 50 kHz all events will be read out, while during p-p
collisions the readout will be 400 kHz. The ALPIDE chip is a monolithic pixel chip with a small collection electrode, thus optimising
the analogue power consumption. Together with a sparsified asynchronous readout without distribution of the clock to the matrix,
power densities of about 300 mW/cm2 for the innermost layers can be achieved, meeting the ALICE readout requirements.

HVCMOS sensors use commercial processes that embed NMOS and PMOS transistors in a single deep n-well that acts as a
charge collection electrode [22]. This allows to bias the substrate with a high negative voltage and to deplete the zone around the
n-well. This technology has been chosen for the Mu3e experiment [23] which has very stringent constraints on the material budget
and requires the sensors to be thinned to 50 µm. The 2 × 2 cm2 large sensors are mounted on a low-mass service flexible printed
circuit. The pixel detector is operated inside a dry helium atmosphere cooled by helium gas flow to further reduce multiple scattering
[23].

The next generation monolithic sensors are moving in the direction of depleted MAPS (DMAPS) driven by requirements for
radiation hardness and faster readout as well as fast timing information. These sensors are built from high-resistivity substrates and
aim to deplete the sensing volume by applying few tens to several hundred volts reverse bias. By fully depleting the sensing volume
the charges generated by a passing particle are collected by drift and not dominated by diffusion, which leads to longer charge
collection times and potential charge trapping and loss in case of high radiation environments. Furthermore, fast charge collection
by drift also improves the signal timing information. Several design approaches are being studied for DMAPS, which can be coarsely
divided into so-called “small electrode” and “large electrode” designs, see also Fig. 9.

The small electrode approach with typical collection electrode diameters of a few microns seems especially promising, as it
presents a much lower capacitance (a few fF as opposed to values greater than 100fF), allows for implementation of smaller pixels in
the same technology node, delivers faster signals, and a potential of better signal to noise and lower analogue power. This combined
with a sparsified asynchronous readout scheme allows the reduction of the power density of the chip, however, is dependent on
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Hybrid pixel detectors
– Sensor optimisation (3D, LGAD, passive 
CMOS, …).
– 65 à 28 nm ASICs.
– New interconnection technologies (fine 
pitch bump-bonding, ACF, …).

MAPS
– Improved charge collection via full depletion 
(HV/HR-CMOS), driven by high rate, high radiation 
experiments.
– Higher granularity, lower mass with smaller feature 
size CMOS.

SiGe BiCMOS, SPAD: Ultimate timing.

CCD (various types): Ultimate pixel size.SOI, 3D integration, capacitively 
coupled devices.

There are many 
more prototypes!!!

https://doi.org/10.1140/epjp/s13360-021-02323-w
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DRDT 3.1 - Monolithic CMOS
o Monolithic Active Pixel Sensors (MAPS) in commercial CMOS imaging 

technology could provide solutions for both vertex and tracking layers at e+e-
colliders.

– High granularity and low power consumption demonstrated by state-of-the art, 
further improved by the use of smaller technology nodes (see next slide).

– Low cost, large volume production and ease of assembly would favour use in 
trackers wrt. strips. 

o Tracking detectors is an area where there is a lot of UK expertise.
o Also consider overlapping requirements with calorimeters, and UK work on that 

à possible synergies?
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Figure 1.1: Layout of the new ITS detector.
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Figure 1.2: Schematic view of the cross section of the Inner Barrel (left) and Outer Barrel
(right).

1.3.3 Experimental conditions

The experimental conditions in terms of interaction rates and particle multiplicity, which
have been used as basis for the definition of the detector specifications and simulation of
its performance, are presented below.

Table 1.2 summarises the expected maximum hit densities for primary and secondary
charged particles. An additional contribution to the overall particle load comes from e+e�

pairs generated in the electromagnetic interaction of the crossing ion bunches. These
will be referred to as QED electrons. The latter contribution depends on the detector
integration time.

J. Phys. G: Nucl. Part. Phys. 41 (2014) 087002 The ALICE Collaboration
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Figure 2.1: Schematic cross section of a MAPS pixel in the TowerJazz 0.18 µm imaging
CMOS with the deep p-well feature.

ALICE ITS Pixel Chip (Sec. 2.3) and briefly present the specifications of the STAR pixel
detector, which is the first large-scale application of CMOS sensors in a HEP experiment
(Sec. 2.4). It will be shown that the state-of-the-art MAPS do not fulfil the ALICE ITS
requirements, which motivates the development of new architectures (Sec. 2.5). Several
prototypes have been developed to optimise the di↵erent parts of the Pixel Chip. The
prototypes and their characterisation are presented in Sec. 2.6. All aspects related to the
radiation hardness of the technology and the specific circuits implemented in the ALICE
Pixel Chip are discussed in Sec. 2.7. The chapter concludes with a summary (Sec. 2.8),
giving the prospect for the development of the final chip.

2.1 Detector technology

The 0.18 µm CMOS technology by TowerJazz has been selected for the implementation of
the Pixel Chip for all layers of the new ITS. Figure 2.1 shows a schematic cross section
of a pixel in this technology. In the following section, we discuss the main features that
make this technology suitable, and in some respect unique, for the implementation of the
ITS Pixel Chip.

• Due to the transistor feature size of 0.18 µm and a gate oxide thickness below 4
nm, it is expected that the CMOS process is substantially more robust to the total
ionising dose than other technologies (such as 0.35 µm) employed up to now as the
baseline for the production of CMOS sensors in particle physics applications.

• The feature size and the number of metal layers available (up to six) are adequate
to implement high density and low power digital circuits. This is essential since a
large part of the digital circuitry (e.g. memories) will be located at the periphery of
the pixel matrix and its area must be minimised to reduce the insensitive area as
much as possible.

• It is possible to produce the chips on wafers with an epitaxial layer of up to 40 µm
thickness and with a resistivity between 1 k⌦ cm and 6 k⌦ cm. With such a resistivity,
a sizeable part of the epitaxial layer can be depleted. This increases the signal-to-
noise ratio and may improve the resistance to non-ionising irradiation e↵ects.

• The access to a stitching technology allows the production of sensors with dimensions
exceeding those of a reticle and enables the manufacturing of die sizes up to a single
die per 200mm diameter wafer. As a result, insensitive gaps between neighbouring
chips disappear and the alignment of sensors on a Stave is facilitated. This option

J. Phys. G: Nucl. Part. Phys. 41 (2014) 087002 The ALICE Collaboration
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10m2 surface
Inner Barrel = 0.3% X/X0 per layer 
Outer Barrel = 0.8% X/X0 per layer 
50 kHz interaction rate (Pb-Pb) 
400 kHz interaction rate (pp) 

180 nm CMOS TowerJazz
27 x 29 μm2 pixel pitch 
5 μs integration time
40 mW/cm2

ALPIDE @ ALICE ITS2
Example state-of-the-art MAPS detector
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Stitched wafer scale sensors for cylindrical layers
o Exploration of 65 nm CMOS imaging processes for MAPS driven by CERN EP 

R&D WP1.2 and ALICE ITS3 upgrade.
– 12” wafers, higher logic density, smaller pixels, faster read-out, lower power 

consumption.
o Wafer-scale, low power sensor design for truly cylindrical minimal material budget 

layers à New technology node & new detector concept.
– Mechanical support, power distribution and data lines outside acceptance, air cooling.

M. Mager | ITS3 kickoff | 04.12.2019 |

Material budget

6

➡  Si only 1/7th of total material

➡  irregularities due to overlaps 
+ support/cooling

Inner-most layer (ITS2)

3 Detector Layout, Implementation and Main Parameters

3.1 Mechanical Structure

The ITS3 will consist of two separate barrels, referred to as Inner Barrel and Outer Barrel. The
Outer Barrel, containing the four outermost layers (Layer 3 to Layer 6), will be that of ITS2.
A completely new Inner Barrel, consisting of the three innermost layers (Layer 0 to Layer 2),
will instead replace the current Inner Barrel of ITS2. The ITS3 IB will consist of two halves,
named half-barrels, to allow the detector to be mounted around the beampipe. Each half-barrel
will consist of three half-layers. The half-layers are arranged inside the half-barrel as shown in
Fig. 7. They have a truly (half-) cylindrical shape, with each half-layer consisting of a single
large pixel chip, which is curved to a cylindrical shape.

Figure 7: Layout of the ITS3 Inner Barrel. The figure shows the two half-barrels mounted
around the beampipe.

As shown in Fig. 8, the main structural components of the new Inner Barrel are the End-Wheels
and the outer Cylindrical Structural Shell (CYSS), both made of Carbon Fibre Reinforced Plas-
tic (CFRP) materials, and a series of ultra-lightweight half-wheel spacers, made of open cell
carbon foam, which are inserted between layers to define their relative radial position.

The End-Wheels are connected to the CYSS, which provides the external supports for the three
detection layers. Starting from the outermost layer (Layer 2), the half-layers are connected to
the outer CYSS and to each other by means of the half-wheel spacers.

The half-layer consists of a single large chip. Its periphery and interface pads are all located on
one edge, the one facing the A-side End-Wheel (see Fig. 8). At this edge, the chip is glued over
a length of about 5 mm to a flexible printed circuit to which it is electrically interconnected using
for instance aluminum wedge wire bonding. The flexible printed circuit is based on polyimide,
as dielectric, and aluminum, as conductor. The flexible printed circuit extends longitudinally
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Material budget

6

➡  Si only 1/7th of total material

➡  irregularities due to overlaps 
+ support/cooling

➡possible by reducing power 
consumption in fiducial volume 
to <20 mW/cm2

➡ remove water cooling

➡move mechanical support 
outside acceptance
➡benefit from increased stiffness by 

rolling Si wafers 

➡ remove external data lines + 
power distribution
➡possible by making a single large 

chip and that for distribution 

Inner-most layer (ITS2)

0.05% X/X0

ITS2

ITS3

Beam tests
efficiencies and spatial resolutions at different radii

‣ Studies are now repeated for all ITS3 radii 
(18, 24, 30 mm)

- no effect depending on the radius observed


‣ Results also match the published results

- where the chip was bent along the other direction 

41Magnus Mager (CERN) | ALICE ITS3 | CERN detector seminar | 24.09.2021 |

3	

§  IPHC:	rolling	shutter	larger	matrices,	DESY:	pixel	test	structure	(using	charge	amplifier	with	Krummenacher	
feedback,	RAL:	LVDS/CML	receiver/driver,	NIKHEF:	bandgap,	T-sensor,	VCO,	CPPM:	ring-oscillators,	Yonsei:	
amplifier	structures	

§  Transistor	test	structures,	analog	pixel	(4x4	matrix)	test	matrices	in	several	versions	(in	collaboration	with	IPHC	
with	special	amplifier),	digital	pixel	test	matrix	(DPTS)	(32x32),	pad	structure	for	assembly	testing.	

§  After	final	GDS	placement,	GDS1	is	instantiated	twice,	~300	placements	per	wafer.	
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MLR1 submission

Bent ALPIDE

Towards a wafer-scale sensor
ER1 ‣ Next big milestone in sensor design: stitching 

‣ Design activity at full swing

- building blocks are defined and work is distributed

- builds on very encouraging, silicon-proven, feedback from 

MLR1

- floorplan under discussion with foundry


‣ Plan (without contingency):

- for mock submission: end 2021

- final submission: Q1 2022
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Last crucial ingredient for the TDR

ER1 submission
1st stitched sensor 

prototype

Example of emerging new technology relevant 
for e+e- colliders.
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DRDT 3.4 - 3D integration
o Industrial developments of heterogeneous integration technologies to achieve 

further reductions in cost and power. 

o 3D stacking is being studied for future HEP applications à potential for 
increased functionality and performance of silicon trackers.

o Pursuing this path would require large scale of investment and establishing a 
privileged relation with industrial partner(s), but it is a field where there isn’t a 
clear leadership now.

– Dependent on availability of process for R&D.

o There is expertise in the UK to work on each layer in the stack and on the 
interconnection technologies.
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4D trackers – Hybrid, no gain 

3D sensor + Timespot ASIC (28 nm)
Pixels size = 55 um
Resolution ~ 30 ps for single 
channel 

Timepix ASIC + planar sensor
Timepix4: 65 nm ASIC, 512 x 448 pixels

Pixels size = 55 um
Resolution in line with expectations  ~ 150 ps RMS
Probably the best example so far of a full 4D tracking 
system 
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4D trackers – Monolithic, no gain
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FASTPIX 
temporal stamping with excellent position precision  
Resolution of about ~ 100 ps
Very small pixels (< 9 um)

MonPicoAD project
Exploit SiGe performances
Exagonal pads, 65 um
About 25 um depletion
Thinned to 60 um 
Resolution of about ~ 38 ps, 
Very small pixels 


