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Segmented silicon detectors
o Highly segmented silicon detectors are the technology of choice for vertex and 

tracking detectors at collider experiments

o They detect the passage of ionizing radiation with good spatial resolution and 
efficiency in the harsh experimental conditions close to the interaction point 

o Different types of silicon detectors exists to satisfy a range of requirements in 
terms of spatial resolution, radiation hardness, data rate, area, material budget, 
etc. at different experimental conditions

o Technologies for high occupancy, high radiation environments
o Example: hybrid pixel detectors and strip detectors for the ATLAS ITk

o Technologies for extremely precise tracking systems
o Example: monolithic active pixel sensors for ALICE ITS2
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ATLAS Inner Tracker at HL-LHC*

o The ATLAS ITk should have the same or better 
performance as the current detector but in the 
harsher environment of the HL-LHC

– ⟨μ⟩ ∼ 200 at 7.5x1034 cm-2s-1 peak luminosity
– 4000 fb-1 integrated luminosity, fluences up to 2x1016

MeV neq/cm2, TID up to 1 Grad
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*The ATLAS and CMS experiments have completed R&D for their HL-LHC trackers upgrade and are 
starting detector production. Their upgraded trackers are thus considered state-of-the-art in this talk. 

o New all-silicon detector designed using state-of-the-art silicon technologies 
optimised for operation in a high rate, high radiation environment

– 13 m2 of hybrid pixel detectors, 165 m2 of strip detectors, 1-2% x/X0 per layer
– Extended coverage up to eta 4 with at least 9 space points per track

ATL-PHYS-PUB-2021-024



ITk pixel detector
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Hybrid pixel detector concept

§ Sensor and readout electronics are separate 
entities
– Separate optimization for high rate

§ Charge collection by drift in depleted bulk 
– Large signal, rad-hard, fast charge collection

§ Complex readout in ASICs
– Zero-suppression and in-pixel hit buffering
– Time resolution O(ns)

§ Moderate spatial resolution O(10-100 µm)
§ High material budget, few %X0

– Power hungry devices 
§ High cost

– Sensor and hybridization
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Planar sensor
9

• for large areas: outer layers and quad assemblies to achieve high yields 
and low costs

(ID)

• Well proven and understood 
technique, but must simplify 
production to decrease cost  
(n-in-p = single sided process)


• Reduced thickness 100-150μm 
(currently 200um) require lower 
Vbias ! dealing with lower 
signals after high radiation 
fluences 

Tobias%Bisanz%at%PSD11%

97%

3D sensors
50x50 and 25 x 100 μm2

150 μm thin

Planar sensors
50x50 μm2, 100-150 μm thin

FE chip
• Joint ATLAS CMS development (RD53)
• New technology node: 65 nm CMOS
• Innovative design based on a new 

readout architecture

Pixel size: 50x50 μm2

Hit rate: 3GHz/cm2

RO data rate: 5.12 Gbits/s
Rad tolerance 500Mrad at -15C
Power consumption <1W/cm2

97% efficiency measured at test beams for fluence up to 
1x1016 MeV neq/cm2

Hybrid pixel detectors: Currently the 
only technology that can cope with 

very high rate. Developed specifically 
for the LHC experiments. Sensor and 
FE are separate entities connected via 

fine pitch bump bonding.

https://cds.cern.ch/record/2285585

https://cds.cern.ch/record/2285585


ITk strip detector
o Module = sensor + hybrid + powerboard

– Strip pitch 75 μm, thickness 300 μm
– Three dedicated 130 nm CMOS FE: ABCStar

(readout), HCCStar (data aggregator), AMAC 
(power and T monitoring)

– Design compatible with multi-level trigger scheme

o Lower data rate and radiation levels but more 
challenging large area production

– Modularity of components for mass production 
– Assembly and testing at multiple sites
– Industrialised production flow (common tooling and 

assembly procedures)
– Extensive QC/QA to assure reliability in extreme 

experimental conditions, monitor rate and quality of 
production

– Database to store QC/QA results and track 
components
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The concept of the ITk Strip Detector 

 

● 4 barrel cylinders and 2 endcaps with 6 disks each

● Large strip system compared to current inner detector 

- ~ 10x channel, ~ 3x size, ~ 5x module

● Concept of modularity of components designed for mass

production (industrial standard design rules, simplified construction,...)

- Assembly and testing at multiple sites, simplifies final assembly, earlier test of full system

● The UK will build half of the hybrids and modules needed for the barrel

- BILPA heavily involved in the described strip activities, as both a hybrid and building site

  → During pre-production (Q4 2021 to Q3 2022) will build 

  around 220 hybrids and 60 modules and during production 

  (Q4 2022 for 3.5 years) 4400 hybrids and 1200 modules

- Ongoing module Site Qualification process, BILPA has 30 tasks 

  to qualify on  

- Test setups for QC being (re-)commissioned, required for next SQ steps:

 1) Module Thermal Cycling system (from Warwick), 2) Hybrid Burn-In

  system, 3) Powerboard test system, 4) Test box for sensor reception  

 

 

 

 

https://cds.cern.ch/record/2257755
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ALICE Inner Tracking System Upgrade (ITS2)
o First large-area silicon vertex detector based on the 

CMOS Monolithic Active Pixel Sensor (MAPS) 
technology optimised for extremely precise tracking

– Sensor and electronics share the same silicon substrate
– Small pixel pitch, very low material budget
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ALPIDE sensor
180 nm TJ CMOS imaging technology
28 x 28 μm2 pixel pitch, 50 - 100 μm thickness
Power density = 40 mW/cm2

50 kHz interaction rate
<20 μs integration time
NIEL: 1.7 x 1013 1 MeV neq/cm2, TID: 2.7 Mrad

ITS2 vertex detector
7 layers, 10m2, 12.5 G pixels
Innermost layer at r = 2.3 cm
Inner barrel: 0.3% x/X0
Outer barrel: 0.8% x/X0 

ALICE ITS2 Giacomo Contin

• maximum readout speed: 1.2 Gbit/s,

• power consumption: 40 mW/cm2.

The ITS2 design characteristics will lead to a dramatic improvement of the ALICE detector
tracking performance, especially for particles with transverse momentum smaller than 1 GeV/c.
The material budget of the three innermost layers, as low as 0.35% of a radiation length, combined
with the ALPIDE spatial resolution of about 5 µm measured in beam tests and the 2.3 cm radius of
the innermost layer, will drive the expected track impact parameter resolution at pT ⇠500 MeV/c
to about 40 µm, which improves the original tracker performance by a factor ⇠3 in the transverse
plane and ⇠6 in the beam direction. The new detector will also allow for an efficient track recon-
struction down to very low pT. The simulations show that the tracking efficiency at pT ⇠0.1 GeV/c
will be improved by a factor ⇠6 (see Fig.2).

The readout electronics will be able to record events at a typical rate of 50 kHz and a few
100 kHz for minimum bias Pb–Pb and pp collisions, respectively.

 (GeV/c)
T

p

-110 1 10
m

)
µ

P
o
in

tin
g
 R

e
so

lu
tio

n
  
(

0

50

100

150

200

250

300

350

400
ALICE

Current ITS (data)
Upgraded ITS

z

ϕr

z

ϕr

ALI-PUB-103021
 (GeV/c)

T
p

-110 1 10S
ta

n
d

a
lo

n
e

 t
ra

ck
in

g
 e

ff
ic

ie
n

cy
 (

%
)

0

20

40

60

80

100
ALICE

Current ITS
Upgraded ITS

ALI-PUB-103028

Figure 2: ITS2 simulated performance (red) compared with measured performance of the original ITS
(blue). The track pointing resolution (left) and the tracking efficiency (right) are shown as a function of the
tracked particle transverse momentum.

2. Detector production

The ALPIDE chips have been tested and fully characterized after thinning and dicing with
a custom-made automated probe-testing MAM1 (Module Assembly Machine, also used for the
assembly of the IB and OB modules), with a global yield of about 64%. The sensors are assembled
in Hybrid Integrated Circuit (HIC) modules, which are in turn mounted on staves. The HIC and
stave layouts have been designed in two different versions for the IB and the OB, respectively.

The IB HIC, visible in Fig.3, consists of a single row of 9 ⇥ 50 µm-thick ALPIDE chips
aligned in the MAM and glued onto a fully validated aluminum-based Flexible Printed Circuit
(FPC). The chip pads are wire-bonded to the FPC vias. Each chip will be then read out separately

1IBS Precision Engineering, http://www.ibspe.com/ (accessed 8 January 2020)
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http://dx.doi.org/10.1016/j.nima.2015.09.057
https://arxiv.org/abs/2001.03042

http://dx.doi.org/10.1016/j.nima.2015.09.057
https://arxiv.org/abs/2001.03042


Requirements for Vertex and Tracking Detectors

https://cds.cern.ch/record/2784893
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Values are indicative of performance targets and of operating conditions relevant to R&D. The latter are reported for the regions most exposed to radiation. Empty cells indicate either that projects are not 
concerned; or that specifications are already met or not yet fully established, for instance power consumption depends strongly on granularity and digital features that would be finally implemented.
1) LS3/LS4 are scheduled to start in 2025/2031 at the time of this document.
2) Reported rates are within the bunch trains.
3) LHCb/ATLAS/CMS consider Planar/3D sensors at the time of this document for rates and radiation tolerance. Pixelated LGADs could already be considered for NA62/Klever andfor longer term Vertex 
Detectors for timing precision for high timing precision.
4) The size of wafers achievable can depend on technology (industrial process) with a general trend to benefits from larger areas.
5) Ultrafast timing ≲ 100 ps could be differently achieved by the various technologies.
6) In trackers, coarser longitudinal granularities could be considered for MAPSs. Thorough performance and cost comparison with Passive CMOS would be needed. Pixelated LGADs could be considered for 
potentially higher timing precision.
7) Two options exist for calorimetry: pads O(1) mm pitch with analog readout (applying to all technologies) and particle counting digital with MAPSs O(50) µm. LGADs could be considered for potentially 
higher timing precision. DRT 3.1 apply w/o the X/X0 constraint. DRT 3.4 could achieve higher compactness and be needed for the digital options to integrate full readout within the sensor area.
8) TOF, as compared to 4D-tracking, concerns dedicated layers for very high pile-up, beam induced background or particle identification with highest possible precision. Timing performance of sensors w/o 
amplifcation (MAPS, planar/3D/CMOS passive CMOS) is subject to R&D, while LGADs w/ amplification are at this stage expected to potentially provide higher precision. DRT 3.1 and DRT 3.4 of Vertex 
Detector and Tracker apply with less stringent requirement.
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Figure 3.2: This matrix complements Figure 3.1 by showing, in the the same format,
the required values of the quantities listed on the vertical axis as a function of time (and
facility).

The choice to show the evolution of requirements with time reflects that the technolo-
gies discussed in the R&D themes are often valid alternatives for these (depending on
which combination of properties is most needed) and in the longer term the distinctions
between these di↵erent pixel approaches will become blurred as 3D-integration allows
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Technology development
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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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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).

https://cds.cern.ch/record/2784893

https://cds.cern.ch/record/2784893


Monolithic Active Pixel Sensors

Laura Gonella | Seminar at Warwick | 26 January 2023 9



Monolithic active pixel sensors
o Traditional MAPS sensors deliver high spatial resolution through small pixel 

pitch and low material budget (i.e. low power consumption) and provide a 
simplified module concept wrt hybrids

o The ALPIDE has brought a breakthrough wrt to previous generations 
– It collects charge in part by drift à moderate rad-hard charge collection
– It integrates full CMOS electronics à more in-pixel logic
– It is fabricated in a commercial CMOS imaging process à low cost high volume 

production

MAPS would be the perfect technology for large area trackers, but can they be 
made fast and radiation-hard?
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MAPS evolution

24

No depletion
NMOS only

No depletion
full CMOS

Depletion 
full CMOS

Deep implants
/nested well

High Resistivity (HR) substrates
High Voltage (HV) transistors

+ backside processing 

Depleted MAPS

L.	Gonella	|	Particle	Physics	Seminar,	UoB	|	8	November	2017
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Hybrid Pixel Detectors 

Monolithic Pixels 
  

Depleted Monolithic Pixels 

IHEP Strasburg RAL KIT, Bonn

CMOS Process Transition : STAR-PXL !→ ALICE-ITS
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Depleted MAPS
o Fast and radiation hard charge collection requires a fully depleted sensor 

volume in which charges move by drift 

o Need high resistivity substrates and/or being able to apply a high voltage to the 
sensor à This can be achieved with a number of CMOS imaging processes

o Need to achieve uniform depletion = uniform electric field à requires a change 
in the sensor design
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DMAPS layout options

§ Small collection electrode
– Electronics outside the 

collection electrode
– Full depletion with 

additional n implant 
– Small sensor C à low 

power, low noise
– Full CMOS with additional 

deep p-well (triple well 
process)

L.	Gonella	|	Particle	Physics	Seminar,	UoB	|	8	November	2017 27
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deep p-well

§ Large collection electrode 
– Electronics inside the 

collection electrode
– Large sensor C à higher 

power, higher noise
– Full CMOS w/ isolation 

between NW and DNW 
(quadrupole well process)

n-

Large collection electrode design

DMAPS layout options

§ Small collection electrode
– Electronics outside the 

collection electrode
– Full depletion with 

additional n implant 
– Small sensor C à low 

power, low noise
– Full CMOS with additional 

deep p-well (triple well 
process)
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p-substrate
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Charge signal
Electronics (full CMOS)
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deep p-well

§ Large collection electrode 
– Electronics inside the 

collection electrode
– Large sensor C à higher 

power, higher noise
– Full CMOS w/ isolation 

between NW and DNW 
(quadrupole well process)

n-

Modified small collection electrode design



DMAPS prototypes
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Mu3e ʹ MuPix8

21

MuPix8 - General design features
� Engineering run in the 180 nm HV-CMOS process 

from ams (aH18)
� Shared with ATLASPix1 (MuPix8 is ~1 cm x 2 cm)
� Fabricated in 2017
� Fabricated using 3 different substrate resistivities

‒ 10 Ω·cm, 50-100 Ω·cm and 100-400 Ω·cm
MuPix8 ʹ Chip details
� Matrix with 128 columns x 200 rows
� 3 matrix partitions (sub-matrices A, B and C)
� 81 μm x 80 μm pixel size
� Analog readout in pixel cell

‒ Charge sensitive amplifier
� Digital readout in periphery

‒ Discriminator
‒ 6-bit ToT
‒ State machine (continuous readout)

� Time-walk reduction circuitry
� Serial links < 1.6 Gbit/s
� Power consumption ~250 mW/cm2

E. Vilella (Uni. Liverpool) ʹ DMAPS seminar

J. Kroeger, MSc thesis Uni. Heidelberg, 2017

11 December 2019 ʹ Birmingham

MuPix8 @ 
mu3e 

180 nm AMS

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

hemperek@uni-bonn.de FEE2018 7

LFoundry timeline

LF-Monopix (monolitic FE-I4)
� Pixel size: 50um x 250 µm
� Chip size: 10 mm x 10 mm
� 200um and 100um version
� Bonn + CPPM + IRFU

(Aug. 2016)

LF-CPIX (Demonstrator)
� Pixel size: 50um x 250 µm (FEI4)
� Chip size: 10 mm x 10 mm
� 200um and 100um version
� Bonn + CPPM + IRFU

(April 2016)

9.
5 

cm

1cm

0.
5 

cm

0.5 cm

CCPD_LF prototype: 
� Pixel size: 33um x 125 µm (FEI4)
� Chip size: 5 mm x 5 mm (24 x 114 pix) 
� Bondable to FEI4 (+pixel encoding)
� 300um and 100um version
� Bonn + CCPM +KIT

(Aug. 2014)

9.
5 

cm

1cm

+ smaller test structures

LF-MONOPIX 150 nm LFoundry

Large collection electrode:

Modified small collection electrode:

MALTA and TJ-MONOPIX 
180 nm TowerJazz

… and many more, see also 
ARCADIA project and RD50 
developments

o ~ 10 years of developments led to mature prototypes of both structures that 
have demonstrated radiation hardness up to a few 1015 MeV neq/cm2



Small collection electrode development
o The small collection electrode design has a very small detector capacitance 

that allows to design a compact, low power FE à small pixels and low material
– <5fC for small electrode vs. a few hundred fC for large electrode

o Radiation-hardness is challenging, significant effort to develop process 
modifications (CERN/TJ collaboration)

o Different readout architectures explored for low power readout at high rate
– MALTA: novel asynchronous architecture
– TJ-MONOPIX: synchronous column drain architecture

Laura Gonella | Seminar at Warwick | 26 January 2023 13

2019 JINST 14 C06019

one based on the TJ MALTA, one on the TJ Monopix and one on a MONOPIX implemented with
a large collection electrode [13]. The power consumption at the ITk hit rate is given per pixel and
for the full matrix. The shown numbers are derived from simulation and measurements as no final
full-scale prototypes are available. The low-capacitance of the small collection electrode reduces
the analog power consumption per pixel by a factor 20, resulting in a factor 4 reduction for the full
2⇥ 2 cm2 matrix, because of the smaller pixel pitch. The asynchronous readout consumes 20 times
less digital power than the synchronous one, in the 36 µm pitch matrix. Comparing the MALTA
architecture with the synchronous using a ⇠ 6 times larger pixel, one can deduce that the advantage
of no clock distribution increases with the detector granularity, as the power saving is reduced from
a factor 20 to a ⇠ 7, in this specific case. The extra power in the asynchronous architecture digital
periphery is given by the final data synchronization and serialization at the output.

Table 2. Estimated power consumption of ITk full scale 2 ⇥ 2 cm2 DMAPS.

Architecture TJ Asynch. TJ Synch. LF Synch.
Coll. Elect. Small Small Large
Pixel size 36.4 ⇥ 36.4 µm2 36.4 ⇥ 40 µm2 50 ⇥ 150 µm2

Number of pixels 512 ⇥ 512 512 ⇥ 512 400 ⇥ 132
Matrix Analog Power 238 mW 238 mW 1000 mW

(⇠ 0.9 µW/pixel) (⇠ 0.9 µW/pixel) (⇠ 18 µW/pixel)
Matrix Digital Power 12 mW 240 mW 80 mW

(⇠ 0.05 µW/pixel) (⇠ 0.9 µW/pixel) (⇠ 1.5 µW/pixel)
Periphery Digital Power 267 mW 225 mW 225 mW
Total Expected Power 514 mW 703 mW 1305 mW

5 Asynchronous architecture performance

The first MALTA chips correctly propagate the signals to the output. The delay introduced by the
NANDs bu�ering structure has been characterised in simulations and verified with measurements,
which consist of pulsing pixels at the top, centre and bottom of the same double-column simulta-
neously. Figure 3a shows the result of measuring on an oscilloscope the analog output of the top
pixel (in green) and the reference pulse (in yellow). In figure 3b pulses from the same set of pixels
are collected using the MALTA readout system. As shown in figure 2b, the pulsing signal reaches
a pixel with a delay depending on the pixel position in the column. In both measurements, one can
identify the three pixels pulsed simultaneously 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. The di�erence in propagation delay for the pulse signal
corresponds to the one between the bottom and top pixel, which from simulation is 17.5 ns. 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. A maximum of 7.5 ns of relative delay is expected propagating hits
to the periphery. The sum of the maximum propagation delays of the test pulse and of the output
signal corresponds to the measured 25 ns total delay shown in figure 3. As the timing depends on the
pixel address, it can be corrected o�-line. In-chip correction is under study for future prototypes.

– 4 –

MALTA TJ-MONOPIX LF-MONOPIX

Estimated power consumption of ITk full scale 2x2 cm2 DMAPS 

https://doi.org/10.1088/1748-0221/14/06/C06019

https://doi.org/10.1088/1748-0221/14/06/C06019


Modifications of small collection electrode design
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Add low dose n-implant to 
improve depletion under 

deep p-well

Standard TJ 180 nm process 
(as in ALPIDE) Modified TJ 180 nm process 
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In-Pixel Efficiency for Sector 3, sample W6R21_I120_SUB15_PW6
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Efficiency for the first MALTA prototype 
measured in a 180 GeV proton beam (2018) –
Degradation at pixel edges after 1014 neq/cm2

Results on pixel test structures (TJ 
investigator) indicated larger depletion

2017 JINST 12 P06008
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Figure 7. Top row: distribution of signal rise time versus amplitude for an unirradiated 28⇥28µm2 pixel
produced in standard process for three di�erent substrate voltages. Bottom row: amplitude distribution as
projections of the two-dimensional histograms.

In the modified process the junction is formed laterally across the epitaxial layer along the
interface of the deep planar n� implant and the p-type epitaxial layer as illustrated in figure 2.
This modification significantly enlarges the depleted volume compared to the standard process.
Consequently, photo-absorption happens predominantly in depleted volumes and charge sharing is
reduced, enhancing the 55Fe peaks (cf. figures 7 and 8). Also charge carriers generated by events
at the pixel edges are mostly collected by drift and not by di�usion as in the standard process. This
leads to a significant reduction of signal collection times across the whole epitaxial volume. Figure 8
shows the rise-time versus amplitude distributions for a sensor produced in the modified process [8].
AtVsub = �3V the 55Fe peak is more pronounced than in the standard process which already indicates
a significantly larger depleted volume. Also, importantly, the signal rise time is now uniform for
all amplitudes. At Vsub = �6V the 55Fe peak amplitude has increased from 50mV to 87mV due to
the related decrease of the junction capacitance. In both signal distributions the K↵ and K� signals
at 5.9keV and 6.3keV are clearly visible and the occurrence of events with lower amplitudes is
consistent with geometrical charge sharing along the pixel edges as already described in section 4.2.

From figures 7 and 8 the energy resolution of the pixel sensor is estimated through the FWHM
of the K↵ peak at 54e� for the standard process and 55e� for the modified process. These translate
to an energy resolution of 200 eV, which is a remarkably good for such a high granularity pixel
sensor. The excellent energy resolution is the result of a sensor design achieving small capacitance
through small electrodes combined with improved charge collection of the modified process.

5 Irradiation results

Several sensors have been irradiated with neutrons to 1014neq/cm2 and 1015neq/cm2 at the Triga
reactor facility, Slovenia. Due to the �-background in the irradiation these samples also received a
total-ionising dose (TID) of 100krad and 1Mrad, respectively.

– 10 –

2017 JINST 12 P06008
 Signal (mV)

0 20 40 60 80 100 120 140

 S
ig

na
l r

is
e 

tim
e 

(n
s)

 

0

20

40

60

80

100

 F
re

qu
en

cy

1

10

210

 Signal (mV)
0 20 40 60 80 100 120 140

 S
ig

na
l r

is
e 

tim
e 

(n
s)

 

0

20

40

60

80

100

 F
re

qu
en

cy

1

10

210

 Signal (mV)
0 20 40 60 80 100 120 140

 F
re

qu
en

cy
 

0

100

200

300

400

500

600

700

800

900

 Signal (mV)
0 20 40 60 80 100 120 140

 F
re

qu
en

cy
 

0

100

200

300

400

500

600

V substrate -3V V substrate -6V

V substrate -3V V substrate -6V

K`

K_
Modified process Modified process

Figure 8. Top row: distribution of signal rise time versus amplitude for the 28⇥28µm2 pixel produced in
modified process for two di�erent substrate voltages. Bottom row: amplitude distribution as projections of
the two-dimensional histograms.

5.1 Standard process after irradiation

In the following we compare the signal of unirradiated and irradiated sensors with 50⇥50µm2

pixel (3µm electrode diameter, 18.5µm spacing) at relatively low fluence of 1014neq/cm2. For this
measurement the trigger threshold was kept su�ciently low to include noise triggers in the data
sample to illustrate the separation of signal from electronic noise. In the case of 90Sr � source tests,
the amplitude distribution follows a convoluted Landau-Gauss distribution. The most probable
values (MPV), which are given on the corresponding figures, are extracted from a convoluted
Landau-Gauss fit to the data.

Figure 9 shows the signal response of sensors produced in the standard process in 90Sr �
source tests (a) and 55Fe �-source tests (b). A reduction in gain after an irradiation with a dose of
1014neq/cm2 irradiation is evident. However the sensor remains fully functional after irradiation.
An identical sensor after irradiation to 1015neq/cm2 no longer provided signals su�ciently large to
allow source measurements and corresponding analysis.

The signal amplitude dependence on substrate voltage for the standard and modified process
are illustrated in figure 10 ranging from -1V to -6V. Both samples are irradiated to a fluence of
1014neq/cm2. Standard and modified process samples show a similar behaviour: the most-probably
value of the Landau-Gauss distribution increases with increasing substrate bias.

5.2 Modified process after irradiation

Due to the di�erent structure and depletion depth between the standard and modified process we
expect a significant improvement of radiation hardness for the modified process at higher fluences.
Figure 11 compares the results of 90Sr source tests on an unirradiated sample, one sample irradiated
to a dose of 1014neq/cm2 and one sample irradiated to a dose of 1015neq/cm2. All samples are from

– 11 –

http://dx.doi.org/10.1016/j.nima.2017.07.046
https://doi.org/10.1088/1748-0221/14/05/C05013
https://doi.org/10.1016/j.nima.2019.162404

http://dx.doi.org/10.1016/j.nima.2017.07.046
https://doi.org/10.1088/1748-0221/14/05/C05013
https://doi.org/10.1016/j.nima.2019.162404


Modifications of small collection electrode design
o Further modifications needed to improve lateral field strength

o Mini-MALTA pixel sectors with different sensor modifications tested with a x-ray 
beam at the Diamon Light Source (2019) demonstrate improved response at 
pixel edges after 1x1015 neq/cm2
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TowerJazz 180 nm CMOS

l High resistivity Epitaxial process 25 or 30 µm thick 
l Reach full depletion around ~10 V
l High signal to noise ratio ~ 20

n Expected MIP energy deposition (1500 e-) and low noise

l Modified “standard” process
n Additional low dose n- layer to improve depletion under the deep p-well
n Radiation tolerance had to be evaluated

VERTEX 2021 4Carlos Solans

TowerJazz process (ALPIDE) Standard modified process

W. Snoeys, NIM A 871 (2017) 90-96
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Modified

TowerJazz modified processes

l Process modified based on TCAD 
simulations 
n Increase the lateral field configuration 
n Reduce charge collection time

l Gap in the n-layer
n 4 μm gap in the low dose n-layer 

l Extra-deep p-well
n 5 μm wide additional p-well implant 

VERTEX 2021 5Carlos Solans

Gap in the n- layer (n-gap) Extra deep p-well (EDPW)
M. Munker, JINST 14 (2019) C05013

Gap in the n- layer (NGAP)
Extra deep p-well (EDPW)

TCAD simulation charge 
collection time un-irradiated

Modified extra deep pwell

TowerJazz modified processes

l Process modified based on TCAD 
simulations 
n Increase the lateral field configuration 
n Reduce charge collection time

l Gap in the n-layer
n 4 μm gap in the low dose n-layer 

l Extra-deep p-well
n 5 μm wide additional p-well implant 
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Gap in the n- layer (n-gap) Extra deep p-well (EDPW)
M. Munker, JINST 14 (2019) C05013
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Extra deep p-well (EDPW)

TCAD simulation charge 
collection time un-irradiated

Modified n-gap

M. Mironova, K. Metodiev, P. Allport et al. Nuclear Inst. and Methods in Physics Research, A 956 (2020) 163381

Fig. 5. Pixel response maps for the different samples. For each sample the continuous n*, extra deep p-well and n* gap sector are shown. W2R11 is unirradiated, W2R9 is
proton-irradiated to 5e14 neq_cm2 and 66 Mrad and W2R1 is neutron-irradiated to 1e15 neq_cm2.

Fig. 6. Pixel response maps for continuous n* sector in the W2R1 sample (neutron irradiated to 1e15 neq_cm2) at *6 and -20 V biasing voltage.

wafer, the charge sharing decreases with increased irradiation in the
continuous n* sector, which is in agreement with what can be seen on
the pixel response maps, i.e. the response loss around the pixel edges.

For the extra deep p-well and n* gap sector the charge sharing does
not decrease and a there might even be a marginal increase in charge
sharing extents after irradiation.
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Modifications of small collection electrode design
o One of the most recent MALTA version has been implemented on high 

resistivity Czochralski substrate
– Resistivity and bias voltage higher than for epitaxial layer in previous prototypes
– Implemented with modified, n-gap, deep p-well modifications
– Higher charge collection, time resolution, radiation hardness expected

o MALTA Cz sensors allow further depletion than epitaxial layers 
– Corner efficiency after 2x1015 neq/cm2 fully recovered with extra process modification 

measured at DESY test beam 4 GeV electron beam (2019)
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Substrate engineering

l Possibility of processing on high resistivity Czochralski substrate 
n Resistivity of ~3-4 kΩ·cm
n Can operate at 50V reverse bias for larger depletion
n Increased charge collection
n Aim for better time resolution and higher radiation hardness

l Implement the same process modifications
n Continuous n-layer (standard), gap in the n-layer (n-gap), extra deep p-well

VERTEX 2021 6Carlos Solans

P-type Cz substrate 3-4 kΩ*cm 

H. Pernegger, NIM A 986 (2021) 164381
https://indico.cern.ch/event/1047531/contributions/4521226/

https://indico.cern.ch/event/1047531/contributions/4521226/


Continuing MALTA programme
o MALTA2

– Latest full-scale prototype
– 20 x 10 mm2 size demonstrator
– 224 x 512 MALTA pixels
– epi & Cz material
– Best sensor layout for each material selected 

for production
– Further FE improvements
– 97.5% charge collection efficiency after 

2E15 1 MeV neq/cm2

– More testing ongoing
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https://indico.cern.ch/event/949529/attachments/2091301/3516122/The_MALTA_Sensor.pdf
https://doi.org/10.1016/j.nima.2022.167226

MALTA Version 2 design 

H. Pernegger/CERN  17 Aug 2020 For Helene 29 29 
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o MALTA3
– More focused on readout capabilities (timing performance, improved integration 

capabilities)
– Design ongoing

https://indico.cern.ch/event/949529/attachments/2091301/3516122/The_MALTA_Sensor.pdf
https://doi.org/10.1016/j.nima.2022.167226


Next generation MAPS: 65 nm CMOS sensors
o DMAPS in 150/180nm CMOS imaging processes are approaching HL-LHC rate 

capability and radiation hardness
– Candidates for ATLAS inner vertex layers replacement after 2030

o Future facilities present bigger challenges à explore smaller feature size 
technology

o R&D is starting to develop MAPS in 65 nm CMOS imaging process for use at 
future collider facilities

– Higher logic density (increased performance/area, higher granularity)
– Lower power
– Higher speed (logic, data transmission…)
– Process availability
– Higher NRE costs and complexity, but lower price per area
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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

10

Ongoing 65 nm R&D for ALICE ITS3 vertex detector
o New generation MAPS sensor at the 65 nm node to design a truly cylindrical, 

extremely low mass (0.05% x/X0) vertex detector (~0.12m2) for the HL-LHC 
(after 2030)

– Exploit stitching over large area to design wafer scale sensors
– Thin sensors bent around the beam pipe
– Lower power in 65 nm allows air cooling
– Minimal support needed and services outside active area

Laura Gonella | Seminar at Warwick | 26 January 2023 19

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 |

Efficiency versus bending radii with 
bent ALPIDE (test beam data)

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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First submission in TJ 65 nm within 
CERN EP R&D WP1.2 

DTPS – beam tests
efficiencies and fake hit rates

19Magnus Mager (CERN) | MLR1 testing | CERN EP R&D day | 20.06.2022 |

Excellent detection efficiency at very low fake hit rates over large threshold range!

https://cds.cern.ch/record/2644611
https://arxiv.org/abs/2105.13000
https://indico.cern.ch/event/1071914/
https://indico.cern.ch/event/1156197/

https://cds.cern.ch/record/2644611
https://arxiv.org/abs/2105.13000
https://indico.cern.ch/event/1071914/
https://indico.cern.ch/event/1156197/contributions/4855158/subcontributions/385644/attachments/2465185/4227238/2022-06-20_ERPD-ITS3.pdf


4D trackers
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Why adding timing to 3D trackers?
o At the HL-LHC, 150-200 pile-up events per bunch crossing

– Average distance between vertices = 500 μm
– Timing RMS spread = 150 ps

o Typical vertex separation resolution along the beam pipe 250 – 300 μm

à 10-15% of the vertices will be composed of overlapping events

Laura Gonella | Seminar at Warwick | 26 January 2023 21

 4-Dimensional Tracking with Ultra-Fast Silicon Detectors  
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However this situation will substantially change at HL-LHC [4]  2 where the number of events per bunch 
crossing will be of the order of 150-200 and the density of events will be so large that events will be 
overlapping in space, as shown in Figure 2 on the left side. 

Assuming a vertex separation resolution from tracking of 250-300 micron along the beam direction 
(present resolution for CMS and ATLAS [5]), there will be 10-15% of vertexes composed by two events: 
this overlap will cause degradation in the precision of the reconstructed variables, and lead to loss of 
events.  
 
This situation can dramatically improve with the inclusion of the timing information.  Figure 2 shows on 
the right side that the timing distribution of the events on the left side have an rms of ~150 ps:  in a very 
simplified view, a timing precision of 30 ps allows dividing the events into 5 distinct groups, each with 
a number of concurrent interactions equal to one fifth of the total, thus almost completely avoiding 
overlapping events. Timing information at HL-LHC would enable exploiting the full potential of the 
luminosity capability of HL-LHC and it is therefore equivalent to improved luminosity, in addition to 
eliminating false event assignment.  

                                                        
2 High-Luminosity LHC is the upgrade of the current CERN LHC accelerator, scheduled to begin operation 
around the year 2025. 

Figure 2  Left side: z-vertex distribution for a single bunch crossing at HL-LHC. Right side: the distribution of the 
interaction time at HL-LHC considering an average pile-up of 140 vertexes.  



The effect of timing information
o Timing in the event reconstruction à Timing layers (state-of-the-art)

– Timing associated to each crossing track
– Easiest implementation, only one timing layer needed
– Overlapping events can be separated by means of an extra dimension

o Timing in track reconstruction à 4D tracking (the future)
– Timing associated to each point along the track
– Massive simplification of patter recognition, faster algorithms in very dense 

environments but massive increase of power consumption
o Electronics needs to accurately measure timing in each pixel 
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Timing in the event reconstruction
Timing allows distinguishing overlapping events by means of an extra dimension.

Timing layers

 4-Dimensional Tracking with Ultra-Fast Silicon Detectors  
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2.2.2 Timing information for each point or for each track 

The inclusion of timing information in the structure of a recorded event has the capability of changing 
the way we design experiments, as this added dimension dramatically improves the reconstruction 
process. The most obvious simplification is that only time-compatible hits are used in the pattern 
recognition phase, discarding those hits that cannot be associated to a track due to an excessive time 
difference. 
 
Depending on the type of sensors that will be used, timing information can be available at different 
stages in the reconstruction of an event. The most complete option is that timing is associated to each 
point of the track: in this case the electronics needs to be able to accurately measure the time of the hit 
in each pixel. This option is indeed quite difficult to achieve, due to the massive increase of power 
consumption for the readout circuits required. Nevertheless, as the potential gain that this option offers 
in terms of performance is the largest, we have set this option as our final goal.  Figure 3 schematically 
shows the effect of having timing information for each hit (for additional details of fit techniques see 
[6]). In this specific example, a seemingly random assembly of points gets resolved into two crossing 
tracks and an additional random hit. 
 

 
A very interesting option to deal with the increased power consumption mentioned above is to reduce the 
granularity of the timing information. To retain the full power of timing information at the event 
reconstruction level, i.e. to maximize the precision of the reconstructed kinematical quantities, it is 
actually sufficient to assign a time to each track and not to every hit. This solution is much easier than 
assigning time to each hit, as it can be done with a single dedicated timing layer either inside or 
outside the tracker volume. Figure 4 shows schematically how the time measurement helps 
disentangling two overlapping events: on the left side it presents the longitudinal and transverse views 
of tracks originating from the same point.  

Timing Tracks  obtained 
combining only time-

compatible points 

Figure 3 Effect of the inclusion of timing information in the event reconstruction at the hit level. 

4D tracking



Ongoing R&D
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Talk outline

1. Reminder: intrinsic behaviour of 3D-trench sensors
2. New measurements on time resolution
3. Efficiency measurements
4. Tests of irradiated devices: efficiency and time resolution at 

2.5 1016 1 MeV neq/cm2

5. Next steps

• Introduction: requirements

• Part 1: Characterization of 3D-trench silicon sensors

• Part 2: Integrated Electronics design and tests
1. Reminder: description of the Timespot1 ASIC
2. Tests on ASIC operation and timing performance
3. Issues to take care of in future versions
4. Next stepsA.
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• Application of SiGe BiCMOS process for low noise, high gain and 
fast timing


• Test-beam measurements of ATTRACT prototypes without gain layer 
show time-stamping capabilities of ~38ps and efficiency >99.8% 


• Proof of novel deep multi-junction PicoAD sensor concept for low-
gain avalanche in monolithic highly granular pixel detectors (gain up 
to ~40)


• Test beam measurements of ATTRACT prototypes with gain layer 
currently ongoing


• First MONOLITH prototypes without gain layer currently under test 


• Next submission of MONOLITH prototype with optimised gain layer 
end of this year
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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

DC -coupled LGADs

AC-coupled LGADs



Ongoing R&D
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Shortcomings:
• Large no-gain area between pads ==> not suitable for 4D tracking
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Low Gain Avalanche Detectors (LGAD) design
1. Take a planar n-in-p sensor à Parallel plate geometry, uniform 𝑣! and 𝐸"
2. Add a charge multiplication layer tuned to achieve low gain à Higher S/N
3. Make the sensor thin à uniform signal, fast rise time

à LGAD sensors produce uniform signals with low jitter

Laura Gonella | Seminar at Warwick | 26 January 2023 25

State-of-the-art LGAD for ATLAS and CMS
• Pitch: 1.3 x 1.3 mm2

• Thickness: 50 μm 
• Time resolution: ~25 ps (sensor) 
• Radiation tolerance: ~ 2x1015 neutrons/cm2

Multiplication region
E = 300 kV/cm

Drift region
E = 30 kV/cm

Established LGAD producers: 
FBK, CNM, Hamamatsu
More recent additions/upcoming: 
BNL, IHEP, Micron, Te2V



LGAD performance
o Intrinsic temporal resolution (25-30 ps) reached for thickness ≤ 50 μm
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UFSD  time resolution
UFSD from Hamamatsu: 30 ps time resolution, 
Value of gain ~ 20

Jitter term: scales with 
gain (dV/dt) 

Jitter at T = 20 oC 
Jitter at T = 0 oC 
Jitter at T = - 20 oC 
Time res. at T = 20 oC 
Time res. at T = 0 oC 
Time res. at T = -0 oC 
 

Landau noise: ~ constant with gain 

Hamamatsu, 50-micron thick sensor  
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H. Sadrozinski, TREDI 2017 
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UFSD time resolution summary
The UFSD advances via a series of productions. 
For each thickness, the goal is to obtain the intrinsic time resolution 
Achieved:
• 20 ps for 35 micron
• 30 ps for 50 micron

Resolution without gain

UFSD1

UFSD2, 3

The effect of the C-enrichment is clearly very beneficial and allows the sensors to be operated at 
much smaller voltages – a critical point due to HV stability in the particle beam

11/05/2021
G. KRAMBERGER, LGADS FOR TIMING DETECTORS AT HL-LHC, CERN DETECTOR SEMINAR
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Performance of various prototypes at 2.5e15 cm-2

ATLAS-HGTD preliminary ATLAS-HGTD preliminary
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o Time resolution in the 30-50 ps range at 
2.5x1015 MeV neq/cm2 

– C-enriched boron implants for gain layer to 
decrease acceptor removal  

https://indico.cern.ch/event/587631/contributions/2471694/
https://indico.cern.ch/event/1088953/

https://indico.cern.ch/event/1088953/
https://indico.cern.ch/event/1088953/


ATLAS and CMS timing layers at the HL-LHC
o The ATLAS and CMS timing layers will be instrumented with LGAD sensors 

bump bonded to dedicated readout ASICs and associated infrastructure
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2.2 Detector overview and requirements

2.2 Detector overview and requirements

The HGTD is being designed for operation with hµi = 200 and a total integrated luminosity
of 4000 fb−1. Taking into account the space constraints of the existing ATLAS Experiment,
including the more advanced planning for the tracker upgrade when R&D on the HGTD
began, the HGTD will be located in the gap region between the barrel and the end-cap
calorimeters, at a distance in z of approximately ± 3.5 m from the nominal interaction point.
This region lies outside the ITk volume and in front of the end-cap and forward calorimeters,
in the volume currently occupied by the Minimum-Bias Trigger Scintillators, which will be
removed. The position of the two vessels for the HGTD within the ATLAS detector is shown
in Figure 2.3.

Figure 2.3: Position of the HGTD within the ATLAS Detector. The HGTD acceptance is defined as the
surface covered by the HGTD between a radius of 120 mm and 640 mm at a position of z = ±3.5 m
along the beamline, on both sides of the detector.

The envelope of the detector vessel has a radial extent of 110 to 1000 mm. The envelope in z
is 125 mm, including the neutron moderator, supports, and front and rear vessel covers. A
50 mm-thick moderator is placed behind the HGTD to reduce the back-scattered neutrons
created by the end-cap/forward calorimeters, protecting both the ITk and the HGTD. A
silicon-based timing detector technology is chosen due to the space limitations. The sensors
must be thin and configurable in arrays. In close collaboration with RD50 [4] and few
manufacturers, an extensive R&D program is still ongoing. However baseline sensors that
can provide the required timing resolution in the harsh radiation environments were already
produced by three different vendors. LGAD [5] pads of 1.3 mm ⇥ 1.3 mm with an active
thickness of 50 µm fulfil these requirements. This pad size ensures occupancies below 10%

7

ATLAS
o 2 double-instrumented disks/end-cap 
o Approx. 2.0 – 2.4 - 2.6 points/track
o 2.4 < |eta| < 4 
o 120 mm < r < 640 mm , z = 350 cm 
o 3.6M channels, 6.4 m2

CMS
o 2 double-instrumented disks/end-cap 
o Approx. 2 points/track
o 1.6 < |eta| < 3
o 315 mm < r < 1200 mm
o 8.5 M channels, 14 m2

11/05/2021
G. KRAMBERGER, LGADS FOR TIMING DETECTORS AT HL-LHC, CERN DETECTOR SEMINAR
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CMS – ETL
MTD = ETL(LGAD) + BTL(LYSO+SiPM)

Layout :

¾Two “double” disks per end-cap

~2 points/track

1.6 < |h| < 3, 315 mm < r < 1200 mm

¾8.5 M channels (14 m2 of Si) Different module arrangement 
and connectivity as ATLAS but 
essentially also “pixel” module

CMS-MTD TDR (cern.ch)

https://cds.cern.ch/record/2719855
https://cds.cern.ch/record/2667167/

ALTIROC & ETIROC ASICs, 200-300 mW/cm2

Resolution ~ 45 ps/hit

https://cds.cern.ch/record/2719855
https://cds.cern.ch/record/2667167/


UK development with Te2v
o Collaboration between the University of Birmingham, University of Oxford, RAL 

and the Open University working with the UK foundry at Teledyne e2v 
– Large production volume capability as a major producer of CCDs for space, 

astronomy and other scientific projects
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3

o In the previous RD50 meeting, we presented IV, CV and 
preliminary gain measurements for our first batch of 22 
wafers.

o This time we would like to present some additional gain 
measurement results and then our initial timing 
measurements

o Collaboration between the University of Birmingham, 
University of Oxford, RAL and the Open University

o We are working closely with the UK foundry at Teledyne 
e2v whom already have a large production volume 
capability as a major producer of CCDs for space, 
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o First batch of 22 wafers produced in 2021
– 8 wafer flavours with different dose and energy of the 

gain implant
– 4/2/1 mm size, 2x2 2 mm matrix, both LGAD and PIN
– Characterisation well advanced, first results after 

irradiation



Gain & timing before before irradiation
o Timing resolution calculated from coincidence 

signals from beta particles (Sr90) 
o Gain measurement using TCT, comparing 

measured signal to a reference 
o Jitter measurements performed using a 

transient current technique (TCT) 

o Results before irradiation approach published 
values
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Wafer 3

Preliminary

1218/11/2021 Martin Gazi, 39th RD50 Workshop

Jitter measurements – 1mm LGAD (single and array)

Charge gain

Jit
te

r [
ps

]

• Jitter - the spread (standard deviation) of time delay between 
50 % of trigger signal amplitude and 50 % of LGAD signal amplitude

• Low pass filter applied at 1 GHz – no substantial change to the signal
• Unirradiated device; no subtraction of other contributions

T = 21°C

Other contribution
not subtracted (estimates)

Trigger jitter: !!"#$$%" ≈ 1.5 &'
Laser pulse: !&'(%" ≈ 3.1 &'
SC amplifier: !)*+, ≈ 7.4 &'

Wafer 2

Preliminary
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Results on proton irradiated devices
o Devices proton irradiated at MC40 cyclotron with 27 MeV protons in 

Birmingham (~0.5 to 2E15 neq/cm2)

o After irradiation, gain is significantly lowered and is achieved at bias voltage of 
several hundred volts

o CV measurements indicate reduction of gain layer
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Preliminary

Preliminary

Preliminary

2.1e15 cm-2

5.5e14 cm-2

5.5e14 cm-2

5.1e14 cm-2

1.1e15 cm-2



Second batch with Te2v
o Second batch of LGAD wafers produced by Teledyne e2v received in 

December for testing
o 4 different combinations of manufacturing parameters, guided by Batch 1 

results
o Wider range of layouts and arrangements

– Single device, 2x2 and 3x3 arrays, full size 15 x 15 array 
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full scale 15x15 array
with 1.3x1.3 mm2 devices

3x3 array for device
cross-talk measurements

Adjusted surface 
metallisation for edge-effect 
measurements with TCT  

Preliminary



From timing layers to 4D trackers
o Achieving ~ few μm spatial resolution and ~ tens ps time resolution 

simultaneously, for large area systems that operate in high radiation 
environments, within a low to moderate power budget is a complex challenge.

o Smaller CMOS technology nodes promise less power per channel and higher 
radiation hardness

– But smaller pixels à more pixels à more power

o Time resolution demonstrated down to ~ 30 ps in small ASIC and sensor 
prototypes with pixel pitch < 100 μm within the target power budget

o But we want to build large area systems (tens to hundreds of square meters)
– Timing challenge scales with area (starting at the chip level)

o System level development are crucial to achieve the target temporal resolution
– Power and clock distribution, cooling, data transmission, …
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Ongoing R&D
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Talk outline

1. Reminder: intrinsic behaviour of 3D-trench sensors
2. New measurements on time resolution
3. Efficiency measurements
4. Tests of irradiated devices: efficiency and time resolution at 

2.5 1016 1 MeV neq/cm2

5. Next steps

• Introduction: requirements

• Part 1: Characterization of 3D-trench silicon sensors

• Part 2: Integrated Electronics design and tests
1. Reminder: description of the Timespot1 ASIC
2. Tests on ASIC operation and timing performance
3. Issues to take care of in future versions
4. Next stepsA.
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Concept (S. Parker et al., 1997): 
Perpendicular electrodes make 

Inter-electrode distance d
independent of sensor thickness z

columns trenches

Column or trench aspect ratio ≈ 30:1

High and uniform E field

Sensitive volume and electrode 
shapes can be designed and modeled 

for maximum performance

Deep Reactive Ion Etching
(MEMS technology)

TCAD Sentaurus output: 2D model simulation of three 
different electrode geometries at bias voltage Vbias = –100 VTi
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• Application of SiGe BiCMOS process for low noise, high gain and 
fast timing


• Test-beam measurements of ATTRACT prototypes without gain layer 
show time-stamping capabilities of ~38ps and efficiency >99.8% 


• Proof of novel deep multi-junction PicoAD sensor concept for low-
gain avalanche in monolithic highly granular pixel detectors (gain up 
to ~40)


• Test beam measurements of ATTRACT prototypes with gain layer 
currently ongoing


• First MONOLITH prototypes without gain layer currently under test 


• Next submission of MONOLITH prototype with optimised gain layer 
end of this year
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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

DC -coupled LGADs

AC-coupled LGADs

All of these projects aim at developing 4D tracking 

detectors, pursuing different approaches: charge 

sharing on AC coupled pads (AC-coupled LGADs), 

alternatives to CMOS/Si technologies, 3D 

trenches, ASICs is small feature size CMOS, …



Ongoing R&D
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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

DC -coupled LGADs

AC-coupled LGADs
ATLAS&CMS timing layers TimePix4 TimeSpot1

Pixel pitch [μm] 1300 55 55
Time resolution [ps/hit] ~ 40 < 100 ~ 30
Power consumption [W/cm2] 0.2 – 0.3 (130 nm) ~ 0.6 (65 nm) <5 (28 nm)

All of these projects aim at developing 4D tracking 

detectors, pursuing different approaches: charge 

sharing on AC coupled pads (AC-coupled LGADs), 

alternatives to CMOS/Si technologies, 3D 

trenches, ASICs is small feature size CMOS, …



Conclusion
o Silicon detectors are the only technology that can satisfy the requirements of 

vertex and tracking detectors at collider experiments

o A large R&D programme is ongoing to further improve their performance to 
match the challenges of future applications

o Recent and new developments in CMOS sensors will provide the breakthrough 
technology for future vertex and tracking matching the requirements of most 
applications

o The addition of high time precision to the fine granularity of pixel detectors is 
the key innovation for tracking at high luminosity colliders

Laura Gonella | Seminar at Warwick | 26 January 2023 35



Backup
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MALTA sensor development
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MALTA sensor (2018)
180 nm TJ CMOS imaging technology
High resistivity epi-layer, 25 - 30 μm thick
36.4 μm pixel pitch
512 x 512 pixel matric, 20 x 22 mm2

Novel asynchronous readout architecture for low power 
consumption and high hit rate
Mini-MALTA sensor (2019)
5 x 1.7 mm2 demonstrator 
64 x 16 MALTA pixels
Different modifications to sensor layout and FE electronics 
implemented in 8 sectors 
MALTA Cz sensor (2019)
Full size demonstrator (20 x 22 mm2) on epi and 
Czochralski substrate
Different sensor layout flavours
Addition of slow control interface

Pre-Diced Layout

MALTA
MALTA sensor fabricated in the TowerJazz
180 nm modified process
vFirst version produced in January 2018

v“Small fill factor” approach 

v3 µm electrode with capacitance < 5 fF

v20 x 22 mm 

v512 x 512 pixel matrix 

v36.4 µm pixels with CSA + discriminator + 
flip-flop

vNovel asynchronous readout architecture
for low power consumption and high hit rate 
capability with 40bit parallel data bus for 
streaming 
• Key difference from MonoPix sensor on 

same wafer

v5 Gbit/s readout

vLow analog power (< 70 mW/cm2)

3/1/21 P. Freeman 7

Pixel SchematicChip bonded on carrier board

MALTA

M
on

oP
ix

MiniMALTA Chip
New pixel designs were 
implemented in the miniMALTA
prototype, produced in Jan. 2019
v1.7 x 5 mm chip with 16 x 64 matrix of 

36.4 !m pitch pixels

vPixel matrix divided into 8 sectors, each
with different combo of pixel+front-end
design

vLeft side: front-end changes to improve 
gain and decrease “popcorn” noise

vRight side: standard front-end

v4 rows of 2 sectors from top to bottom: 
n- continuous, extra deep p-well

3/1/21 P. Freeman 14

Chip on MiniMALTA carrier board

Chip Schematic

Pixel Matrix 

MALTA2 (2020)
20 x 10 mm2 size demonstrator
224 x 512 MALTA pixels
Further FE improvements



Time-tagging detectors
o The time resolution depends on multiple factors coming from the way the signal 

is generated in the sensor and then processed in the electronics
– Time is set when the signal crosses the comparator threshold
– A key element to good timing is uniformity of the signal
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σ$% = σ&'(). +,
% + σ&'().(-./0

% + σ)./$-1/.-(
% + σ2.$$01% + σ+34%

Physics Sensor design Electronics

𝑉!"#

𝑉!"#

𝑡

𝑉

ComparatorAmp

Sensor



Time resolution

o Overall change in signal magnitude à
correctable time walk

– Appropriate electronic circuit (ToT/ToA, CDF)
– σ!"#$. &'( can be ignored

o Irregular current signal à non-correctable 
time walk
– σ!"#$.#)*+,( = physical limit to the time resolution
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σ$% = σ&'(). +,% + σ&'().(-./0% + σ)./$-1/.-(% + σ2.$$01% + σ+34%

𝑉!"#

𝑡

𝑉

o Terms depending on the physics governing the energy deposition
– The charge distribution created by a MIP in the sensor varies event-by-event 

(Landau distribution)



Time resolution

o Term depending on sensor design

o Induced current signal on the electrode given by Ramo’s theorem

o The drift velocity, 𝑣! , needs to be constant in the sensor volume, otherwise 
variation in signal shape depending in hit position à High E-filed = saturated 
drift velocity

o To have uniform weighting field, 𝐸", width ~ pitch >> thickness
o Parallel plate sensor geometry is required for uniform 𝑣! and 𝐸"
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𝑖 𝑡 ∝ 𝑞 𝑣5 𝐸6

X



Time-tagging detectors

o Term depending on electronics

o σ#$%& : term coming from TDC binning (analogue-to-digital conversion), typically 
small contribution, can be ignored

o σ'())*+& : mostly due to noise and the amplifier slew rate
– Large, uniform signals 
– Low noise 
– Fast rise time 
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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

Further LGAD developments
o LGAD shortcomings

– Large no-gain area between pads
– Poor spatial resolution 

o Some small pitch developments:
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439th RD50 Workshop, Valencia, 2021

TI-LGAD Technology
Segmented Standard LGAD Trench-Isolated LGAD

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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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. 

Trench Isolated LGAD AC-LGAD

Prototype TI-LGAD with 
pitch down to 50 μm; no 
gain region <10 μm

https://indico.cern.ch/event/1074989/contributions/4602011/
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Position Reconstruction: BNL 2020

• Observed a position resolution of ~5 μm after removing reference tracker uncertainty (~7 μm)
• Discontinuities are observed where the relative fraction is large or when we get direct hits to the 

strip
- Can explore other reconstruction methods
- Preliminary results have shown a neural network can give the same results
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• With the success of charge sharing for position reconstruction we looked at different ways of 
reconstructing the time of the proton hit

• We see an improvement of the time resolution over using time from max amplitude strip ( ) 
vs. the amplitude weighted average time ( )
• Expect improvements to come from hits in the gaps between strips

tmax
tw

Time Reconstruction: BNL 2020

 = 31.2 psσ  = 27.7 psσ

 [ns]tmax − tphotek

tw = 1
amp2

tot
∑

i
amp2

i ti

 [ns]tw − tphotek

https://indico.cern.ch/event/1074989/contributions/4602013/

https://indico.cern.ch/event/1074989/contributions/4602011/
https://indico.cern.ch/event/1074989/contributions/4602013/


Fast-timing without gain layer
o The TimeSPOT project aims at developing a 4D 

detector concept using sensors without gain and 
fast ASIC is 28 nm CMOS tecchnology

o 3D trenched geometry
– Time resolution of ~10-15 ps for 55 μm pitch pixels
– Fully efficient at 20o angle
– No performance degradation observed at 2E16 

neq/cm2 

o TimeSPOT1 ASIC
– 32 x 32 pixel matrix (small area prototype) 

demonstrated timing performance around ~20 ps
(AFE, TDC) with low-moderate power budget
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Column or trench aspect ratio ≈ 30:1

High and uniform E field

Sensitive volume and electrode 
shapes can be designed and modeled 

for maximum performance

Deep Reactive Ion Etching
(MEMS technology)

TCAD Sentaurus output: 2D model simulation of three 
different electrode geometries at bias voltage Vbias = –100 VTi
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!eff= 10.3 ± 0.5 ps
@ 150V
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Irradiated sensors: timing performance

Irradiated @ 2.5 1016 neq/cm2 , atilt = 0°

To be compared with 11 ps @ 100 V 
of the not-irradiated case
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https://indico.cern.ch/event/1179742/
https://indico.cern.ch/event/1127562/contributions/4904519/
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SIMS vs. TCAD
o SIMS performed on wafer 2 LGADs; results compared with TCAD simulations. 
o Good agreement between measurements and developed SPROCESS 

description of Te2v fabrication process.
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Plans for second submission
o Single cell modified to match requirements of ATLAS and CMS market survey.

– Increased cell size to 1.3 mm x 1.3 mm.
– Reduced max distance of pad edge to physical boundary to 300 µm.
– Reduced distance of pad edge to PS to 30 µm.

o Reduced p-stop distance decreases the BV à TCAD simulations show that this 
can be compensated with increased JTE dose and drive in.

45

GR floating
T = 300 [K]

STD layout

reduced layout
no extra drive in

reduced layout
extra drive in

CathodeGR

Distance pad to p-stop: 
39 µm to 30 µm

GR width
83 µm to 50 µm

Distance pad edge to physical boundary:
400 µm to 300 µm

300 µm to 200 µm
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Plans for second submission
o Array of 15 x 15 cells built around modified basic cell.
o JTE edge to edge distance reduced from 114 µm to 96 µm.
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~21 mm
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