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Future lepton colliders
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FCC-ee tracker

➡ Precision measurements of Higgs/Top properties 

➡ Beyond the Standard Model searches 
(direct and indirect)

(Only produced in hadron collisions so far)

➡ Measurement of electroweak precision 
observables 

•  Excellent vertex and tracking detectors 
needed for • Resolving secondary vertices

• Excellent momentum resolution

CERN-2018-009-M

• Several proposals for future lepton colliders (linear/circular) with maximum 
CMS energies of 350 GeV to 3 TeV

2 Overall Dimensions and Parameters

Figure 1: Isometric view of the CLD detector, with one quarter removed.
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calorimeter	 (HCAL),	 a	 3-Tesla	 solenoid,	 and	 a	 muon/yoke	 system.	 A	 baseline	
reconstruction	 software	 toolkit	 has	 been	 developed.	 It	 has	 been	 demonstrated	
using	 the	 full	 simulation	 that	 the	 baseline	 detector	 concept	 can	 meet	 the	
requirements	 set	 forth	 above.	 In	 the	 barrel	 region,	 the	 track	momenta	 can	 be	
measured	with	a	relative	accuracy	of	O(0.1%).	For	isolated	leptons	with	energy	
larger	than	2	GeV,	 the	 identification	efficiency	 is	better	than	99.5%	with	a	mis-
identification	rate	of	<1%.	The	rate	of	jets	misidentified	as	photons	is	found	to	be	
negligible.	 For	 hadronic	 decaying	 tau	 leptons,	 the	 identification	 efficiency	
approaches	90%	with	a	percent-level	mis-identification	 rate.	By	employing	 the	
particle	flow	algorithm,	a	jet	energy	resolution	of	3.5%-5.5%	is	achieved	for	jets	
with	 energy	 of	 20	 GeV	 to	 100	 GeV.	 The	mass	 resolution	 reaches	 3.8%	 for	 the	
hadronic	 decays	 of	 the	 Higgs,	 W,	 and	 Z	 bosons,	 see	 Figure	 8.	 The	 jet	 flavor	
tagging	has	also	been	shown	to	reach	the	required	performance	[1,	4].		

	 	
	

Figure	7:	The	baseline	(left)	and	alternative	(right)	detector	concepts.		
	
	

		 	
	

Figure	8:	The	W,	Z,	H	boson	mass	reconstructed	with	corresponding	2-jet	events	(left)	
and	jet	energy	resolutions	as	functions	of	jet	energy	(right)	[1].	

	
The	 CEPC	 sensitivity	 to	 some	 selected	 physics	 processes	 has	 been	

demonstrated	 with	 the	 full	 detector	 simulation.	 For	 the	 alternative	 detector	

ILC CEPC FCC-ee CLIC
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Vertex and tracking 
detector requirements
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https://ep-dep.web.cern.ch/sites/default/files/Report%20final_0.pdf

• Vertex and tracking detectors for future lepton colliders require
• Low material budget per layer : 0.2 - 0.3 %X0 (vertex) / 1 - 2 % X0 (tracker)

• High spatial resolution :  3 µm (vertex) / 7 µm (tracker)
• Good time resolution for background rejection : down to 5 ns  

• Low power consumption (to reduce material for cooling): 50 mW/cm² (vertex) / 150 mW/cm² (tracker)

• Less stringent requirements on radiation hardness compared 
to LHC experiments

• Benefits of precision timing (< 100 ps) for particle identification under study

(< )1010 − 1011neq cm−2 y−1

• Main differences linear/circular collider inner 
tracker requirements:
• Much shorter duty cycle for linear collider 

• Higher background rates for linear collider

FCC-ee tracker
CLIC tracker FCC-ee tracker➡ Power pulsing to reduce avg. power consumption 

➡ More stringent requirements on hit-time resolution
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CLIC Silicon Detector R&D Overview

CLICpix2 + planar sensor

Detector 
technologies 
for CLIC, 
CERN-2019-
001

Cracow SOI

Monolithic Sensors Hybrid Assemblies

Tools

Version November 29, 2021 submitted to Instruments 3 of 10

Figure 3. On-chip readout circuit [9].

pixel discriminator creates a short pulse on the pixel output when crossing the threshold,61

leading to one pulse when exceeding the threshold and a second pulse when falling62

below the threshold again. Therefore, the Time-over-Threshold (ToT) is encoded in the63

time difference between those two pulses. The first LVDS output is a direct combination64

(OR) of all pixel outputs, giving the Time-of-Arrival (ToA) in the first pulse edge. Each65

pixel output is also fed into two delay lines running in opposite directions across the66

matrix with a delay of typically 200 ps between pixels. With this, the pixel position is67

encoded in the time difference between two signal edges on the two delay lines. The68

other two LVDS outputs correspond to the output of these two delay lines.69

2.3. Measurement Setup70

Zynq-Board
Carboard Chipboard

Figure 4. (a) Caribou system connected to FASTPIX chipboard. (b) FASTPIX chip on chipboard.

The FASTPIX chip is wire-bonded to a custom carrier board that connects to the71

Caribou readout system [10] for power and control as shown in Figure 4. The Zynq board72

runs the Peary readout software and detector-specific firmware, while the Carboard73

provides power and bias voltages and currents as well as configuration of the chip.74

Readout of the digital or analog channels is performed with an Agilent DSO9254A75

oscilloscope with 2.5 GHz analog bandwidth and a sampling rate of 10 GS/s, which is76

also controlled by the Caribou system. This setup is used stand-alone for initial tests of77

the analog and digital readout, measurements with radioactive sources, and threshold78

calibration with external charge injection.79

ATLASPix

CLICTD

FASTPIX    DPTS

CLICpix2 + C3PD
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https://
gitlab.cern.ch/
allpix-squared/
allpix-squared

NIM A 901 (2018) 164-172

https://
gitlab.cern.ch/
corryvreckan/

2021 JINST 16 P03008 

Analysis & reconstruction 
framework: Corryvreckan

MC Simulation framework: 
Allpix Squared

PoS 2020 (TWEPP2019), 100

https://
gitlab.cern.ch/
Caribou

Caribou readout system

180 nm HV-CMOS

180 nm CMOS

180 nm CMOS 65 nm CMOS

200 nm SOI

65 nm CMOS + 180 nm HV-CMOS

130 nm CMOS 65nm CMOS
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Hybrid pixel detectors
µ-particle bonding with ACF

mvicente@cern.ch – 27/10/21

TPX3 (bottom) coupled to a Si sensor (top) w/ ACF

>10 years old effort, boosted recently by advances in material science in the industry
¨ Replace single solder bump with multiple µm conductive particles

¤ Hybridization minimum pitch reduced with ACF CP diameter

¤ In-house UBM post-processing and flip-chip bonding, single device level

¨ Timepix3 (+ planar Si sensor) as a test-vehicle for ACF bonding
¤ 14 x 14 mm2; 256 x 256 pixels;  55 µm pixel pitch; 18 µm wide pixel pads

¤ Widely used read-out ASIC (HEP, medicine, space, education…) – Medipix collaboration

18 µm

1
8
 µ

m

12 µm

1
2
 µ

m

55 µm

Metal layer
Passivation
opening

Timepix3 top metal layer

Timepix3 pixel matrix w/ ACFTimepix3 ROC bump-bonded to a 50 µm active edge silicon sensor

   Timepix3 
ACF-bonding



Hybrid fine-pitch pixel detector
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CLICpix2 readout ASIC:

• 65 nm CMOS process


• Pixel pitch 25 µm x 25 µm (128 x 128 
pixels)


• Bump-bonded to planar silicon sensors of 
thickness 50 µm - 200 µm 


• Simultaneous 5-bit ToT + 8-bit ToA readout


• Part of Timepix/Medipix family

• Challenging single die bump-bonding process with 
pixel pitch of 25 µm developed by IZM


50 μm

JINST, 15(03), C03045

Sensor

ASIC
Cross section of 
bump bonds by IZM

• Position resolution of ~3.2 µm for sensor thickness 
of 130 µm

• Timing resolution of ~4 ns

• Hit detection efficiency up to 99.97%

• Improved 50 μm thick samples (target thickness) 
are currently investigated

CERN-THESIS-2020-338

Katharina Dort                                                    Lepton-Photon 2021

• Interconnect yield of up to 99.6%
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Conductive ACF micro particles ENIG metallisation 

https://agenda.linearcollider.org/event/9211/contributions/49469/attachments/
37464/58685/ILCX_MVicente_ACF.pdf
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• Adhesive epoxy film with conductive micro particles 
• Compression of particles enables electrical 

connection between pads

• In HEP : new prospects for hybridisation and 
module integration

• In-house semi-automatic flip-chip bonder used 
to connect the chips

• In-house chemical ENIG (Electroless Nickel Immersion 
Gold) deposition for Under Bump Metallization (UBM) 

4

Hybrid pixel detectors
µ-particle bonding with ACF

mvicente@cern.ch – 27/10/21

TPX3 (bottom) coupled to a Si sensor (top) w/ ACF

>10 years old effort, boosted recently by advances in material science in the industry
¨ Replace single solder bump with multiple µm conductive particles

¤ Hybridization minimum pitch reduced with ACF CP diameter

¤ In-house UBM post-processing and flip-chip bonding, single device level

¨ Timepix3 (+ planar Si sensor) as a test-vehicle for ACF bonding
¤ 14 x 14 mm2; 256 x 256 pixels;  55 µm pixel pitch; 18 µm wide pixel pads

¤ Widely used read-out ASIC (HEP, medicine, space, education…) – Medipix collaboration

18 µm

18 µ
m

12 µm

12
 µ

m

55 µm

Metal layer
Passivation
opening

Timepix3 top metal layer

Timepix3 pixel matrix w/ ACFTimepix3 ROC bump-bonded to a 50 µm active edge silicon sensor

• 50 μm ALPIDE sensor to flexible 
printed circuit

CERN-OPEN-2018-006

EP R&D

¡ ACF for connection of hybrid / monolithic detectors and PCB / flex

¡ Alternative to wire-bonding – robust connection

¡ Simpler compared to full pixel matrix bonding

¡ Smaller amount of much larger pads

¡ Lower bonding force required

¡ Monolithic pixel detectors MALTA and ALPIDE

¡ MALTA – bridge connecting IO in multi-chip modules

¡ Discussed in detail in Florian’s talk

¡ ALPIDE – detector connection to flexible printed circuit

11.11.2021

PETER.SVIHRA@CERN.CH
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DETECTOR MODULE INTEGRATION ALPIDE interface pad with ENIG

290 µm

ACF C
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ted

 de
vic

e
ALPIDE flexible printed circuit

• Excellent electrical contact and 
nominal power consumption 

Timepix3 pixel matrix with ACF
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55 μm

Readout ASIC

Module integration

ACF-hybdridisation



ACF - Hybridisation Tests
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• Proof-of-concept for bonding areas up to 
1 cm² and 55 μm pitch

• Interconnection for larger areas / smaller pitch more challenging due to the 
required larger bonding force

Bonding to Timepix3 sensor

Katharina Dort                                                    Lepton-Photon 2021
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¨ Good bonding results with pixel matrix partial coverage

Timepix3 ACF hybrid
pixel connectivity test with a Sr90 source
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mvicente@cern.ch – 27/10/21

Hit-map from 600 s long Sr90 illumination (~30% ACF coverage)

To be wire-bonded and tested on Feb 26th

Timepix3 ~50% laminated with ACF
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¨ Good bonding results with pixel matrix partial coverage

Timepix3 ACF hybrid
pixel connectivity test with a Sr90 source
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mvicente@cern.ch – 27/10/21

Hit-map from 600 s long Sr90 illumination (~30% ACF coverage)

To be wire-bonded and tested on Feb 26th

Timepix3 ~50% laminated with ACF

9

Towards fine-pitch (25 µm) hybridization with the CLICpix2

¨ First mechanical assemblies using bad sensors

¤ Smaller matrix area results in higher bonding pressure  

n Better particle compression compared to the Timepix3 application

¤ Smaller pitch and pad area requires uniform particle distribution

n Next: Tests with new particle aligned film (PAF) w/ functional sensor

Fine-pitch pixel hybridization with ACF
mvicente@cern.ch – 27/10/21

CLICpix2 (bottom) + sensor (top) bump-bonded assembly
CLICpix2 (top) + sensor (bottom) assembly cross-section with fully compressed ACF

Pixel pads design CLICpix2 ACF laminated

• Bonding tests performed with Timepix3 
and CLICpix2 ASICs

• 18 μm film with 3 μm micro particles, 100 
kg bonding force

Fine-pitch UBM plating with CLICpix2 ASICs

Approx. 50% ACF coverage

Timepix3 hit map from Sr90 illumination
Approx. 30 % ACF coverage

Timepix3

ACF

25 μm



Small collection electrode 
monolithic CMOS
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• Modified 180 nm CMOS imaging process with small collection electrode 
(O(fF) capacitance)

• Deep low-dose n-implant for full lateral depletion 

• Introduction of lateral doping gradient leads to accelerated charge collection

(e.g. ALPIDE, (Mini-)MALTA, CLICTD, FASTPIX …) 

No n-implant Continuous n-implant 

Segmented n-implant Extra deep p-well

Ep
ita

xi
al

 
la

ye
r

Low resistivity substrate

Deep p-well

Collection 
electrode

Low-dose deep n-implant

Not to scale

• Comparison of various design modification in terms of detector performance JINST 14 (2019) C05013


Edge of 
depleted volume



Simulations
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https://gitlab.cern.ch/allpix-
squared/allpix-squared

tive voltage of 0.8V is applied to the collection electrode139

itself. The simulated detector is placed on a printed circuit140

board (PCB) as visualized in Figure 2.141

4. Simulation Flow142

In the following section, the simulation of the detector143

in the Allpix2 framework is described. In order to avoid144

simulating a full beam telescope setup and performing a145

track reconstruction, the capabilities of the framework to146

record the Monte Carlo truth information about primary147

and secondary particles are exploited.148

Consequently, only a single CMOS detector and the149

source of ionizing particles are simulated as shown in Fig-150

ure 2. The figure depicts the overlay of many events, as151

only a single primary particle is simulated in each event.152

The following sections describe the individual steps of153

the simulation in detail, providing information on the con-154

figuration of the respective Allpix2 modules where appli-155

cable and relevant.156

4.1. Electrostatic Field Modeling with TCAD157

The electrostatic field in the epitaxial layer of the sensor158

is modeled using a three-dimensional TCAD simulation.159

The doping profile is taken from [9, 11] and resembles the160

technology described in Section 2, with the detector ge-161

ometry introduced in Section 3. The simulation comprises162

a single pixel cell, and periodic boundary conditions allow163

the field to be replicated over the entire sensor.164

Figure 3 shows a visualization of the magnitude of the165

electric field in the three-dimensional pixel cell, with the166

corresponding voltages applied to the terminals via metal167

contacts indicated as gray structures. A low electric field is168

present in the p-well rings as indicated by the blue region169

on the surface of the simulated pixel cell. The center of the170

p-well rings is fitted with a squared opening that contains171

the collection electrode with a high-field region evolving172

around it.173

Figure 3: Magnitude of the electric field inside the pixel cell, sim-

ulated using TCAD. The visualization only shows the upper 25µm

of the sensor with the epitaxial layer. The gray structures represent

metal contacts used as terminals for the biasing voltages. The plane

C1 indicated in gray corresponds to the cut presented in Figure 4

(color online).

Figure 4: Magnitude of the electric field and field lines for a cut

through the 3D TCAD simulation. The plot only depicts the upper

25 µm of the sensor with the epitaxial layer, while the undepleted

substrate region is omitted (color online).

4

NIM A 901 (2018) 164172

• Finite-element (3D TCAD) and Monte Carlo 
(Allpix Squared) simulation to combine accurate 
sensor modelling with high simulation rates

• Complex non-uniform field configurations in the 
small collection-electrode layout require design 
optimisations

NIM A 1016 (2020) 0163784
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• Validated against transient 3D TCAD and data
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(a) Intra-pixel cluster size – Data
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(b) Intra-pixel cluster size – Simulation

Figure 12: Intra-pixel distribution of the total cluster size as a function of the particle incidence position within the pixel cell for data (a)
and simulation (b), both at a threshold of 150 e. Shown is a single pixel cell of the CLICTD prototype with a pitch of 37.5 µm⇥ 30 µm.
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Figure 13: Cluster size as a function of the detection threshold for
data and simulation.
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Figure 14: Cluster size in row direction as a function of the detection
threshold for data and simulation.
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CLICdp-Pub-2021-003
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Electrostatic potential + streamlines



CLICTD Technology Demonstrator
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• Channel pitch: 300 µm x 30 µm (16x128 channels) 


• Sub-pixel pitch: 37.5 µm x 30.0 µm


• Analogue front-end of 8 sub-pixels are grouped in 
one digital front-end (= readout channel)


• 8-bit ToA (10 ns ToA bins) + 5-bit ToT (combined ToA/ToT 
for every 8 sub-pixels in 300µm dimension) 

200 400 600 800 1000
Threshold [e]

0.9

0.95

1

Ef
fic

ie
nc

y

Continuous n-implant
Segmented n-implant

CLICdp Bias = -6V / -6V

Figure 13: Hit detection e�ciency as a function of threshold for both

pixel flavours. The hatched band represents the statistical and sys-

tematic uncertainties.
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Figure 14: Hit detection e�ciency as a function of threshold for low

thresholds. The hatched band represents the statistical and system-

atic uncertainties.
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Figure 15: In-pixel hit detection e�ciency at a threshold of 1950 e
�

for the pixel flavour with continuous n-implant.

In column direction, the spatial resolution for the pixel440

flavour with segmented n-implant is 7.6 ± 0.2 µm, which441

is approximately 12% larger compared to the 6.7± 0.2 µm442

that is measured for the pixel flavour with continuous n-443

implant.444

In both dimensions, the spatial resolution is superior445

to the binary resolution that would be expected with-446

out charge sharing. The binary resolution is given by447

pitch/
p
12 and evaluates to 8.7 µm in row direction and448

10.8 µm in column direction.449

Threshold scan. In Fig. 17, the spatial resolution is shown450

in row direction as a function of the detection threshold.451

With increasing threshold, the spatial resolution degrades452

owing to the decrease in cluster size. The binary resolution453

of 8.7 µm is never exceeded.454

For threshold values greater than 1000 e�, the e�cient455

pixel area starts to shrink from the pixel edges leading to456

an improvement in the spatial resolution.457

The spatial resolution in column direction as a function458

of threshold is depicted in Fig. 18. It illustrates that the459

reduced charge sharing for the flavour with the segmented460

n-implant causes a degrading spatial resolution regardless461

of the detection threshold.462

6.5. Time resolution463

Nominal conditions. The time residuals are defined as the464

di↵erence between the track timestamp and the ToA of465

10

• Reduced charge sharing for pixel flavour 
with segmented n-implant leads to a 
higher concentration of charge in one 
pixel cell 

➡ Improved efficiency at high thresholds

• Spatial resolution : 4.6 µm

• Time resolution : 5.2 ns

• Hit detection efficiency : > 99.7 %
• Sensor thickness : 40 - 300 µm

(Limited by front-end time resolution) 

• Threshold: ~100 - 180 e 
(occupancy < 10  hits/sec) -3

Katharina Dort                                                    Lepton-Photon 2021

NIM A 1006 (2021) 0165396

IEEE Trans Nucl. Science 67.10 (2020): 2263-2272.

• Single pixel noise : < 15 e



Advanced sensor materials
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High-resistivity Czochralski substrate

NIM A 986 (2021) 164381 

• Recent production using high-resistivity Czochralski 
(> 800 Ωcm) wafers allowing for larger depleted 
volume
➡ Larger active sensor volume

• High-resistivity Czochralski sample enables combination of 
small collection electrode with large depleted volume

High resistivity 
Czochralski substrate

Not to scale
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• Improved efficiency at high thresholds due to higher signal 
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Segmented n-implant
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Required

(CLIC tracker)

Epi Cz*

Spatial 
resolution


(transversal

< 7 µm 4.6 µm 4.3 µm

Time 
resolution*

~ 5 ns 5.2 ns* 4.4 ns

Efficiency > 99.7 % > 99.7 % > 99.7 %

Material 
content

< 200 µm 40 - 100 µm  100 µm 

*limited by front-end

➡  Improvement for all performance parameters 
(though limited by front-end)

Segmented n-implantSegmented n-implant



FASTPIX: Sensor design
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Technology demonstrator for monolithic pixel detector with 
sub-nanosecond timing 

• 32 mini-matrices of hexagonal 
pixels (8.66 to 20 μm pitch)

T. Kugathasan et al:

Monolithic CMOS sensors 
for sub-nanosecond timing, 
Hiroshima 2019

• Modified 180 nm CMOS imaging 
process

• Various sensor designs and 
process options

• Each matrix has 4 analogue 
outputs + 4x16 pixels with 
position-encoded ToT/ToA

• Position and ToT encoding via delay 
lines (asynchronous readout)

12

• Fast readout to investigate sensor time resolution (in sensor periphery)

• Optimised for precise sensor timing in 
3D TCAD studies 

• Hexagonal pixel layout 
• Improved charge collection at pixel edges
• Reduced number of neighbouring pixels

➡  less charge sharing 

3D TCAD Simulation



FASTPIX: Measurements
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• First calibration results (~ 20% uncertainty) : 43 e threshold and 5 e noise 

• Time resolution on the order of 120 -180 ps 
achieved after time-walk correction

13
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(a) (b)

Figure 13. Seed-pixel time residuals as function of ToT for all pixels in the inner region of the
20 µm pitch matrix before (a) and after timewalk correction (b).

(a) (b)

Figure 14. Seed-pixel time residuals after timewalk correction for the inner region of the 10 µm (a)
and 20 µm (b) pitch matrix.

This still includes a contribution from the MCP-PMT and sampling. The time192

resolution of the MCP-PMT is expected to be below 10 ps [11], resulting in a negligible193

contribution to the measured residuals. The contribution from sampling is estimated by194

measuring the jitter between the two lines of a FASTPIX LVDS output, which is below195

5 ps RMS. The 10 µm pitch matrix has slightly worse timing performance than the 20 µm196

pitch matrix. While the smaller pitch leads to a shorter drift distance, it also leads to197

more charge sharing and a larger cluster size, which leads to ambiguities for the pixel198

decoding. Misidentification of the pixel position could mix contributions from the edge199

of the matrix and the inner region and thereby deteriorate the measured time resolution.200

4. Conclusions201

The results presented here show that the FASTPIX chip is operational and that the202

monolithic design with a small collection electrode achieves a time resolution on the203

order of 120-180 ps for minimum ionising particles. The pixel pitch has a significant204

impact on the cluster size, resulting in approximately 70% single-pixel clusters for the205

20 µm pitch and 35% for the 10 µm pitch matrix. The larger fraction of multi-pixel206

clusters for the 10 µm pitch matrix leads to additional ambiguities for the pixel-position207

decoding. The seed ToT spectra measured in test beam show peak values corresponding208

to approximately 1000 e for both matrices.209

4.1. Further Studies210

While the analysis presented here is limited to the data recorded with the oscillo-211

scope, the data taking was performed with the complete telescope DAQ and includes212

tracking information. This will allow efficiency measurements and measurements with213

sub-pixel resolution to be performed as well as an investigation of the observed edge214

effects in greater detail. Furthermore, a more in-depth comparison of matrices and215

wafers are ongoing together with a full calibration of thresholds and ToT.216
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Before time-walk correction

Inner matrix region

• Strong time-walk effects in particular at 
matrix edge due to charge sharing 

After time-walk correction
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Inner matrix region

Inner matrix region

• Time resolution without time-walk 
correction:  500 ps



Summary
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• Diverse R&D programme to meet challenging requirements of future 
vertex and tracking detectors for lepton colliders

Thank you for your attention

• Fine-pitch bump-bonding and alternative interconnection techniques for 
thin hybrid detector assemblies and advanced module concepts

• Monolithic small-collection electrode sensors with optimised 
sensor design, wafer materials and pixel geometries

• Sub-nanosecond time resolution achieved with FASTPIX demonstrator 
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➡ Individual vertex requirements are achieved with CLICpix2 hybrid assemblies 
➡Combination of required performance + low material budget still challenging

➡Tracker sensor requirements are fulfilled in CLICTD demonstrator

Part of the measurements leading to 
parts of these results have been 

performed at the Test Beam Facility at 
DESY Hamburg (Germany), a member 

of the Helmholtz Association (HGF)
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Back - up 
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Test-Beam Set-Up
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• MIMOSA-26 reference telescope 
equipped with Timepix3 plane for 
improved time reference

DESY II Test Beam Facility CERN Super Proton Synchrotron (SPS)

• 5.4 GeV electron beam• 120 GeV pion beam

• 6 Timepix3 planes + 
Micro-channel plate as 
fast time reference 

(2 LGADs for additional 
time reference)

Corryvreckan reconstruction framework

https://gitlab.cern.ch/
corryvreckan/corryvreckan

2021 JINST 16 P03008 

• Telescope with high-rate 
capabilities for small prototypes

Katharina Dort                                                    Lepton-Photon 2021

The measurements leading to parts of 
these results have been performed at 

the Test Beam Facility at DESY 
Hamburg (Germany), a member of the 

Helmholtz Association (HGF)



Simulations 
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• Good agreement with data is achieved if 
3D TCAD sensor model is used 
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Figure 16: Spatial resolution in x (left) and y (right) direction as a function of the applied charge threshold, shown for experimental data as

well as simulations with TCAD-modeled and linear electric fields. The hatched band represents the total uncertainty.

where p is the probability of a matched track while N is687

the total number of experiments conducted.688

The e�ciency obtained from simulation as a function689

of the particle impact position within a single pixel cell is690

displayed in Figure 17 for three di↵erent thresholds.691

For the lower threshold of 40 e, depicted in Fig-692

ure 17 (left), the simulation yields an overall e�ciency of693

99.95+0.05
�0.23 (syst)%. The statistical uncertainty is of the694

order of 1⇥ 10�8. The remaining ine�ciencies are evenly695

distributed throughout the pixel cell and probably arise696

from delta rays which pull the cluster center far away from697

the particle incidence point. With increasing threshold, in-698

e�ciencies start to develop in the pixel corners, as these699

are the regions with the strongest charge sharing and the700

largest mean cluster size. The overall hit detection e�-701

ciency at the threshold of 450 e shown in Figure 17 (cen-702

ter) decreases to about 97.62+0.13
�0.58 (syst)%. At the thresh-703

old of 700 e, depicted in Figure 17 (right), a pronounced704

ine�ciency is observed, extending from the pixel corners705

into the pixel cell and leading to an overall e�ciency of706

85.96+0.53
�1.02 (syst)%.707

This decrease of e�ciency can best be observed as a708

function of the charge threshold applied, as shown in Fig-709

ure 18. While the shape of the curve observed in data is710

reproduced well, a constant o↵set to the measured values711

can be observed. This di↵erence can be attributed to fluc-712

tuations of the pedestal as well as ine�ciencies in the data713

acquisition system which are not modeled in simulation.714

The simulation using the linear electric field approxima-715

tion is found to not correctly model the behavior observed716

at high threshold values.717

9. Summary & Outlook718

In this paper, a first combined TCAD and Monte Carlo719

simulation of a CMOS pixel sensor with small collection720

electrode design, implemented in a high-resistivity epitax-721

ial layer, has been presented. The simulation combines the722

results of a three-dimensional electrostatic TCAD simula-723

tion with the stochastic description of energy deposition724

by Geant4 using the Allpix2 framework. Visualizations of725

the charge carrier motion in the sensor produced by the726

simulation framework have been found to be helpful to727
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Figure 11: Cluster size projected in x (left) and y (right) at a threshold of 120 e for data and simulation.

Figure 12: Intra-pixel representation of the cluster size for data and

simulation at a threshold of 120 e. Shown is an array of 2 ⇥ 2 pixel

cells, with the top-right pixel displaying data, taken from [9], and

the other pixels showing results from the simulation (color online).
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Figure 13: Mean cluster size as a function of the threshold, shown

for experimental data as well as simulations with TCAD-modeled

and linear electric fields. The hatched band represents the total

uncertainty.
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Data
Simulated in-pixel cluster size

• Simulations were compared to data from various 
sensor designs with different charge collection 
properties 

• Crucial ingredient in the sensor optimisation for 
the next-generation of small collection 
electrode monolithic sensors in 65 nm CMOS 
design

• Realistic simulation scenario by including 
stochastic effects, fluctuations and generation of 
secondary particles 

Katharina Dort                                                    Lepton-Photon 2021
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CLICTD - front-end design

• Detector channel consists of 8 sub-pixels

➡  Save space for digital circuitry while maintaining small    
capacitance and fast charge collection

• Collection electrode pitch: 37.5 µm x 30.0 µm

• Channel pitch: 300 µm x 30 µm 
(16x128 channels) 

• Discriminator output of sub-pixels is combined in logic OR for ToT  
(charge) and ToA (time) measurements

• 8-bit ToA (10 ns ToA bins) + 5-bit ToT (programmable from 0.6 - 4.8 µs)  
(combined ToA/ToT for every 8 sub-pixels in 300µm dimension) 

IEEE Trans Nucl. Science 67.10 (2020): 2263-2272.

(one ToT and ToA per channel)

• Binary hit-map in detection channel available

 (diode + analogue front-end)

 (Higher granularity in B-field bending 
plane for momentum measurements )
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CLIC/FCC-ee Background
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• CLIC operates with bunch trains, 50 Hz repetition rate
à Low duty cycle
à Trigger-less readout between trains
à Allows for power-pulsed operation of detector,

to reduce average power consumption

• Collisions within 156 ns bunch trains
• High E-fields lead to Beamstrahlung
à High rates of beam-induced background particles
à Drives detector design (layout, granularity, timing)

February 19, 2018 Silicon Pixel R&D for CLIC 4

Experimental conditions at CLIC

CLIC
bunch structure

156 ns

20 msNot to scale !

Main backgrounds in detector:

• Incoherent e+e- pairs
• 19k particles / bunch train at 3 TeV
• Constrains beam pipe radius, granularity

• ! !àhadrons events
• 17k particles / bunch train at 3 TeV
• Constrains granularity, layout, impacts physics

Very small bunches: 
40 nm (x) x 1 nm (y) x 44 μm (z)
(at 3 TeV)

CLICdp-Note-2018-005 

• CLIC operates with bunch trains, 50 Hz repetition rate
à Low duty cycle
à Trigger-less readout between trains
à Allows for power-pulsed operation of detector,

to reduce average power consumption

• Collisions within 156 ns bunch trains
• High E-fields lead to Beamstrahlung
à High rates of beam-induced background particles
à Drives detector design (layout, granularity, timing)

February 19, 2018 Silicon Pixel R&D for CLIC 4

Experimental conditions at CLIC

CLIC
bunch structure

156 ns

20 msNot to scale !

Main backgrounds in detector:

• Incoherent e+e- pairs
• 19k particles / bunch train at 3 TeV
• Constrains beam pipe radius, granularity

• ! !àhadrons events
• 17k particles / bunch train at 3 TeV
• Constrains granularity, layout, impacts physics

Very small bunches: 
40 nm (x) x 1 nm (y) x 44 μm (z)
(at 3 TeV)

CLICdp-Note-2018-005 

• Incoherent e+e- pairs (19k particles/ 
bunch train)

https://link.springer.com/content/pdf/10.1140/epjst/e2019-900045-4.pdf



FASTPIX Front-end
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Figure 3. On-chip readout circuit [9].

pixel discriminator creates a short pulse on the pixel output when crossing the threshold,61

leading to one pulse when exceeding the threshold and a second pulse when falling62

below the threshold again. Therefore, the Time-over-Threshold (ToT) is encoded in the63

time difference between those two pulses. The first LVDS output is a direct combination64

(OR) of all pixel outputs, giving the Time-of-Arrival (ToA) in the first pulse edge. Each65

pixel output is also fed into two delay lines running in opposite directions across the66

matrix with a delay of typically 200 ps between pixels. With this, the pixel position is67

encoded in the time difference between two signal edges on the two delay lines. The68

other two LVDS outputs correspond to the output of these two delay lines.69

2.3. Measurement Setup70

Figure 4. (a) Caribou system connected to FASTPIX chipboard. (b) FASTPIX chip on chipboard.

The FASTPIX chip is wire-bonded to a custom carrier board that connects to the71

Caribou readout system [10] for power and control as shown in Figure 4. The Zynq board72

runs the Peary readout software and detector-specific firmware, while the Carboard73

provides power and bias voltages and currents as well as configuration of the chip.74

Readout of the digital or analog channels is performed with an Agilent DSO9254A75

oscilloscope with 2.5 GHz analog bandwidth and a sampling rate of 10 GS/s, which is76

also controlled by the Caribou system. This setup is used stand-alone for initial tests of77

the analog and digital readout, measurements with radioactive sources, and threshold78

calibration with external charge injection.79
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collection electrode is reduced. Moreover, the hexagonal pixel geometry is also favorable36

for timing and high detection efficiency, due to the reduced number of neighboring pixels,37

minimizing the charge sharing and therefore increasing the single-pixel signal-to-noise38

ratio.39

Various combinations of the developed design modifications have been imple-40

mented in different flavours of the ATTRACT FASTPIX monolithic timing demonstrator41

chip [9].42

Figure 1. Cross-section of an optimised sensor design with low dose n-implant and gap in the
implant [9].

2. Materials and Methods43

2.1. The FASTPIX Chip44

Figure 2. FASTPIX layout (5.3 mm⇥4.1 mm) with a detail of the 8.66 µm pitch hexagonal grid and
zoom on 7 pixels [9].

The FASTPIX demonstrator consists of 32 mini matrices with hexagonal pixels,45

split into 4 groups with a pixel pitch of 8.66 µm, 10 µm, 15 µm, and 20 µm. An overview46

of the matrix and pixel layout can be seen in Figure 2. The 8 matrices in one group47

implement different sensor design parameters such as the size of the collection electrode48

and geometry of the implant structures. Additionally, some of the wafers implement49

further modifications to the sensor design to accelerate charge collection. Each matrix50

has 64 pixels connected to the digital readout and 4 additional pixels with separate51

analog outputs. Figure 3 shows a schematic of the on-chip readout circuits for the analog52

and digital channels. Each pixel has a 2 stage amplifier with the first stage inside the53

pixel and the second stage in the periphery of the matrix. This is connected to an analog54

buffer for the analog channels or a discriminator with fast-or logic and delay lines for55

the digital channels. The 68 active pixels in a matrix are surrounded by a ring of dummy56

pixels, similar to the active pixels but not connected to the readout.57

2.2. Readout Architecture58

The readout architecture of FASTPIX is asynchronous and processing of the discrim-59

inator signals is performed off-chip. The chip is equipped with three LVDS outputs. Each60


